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INTRODUCTION

This is the final report for NASA Grant No. NAGW-1001 (Georgia Tech project A-4698)
covering the period of 1/1/87 to 12/31/96. A discussion of work which has not yet been
published is given in the first section following this introduction. All subsequent chapters

contain reprints of published papers that acknowledge support from this grant.



PROGRESS REPORT

In recent years, our NASA-supported efforts have focused on three areas of research: (1)
kinetic, mechanistic, and thermochemical studies of reactions which produce weakly bound chemical
species of atmospheric interest, (2) development of flash photolysis schemes for studying radical-
radical reaction kinetics and implementation of these schemes for studying radical-radical reactions
of stratospheric interest, and (3) photochemistry studies of interest for understanding stratospheric
chemistry. Progress on the above research tracks is summarized below. Reference numbers in

brackets refer to the respective numbers for the subsequent chapters of this report.

Reactions Producing Weakly Bound Species of Atmospheric Interest

We have investigated the formation-dissociation kinetics of a number of weakly bound
adducts of halogen atoms with atmospheric trace gases. These studies provide information about
the rate coefficient for addition of the halogen atom to the atmospheric trace gas, the lifetime of the
adduct toward unimolecular decomposition, and the bond dissociation energy of the adduct. Studies

of the following reactions have been completed and written up for publication [21, 22, 15, 14, 2]:

Cl+0,+0,~ Cl100 + 0, R1)
Cl+CO+N, - CICO+N, (R2)
Cl+CS,+M - CS,Cl+M,M=N,, 0, (R3)
Br + NO, + N, = BINO, + N, (R4)
Cl + C,Cl, + N, = C,Cl, + N, (R5)

A paper describing our study of RS appeared in a January 1996 issue of the Journal of Physical
Chemistry [2]. Our interest in RS was stimulated by the use of C,Cl, as a tracer for assessing the
importance of chlorine atoms as a tropospheric oxidant [Rudolph et al., 1995; Singh et al., 1996].
While it is known that C,Cl, reacts several hundred times more rapidly with Cl than with OH at T
=298 K and P = 750 Torr air, the temperature and pressure dependences of the Cl + C,Cl, rate

coefficient had not been systematically investigated. The results presented in chapter 2 firmly



establish the temperature and pressure dependences of ks and the dissociation energy of the Cl-
CCl1,CCl, bond.

Recently, we have focused attention on formation of weakly bound adducts in reactions of
chlorine atoms with haloalkanes. In the atmospheric literature these reactions are assumed to occur
via hydrogen atom transfer or, in a few thermochemically favorable cases (such as Cl reactions with
CF,l and CH,CII), by halogen atom transfer. At relatively high temperatures, the expected behavior
is, indeed, observed. We have characterized the “high-temperature” kinetics of Cl reactions with
CH,F and CH;Br with sufficient precision and over sufficiently wide temperature ranges to clearly
demonstrate non-Arrhenius behavior. Also, we have carried out the first temperature dependent
kinetics studies of Cl reactions with CH,I, CF,l, CH,ClI, CH,CIBr, C,H,I, and C,D,. Our “high
temperature” results for the above reactions are summarized in Table I. For CI reactions with
CH,Br, CF;l, CH,CIlI, and CH,C1Br, our results agree well with those reported from other
laboratories, although our experiments cover a considerably wider temperature range. The results
in Table I represent the first reported kinetic data for CI reactions with CH,l, C,H.I, C,D;l, and
CF,CH.L

At sufficiently high pressure and low temperatures (ranging from < 310 K for CH,l, C,Hd],
and C,D.] to < 180 K for CH,Br) observed kinetic behavior suggests that formation of weakly bound
adducts becomes the dominant pathway for Cl reactions with CH,I, CH,Br, C,Hl, C,D.l, CF,l, and
CF,CH,l. Through direct observation of association-dissociation kinetics, adduct bond strengths (at
298K) have been evaluated (see Figure 1). Ab-initio calculations employing density functional
theory have been carried out by our collaborator, Mike McKee of Auburn University; the
calculations reproduce experimental bond strengths reasonably well and predict structures where the
C-X-Cl bond angles are close to 90 degrees (X =1 or Br). As can be seen by examination of Figure
1, an excellent inverse correlation exists between observed adduct bond strengths and the haloalkane
ionization potential. The potential importance of Cl and OH adducts with haloalkanes in
atmospheric chemistry cannot be readily assessed without further experimentation. However, it is
worth noting that Wallington and co-workers [private communication] have observed complex
kinetic behavior and product distributions in the Cl reaction with CH,I at atmospheric pressure and
T = 298K; their observations can only be explained if an adduct is postulated which undergoes

chemical transformations other than dissociation back to reactants.



Table I. Rate constants for non-adduct-forming channels in Cl + haloalkane reactions.

haloalkane Range of T(K) (8 ne A* D*® E*®

CH,F 200-699 3.09x 10" 225 1.08 x 10" 2.62 8.20
CH,Br 187-697 3.19x 10" 1.26 1.47 x 10" 5.56 8.55
CH,l 364-694 5.50x 10" 10.48
CF,l 220-418 8.14x 10" 13.05
CH,CIBr 222-400 7.79 x 102 7.57
CH,ClI 206-432 433x 10" -1.63
CH,CH,l 350-434 6.34x 10" 3.9

CD,CD,I 350-434 267x 10" 3.31
CF;CH,1 274-434 4.50x 10" 2.21

a. k=Ct"exp (-D/RT) = A®®; A =Ct%"and E, = D + nRT

b. Units of C and A are cm® molecule™'s™; units of D and E, are kJ mol™.
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Radical-Radical Reactions

We invested considerable effort into a detailed study of the reaction

O+ BrO - Br+0, (R6)

A novel dual laser flash photolysis-long path absorption-resonance fluorescence technique was
employed to study the kinetics of R6 as a function of temperature (231-328K) and pressure (25-150
Torr) in N, buffer gas. The experimental approach preserves the principal advantages of the flash
photolysis method, i.e., complete absence of surface reactions and a wide range of accessible
pressures, but also employs techniques which are characteristic of the discharge flow method, i.e.,
chemical titration as a means for deducing the absolute concentration of a radical reactant and use
of multiple detection axes. Our results demonstrate that k¢ is independent of pressure, and that the
temperature dependence of k¢ is adequately described by the Arrhenius expression k (T)=
1.91x10""exp(230/T) cm’molecule’'s”; the absolute accuracy of measured values for k; is estimated
to vary from +20% at T ~ 230 K (a typical middle stratospheric temperature) to + 30% at T ~ 330
K. Our results demonstrate that, at mid-stratospheric temperatures, the O + BrO rate coefficient is
about a factor of 1.7 faster than previous “guesstimates” suggested. The catalytic cycle with reaction
(6) as its rate-limiting step appears to be the dominant BrO, odd-oxygen destruction cycle at altitudes
above 24 km. A paper describing our study of R6 appeared in a March 1995 issue of the Journal
of Chemical Physics [4].

Our most recent efforts in the area of radical-radical reaction kinetics have focused on the

very important stratospheric reaction

H02 -t BrO - HOBI’ o 02 (R?a)
- HBr+ 0, (R7b)

Both k,(T) and the branching ratio k/k, must be known quantitatively in order to assess the role of
reaction (7) in stratospheric chemistry. While there is a growing consensus based on both laboratory
and field observations that k,/k, is very small, some differences have arisen concerning the value

of k,(298K). Two recent studies report k,(298K) > 3x10""! cm®molecule’’s”’ [Bridier et al., 1993;



Larichev et al., 1995] while two other studies report values about a factor of two slower [Elrod et
al.,, 1996; Li, etal., 1995]. There is agreement between Larichev et al., Elrod et al., and Li et al. that
R7 has a significant negative activation energy, although one study (Li et al.) reports non-Arrhenius
behavior while the other two do not.

Our initial studies of R7 employed 193 nm laser flash photolysis of H,0,/O,/Br,/N, mixtures,
with simultaneous time-resolved detection of BrO (by UV absorption spectroscopy at 338.3 nm) and
HO, (by infrared diode laser absorption spectroscopy at 1372 cm™). Typical experimental conditions
were [H,0,] = (1-2) x 10" per cm?, [0,] = (2-5) x 10" per cm’, [Br,] = (5-10) x 10" per cm?, P = 10-
100 Torr N,, and laser fluence ~ 50 millijoules per cm® In the above scheme, BrO is generated from
photolytically produced oxygen atoms via the O + Br, and Br + O, reactions while HO, is generated
from photolytically produced OH radicals via their reaction with H,0,. Interpretation of observed
temporal profiles requires simulations which employ a mechanism consisting of 29 reactions;
however, significant time windows exist where BrO removal is dominated by reaction with HO,, and
where HO, removal is dominated by the HO, + HO, and HO, + BrO reactions. The data we have
obtained to date support relatively slow values for k,, i.e., values in the range (1-1.5) x 10"
cm’molecule’’s”. However, the above scheme has two major problems. First, the requirement for
high concentrations of H,0, makes the scheme unviable at sub-ambient temperatures. Secondly, we
have had problems with reproducibility which we believe result from heterogeneous loss of Br, on
reactor surfaces; these reactions probably involve H,0, and/or H,O impurity in the H,0,.

As a solution to the problems mentioned above, we have adopted a new photochemical
scheme which involves 351 nm laser flash photolysis of Cl,/CH,OH/O,/Br,/NO, mixtures. Studies
involving this scheme will carry into the next funding cycle, so details are described in a later section

of the proposal.

Photochemistry

Carbonyl sulfide (OCS) is thought to be an important photolytic precursor for the background
(i.e., non-volcanic in origin) lower stratospheric sulfate aerosol layer [Crutzen, 1976]. We
employed time-resolved detection of carbon monoxide (CO) by tunable diode laser absorption
spectroscopy to measure the quantum yield for CO production from 248 nm photodissociation of

OCS relative to the well-established quantum yield for CO production from 248 nm photolysis of



phosgene (C1,CO). The temporal resolution of the experiments was sufficient to distinguish CO
formed directly by photodissociation from that formed by subsequent S(°P) reaction with OCS.
Under the experimental conditions employed, CO formation via the fast S('D) + OCS reaction was
minimal. Measurements at 297 K and total pressures from 4 to 100 Torr N, + N,0O show the CO
yield to be greater than 0.95 and most likely unity. This result suggests that the contribution of OCS
as a precursor to lower stratospheric sulfate aerosol is somewhat larger than previously thought. A
paper describing our study of OCS photochemistry appeared in a March, 1995 issue of Geophysical
Research Letters [5].

Recently, we have focused attention on the photochemistry of the halogen nitrates. Recent
work at JPL suggests that CIONO, photochemistry is much more complicated than previously
thought [Nickolaisen et al., 1996]. Both the total photodissociation quantum yield and the fraction
of photodissociation events which lead to production of Cl + NO; versus ClO + NO, now appear to
depend on wavelength and pressure in a rather complex way. Our initial studies of CIONO,
photochemistry involved detection of the atomic chlorine photoproduct following photolysis at both
266 nm and 355 nm at pressures in the range 5-200 Torr. Phosgene and molecular chlorine (C1,)
were used as ®(Cl) = 2.0 calibrations at 266 nm and 355 nm, respectively. For reasons which will
require further experimentation to sort out, we had considerable difficulty obtaining reproducible
C1 atom yields. However, some useful results were obtained from these experiments. First, by
monitoring the pseudo-first order chlorine atom decay rate as a function of the CIONO,
concentration, a value of 1.1x10"'cm®molecule’’s”’ was obtained for the Cl + CIONO, rate coefficient
at 298K this result agrees well with other values reported in the literature [Margitan, 1983; Kurylo,
et al., 1983; Yokelson et al., 1995]. Another interesting result is summarized by the data shown in
Figure 2, i.e., at very short times after the photolysis flash a fast component in the decay of the
resonance fluorescence signal is observed. The fast component is more pronounced in 10 Torr N,
than in 100 Torr N, (compare traces (a) and ( ¢ ) in Figure 2). Our interpretation of the above
observations is that CIONO, photolysis produces CI(*P,,,) in considerable excess over the fraction
expected to be present in thermal equilibrium with CI(*P;,). The resonance fluorescence technique
simultaneously detects both spin-orbit states, but is more sensitive to the excited state, CI(*P,,);
hence, as the excited state rapidly relaxes, a fast component in the resonance fluorescence temporal

profile is observed. When CO,, an excellent quencher for CI(*P, ), is added to the reaction mixture,



Figure 2.
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the fast component in the fluorescence temporal profile disappears (see trace (b) in Figure 2); this
confirms the above interpretation. Shortly after carrying out the above experiments, we became
aware that the NCAR kinetics group had made similar observations and had, in fact, followed up on
their observations to carry out an excellent study of the kinetics of CI1(*P,,) deactivation by a number
of collision partners [Tyndall et al., 1995]. Given the excellent work on CIONO, photochemistry
being done at JPL and NCAR, we decided to shift our attention to the photochemistry of BrONO,
(see below).

Our initial studies of BrONO, photochemistry have involved detection of giound state atomic
bromine, Br(*Ps,), following laser flash photolysis at 266 nm. CF,Br, has been employed as a ®(Br)
= 1.0 calibration, and CO, has been added to the photolysis mixtures to insure rapid relaxation of
any photolytically generated Br(*P,,,). Some experiments have been carried out with NO added to
the photolysis mixtures in order to rapidly convert photolytically generated BrO to Br; hence,
quantum yield information for both Br and BrO has been obtained. In addition, by measuring the
pseudo-first order loss rate of Br(*P,,,) as a function of the bromine nitrate concentration, kinetic data
for the Br + BrONO, reaction have been obtained. The experimental set-up allows BrONO, to be
monitored (by UV photometry) in the slow flow system both upstream and downstream from the
photolysis/reaction cell. We find that some BrONO, is lost upon traversal from the upstream
absorption cell to the downstream absorption cell, with the largest differences occurring when the
photolysis/reaction cell is cold. Loss of BrONO, can be kept very small (~5%) if (a) care is taken
to eliminate all leaks from the flow system and (b) the system is treated with N,O; before a set of
BrONO, photochemistry/kinetics experiments are undertaken; surface reaction of BrONO, with H,O
is the probable BrONO, loss mechanism. Over the temperature range 228-352 K, our Br + BrONO,

kinetic data are well described by the Arrhenius expression (units are cm® molecule's™):

k =(2.00+0.08) x 107" exp [(329 + 28)/T]
Uncertainties in the above Arrhenius expression are 20 and represent precision only. The results of
quantum yield measurements for Br and BrO are summarized in Table II. We find that the quantum

yields for Br and BrO production are similar in magnitude and sum to a value which is unity within

experimental uncertainty. Our studies of BrONO, photochemistry will extend into the next funding
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Table II. Quantum yields (®) for Br and BrO from 266 nm photodissociation of BrONO,.*

T(K) P(Torr) &(Br) ®(Br)/®(BrO)
245 50 0.52+0.04 1.11£0.10
298 10 0.57+0.010

20 0.52+0.06 1.12+0.16

50 0.51+0.06 1.20+0.20

200 0.55+0.06 1.24+0.26

a. Uncertainties are 20

11



cycle and will include pressure and temperature dependent studies at two additional photolysis
wavelengths (308 nm and 355 nm); in addition, direct observation of two additional possible

photoproducts (NO, and O) will be carried out.
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A laser flash photolysis—resonance fluorescence technique has been employed to study the kinetics of the
CI(*P;) + C,CL association reaction as a function of temperature (231—390 K) and pressure (3—700 Torm)
in nitrogen buffer gas. The reaction is found to be in the falloff regime between third and second order over
the range of conditions investigated, although the second-order limit is approached at the highest pressures
and lowest temperatures. At temperatures below 300 K, the association reaction is found to be irreversible
on the experimental time scale of ~20 ms. The kinetic data at T < 300 K have been employed to obtain
falloff parameters in a convenient format for atmospheric modeling. At temperatures above 330 K, reversible
addition is observed, thus allowing equilibrium constants for C>Cls formation and dissociation to be determined.
Second- and third-law analyses of the equilibrium data Jead to the following thermochemical parameters for
the association reaction: AH»s = —18.1 £ 1.3 kcal mol™!, AH® = —17.6 £ 1.3 kcal mol™', and AS®xs =
~27.7+ 3.0 cal mol~' K~'. In conjunction with the well-known heats of formation of C1(*P,) and C>CL, the
above AH values lead to the following heats of formation for C>Cls at 298 and 0 K: AH°2s = 8.0 £ 1.3
kcal mol~! and AH®o = 8.1 =% 1.5 kcal mol~'. The kinetic and thermochemical parameters reported above
are compared with other reported values, and the significance of reported association rate coefficients for
understanding tropospheric chlorine chemistry is discussed.

Introduction

Tetrachloroethylene (C2CL) is used widely for dry cleaning,
for metal degreasing, and as an industrial solvent.'? Global
production of C,Cl, over the decade from the early 1980s to
the early 1990s averaged around 600 ktons yr~', and a majority
of this production has found its way into the atmosphere.! Field
observations of the global distribution of atmospheric C;Cl have
been employed in conjunction with spatially resolved emissions
data to deduce an average tropospheric lifetime of about 0.4
yr.!34 This lifetime is consistent with the notion that CCL
removal from the troposphere is dominated by reaction with
the OH radical, although uncertainties in the OH + C,Cl, rate
coefficient and in tropospheric OH-concentrations are such that
the lifetime for C;CL toward reaction with OH could be
anywhere in the range 0.20—0.65 yr.?

Comparison of available kinetic data for the OH + CClL
reaction’™# with available data for the CI(%P)) + C2Cl reaction®'¢
suggests that the CI(?P;) + C2CL rate coefficient is several
hundred times faster than the OH + C,CL rate coefficient at
tropospheric temperatures and pressures. Until recently, it has
been thought that chlorine atom levels in the troposphere were
50 low that Ci(*P,) could not be an important tropospheric
reactant. However, evidence is now mounting which suggests
that chlorine atom levels in the marine boundary layer may be
as much as one-tenth as high as OH levels,'”'® with the chiorine

' Present address: Dalian Instirute of Chemical Physics, Chinese
Academy of Sciences, P.O. Box 110, Dalian, People's Republic of China.

* To whom comrespondence should be addressed.

€ Abstract published in Advance ACS Abstracts, December 15, 1995.

atom source probably being photochemically labile chlorine
species such as Cl; and CINO; produced via heterogeneous
reactions on the surfaces of moist sea salt particles.'® Hence,
it appears that in certain regions of the troposphere reaction
with CI(?P,) is an important removal mechanism for C,CL.

Reaction 1 must proceed via an addition mechanism, i.e., for
N; buffer gas,

CI’P,) + C,Cl, + N, =~ C,CL, + N, (1)
The current state of knowledge concerning the atmospheric
oxidation mechanism for C2Cls has recently been reviewed by
Franklin? Phosgene (C1,CO) is the major end product, but
significant yields of carbon tetrachloride, a compound with a
large ozone depletion potential, have been reported.® While
CCL can be produced via the gas phase photolysis of the
intermediate photooxidation product CCl;CCIO, it is now
thought that most CCl, observed in laboratory photooxidation
studies is formed by heterogeneous photochemical processes.?
Hence, yields of CCL observed in laboratory “smog chamber™
studies may be larger than those which would actually be
produced in the atmosphere.

While numerous kinetics studies of reaction 1 have been
reported,”'¢ the temperature and pressure dependences of the
rate coefficient have not been systematically investigated. In
this paper we report the results of experiments where laser flash
photolysis of C12/CCL/N; mixtures has been coupled with Cl-
(?P,) detection by time-resolved atomic resonance fluorescence
spectroscopy to investigate the kinetics of reaction 1 over the
temperature range 231—298 K and the pressure range 3—700

0022-3654/96/20100-0680812.00/0 © 1996 American Chemical Sncietv
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Kinetics of the CI(?P,) + C2Cl Association Reaction

Torr; over this range of experimental conditions the reaction is
found to be in the falloff regime between third and second order,
although the high-pressure second-order limit is approached at
the low-temperature and high-pressure limits of the range of
conditions investigated. We also report experiments at higher
temperatures (332—390 K) where CI(P,) regeneration is
observed on the experimenta) time scale (10~5—1072 5), thus
indicating the occurrence of the reverse dissociation reaction:

C,Cly+ N, —CI(P) + C,Cl, + N, -1
Analysis of equilibration kinetics as a function of temperature
provides information about the thermochemistry of reaction 1.

Experimenta! Technique

The laser flash photolysis—resonance fluorescence apparatus
employed in this study was similar to those employed in our
laboratory in several previous studies of chlorine atom kinet-
ics.2'2 Important features of the apparatus and experimental
techniques which are specific to this study are described below.

Chlorine atoms were produced by 355 nm laser flash
photolysis of Cl,. Third harmonic radiation from a Quanta Ray
Model DCR-2 Nd:YAG laser provided the photolytic light
source. The photolysis laser could deliver up to 1 x 10"
photons per pulse at a repetition rate of up to 10 Hz; the pulse
width was 6 ns. Fluences employed in this study ranged from
5to 50 mJ cm™? pulse~'.

In order to avoid accumulation of photochemically generated
reactive species, all experiments were carmned out under “slow
flow” conditions. The linear flow rate through the reactor was
typically 3 cm s~' while the laser repetition rate was varied
over the range 2—10 Hz. (It was 2 Hz in most experiments at
T < 300 K and 10 Hz in most experiments at T > 330 K.)
Since the direction of flow was perpendicular to the photolysis
laser beam, no volume element of the reaction mixture was
subjected to more than a few laser shots. Molecular chlorine
(Cl,) and C>CL: were flowed into the reaction cell from 12 L
Pyrex bulbs containing dilute mixtures in nitrogen buffer gas,
while N> flowed directly from its high-pressure storage tank.
The Cl5/N, mixture, CoCL/N, mixture, and additional N, were
premixed before entering the reaction cell. Concentrations of
each component in the reaction mixture were determined from
measurements of the appropriate mass flow rates and the total
pressure. The C>CL: concentration was also measured in situ
in the slow flow system by UV photometry at 228.8 nm using
a cadmium penray lamp as the light source. The C>ClL
absorption cross section at 228.8 nm was measured during the
course of this study and was found to be 8.36 x 107'® cm?.
Kinetics results were found to be independent of whether the
60.3—201 cm long absorption cell was positioned upstream or
downstream from the reaction cell. In the lowest pressure
experiments a small correction was required for the pressure
differential between the absorption cell and the reaction cell;
the pressure differential never exceeded 1%. In all photometric
measurements (including the absorption cross section measure-
ments) the absorption cell temperature was 297 £ 2 K.

The gases used in this study had the following stated
minimum purities: N3, 99.999%; Cly, 99.9%.2* Nitrogen was
used as supplied while Cl; was degassed at 77 K before being
used to prepare mixtures with Na. The liquid C>Cl sample
had a stated purity of 99+%. It was transferred under nitrogen
atmosphere into a vial fitted with a high vacuum stopcock and
then degassed repeatedly at 77 K before being used to prepare
mixtures with N,.

20y, (Clizink, 0L W80 10 2,

TABLE 1: of Kinetic Data for the Reaction
Q(CP)) + C,CL + N; — C;Cls + N; Obtained under
Experimental Conditions (T < 300 K) Where the Reaction
Was Irreversible on the Time Scale for C}’P,) Decay”

no. of
T P [Ch] {[Cleo [CCllew €xpts® Kuu ki £20°
231330 73 1.9 6000 6 17500 28.1+08
62 69 0.8 2750 S 9300 33.1%1.1
26 63 0.6 2490 6 10700 430%25
101 60 0.6 2320 6 12200 503+3.1
401 61 0.6 1870 6 9770 51609
702 9 14 2500 6 12200 480+24
260 3.1 22-76 1.6 7330 9 11900 15603
62 62 0.7 2330 6 S080 203x18
26 61 0.6 2130 6 7290 336x12
101 54 0.6 2070 5 8630 41.5+3.2
402 57 0.7 1630 5 7150 428 £ 3.1
702 85 09 2070 5 9740 46.5+23
297 3.1 70 1.9 6750 10 5700 79+03
6.1 27-240 0.2~-15 2590 20 3020 11.1£08
13 10-56 0.1-0.7 2120 10 3140 144109
26 10-79 0.1-1.8 3370 21 6490 18.7+0.7
26 43 08 3230 10 6150 186+ 1.1¢
52 35 0.6 1790 S 4110 226+ 0.8
101 54 09 1620 7 4370 26908
201 32-93 0.3~-1.0 2360 12 7830 325+%2.1
401 64 1.3 1700 8 6560 37.8+32
701 10 1.3 1760 14 7600 38.7x25

¢ Units: T (K); P (Torr); concentrations (10"’ molecules cm™); k'ma
(s™'); &) (1077 cm® molecule™ s7'). * Expt = determination of one
pseudo-firsi-order decay rate. < Errors represent precision only. 4 1.0
x 10" CF,Cl; per cm® added to reaction mixture.

Results and Discussion

In all experiments, chlorine atoms were generated by laser
flash photolysis of Cl,:

Cl, + hv (355 nm) — nCI(P5y,) + (2 — m)CICP,,) (2)

The fraction of chlorine atoms generated in the excited spin—
orbit state, CI(?P1), is thought to be very small, i.c., less than
0.01.22 Recently, it has been reported that the rate coefficient
for C1(*P\) quenching by N; is considerably slower than
previously thought, i.e.,, 5.0 x 107" cm® molecule™' s~'.2
However, on the basis of reported rate coefficients for C1(?P, )
deactivation by saturated halocarbons (all gas kinetic except,
possibly, CF,),26"2° we expect that the rate coefficient for
CI(?P,1) deactivation by C,Cl, is very fast, i.e., (2 £ 1) x 10710
cm?® molecule™' s~'. Hence, it seems safe to assume that all
CI(?P,) + C2CL kinetic data are representative of an equilibrium
mixture of CI(?P,) and C1(*P3). As a further check on the
assumption of spin state equilibration, the rate coefficient at T
= 297 K and P = 26 Torr was measured with and without
CF,Cl, a very efficient CI(?P,) quencher, 26282 added to the
reaction mixture; as expected, this variation in experimental
conditions had no effect on the observed reaction rate (see Table
1). The equilibrium fraction of chlorine atoms in the 2P, state
ranges from 0.0021 at 231 K to 0.019 at 390 K. It is worth
poting that, given the small fraction of chlorine atoms in the
2P, » state and the fast values for k, which are measured (Tables
1 and 2), it must be the case that observed reactivity is
dominated by chlorine atoms in the 2Py state.

All experiments were carried out under pseudo-first-order
conditions with C>CL in large excess over C1(°P,). Hence, in
the absence of side reactions that remove or produce chlorine
atoms, the CI(*P,) temporal profile following the laser flash
would be described by the relationship

In{[CICP)I/ICICP)]} = *,[C,CLI + ke =kt (D)
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Figure 1. Typical CI(°P,) temporal profiles observed at T < 300 K.
Experimental conditions: 7= 259 K; P = 100 Torr; M = N; [Cl;] =
5.4 x 10'> molecules cm™3; [Cl]o = 5.6 x 10'° atoms em™3; [C.CL] in
units of 10’ molecules em™ (A) 0, (B) 0.724, (C) 1.07, and (D) 2.07;
number of laser shots averaged (A) 400, (B) 2000, (C) 2000, and (D)
3000. Solid lines are obtained from least-squares analyses and give
the following pseudo-firsi-order decay rates in units of s™': (A) 245,
(B) 3250, (C) 4560, and (D) 8630. For the sake of clarity, traces A
and D are scaled by factors of 0.9 and 1.5, respectively.

where k3 is the rate coefficient for the process

C1 — first-order loss by diffusion from the detector field
of of view and/or reaction with background impurities (3)

The bimolecular rate coefficients of interest, k\([N,],T), are
determined from the slopes of k” versus [C2CL] plots for data
obtained at constant [N;] and T and under conditions where N,
is the dominant third body collider with the energized C;Cls
complex. Observation of CI(°P,;) temporal profiles that are
exponential, i.e., obey eq I, a lincar dependence of k¥’ on [Co-
CL], and invariance of &’ to variation in laser photon fluence
and photolyte concentration strongly suggests that reactions 1
and 3 are, indeed, the only processes that significantly affect
the CI(°P,) time history.

Kinetics at T < 300 K. For all experiments carried out at
temperatures below 300 K, well-behaved pseudo-first-order
kinetics were observed; i.e., C1(*P,) temporal profiles obeyed
eq I, and ¥’ increased linearly with increasing [C2Cl] but was
independent of laser photon fluence and photolyte concentration.
Typical data are shown in Figures 1—3. Measured bimolecular
rate coefficients, k;([N;],7) are summarized in Table 1. As
expected for an association reaction in the non-high-pressure-
limit regime, k,([N2],T) is found to increase with increasing
pressure and with decreasing temperature.

Parametrization of k;([N:),T) for Atmospheric Modeling.
For purposes of atmospheric modeling, it is convenient to
generate a2 mathematical expression that can be used to compute
k\(IN2].T) over the range of relevant temperatures and pressures.
(The efficiency of O, as a third body collider is generally very
similar to that of N;.) The expression generally used for this

purpose is*

kl([Nzl-n = {A/[l + (A/B)]}Fc{lﬂbg(A/B)]T)—l a
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Figure 2. Plots of k', the CI(P,) pseudo-first-order decay rate, versus
C>CL concentration, as a function of temperature for data obtained at
P = 26 Torr of N; with no added CF,Cl,. The solid lines are obtained
from linear Jeast-squares analyses and the resulting rate coefficients,
i.e., the slopes of the plots, are listed in Table 1.

8
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Figure 3. Plots of &', the CI(*P,) pseudo-first-order decay rate, versus
C,CL concentration as a function of pressure for data obtained a1 7 =
297 K. The solid lines are obtained from linear Jeasi-squares analyses,
and the resulting rate coefficients, i.e., the slopes of the plots, are listed
in Table 1.

where
A =k, (D[N,] =k, (300 K)(77300)""[N,] (1)
B =k, (T) =k, (300 K)X(77300)™" av)
F. =06 )
In the above expression, k; o and k) .. are approximations to the
low- and high-pressure limit rate coefficients for reaction 1, and

F. is the “broadening parameter”. The value F. = 0.6 is found
to fit data for a wide variety of atmospheric reactions reasonably
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Figure 4. Falloff curves for the reaction CI(*P)) + CoCL + N; ~—
C:Cls + N» at T = 231, 260, and 297 K. Solid lines are best fits of the
complete data set to eq Il.

well, ¥ although in principle F. may vary with temperature and
may be different for different reactions.3'~** Fitting our
measured values for &([N2],7) to eq II gives the following
parameters:

k, o(T) = 1.40 x 107%(77300)** cm® molecule™s™"
k, (1) =397 x 107"(77300)""? cm® molecule™ 5"

Experimental falloff data are compared with curves calculated
using the above parameters in Figure 4. The parametrization
represents the experimental data reasonably well. Varnation of
the parameter F. does not significantly improve the quality of
the fits.

Kinetics at T > 330 K. At temperatures above 330 K,
chlorine atom regeneration via a secondary reaction became
evident. Under these experimental conditions, observed Cl-
(?P,) temporal profiles were independent of laser fluence and
Cl, concentration but varied as a function of [C2CL], pressure,
and temperature in the manner expected if unimolecular
decomposition of CoCls was the source of regenerated CI(?P,).
Assuming that C2Cls decomposition is the source of regenerated
CI(P)), the relevant kinetic scheme controlling the CI(?P,)
temporal profile includes not only reactions 1 and 3 but also
reactions —1 and 4:

C,Cl — first-order loss by processes
that do not regenerate CICP,) (4)

Assuming that all processes affecting the temporal evolution
of CI(*P,) and C,Cls are first-order or pseudo-first-order, the
rate equations for reactions 1, —1, 3, and 4 can be solved
analytically:

5/5,={(Q + 4,) exp(A,1) = (Q + 4,) x
exp(A,N}(A, = 4;) (VI)

where S, and S, are the resonance fluorescence signal levels at
times 7 and 0, and

0=k, +k, I
0+ k, +k[CCL]I= =(4, +4,) (vixl)
k,Q + kk,[CoCl) = 4,4, Ix)
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Figure 5. Typical Ci(°P,) iemporal profiles observed at T > 330 K.
Experimental conditions: T= 360 K; P = 100 Torr; M = Ny; [CL,] =
7.3 x 10'? molecules cm~3; [Cl)o = 1.3 x 10" atoms em~3; [CoCL] in
umits of 10'* molecules cm™ = (A) 1.89, (B) 3.90, and (C) 11.2; number
of laser shots averaged = (A) 30 000, (B) 30 000, and (C) 40 000.
Solid lines are obtained from nonlinear Jeast-squares fits to eq V1. Best
fit parameters, i.c., 4, 4, and Q, are summarized in Table 2. For the
sake of clarity, traces B and C are scaled by factors of 1.1 and 1.5,
respectively.

Observed CI(°P,) temporal profiles were fit to the double-
exponential eq VI using a nonlinear least-squares method to
obtain values for 4, 4;, Q, and S,. The background C1(?P,)
loss rate in the absence of C2CL, i.e., k3, was directly measured
at each temperature and pressure (see Table 2). Rearrangement
of the above equations shows that the rate coefficients k,, k-,
and k4 can be obtained from the fit parameters and the measured
k3 using the following equations:

k==Q+k+4,+4,)[C,ClL] X)
k, = (A4, — k;Q)Vk, [C,CL,) XI)
k_,=0-k, )

Typical CI(?P,) temporal profiles observed in the high-
temperature experiments are shown in Figure S along with best
fits of each temporal profile to eq V1. The results for all high-
temperature experiments are summarized in Table 2. It is worth
noting that values for k,([N;],7) obtained from analysis of the
high-temperature data are consistent with those expected based
on extrapolation of the results from T < 300 K. We believe
that reported values for k), even at high temperature where Cl-
(3P,) regeneration is fast, are accurate to within £20%. Absolute
uncertainties in reported values for k-, are somewhat more
difficult to assess. Inspection of Table 2 shows that the precision
of multiple determinations of k-, at a particular temperature
and pressure (for varying [C,CL]) is quite good. An inherent
assumption in our analysis is that the only significant C2Cls
loss process that results in chiorine atom production is reaction
=1; as long as this assumption is correct (it almost certainly
is), we believe the absolute accuracy of our reported k-, values
is £30% over the full range of temperature and pressure
investigated.

Possible Secondary Chemistry Complications. The pho-
tochemical system used to study the kinetics of reactions 1 and
~1 appears to be relatively free of complications from unwanted
side reactions. The only potential secondary reactions we are
aware of which could destroy or regenerate chiorine atoms (other
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TABLE 2: Results of the CIP;) + C;CL = C:Cls + N; Equilibration Kinetics Experiments*

T P [Cly) [Cllmo  [CCL) Q —4 —4 ks ke ky k-1 K,
332 25 83 1.6 1390 469 83 2130 187 57 11.2 411 60.3
83 1.6 2650 484 86 3670 187 73 11.6 4]1 624
83 1.6 4480 534 127 5670 187 122 11.3 4]2 60.7
83 1.6 6950 544 127 8910 187 124 120 420 62.9
334 100 87 1.2 1190 864 96 3260 85 100 20.2 764 58.1
87 1.7 2500 689 44 5370 85 38 18.5 651 62.7
87 1.7 3920 869 116 8420 85 119 19.3 750 56.7
87 157 6770 1020 217 14100 85 225 19.5 795 539
340 6.5 61 09 496 327 109 802 319 -63 5.34 390 29.6
61 0.9 682 424 170 1130 44 10 6.33 414 330
61 09 890 506 175 1240 319 93 6.61 414 345
61 0.9 984 420 162 1290 444 37 5.93 383 334
61 0.9 2160 467 185 1960 444 127 5.73 340 364
6] 0.9 3080 482 187 2410 444 141 542 341 343
61 0.9 3310 592 245 2490 319 230 5.50 362 328
340 25 57 0.7 238 536 93 829 188 —188 8.32 655 274
57 0.7 648 628 83 1320 188 =15 9.00 643 30.2
57 0.7 1550 645 39 2200 188 =25 9.06 669 29.2
57 0.7 4230 757 103 5180 188 9 10.3 668 332
340 100 48 0.7 452 1220 82 2050 88 74 18.2 1150 34.3
48 0.7 955 1150 71 2860 88 60 17.7 1090 348
74 3.3 1070 1270 83 3210 116 63 17.7 1200 31.7
48 0.7 1220 1210 64 3470 88 55 17.6 1100 34.6
48 0.7 1240 1150 66 3350 88 52 18.3 1160 34.0
48 0.7 1340 1110 61 3440 88 49 17.2 1060 349
48 0.7 1760 1120 62 4340 88 53 18.1 1070 36.7
48 0.7 2110 1150 72 4940 88 67 17.9 1080 359
74 133 3040 1220 73 6720 116 64 17.7 1160 329
350 100 57 0.9 529 2150 & 2950 61 ] 14.8 2150 14.5
210 0.7 1630 2130 17 4640 61 21 15.1 2150 14.7
210 32 1640 2300 66 4790 61 70 15.2 2230 143
37 09 1670 2070 19 4750 6] =13 15.8 2080 15.9
110 0.7 1670 2110 15 4780 61 21 157 2130 15.5
57 09 5190 2550 152 10700 61 178 15.9 2370 14.1
360 25 70 1.0 2120 2040 126 3870 148 103 8.53 1940 8.96
70 1.0 4920 2020 98 5930 148 73 7.84 1950 8.20
70 1.0 10700 2070 104 10500 148 94 7.88 1970 8.13
360 100 90 | 7 1110 3780 88 5460 166 -89 14.6 3870 7.71
73 1.3 1890 3560 53 6200 92 2 13.8 3550 7.92
73 1.3 3900 3570 43 9280 92 14 14.5 3550 8.34
90 1.7 6290 4050 67 13200 166 23 14.5 4030 7.31
73 123 11200 4120 233 21500 92 265 15.6 3860 8.25
370 25 68 1.2 4010 3230 129 6080 217 30 6.92 3200 4.29
68 1.2 8440 3270 111 9350 217 54 7.08 3220 437
68 1.2 11200 3050 50 11000 217 =15 7.01 3070 4.53
370 100 83 1.2 2910 6800 61 11100 87 20 14.7 6780 4.30
83 1.2 5780 6240 56 13500 87 30 12.5 6210 3.99
83 1.2 8420 6490 104 18700 87 113 14.6 6380 453
83 1.2 15100 7010 319 30700 87 384 15.9 6630 476
380 25 73 1.0 6060 4340 9 7760 199 -28 548 4370 242
73 1.0 12700 5110 147 13700 199 117 6.72 4990 2.60
380 100 75 1.2 2200 9820 78 11800 75 90 9.04 9730 1.79
75 1.2 5060 9690 40 14800 5 =~26 10.1 9720 2.0]
75 1.2 6280 11500 124 18700 101 158 115 11300 1.96
75 1.2 9920 10700 78 21300 75 8] 10.7 10600 1.95
210 3.6 10800 9630 54 20300 75 0 9.91 9630 1.9
210 09 10500 10500 117 21700 75 156 10.3 10400 1.91
390 25 89 1.0 6000 7860 174 10700 184 146 4.68 7710 1.14
89 1.0 21400 8330 203 19000 184 218 497 8120 1.15
89 1.0 24100 8260 128 20000 184 88 4.85 8170 1.12
89 1.0 27000 8660 242 22600 184 278 5.18 8380 1.16

¢ Units: T (K): P (Torr); concentrations (10'" molecules em?); Q. 4;, 4z, &3, &, k=) (s77); &) (1072 cm® molecule™ 577); K, (10* atm™).

than reaction —1, of course) are the following:

CI(°P,) + C,Cly— Cl, + C,Cl, (52)
+c., (5b)
C.Cl, + Cl,—~ C,Cl, + CI(P)) (6)

The concentrations of photochemically generated radicals
employed in this study, i.e., £3 x 10'' cm™3, were sufficiently
small that a radical—radical interaction such as reaction 5 could

1/

not be an important CI(*P,) removal process even if the rate
coefficient were gas kinetic. Experimentally, the fact that
observed kinetics were unaffected by significant variations in
[Cl)o confirms that reaction 5 did not contribute significantly
to CI(*P,) removal. The only kinetics studies of reaction 6
reported in the literature involved competitive chlorination
studies where kinetic information was derived by fitting
observed product distributions 10 a complex chemical mecha-
nism;'%3 these studies, while indirect, suggest that k is much
too slow for reaction 6 to be a significant interference.
Experimentally, we found that observed kinetics were unaffected
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Figure 6. van't Hoff plot for the reaction C] + C.CL == C.Cls. The
solid line is obtained from a linear least-squares analysis and gives the
second-law thermochemical parameters for the reaction (see Table 4).
Different symbols indicate data obtained at different total pressures.

by significant variations in Cl» concentration, thus confirming
that reaction 6 played no role in controlling observed CI(?P,)
temporal profiles.

C:Clc Thermochemistry: Second-Law Analysis. The
equilibrium constants, Ky, given in Table 2 are computed from
the relationship

K, = k/k_,RT =KJRT X1m)
Use of eq XIII involves making the assumption that reaction
—1 is truly the reverse of reaction 1, i.e., that the products of
reaction —1 do not contain substantial internal excitation. If,
for example, reaction —1 resulted in production of predomi-
nantly CI(*P,p), it would be inappropriate 1o use the ratio k)/
k-, as a basis for evaluating the thermochemistry of reaction 1.
While it seems reasonable to assume that energy is distributed
statistically in the transiational and internal degrees of freedom
of the C2CL and CI(°P,) products of reaction —1, it should be
kept in mind that there presently exists no experimental
verification that this assumption is correct.

Assuming that X, can be computed from the ratio of measured
values for k, and &-;, a van't Hoff plot, i.e., a plot of In K,
versus T, can be constructed; such a plot is shown in Figure
6. Since

In K, = (AS/R) — (AHIRT) x1v)
the enthalpy change associated with reaction 1 is obtained from
the slope of the van't Hoff plot while the entropy change is
obtained from the intercept. At 360 K, the midpoint of the
experimental 7' range, this “second-law analysis™ gives the
results AH = —17.5 % 0.6 kcal mol~! and AS = —26.1 £+ 1.8
cal mol~! K™, where the errors are 20 and represent precision
only.

C;Cl; Thermochemistry: Third-Law Analysis. In addition
to the second-law analysis described above, we have also carried
out a third-law analysis, where the experimental value of K;, at
360 K (79 800 =+ 8000 atm™') has been employed in conjunction
with a calculated entropy change to determine AH.
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Figure 7. Structure for C:CL and C,Cls derived from ab initio
calculations at the Becke3LYP/6-314+G(d) level as discussed in the
text. Bond lengths and bond angles shown in parentheses are at the
MP2/6-314+G(d) level of theory and values for C;CL in square brackets
are recommendations from the JANAF tables (ref 46).

Since experimental data concemning the structure of C>Cls
are not available, ab inirio calculations have been carried out
for this species. The calculations employed density functional
theory*~37 as implemented in the GAUSSIAN 92/DFT program
system.** With an appropriate choice of gradient correction and
2 modest basis set, DFT has been shown to frequently give
results of near chemical quality.®* In addition, spin con-
tamination does not seem to be as serious for DFT compared
to Hartree—Fock (HF) theory.** Becke3LYP, which seems to
be a good choice of exchange and correlational functional, has
been used with the 6-314+G(d) basis set to optimize geometries
for C,Cls. Vibrational frequencies have been calculated with
the same method. The results for C2CL can be compared with
experiment to lend credibility to the approach while the results
for C2Cls can be employed to compute its absolute entropy as
well as heat capacity corrections. As a check on the DFT
results, MP2/6-31+G(d) optimizations were also carried out for
C2CL, and CxCls. Only small differences in the geometries were
noted. Since the DFT results were closer to experiment for
C,CL, the DFT geometries and frequencies for CCls were used
in the third-law analysis.

Two distinctly different C1(3P,)—C>CL adducts are possible.
A chlorine atom could add symmetrically to Cl;C=CCl, to form
a n-complex or a three-membered ring with unpaired spin
density on chlorine. Aliernatively, a chlorine atom could add
unsymmetrically to form a o-complex with unpaired spin density
on the S-carbon. Our calculations predict that the most stable
form for C;Cls is the haloalkyl radical CCICCly, i.e., the
o-complex. Calculated structures for C,Cl, and C;Cls are shown
in Figure 7. For comparison, experimental bond lengths and
bond angle for C;CL “ are also shown in Figure 7; the
calculated structure of C,Cl is in good agreement with
experiment.

To carry out the third-law analysis, absolute entropies as a
function of temperature were obtained from the JANAF tables*
for CI(°P,), calculated using vibrational frequencies and mo-
ments of inertia taken from the JANAF tables for C;CL,*” and
calculated using the moments of inertia and vibrational frequen-
cies in Table 3 for CxCls. The moments of inertia in Table 3
were computed using the C2Cls structure shown in Figure 7.
The vibrational frequencies in Table 3 were calculated using
the approach described above. Because calculated vibrational
frequencies for C«CL are very close 1o those given in the JANAF
tables,* no scaling of the C2Cls frequencies is deemed neces-
sary. At 360 K, the third-Jaw analysis gives the results AH =
~18.6 £ 0.5 kcal mo!~! and AS = —-29.3 + 1.0 cal mol~' K~';



‘Absolute Entropies and Heat Capacity Corrections
species  v(em™) o Lac(amu’A®) g g Ae(em™))

Cl 4 2 882.36
CCL 1571 4 7.50 x 107 1
1000
918
777
512
447
347
324
288
235
176
110
CCls 1124 6
942
782
721
624
447
406
342
327
264
233
23]
173
129
39

¢ Ae = assumed energy splitting between lowest two electronic states.
C>CL has no low-lying excited electronic states, and C,Cls is assumed
to have none.

1.76 x 10 2

TABLE 4: Thermochemical Parameters for the Reaction
CI(IPJ) + C,CL — C,CI#

T method -AH -AS AH°(H{CCls)
360 2ndlaw 17506 261+ 1.8
3rd law 186+05 29310
298  2ndlaw 175407 26219 85408
3rd law 1874206 294+10 7407
0 2ndlaw  17.108 8709
3rd law 182+ 0.7 7.5+£08

¢ Units: T (K); AH, AH"(#(C2Cls) (kcal mol™'); AS (cal mol~' K™).
® Calculated using values for AH®({(Cl) and AH® HC>CL) taken from
ref 46.

the uncertainties we report reflect an estimate of the uncertainties
introduced by our imperfect knowledge of the input data needed
to calculate absolute entropies (the low frequency vibrations of
C:Cls are most significant) as well as our estimated uncertainty
in the experimental value for K(360 K).

Summary of Thermochemical Results. The thermochemi-
cal results of this study are summarized in Table 4. Appropriate
heat capacity corrections have been employed to obtain AH
values at 298 and 0 K. Using literature values* for the beats
of formation of CI(*P,) and C,CL at 298 and 0 K allows the
heat of formation of C>Cls to be evaluated. As can be seen
from Table 4, the agreement between the second- and third-
law results is not perfect. Since the uncertainties in the AH;{(Cx-
Cls) values obtained by the two methods are about the same, it
seems appropriate to report simple averages of the second- and
third-law values, while adjusting reported uncertainties to
encompass the 20 error limits of both determinations. Using
this approach, we report AH ;203(C2Cls) = 8.0 £ 1.3 keal mol™!
and AHo(C:Cls) = 8.1 % 1.5 kcal mol~'. The C1—C bond
energy can also be directly calculated from theory, where single-
point energies are deterniined with an expanded basis set and
zero-point corrections are made with DFT frequencies. The
predicted bond energy at 0 K is 14.2 kcal mol~' at Becke3LYP/
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at PMP2/6-3114+G(3df) (using the MP2 geometry). While
spin-projected PMP2 value is in reasonable agreement with
experiment, the DFT value is several kcal mol~' too small. It
appears that the DFT method calculates the relative strength of
the C—C x bond to be too strong relative to the C1—C o bond.
In a very recent assessment of computational methods for
calculating radical addition reactions to alkenes, Wong and
Radom found that addition enthalpies may be too positive by
DFT by as much as 10 kcal mol~! when compared to QCISD
results.* In light of their work, the underestimation of the C1—C
bond energy by DFT is not unexpected.

Comparison with Previous Research. Although this study
represents the first systematic investigation of the temperature
and pressure dependence of k), there are several published
measurements with which our results can be compared. Davis
et al.' in one of the pioneering applications of the flash
photolysis—resonance fluorescence technique, measured k; at
298 K in helium buffer gas; they reported rate coefficients of
4.8 x 1072 and 6.10 x 107'2 cm® molecule™' 5! at pressures
of 15 and 100 Torr, respectively. The magnitude of Davis et
al.’s rate coefficients seems a little low compared to values one
might expect based on our measurements in N, buffer gas, and
the ratio k(100 Torr of He)Vk;(15 Torr of He) = 1.25 obtained
from Davis et al.’s results is smaller than one would predict
based on the 297 K falloff curve we have obtained using N; as
the buffer gas (Figure 4). Breitbarth and Rottmayer have
employed a discharge flow system with an EPR detector to study
the kinetics of the O(*P;) + C,CL reaction at 298 K and 0.3
Torr total pressure in O, buffer gas.'* They observed that Cl-
(?P,) was produced as a reaction product and, by following the
temporal evolution of both O(*P,) and CI(%P,), extracted a value
of 3 x 107" cm?® molecule™' s~ for k;; this value is slower
than one would predict from extrapolation of our 297 K falloff
curve down to P = 0.3 Torr under the assumption that N, and
O, are equally efficient as third body colliders. In addition to
the two “direct” studies discussed above, there have been a
number of competitive kinetics studies of reaction 1, #~!3.16 two
of which '3'6 report results where meaningful comparisons can
be made with our results. Franklin et al. employed CW
photolysis of Cl; in conjunction with gas chromatographic
detection of CoCL; they employed the reference reactants CoHg
and CH,CICH,CI to measure the ratios k7/k, = 0.0295 at 310
K and kg/k, = 1.66 at 348 K.

CI(P,) + CH,CICH,Cl — HCl + CHCICH,C1  (7)

CI(P,) + C,;H, — HCl + C,H, ®)

Assuming k»(310 K) = 1.7 x 107'? cm® molecule™! s~' 4% and
k(348 K) = 59 x 107" cm® molecule™! 5~!,3 Franklin et
al’s data give k(310 K) = 5.8 x 10~! cm? molecule™! 5~!
and k(348 K) = 3.6 x 107" cm® molecule™! s~'; these rate
coefficients are not quantitatively consistent with each other but
are in approximate agreement with the values expected based
on our data, given the more efficient third-body colliders
employed in the Franklin et al. study.®® Atkinson and Aschmann
have also employed CW photolysis of Cl, in conjunction with
gas chromatographic detection of C2CL and ethylene to measure
ko/k) = 2.56 at 298 K in 735 Torr of air.

CIP)) + C,Hs + M — CH,CICH, + M )
Assuming kg(298 K, 735 Torr of air) = 1.040 x 100 cm?

molecule™! 57!, % the Atkinson and Aschmann'® data give k;-
(298 K, 735 Torr of air) = 4.1 x 107" cm? molecule™! s~!;
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Figure 8. Falloff curves (298 K) for reactions of CI(*P,) with C;CL
and C;Hi. The C,CL curve is calculated from falloff parameters
determined in this study while the C;H. curve is calculated from the
falloff parameters recommended in ref 30.

this is slightly faster than the value we report but in agreement
within combined experimental uncertainties.

Franklin et al."? in their competitive kinetics studies (described
above) derived the following relationship from their data: log-
(k-1/kyks) = 4.90—10650/4.576T mol> L2 5. They used their
determinations of k) in conjunction with the measurements of
ke(T) reported by Dusdeil et al. * to obtain values for k(7).
Franklin et al.’s values, when corrected for updated information
about k+(7) and kg(7), give values for k-(T) which are somewhat
faster than the values we report. A more quantitative compari-
son does not appear to be worthwhile because (a) the Arrhenius
expression for ke(T) is highly uncertain,'®* (b) Franklin et al.
report k- to be pressure independent while we find k-, to be
pressure dependent (Table 2), and (c) as mentioned above,
Franklin et al. employed more efficient third-body colliders (C»-
CL, Cl,, CoHe, CH2CICH,Cl, CO,, and SFy) in their study than
we did in ours (N»). From their evaluations of k; and k-, at
two temperatures, Franklin et al. derived AH = =169 = 1.0
kcal mol™', i.e., somewhat higher than the value we report but
in agreement within combined experimental uncertainties. (We
believe the uncertainty in the Franklin et al. determination of
AH is actually considerably larger than their published estimate
13 of +1.0 kcal mol™'.)

The best fit value for the parameter n (describing the
temperature dependence of ko) obtained in this study, i.e., n
= 8.5, is larger than is typically found for association reactions
of atmospheric interest.’® Recommended values of n for 62
atmospheric association reactions range from 0.0 to 6.7, with
the largest values found for the CF,ClO; + NO; and CCl; +
O, reactions.® Interestingly, both CF>ClIO;NO; and CCl:0;
are relatively weakly bound species, with bond strengths only
a few kcal mol~! stronger>'=? than that of C;Cls. While the
results reported in this paper clearly demonstrate that k, increases
significantly with decreasing temperature, the value of n is rather
uncertain because no data were obtained at pressures anywhere
pear the Jow-pressure limit. As a result, extrapolation of our
results outside of the experimental temperature regime should
be carried out with caution.

The 298 K falloff curves for CI(?P,) reactions with C;H, and
CxCl, over the pressure range 1—10000 Torr of N, are
compared in Figure 8. The C2CL curve is based on the falloff
parameters determined in this study while the CHy curve is
calculated from the falloff parameters recommended by the
NASA panel for chemical kinetics and photochemical data
evaluation,® which are based on the experimental data of
Wallington et al*? over the pressure range 10—3000 Torr.
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Interestingly, Cl" ;) reacts much more rapidly with C>ClL than
with CoHy in the Jow-pressure limit, but much more rapidly
with C;H, than with C;CL in the high-pressure limit. This
interesting reactivity pattern can be rationalized in terms of the
simple Lindemann—Hinshelwood mechanism, - where reac-
tion 1, for example, proceeds via the following three-step

process:

acp,) + C,Cl, — CCL* (12)
C,CL* — CICP)) + C,Cl, (1b)
CCl*+M—CCL+M (Ic)

If one makes the steady state approximation for the energized
adduct, CoCls*, the low- and high-pressure limit rate coefficients
are obtained as k1o = ki Jkiy and k) = k)s. The fact that
k9 . > k) - implies that C1(*P,) adds more rapidly to C,H, than
to C,Cl, to form the energized species CoHs-,Cl,*; this seems
reasonable since the four chlorine atoms in C>Cly would be
expected to sterically hinder approach of CI(*P;) to a carbon
atom. The fact that koy < k)¢ also seems reasonable since
collisional deactivation of CaHs-»Cl,* would be expected to
be more efficient for C2Cls* than for C;H4Cl* due to the much
higher density of states in C>Cls*.

Implications for Atmospheric Chemistry. The resuits
reported in this paper confirm that C;CL reacts with CI(?P,)
several hundred times faster than with OH under atmospheric
conditions. Hence, in selected atmospheric environments such
as the marine boundary layer, where CI(°P,) levels appear to
be particularly high,'”~' reaction with CI(°P;) will be the
dominant atmospheric removal mechanism for C.CL. In
addition, CCL is being employed as a “tracer” for analyzing
the potential importance of chlorine atoms as an oxidant in the
free troposphere;* the temperature- and pressure-dependent
values for k,(T,P) reported in this study are useful for making
such an analysis as quantitative as possible.
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Kinetics of the Reaction of O(°P) with CF3NO D26 22D
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Abstract

A laser flash photolysis-resonance fluorescence technique has been employed to study the kinetics
of the reaction of O(°P) with CFgNO (k2) as a function of temperature. Qur results are described by
the Arrhenius expression &2(T) = (4.54 = 0.70) X 102 exp[(-560 = 46)/T] cm®molecule 57! (243 K =
T = 424 K); errors are 20 and represent precision only. The O(®P) + CF3NO reaction is sufficiently rapid
that CF3NO cannot be employed as a selective quencher for Oz2(a'4,) in laboratory systems where 0P)
and Oz(a’A;) coexist, and where O(®P) kinetics are being investigated. © 1995 John Wiley & Sons, Inc.

Introduction

The first excited state of molecular oxygen, O2(a'A;) (¢ = 0.977 eV), has a long
radiative lifetime of 3900 s and typically is quenched inefficiently by closed-shell
molecules [1]. Specifically, the rate coefficient for quenching of Oz2(a’A;) by N; is less
than 10°%° cm®molecule™?s™* [2] which results in a long O2(a'4;) lifetime in N even
at pressures of hundreds of torr. Although rate coefficients for quenching of O2(*4,)
by about 50 small molecules have been reported [1,3,4], only trifluoronitrosomethane,
CF3NO, has been found to have a large quenching rate coefficient at 300 K, i.e.,
3.0 X 10712 cm®molecule~ 157! [3).

In a recent study of the kinetics of the O(°P) + BrO reaction [5] we employed UV
laser flash photolysis of O3 as a source for generating large concentrations of O(°P).
Ozone photolysis at 248 nm (KrF excimer laser) and at 266 nm (fourth harmonic
of the Nd:YAG laser) produces primarily electronically excited “singlet” atomic and
molecular oxygen, O(*D) and Oz(a4;) [6,7]. O('D) is rapidly quenched to the ground
state, OC*P), by N; on a submicrosecond time scale at pressures greater than 1 torr
[8); hence, further O(*D) reactions can be neglected in kinetic experiments performed
at higher pressures of N;. However, Oz(a’A;) is long lived and in O(°P) kinetics
experiments with high O3 concentrations used as the photolyte, the reaction of
O2(a’A,) with O3 can generate OCP):

(1) O2(a'A,) + O3 — O(P) + 20,
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In such experiments it is desirable to employ an Oz(a’4;) quenching agent such as
CF3NO so that O(°P) regeneration is minimized.

A stringent criterion for the use of CFgNO as an O2(a’A,) quenching agent in OC¢P)
kinetics experiments is that it has a slow rate coefficient for reaction with O(*P).

(2) OCP) + CFsNO — products

In this article we report a kinetics study of reaction of O(°P) with CF3NO. Reaction
(2) was studied at pressures of 25, 100, and 400 torr N; and over the temperature
range 243-424 K There are no previous kinetic data reported for reaction (2).

Experimental Technique

A laser flash photolysis-resonance fluorescence technique was employed to study
the kinetics of reaction (2). O(°P) was generated by 266 nm laser flash photolysis of
O3 in the presence of 25, 100, or 400 torr of Nj:

(3a) O; + hv(266 nm) — O('D) + Oz(a’A,)
(3b) — OCP) + 0,(X%%;)
(4) O(D) + N, — OCP) + N,

About 88% of the photolytically produced O atoms are in the !D electronically
excited state [7]. Experimental conditions were such that O(*D) was always quenched
by N; on a time scale much faster than that for occurrence of reaction (2), i.e.,
k4[N;] > k[CF3NO] (k4 = 2.6 X 107! em®molecule™!s™! [8-10)). Pseudo-first-order
conditions were employed with [CF3NO] » [O(P)]. The photolytic light source for O
atom production was fourth harmonic radiation from a Nd:YAG laser (Quanta-Ray
Mode] DCR-2). The laser could deliver up to 3 X 106 photons per pulse at a repetition
rate of up to 10 Hz; the laser pulse width was 5 ns.

The laser flash photolysis-resonance fluorescence apparatus used in this study
was similar to one which we have previously employed to study a number of O
atom reactions with stable molecules [6,8,11-16]. A schematic of the experimental
apparatus has appeared previously [6], and the important features of the apparatus
are described below.

Al] experiments employed a pyrex, jacketed reaction cell with an internal volume of
150 cm® and a cross-sectional area of 12.5 cm?; a schematic diagram of the reaction
cell is given elsewhere [17]. The cell was maintained at a constant temperature by
circulating ethylene glycol or methanol from a thermostated bath through the outer
jacket. Between experiments, a copper-constantan thermocouple with a stainless steel
jacket was inserted into the reaction zone through a vacuum seal. Thus, the gas
temperature was measured under the precise pressure and flow rate conditions of
the experiment.

An O(C®P) resonance lamp was situated perpendicular to the photolysis laser beam.
The vacuum UV output radiation of this resonance lamp excited O(°P) resonance
fluorescence in the photolytically produced O atoms. The resonance lamp consisted
of an electrodeless microwave discharge through about one torr of a flowing mixture
containing a trace of O; in He. The flow of a 0.1% O; in He mixture and pure He
into the lamp were controlled by separate needle valves, thus allowing the total
pressure and O, concentration to be adjusted for optimum signal-to-noise. Radiation
was coupled out of the lamp through a MgF2 window and into the reaction cell through
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a MgF; lens. Dry N; was used as a purge gas in the volume between the lamp window
and the cell lens to exclude room air and thus allow transmission of vacuum-UV
radiation.

Fluorescence from excited O(°P) atoms within the reaction zone was collected by a
MgF; lens on an axis orthogonal to both the photolysis laser beam and the resonance
lamp beam and imaged onto the photocathode of a solar blind photomultiplier. The
region between the reaction cell and the photomultiplier was purged with dry N;
and contained a CaF; window to prevent detection of Lyman-a emission from the
resonance lamp. The fluorescence signals were processed using photon counting
techniques in conjunction with multichannel scaling. For each O(°P) atom decay rate
measured, signals from a large number of laser shots (500 to 15,000) were averaged
to obtain a well-defined temporal profile over (typically) three 1/e lifetimes of decay.
The multichannel analyzer sweep was triggered approximately 3.2 ms prior to the
photolysis laser in order to allow a fluorescence background baseline to be obtained
immediately before the laser flash.

All experiments were carried out under “slow flow” conditions 8o as to avoid
accumulation of photolysis or reaction products. The linear flow rate through the
reactor was typically around 2 cm 5! and the laser repetition rate was 10 Hz.
Hence, no volume element of the reaction mixture was subjected to more than two or
three laser shots. The reactant CFsNO was flowed from 12 L bulbs containing dilute
mixtures in N buffer gas into an absorption cell, which was used for in situ CF3NO
concentration determination as described below. N, buffer gas was mixed into the
reactant flow before the absorption cell. The flow from a 12 L bulb containing O3
diluted with N; was injected into the reaction cell through a 1/8 inch o0.d. Teflon tube
positioned such that the O3 mixed with other components about 1 to 5 cm upstream
from the reaction zone.

The concentration of CF3NO was measured in situ by UV photometry at 202.6 nm
using an absorption cell with a 200.3 cm path length and a zinc hollow cathode
lamp light source (which emitted the 202.6 nm Zn* line). Because the output of the
zinc lamp includes several other strong lines in the same wavelength region, it was
necessary to isolate the 202.6 nm line with a 0.25 m monochromator (Jarrell-Ash)
positioned at the exit from the absorption cell. A side-on photomultiplier connected
directly to the exit aperture of the monochromator provided the signal detection and
a 4'/; place digital picoammeter provided the signal readout. A CFsNO absorption
cross section of (6.08 = 0.10) X 107® cm? at 202.6 nm (error is 20, precision only)
was determined with a separate 10.0 cm path length absorption cell and was the
value used for all CFgNO in situ and bulb concentration determinations.

In addition the photometric measurements, the CFsNO concentration in the re-
action mixture was also determined from measurements of the flow rate of the
CF3NO/N; mixture, the total flow rate, the cell pressure, and the known CFsNO/N;
bulb concentration. There was good agreement between the CFsNO concentration
measured in situ and the values calculated from the flow rate measurements. How-
ever, the reported k; values are based upon the CFsNO concentrations determined
from the in situ photometry measurements; the flow rate based measurements
averaged 7.4% less.

One experiment was performed using in situ visible photometry at 632.8 nm to
determine the CF3NO concentration. The same 200.3 cm length absorption cell was
used, but a HeNe laser replaced the zinc hollow cathode lamp as the radiation source.
A diffuser was placed in front of the monochromator entrance slit to attenuate the
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probe beam and prevent saturation of the photomultiplier. A CFsNO absorption
cross section of (4.26 = 0.28) X 10~%° ¢m? was determined with a separate 10.0 cm
path length absorption cell and was the value used for all CFgNO concentration
determinations at 632.8 nm. The k; value determined with visible photometry was
in good agreement with the experiments which used 202.6 nm as the wavelength for
CF3NO monitoring.

The concentration of O3 in the reaction mixture was determined from measurements
of the appropriate mass flow rates, the total pressure, and the known Oz bulb
concentration. The determination of the Os concentration in the Os/N2 bulb used
the in situ UV photometry apparatus described above. At 202.6 nm the O3 absorption
cross section is 3.2 X 107% em? [2).

The He and N; gases used in this study had stated minimum purities of 99.999%
and were used as supplied. Ozone was prepared in a commercial ozonator using UHP
oxygen (99.99%). It was collected and stored on silica gel at 195 K, and degassed at
77 K before use. The CFgNO (95% minimum purity) was obtained from PCR, Inc.
and was degassed twice at 77 K before each use. The IR spectrum of the degrassed
CF3NO agreed with that reported in the literature [18]. The CF3NO was also analyzed
for the presence of the dimer, (CF3);NONO, and NO; by UV-Visible absorption
spectroscopy. (CF3);NONO was monitored at 372 nm, where the absorption cross
section is 6.38 X 1072° cm? [19]; the CF3NO absorption cross section at 372 nm is a
factor of 640 lower [20]. The upper limit mole fraction of dimer present was determined
to be 0.05%. No NO; absorption features were observed in the visible region. The
CF3NO gas was used without further purification.

Results and Discussion

Al] experiments were carried out under pseudo-first-order conditions with CFgNO in
large excess over O(°P). Thus, in the absence of secondary reactions which enhance or
deplete the O(°P) atom concentration, the O(°P) atom temporal profile is dominated
by the reactions

(2) O(P) + CFgNO — products

(5) O(®P) — loss by diffusion from the detector field of
view and/or reaction with background impurities.

The background O(®P) loss rate, ks, was typically 85~45 s~! for P = 100 torr. The
reaction of O(°P) with Oz can be neglected as an O(®P) atom loss mechanism since
the rate coefficient is small [2] and O3 concentrations were relatively low (Table I).
Similarly, generation of O(®P) by reaction (1) can be neglected. Integration of the rate
equations for the above scheme yields the following simple relationship:

I In{So/S,} = (k2[CFsNO] + ks)t = kyt

In eq. (I), Sy is the OC°P) fluorescence signal at a time shortly after the laser fires and
S, is the O(®P) fluorescence signal at time . The bimolecular rate coefficient, ks, is
determined from the slope of a k3 vs. [CF3sNO) plot.

For the O(P) + CF3NO reaction, the O(°P) temporal profiles were found to be
exponential and the O(®P) decay rates were found to increase linearly with increasing
CF3NO concentration, i.e., the kinetic observations are consistent with eq. (I). The
observed pseudo-first-order decay rates were found to be independent of laser photon
fluence and O3 concentration. This set of observations, coupled with the photometric
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TaBLE 1. Kinetic data for the reaction of O(3P) with CF3NO.

Laser Number

3 ]

Temp. Press. Constnipalinng Fluence of R2 mas 1018 &$
) (torr) Os (o] CF3NOP (mJ/cm?) Expts® (87!) (cm® molecule™!s7Y)
243 100 22, 029 523-8150 1.0 5 1550 4.75 = 0.17
264 100 20. 024 876-2700 0.9 5 1540 5.43 = 0.25
296 25 10. 14 185-1130 11. 5 914 7.13 = 0.10
297 100 7.1 027 227-1176 3.0 7 898 7.14 = 0.054
298 100 B6. 079 4580-15800° 11 5 10570 €.69 = 0.80°
299 100 56 022  593-2270 0.3 4 1720 7.24 = 0.44
299 100 44 025 B575-2410 44 4 1710 6.93 = 0.62
301 100 80 017 832-2180 1.7 5 1560 6.84 = 0.35
297 400 77 096  256-759 10. 5 759 6.92 = 0.44
346 100 77 0.4  810-1840 14 5 938 891 = 0.27
424 100  11. 026  122-1210 1.8 5 1620 12.6 = 0.93

*Concentration units are 102 molecules cm™3.

bCF3NO concentration based on in situ UV photometry at 202.6 nm.
‘Experiment = measurement of one OX®P) tempora! profile.

9Errors are 20 and represent precision only.

¢CF3NO concentration based on in situ visible photometry at 633 nm.

impurity analyses described above, strongly supports the contention that reactions
(2), (4), and (5) are the only processes which affected the post-laser-flash O(°P) time
history in these experiments.

Results from our study of reaction (2) are summarized in Table I. Experiments
at room temperature (296-301 K) were performed with variations in laser fluence
(0.3-11 mj em™2), O3 concentration (4.4-56 X 102 molecule cm™3), initial O(®P) cun-
centration (0.17-1.4 X 10 atoms cm™3), and N pressure (25, 100, and 400 torr). The
rate coefficient, k., is found to be independent of pressure over the range 25-400 torr
and at 298 K has the value k(298 K) = (6.98 = 0.39) X 10712 em®molecule™ 157!
(errors are 20, precision only). k2 was found to increase with increasing temperature
over the range 243-424 K. Typical O(®P) temporal profiles are shown in Figure 1
while k; vs. [CF3NO] plots for data taken at 264 K, 299 K, and 424 K and P =
100 torr are shown in Figure 2.

An Arrhenius plot for reaction (2) is shown in Figure 3. A linear least-squares
analysis of the In k; vs. 1/T data gives the Arrhenius expression

(I11) ko(T) = (4.54 = 0.70) X 10~ 2 exp[(—560 = 46)/T] cm®molecule s~ 1.

Errors in the above expression are 20 and represent precision only. The estimated
absolute uncertainty (20) in k2(T') at any temperature within the range of this study
is =20%. To our knowledge, there have been no previous kinetics studies of the
OCP) + CF3NO reaction with which to compare our results.

Possible sources of systematic error in this study include secondary reactions arising
from the 266 nm photolysis of CFsNO

(6) CF3NO + Av(266 nm) — CF3 + NO.
Both photolysis products, CFs and NO, consume O(°P)

(7) OCP) + CF3 — CF,0 + F
(8) OCP) + NO + N, — NO; + N,
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O(’P) Signal (Arb. units)
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Figure 1. Typical O(°P) temporal profiles. Experimental conditions: T = 299 K;
P = 100 torr Np; [O3] = 5.6 x 10'® molecules em™3; [OCP)) = 2.2 x 10'! atoms
em~$; [CF3NO] in units of 10’4 molecules cm™3 = (&) 0.0, (b) 5.93, and (c) 22.7; number
of laser shots averaged = (a) 2000, (b) 1500, and (c) 4000. Solid lines are obtained from
least-squares analyses and give the following pseudo-first-order decay rates in units of

s71: (a) 44, (b) 489, and (c) 1720.

2 1 N I T ] B
I 424 K 299 K |
Lo 264 K
[
© 1k .
: 3
. ()
x
- -
il J A l 1
o - 2

[CF,NO] (10" molecule cm™)

Figure 2. Plots of k5 vs. [CF3NO] for data obtained at T = 424 K, 299 K, and 264 K
and P = 100 torr. Solid lines are obtained from linear least-squares analyses and give
the following rate coefficients in units of 1073 cm® molecule™! s~1: 5.43 = 0.25 at
264 K, 7.24 = 0.44 at 299 K, and 12.6 = 0.93 at 424 K; errors are 20, precision only.
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450K 350K 250K

k,(T) = 4.54x10 exp(-560/T)
cm’molecule”’s™

10

k, (107" ¢cm’ molecule™ s7)

o | s | L

|
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1000/T (K™)

ok J 2

Figure 3. Arrhenius plot for the O(®P) + CF3NO reaction. Solid line is obtained from a
Jeast-squares analysis of all data. Circles are data obtained at P = 100 torr. The triangle
and square are data obtained at P = 25 and 400 torr, respectively. The diamond is
data obtained at 100 torr with [CF3NO] determined in situ by visible photometry at
632.8 nm. Error bars are 20 and represent precision only.

However, at 298 K and 400 torr total pressure, reaction (7) is approximately 30
times faster than reaction (8) (with k; = 3.1 X 10~! ¢m® molecule~!s~! [20] and
kg(400 torr) = 9.6 X 10723 em® molecule *s~! [2]). Even at the highest laser fluence
and CF3NO concentrations used (11 mj/cm? and 1.13 X 10!® molecule cm™3), the
initial CF3 concentration is only 1.2 X 10! molecule cm~2 because of a low CFsNO
absorption cross section at 266 nm (1.34 X 102! em? [21)). Thus, the pseudo-first-
order decays do not require correction for reactions (7) and (8).

Another possible source of systematic error is O®P) consumption from impurities
present in the CFsNO sample. In particular, exposure of CFsNO to light results
in production of (CF3);NONO (O-nitrosobis(trifluoromethyl)hydroxylamine). The rate
coefficient for reaction (9) is unknown.

9) O(P) + (CF3);NONO — products

To assess the potential role of reaction (9) as a kinetic interference in our study
of reaction (2), a crude measurement of kg was carried out. A sample of CFgNO in
a 1-liter pyrex bulb was irradiated for 90 h with a tungsten-halogen lamp; a glass
cut-off filter prevented radiation at wavelengths shorter than 580 nm from entering
the bulb, thus minimizing secondary photolysis of CFsNO photo-products. UV-visible
spectral analysis of the sample after irradiation (and degassing at 77K) showed that
(CF3);NONO and NO, were present at approximately a 20:1 concentration ratio, and
that about 85% of the CFgNO was converted to (CFg);NONO. Mason [22] has reported
observation of CFgNO;, CFsNCF;, (CF3)};NNO;, NO:F, NOF, NO, N0, CO., and
SiF, as minor products of the photochemical degradation of CFgNO. When the laser
flash photolysis-resonance fluorescence technique was employed to study the kinetics
of the reaction of O(°P) with the irradiated mixture, an apparent rate coefficient
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of 2.1 X 107! cm®molecule™!s~! was obtained; this rate coefficient was found to be
independent of pressure (25-100 torr) and temperature (298-369 K). Considering
that the O(®P) + NO; rate coefficient is approximately 1.0 X 107! cm®molecule™!s™!
over the temperature range of this study [2), these observations suggest that kg <
3 X 1071 cm®molecule™!s7!. Therefore, in our studies it was always the case that
ka/kg = 0.016 (see Table I). Since the spectrophotometric analyses discussed above
demonstrated that the mole fraction of (CF3)eNONO in the CF3gNO sample was
=0.0005, we conclude that reaction (9) could contribute no more than a few percent
to observed reactivity in the low temperature studies of reaction (2) and even less at
higher temperatures.

Excited state chemistry also represents a potential source of systematic error. The
quenching of Oz(a'A;) by CFsNO is believed to occur via an excitation transfer
mechanism which forms a low-energy CFsNO* triplet state [3]. Reaction of O3 with
CF3NO* could yield OCP)

(10) CF;NO* + 0; — O(P) + O, + CF3NO

It is, however, very unlikely that reaction (10) occurs. It is not energetically favored;
the O—O; bond dissociation energy in Oj is 25.5 kcal mol~! which is 3.0 kcal mol~!
higher than the electronic energy possessed by Oz(a’A,). Furthermore, vibrational
relaxation of CFsNO would be expected to compete favorably with the CFsNO* + O3
reaction under the conditions of our experiments, i.e., [N2]/[03] > 10°.

Using a AH, value for CF3NO of —132.2 keal mol~? (obtained from a shock tube
study of the thermal dissociation of CFgNO [23]), there appear to be four energetically
accessible product channels for reaction (2):

(2a) 0(P) + CF3NO — CF; + NO, AH = -31.5 kcal mol™?
2b) ——~ CF,0 + FNO  AH = -96.4 keal mol™
(20) — CO;+ NF;  AH = —52.9 kcal mol™
(2d) 2. CF;3NO, AH =?

The results reported in this study do not provide information concerning the product
branching ratio, although reactions (2a) and/or (2b) would appear to be the most
likely reaction channel(s). The observed independence of k; to significant variations
in pressure argues against the occurrence of reaction (2d) while the large number
of (very strong) chemical bonds which must be broken and formed argues against
the occurrence of channel (2c). Further studies aimed at quantitative detection of
reaction products would be of interest.

Summary

The laser flash photolysis-resonance fluorescence technique has been employed to
study the temperature dependence of the thermal rate coefficient for reaction (2); this
represents the first kinetics study of the O(®P) + CFsNO reaction. The temperature
dependence of k; is adequately described by the following Arrhenius expression:
ky = (4.54 = 0.70) X 10" 2 exp[(—560 = 46)/T] cm®molecule~!s~!. The absolute un-
certainty in the measured rate coefficient at any temperature within the range studied
is estimated to be *20%. Reaction (2) is sufficiently fast to preclude use of CFsNO
as a selective quencher for O2(a'4;) in laboratory systems where O(°P) kinetics are
being investigated.
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A novel dual laser flash photolysis-long path absorption-resonance fluorescence technique has been

k
employed to study the kinetics of the important stratospheric reaction O(’P,)+BzO—loBr(’P,)
+ 0, as a function of temperature (231-328 K) and pressure (25-150 Torr) in N, buffer gas. The
experimental approach preserves the principal advantages of the flash photolysis method, i.e.,
complete absence of surface reactions and a wide range of accessible pressures, but also employs
techniques which are characteristic of the discharge flow method, namely chemical titration as a
means for deducing the absolute concentration of a radical reactant and use of multiple detection
axes. We find that k, is independent of pressure, and that the temperature dependence of &, is
adequately described by the Arrhenius expression k,(T)=1.91x10"" exp(230/T)
cm’® molecule ™' s™'; the absolute accuracy of measured values for k, is estimated to vary from
*20% at T~230 K to =30% at T~330 K. Our results demonstrate that the O(*P,)+BrO rate
coefficient is significantly faster than previously *‘guesstimated,” and suggest that the catalytic cycle
with the O(P,)+BrO reaction as its rate-limiting step is the dominant stratospheric BrO,

/¢

n

odd-oxygen destruction cycle at altitudes above 24 km. © 1995 American Institute of Physics.

1. INTRODUCTION

The reaction of ground state oxygen atoms, O(*P,), with
BrO radicals is the rate determining step in a catalytic cycle
via which bromine destroys odd oxygen in the middle
stratosphere'

O(*P,)+BrO—Br(*P,)+ 0, (1
BT(2P3/2)+03—‘BIO+02 (2)

Net: 0(3P1)+03—'202.

Reactive BrO, radicals are produced in the stratosphere pri-
marily by photodissociation of methyl bromide (CH;Br) and
the halons CF;Br, CF,CIBr, and CF,BrCF,Br.*

No direct measurements of k, have been reported, al-
though Clyne eral obtained the estimate k(298
K)=2.5%10""" cm® molecule ™" s~' (factor of 2 reported un-
certainty) based on observation of secondary O(*P,) con-
sumption and Br(*P,) production in a study of O(*P,)+Br,
kinetics.®* High quality kinetic data for reaction (1) are
needed to facilitate quantitative understanding of the role of
the above catalytic cycle in stratospheric chemistry. Further-
more, reaction (1) is a likely side reaction in laboratory stud-
ies of the Br,~O; photochemical system, so knowledge of

YPresent address: Laboratory for Extraterrestrial Physics, NASA Goddard
Space Flight Center, Code 691, Greenbelt, Maryland 20771.
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k,(T) would assist interpretation of experiments designed to
study other important BrO, reactions. Finally, comparison of
kinetic data for reaction (1) with available data for other
O(*P,;)+XO reactions (X=C1,0H H,...)® could prove useful
for refining theoretical procedures for calculating radical-
radical reaction rates.

In this paper we report the results of a direct kinetics
study of reaction (1) as a function of temperature (231-328
K) and pressure (25-150 Torr). A dual laser flash photolysis-
Jong path absorpton—resonance fluorescence technique
(DLFP-LPA-RF) has been employed in our study. This novel
experimental approach, which features simultaneous time-
resolved detection of BrO (by long path absorption) and
ocpP ;) (by atomic resonance fluorescence) has evolved from
our earlier studies of O(P,)+HO, (Refs. 7 and 8) and
O(’P,;)+ClO (Ref. 9) reaction kinetics. We find that, under
midstratospheric conditions, reaction (1) is considerably
faster than previously thought; the implications of this result
for stratospheric BrO, chemistry are discussed.

. EXPERIMENTAL TECHNIQUE AND KINETIC
SCHEME

The DLFP-LPA-RF technique preserves the principal ad-
vantages of the flash photolysis method, i.e., the complete
absence of side reactions catalyzed by wall surfaces and a
wide range of accessible pressures, while also incorporating
some advantages normally associated with the discharge

© 1995 American Institute of Physics 4131
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flow method,'® namely chemical titration as a means for de-
ducing the absolute concentration of a radical reactant and
employment of multiple detection axes. Although the two
free radical reactants cannot be generated in spatially sepa-
rated regions (as they can in the discharge flow method),
some chemistry complications can be avoided by controlling
the time delay between generation of the two reactants. Be-
cause the experimental approach is to some extent dictated
by the nature of secondary chemistry complications, the ex-
perimental technique and the kinetic scheme are best pre-
sented in a single section of the paper.

Consider a mixwre of N,, O;, and Br, with
[N;1»[0;]»[Br,]. When this mixture is subjected to flash
photolysis at 248.4 nm (KrF laser), the only species which
undergoes significant photodissociation is O,

O;+hv(248.4 nm)—O('D;)+0,(a 'A,) (3a)

—O(*P,)+0,(X ’%;). (3b)

The yields of singlet and triplet photoproducts are 0.91 and
0.09, respectively.'' Since N, is present in large excess over
O; and Br,, essentially all O('D,) generated by the
photofiash is rapidly quenched by N,

O('D;)+N;—O(*P;)+N;. @)

The rate coefficient for the quenching reaction at 298 K is
k,=2.8X10""" cm® molecule™ s™! with little or no tempera-
ture variation.$ Suppose that the concentration of oxygen at-
oms created by the photoflash is greater than the concentra-
tion of Br, initially present in the reaction mixture; then Br,
can be titrated to BrO via the following reactions:

O(*P,)+Br,—BrO+Br(?P,), (5)
Br(*P3,)+0;—BrO+0,. (2)

Reaction (5) is sufficiently exothermic to generate atomic
bromine in the spin-orbit excited electronic state Br(*P ).
However, if experimental conditions are maintained where
[N,][0,], then relaxation of Br(*P,,) to Br(*P,y) via col-
lisions with N, is rapid compared to the time scale for
Br{(*P;,) reaction.'? Any excess O(*P,) remaining after con-
sumption of all Br, would be expected to react with O, di-
rectly via reaction (6) or (primarily) via the catalytic cycle
composed of reactions (1) and (2)

0(3P1)+03—0202. (6)

If the chemistry in the O;-Br,-N, photolysis system
were completely described by reactions (1)-(6), and if ex-
perimental conditions could be adjusted such that the rate of
O(*P,) consumption by the slow® reaction (6) was negligible
compared to its rate of consumption by Br, and BrO, then &,
could be evaluated based on measurements of the O(P,)
decay rate at long times afier the laser flash when Br, had
been quantitatively converted to BrO; under such conditions
the decay of O(*P,) would be essentially pseudo-first-order
since BrO lost by reaction with O(JP_,) would be regenerated
via reaction (2). Unfortunately, the following side reactions
complicate the measurement of k;:

BrO+BrO—2Br(*P,)+ 0, (7a)

Thom et al: Radical reaction kinetics O(*P,)+BrO

—‘Bl’2+02, (7b)
0,(a 'A,)+0;—0(*P,)+20;,. (8)

Reaction (7) is moderately fast [k,(298 K)=2.7x10"2
cm’ molecule™' s7']; both the absolute rate coefficient and
the branching ratio for reaction (7) are well established over
the range of temperature employed in this study.'*~'® Fortu-
nately, regeneration of Br, via reaction (7) is relatively slow
because reaction (7b) is the minor channel.'*-'®

Although it is quite slow [kg(298 K)=3.8x107"
cm’® molecule™ 57!, E=5.65 kcal mol™'],® reaction (8)
has a profound effect on observed O(*P,) temporal profiles.
Instead of decaying rapidly to zero concentration via reac-
tions (1) and (5), the O(*P,) concentration reaches a near-
steady-state level at long times after the laser flash where
Joss via reactions (1) and (5) is counterbalanced by produc-
tion via reaction (8). The occurrence of reaction (8) severely
complicates the evaluation of k, from observations of O(*P,)
kinetics.

One approach for circumventing the kinetic complica-
tions caused by the occurrence of reaction (8) is to identify a
quencher which efficiently converts Oj(a 'A,) to
O,(X *Z;) but does not otherwise interfere with the chem-
istry under investigation. Rate coefficients for quenching of
Oj(a 'A,) by small molecules are typically very slow
(107'~107"® cm® molecule ™' s™' for many quenching reac-
tions which have been studied).'” One exception is CF3NO,
which quenches Oy(a 'A,) very efficienty [k(298
K)=3x%10""? cm® molecule™' s™']."” We find that CF;NO
also reacts rather rapidly with O(P,) [k(298 K)=6.9x10""
cm’® molecule™ s™'].'"®  Hence, a suitable O,(a 'A))
quencher for use in our kinetics experiments could not be
identified.

A second more successful approach for circumventing
the kinetic complications caused by the occurrence of reac-
tion (8) involves the use of a second photolysis laser. Once
the concentration of O(*P,) has reached its near-steady-state
level (typically 10-50 ms after the KrF laser fires) a second
pulsed laser operating at 532 nm (second harmonic, Nd:YAG
laser) photolyzes a small fraction of the remaining ozone

0;+h¥(532 am)—O(*P))+0,(X *%]). (©)

Computer simulations employing typical experimental con-
ditions strongly suggest that the decay of the additional
O(P,) produced by the 532 nm laser back to the near-
steady-state level is dominated by reaction (1).

A schematic diagram of the DLFP-LPA-RF apparatus is
shown in Fig. 1, and important experimental details are dis-
cussed below.

A jacketed borosilicate glass reaction cell was used in all
experiments. Thermostated liquids (ethylene glycol-water
mixture or methanol) were circulated through the jacket to
control the reaction cell temperature (for the sake of clarity,
the jacket is not shown in Fig. 1). Measurement of the tem-
perature in the reaction zone under the precise pressure and
flow conditions of the experiment was accomplished as de-
scribed previously.'® The main body of the reaction cell was
a 29.5 cm by 21.5 cm cross which was 4.0 cm in diameter.
The longer axis was used for BrO detection while the pho-
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FIG. 1. Schematic diagram of the dual laser flash photolysis-long path absorption-resonance fluorescence apparatus.

tolysis lasers counterpropagated along the shorter axis. At the
center of the cell were three additional 1.5<m-i.d. sidearms.
Radiation from an atomic resonance lamp entered the cell
through the upper sidearm and exited through the lower side-
arm. The resonance fluorescence signal was collected
through the third sidearm, which was in the same plane as
the BrO and photolysis axes.

The KrF laser (248.4 nm) could deliver up to 1x10'®
photons per pulse at a repetition rate of =10 Hz; the pulse
width was 25 ns. The laser beam was passed through a beam
expanding telescope, then reflected off a segmented aperture
optical integrator (SAOI) and an aluminum mirror into the
reaction cell. A 1-cm-wide aperture selected only the central,
most spatially uniform section of the beam. The use of the
SAOI to obtain spatially uniform photolysis laser beams is
discussed in earlier publications from our laboratory.”?° The
fluence of the 248.4 nm laser beam was measured using a
photodiode-based radiometer which was capable of measur-
ing individual pulses. Immediately before and after acquisi-
tion of each temporal profile, 20 laser shots were averaged to
obtain a statistically meaningful laser fluence. For this mea-
surement, the aluminum mirror was moved out of the beam
path and the radiometer was positioned the same distance
from the mirror as was the center of the reaction cell. The
fluence at the center of the reaction cell was taken to be the
fluence measured by the radiometer corrected for losses upon
reflection off the aluminum mirror, transmission through the
reaction cell entrance window, and refiection off the reaction
cell exit window. Calibration of the radiometer was achieved
using an ozone actinometry technique which is described in
detail elsewhere.”

The second harmonic Nd:YAG laser (532 nm) could de-
liver up to 3X10'7 photons per pulse at repetition rates of

10/n Hz (n=1,2,3,...); the pulse width was approximately 7
ns. The 532 nm beam was much smaller than the optically
integrated 248 4 nm beam. It propagated through the middle
of the region irradiated by the 248.4 nm beam.

The triggering scheme used for synchronizing the firing
of the excimer laser, the Nd:YAG laser, and the signal acqui-
sition electronics was somewhat more complex than sug-
gested schematically in Fig. 1. The design of the triggering
scheme was based on the requirements that (1) the Nd:YAG
laser flash lamps must flash at a rate of 10 Hz while chem-
istry considerations (see below) require a much lower repeti-
ton rate for the two-laser sequence passing through the re-
actor and (2) the Nd:YAG laser must be Q-switched
approximately 3.2 ms after triggering of the Nd:YAG laser
firing sequence, but only for the small fraction of flash lamp
firings when second-harmonic radiation is desired. A sche-
matic diagram containing details of the triggering scheme,
which requires a pulse generator, two digital delay genera-
tors, and a divider network, is shown elsewhere ?!

The concentration of BrO was monitored using mult-
pass UV ab ion at 338.3 nm, the peak of the strong 7-0
band of the A 7-X 2= system. Details of the technique and
its application to BrO detection are discussed elsewhere.? To
minimize photolysis of O, by the xenon arc lamp probe light
source, a Pyrex filter was inserted between the arc lamp and
the multipass optics. Reflective losses in the multipass sys-
tem were minimized by using White cell” mirrors coated for
high reflectivity around 338 nm and reaction cell windows
coated for maximum transmission around 338 nm. In pre-
liminary experiments, absorption of multipass radiation by
molecular chlorine at 330, 338, and 346 nm was employed to
test the effective multipass absorption path length. At all
three wavelengths, the path length calculated from the Cl,
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absorption measurements was equal within a few percent to
the path length estimated by multiplying the measured length
of the reaction cell by the number of passes (evaluated by
counting the UV spots impinging on a piece of fluorescent
paper moved across the White cell mirrors). Typically, the
White cell was adjusted for 30 passes. As discussed above, a
mask limited the width of the 248.4 nm photolysis beam to
1.0 cm, thus giving an absorption path length for BrO detec-
tion of 30 cm. One other modification from our earlier
approach” was the installation of masks with a 1.9 cm
beight aperture at both reaction cell windows along the BrO
detection axis; this ensured complete spatial overlap of the
BrO detection volume and the 248.4 am photolysis region.
The slits on the 0.22 m monochromator which isolated 338.3
nm radiation were each set at widths of 100 um, giving a
resolution of 0.36 nm; this monochromator resolution is very
close to the 0.4 nm resolution employed to obtain the best
available measurements of BrO absorption cross sections.
Since we find that the observed BrO absorption cross section
at 338.3 nm is independent of resolution within the range
0.25-0.50 nm, the BrO absorption cross section values at
338.3 nm of 1.55x10™"” cm® at 298 K and 1.95%10™"7 cm?
at 223 K which were reported by Wahner er al.? can be used
to convert the measured BrO absorbance to a concentration
(as long as the absorption path length is accurately known).
Radiation exiting the mopochromator was detected by a pho-
tomultiplier, the time-dependent output from which was
monitored on channel A of a dual channel signal averager
with 1.5 us time resolution and 10 bit voltage resolution.

Time-resolved detection of O(*P,) was accomplished us-
ing the resonance fluorescence technique.”*!"'* An atomic
resonance lamp, mounted above the reaction cell and perpen-
dicular to both the photolysis and BrO detection axes, ex-
cited resonance fluorescence in photolytically generated
O(’P,) atoms. The resonance lamp consisted of an electrode-
less microwave discharge through about 1 Torr of a flowing
mixture containing a trace of O, in He. The vacuum-UV
resonance radiation (at about 130 nm) was coupled out of the
lamp through a magnesium fluoride window and into the
reaction cell through a magnesium fluoride lens. The region
between the lamp window and the cell lens was purged with
dry N,. Fluorescence was collected by a magnesium fluoride
lens on an axis orthogonal to the resonance lamp beam and
imaged onto the photocathode of a solar blind photomulti-
plier. The region between the reaction cell and the photomul-
tiplier was purged with dry N,; in addition, a calcium fluo-
ride window was inserted into this region to prevent
detection of Lyman-a emission from hydrogen impurity in
the lamp discharge. Signals were processed using photon
counting techniques in conjunction with multichanne] scal-
ing. Channel B of the dual channel signal averager could be
operated in the multichannel scaling mode [for O(P,) detec-
tion] while, simultaneously, channel A was operated in the
analog mode (for BrO detection).

Typically, 256-1024 pairs of flashes were averaged to
obtain O(*P,) and BrO temporal profiles with sufficient sig-
nal to noise to allow quantitative kinetic analysis. The shot-
to-shot stability of the 248.4 nm laser was about *10%.
Because BrO was produced under conditions where

Thom et a/; Radical reaction kinetics O(*P,)+BrO

[OCP,)L>[Bryk. i.c., under conditions where Br, was ti-
trated to BrO, 10% fluctuations in 248.4 nm laser power
result in very small shot-to-shot variations in the BrO con-
centration temporal profile.

In order to avoid accumulation of reaction or photolysis
products, all experiments were carried out under *‘slow
flow” conditions. To promote spatial uniformity of concen-
trations and minimize regions of flow stagnation, each of the
four ends of the reaction cell had a port. The gas mixture
entered the reaction cell through the two ports on the BrO
probe beam axis and exited through the two ports on the
laser photolysis axis. This flow pattern exhausted the Jong-
lived BrO radicals from the BrO detection volume more rap-
idly than if the reaction mixture had exited along the BrO
detection axis. The linear flow rate through the reaction cell
was (typically) 3.5 cms™'. The repetition rate of the two
laser sequence varied from 1/8 Hz at P=25 Torr to 1/5 Hz at
P>100 Torr. These rates were determined by observing the
time required for the BrO signal to return to the pretrigger
baseline value under typical experimental conditions.

As shown in Fig. 1, the O;, Br,, and N, gases were
premixed before entering the reaction cell. The concentra-
tions of Br, and N, in the reaction mixture were determined
through measurement of the appropriate mass flow rates and
the total pressure. The fraction of Br, in the Br,-N, mixture,
which was prepared manometrically in a 12 / bulb, was
measured by photometry at 4047 nm as described
previously.? Ozone was flowed from a U-tube containing O,
adsorbed on silica gel and maintained at dry ice temperature
(195 K); nitrogen was passed through the U-tube to obtain a
stable O;-N, flow. The ozone concentration was measured in
situ in the slow flow system by UV photometry at 253.7 nm
using an Hg pen-ray lamp as the light source and a 30.2 cm
absorption cell positioned between the mixing cell and the
reaction cell; interference from absorption of 253.7 nm ra-
diation by Br, was negligible for the reaction mixtures em-
ployed ([O,]»[Br,]). Conversion of measured ozone absor-
bances to concentrations employed an O;Jabsorpa’on cross
section of 1.145x107"7 cm? at 253.7 am.

The gases used in this study had the following stated
minimum purities: N,, 99.999% and O,, 99.99%; they were
used as supplied. Ozone was prepared by passing O, through
a commercial ozonator. It was collected and stored on refrig-
eration grade silica gel maintained at a temperature of 195 K.
The Br, used in this study had a stated minimum purity of
99.94%. It was transferred under nitrogen atmosphere into a
glass vial fitted with a high vacuum stopcock, and then was
degassed repeatedly at 77 K before being used to prepare
Brz°N2 mixtures.

Nl RESULTS

Observed OCP ;) fluorescence and BrO absorbance tem-
poral profiles for a typical experiment are shown in Fig. 2; in
this typical experiment, the time delay between the two la-
sers was 25 ms. At short times, i.e., <5 ms for the data
shown in Fig. 2, the O(*P,) concentration is very high, caus-
ing the fluorescence signal to be influenced by radiation trap-
ping effects. Thus, the fluorescence signal is proportional to
the O(*P,) concentration only after the signal has decayed
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FIG. 2. Typical experimental BrO and O(*P,) temporal profiles. Experimen-
tal cooditions: T=298 K; P=50 Tomr [0y]=7.80X10" per cm’
[Bry)o=1.58x10"® per cm®; [O),=7.4% 10" per cm®; 512 laser shots aver-
aged; electronic time constant for BrO detection=50 us; r=0 is defined to
be the time the 248.4 nm laser fires.

significantly from its peak value. The approach to a pear-
steady-state O(*P,) fluorescence level clearly occurs at 1>10
ms. Firing of the 532 nm laser at r=25 ms results in only a
modest increase in the O(P,) fluorescence signal because
the ozone absorption cross section at 532 nm is quite low
(2.8x1072' cm?).? The data in Fig. 2 show that during the
first several ms after the 248.4 nm laser fires, BrO appear-
ance “tracks” O(*P,) disappearance. Disappearance of BrO
at r>8 ms is presumably due to the occurrence of reaction
(7b).

The OCP,) fluorescence signal (same data as in Fig. 2)
immediately before and after firing of the 532 nm laser is
shown in expanded form in Fig. 3. The solid “baseline” in
Fig. 3 is obtained by fitting the data in the —10 to —0.1 ms
and 7-14 ms time intervals to a double exponential func-
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FIG. 3. The same O(*P,) temporal profile as shown in Fig. 2 with expanded
concentration (i.e., fluorescence signal) scale and expanded time scale
around the time the 532 nm laser fired. The solid baseline was obtained from
a double exponential fit to the data points i the intervals ~10 to =0.1 ms
and 7-14 ms where r=0 is the time the 532 nm laser fired.
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FIG. 4. Typical [O(*P,)] relaxation temporal profiles. Trace (b) is the same
data as shown in Figs. 2 and 3. T=298 K. P =50 Torr. Concentrations in
units of 10" per cm®: [0,].o=(a) 67.2, (b) 78.0, (c) 84.4; [Br;].o=(a)
0.72, () 1.58, (c) 2.25; [OL.o=(a) 7.32, (b) 7.36, (c) 10.0; (BrOL.,
(=average of concentrations deduced by computer simulations and by time-
resolved UV absorpton measurements)=(a) 132, (b) 2.24, (c) 3.16. The
248 4 nm laser fired at r=0 and the 532 nm laser fired at t=¢'~ 1 where 7
is the e-folding time for O(*P,) relaxation. Number of (pairs of) laser suots
averaged=(a) 450, (b) 512, (c) 924. Solid lines are obtained from linear
least-squares analyses and give the following pseudo-first-order O(P,) re-
laxation rates in units of s™': (a) 515, (b) 1085, (c) 1502. For clarity, traces
(a) and (c) are shifted on the vertical axis; the actual signal minus baseline
counts for trace (a) are half that shown and for trace (c) are rwice that
shown.

tional form; the fit is quite good, so the interpolated baseline
in the 0-7 ms time interval should be accurate. Subtraction
of the interpolated baseline from the total signal yields an
[O(P,)] relaxation temporal profile which is exponential, as
shown in trace (b) of Fig. 4. Also shown in Fig. 4 are two
other [O(’P,)] relaxation temporal profiles obtained at the
same temperature and pressure as the data shown in Fig. 3;
trace (c) was obtained with the highest BrO concentration of
the three experiments, while trace (a) was obtained with the
lowest BrO concentration. Clearly, the [O(*P,)] relaxation
rate increases with increasing BrO concentration.

Assuming that all processes contributing to [O(P,)] re-
laxation are first order or pseudo-first-order, the temporal be-
havior of the relaxation fluorescence signal should be de-
scribed by the following relationship:

So=SmLo ¢
In| ———| = (k,[BrO] +ks[Br;] + ks[O3] + kyo)r=k't,
S,—SaL:

@
where 1=0 is defined to be the time at which the 532 nm
laser fires, S, and §, are the total signals at times 0 and ¢,
SpLo and Sp; , are the baseline signals at times 0 and 1, and
ko is the rate coefficient for the following process:

OCP,)— loss by diffusion and transport from the
detection volume and by reaction with
background impurities. (10)

Equation (I) assumes that the concentrations of BrO, Br,,
and O, are constant over the time interval required for
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TABLE 1. Assumed mechanism for simulation of O(P,), BrO, Br(*P)),
Br,. and O, temporal profiles.

Reaction Reaction No. A® EIR™
O(P,)+BrO—Br(*P,)+0, m d d
Br(*P,)+0;—BrO+0, 2 17 800
O(*P,)+Br,—BrO+Br(*P,) () 17.6 —40
OCP,)+0;~20, 6) 80 2060
BrO+BrO—2Br(*P,)+0, (7a) 14 -150
BrO+BrO—Br,+0, (7o) 0060 =600
Oxa '4,)+0y—0CP,)+20, (8 528 2840
O('P,)—bkgrd. loss (10) 10-40" 0

*Arrhenius parameters are taken from Ref. 6 except where otherwise indi-
cated.

*Units are 10~ cm® molecule ™' s™' except for reaction (10).

“Units are degrees keivin. .

“Determined from experimental data using an iterative procedure (sec the
text).

“From Ref. 27.

Units are s™'; rate increases with decreasing pressure; values determined
experimentally.

[O(P,)] relaxation; this is a good approximation, since the
concentrations of all three species change by only a few per-
cent over the time interval of interest. Since [O(*P,)] relax-
ation data were typically analyzed over 2-3 e-folding times
of decay, we take the (measured or simulated) concentrations
of BrO, Br,, and O, at r=7=1/k’ to be the appropriate
values for application of Eq. (I). Rate coefficients for reac-
tions (5) and (6) are well established.”’2* Values of k,o(P.T)
were determined experimentally by monitoring the decay of
OCP,) following 532 nm laser flash photolysis of OyN,
mixtures; very low O, levels were employed in these experi-
ments in order to establish conditions where kJO,]<k .
Measured values for ko ranged from 10 to 40 s™'; very little
temperature dependence was observed, but k,, increased
with decreasing pressure.

The bimolecular rate coefficients of interest, k,(P,T),
were evaluated from the slopes of k., vs [BrO] plots where
k.., is the measured pseudo-first-order decay rate corrected
for contributions from Br, and O,

keor=k' = ks[Br;]—ke[O3]=k,[BrO]+k)o. (m

Under the experimental conditions employed in this study,
differences between k' and k., were dominated by reaction
(5), i.e., reaction (6) made a negligible contribution to
[O(P,)] relaxation. Values for [BrO], [Br,), and [O,] 2s a
function of time were determined using the ACUCHEM
program® to numnerically integrate the rate equations ([BrO]
was, of course, also measured by time-resolved UV absorp-
tion). The mechanism assumed for the numerical simulations
consisted of reactions (1), (2), (5), (6), (7a), (7b), (8), and
(10). Literature values for the temperature-dependent rate co-
efficients used in the simulations are summarized in Table L.
With the exception of k,, all other rate coefficients used in
the simulations appear to be well established. Because k, is
highly uncertain, we employed an initial temperature-
independent “guesstimate™” of 3.0x107"
cm® molecule ™' s™' in the simulations.® Concentrations of
BrO, Br,, and O, were then calculated and used to obtain a
new value for k,; subsequent iterations had no effect on the

Concentration (10" cm™)

Time (ms)

FIG. S. Simulated temporal profiles for Br,, Br(*P,), BrO. O,. and O(P,)
for the conditions employed to obtain the experimental data shown in Figs.
2 and 3. The simulations employ the mechanism and rate coefficients given
in Table L, assume r=0 is the time that the 248.4 nm laser fires, and ignore
concentration changes induced by firing of the 532 nm laser.

derived value for k,, i.e., convergence was obtained after a
single iteration. Initial concentrations of O(P,) and
Br(*P,,) for use in the simulations were computed from the
measured 248.4 nm laser fluence, the measured O; and Br,
concentrations, and well-known O, and Br;, absorption cross
sections at 248.4 nm; the O, absorption cross section was
taken to be 1.05%107"7 cm? independent of temperature®
while the Br, absorption cross section was taken to be
1.9x107%° cm? (Ref. 31) (assumed to be independent of tem-
perature). Compared to the amount of Br(*P,) generated
from reactions (1) and (5), the amount generated from Br,
flash photolysis was very small, ranging from 3x10° to
2x10'° atoms cm ™. Shown in Fig. 5 are simulated temporal
profiles for Bry, Br(*P,), BrO, O, and O(P,) for the con-
ditions employed to obtain the experimental data shown in
Figs. 2 and 3.

Typical plots of k' and k., vs [BrO] are shown in Fig.
6; for these data (P=50 Torr, T=233 K), which are typical
of all pressures and temperatures investigated, the correction
for the O(*P ;) +Br, reaction is about 13%. The BrO concen-
trations plotted in Fig. 6 are averages of the concentrations
obtained from the time-resolved absorption measurements
and the concentrations obtained from the computer simula-
tions. Typically, BrO concentrations obtained from the absor-
bance measurements were somewhat higher than those ob-
tained from the simulations. The uncertainty in BrO
concentrations is the major source of uncertainty in our re-
ported values for k,; it is discussed in detail below.

The experimental conditions employed in our kinetics
experiments are summarized in Table II. Measured bimo-
lecular rate coefficients, k,(P,T), which are obtained from
the slopes of k., vs [BrO] plots, are summarized in Table
II1. It should be noted that values for k,(P,T) obtained using
BrO concentrations evaluated from the UV absorption mea-
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FIG. 6. Typical plots of k' and k., vs [BrO]' where r=¢' is defined as in
Fig. 4 and [BrO)] is the average of concentrations deduced by computer
simulations and by time-resolved UV absorption measurements. T=233 K
and P =50 Torr. Open circles are uncorrected for O(*P,) reactions with Br,
and Oy while solid squares are corrected for these reactions. Solid lines are
obtained from linear Jeast-squares analyses; their slopes give the rate coef-
ficients shown in the figure in units of cm® molecule™' s™'.

surements are reported for only six of the twelve P,T com-
binations for which data are reported. This is because a
wavelength calibration error was discovered after some of
the experiments were completed; hence, in some of the ex-
periments, BrO was monitored in a wavelength interval
which was slightly shifted off the peak of the 7,0 band. Rate
coefficients based on UV absorption measurements of [BrO]

TABLE II. Rate coefficients for the reaction O(*P,)+BrO—Br(’P,)+0;.

£,(107" em’ molecule ™' 57!

T(K) P(Tom) A B
231 25 $.52=022 4.68%0.58
233 50 530022 4.59+0.38
237 100 5.13=0.20 5342053
251 S0 488=020
268 S0 520+048 3.78+0.58
272 S0 5.15=021
298 25 4.11=037
298 S0 494045 3.82+0.52
298 100 457=0.18
298 150 452=0.82
326 50 4.12*0.29
328 S0 435=0.14 3.02=0.31

*Errors are 20 and represent precision only.
%A: [BrO] obtained from computer simulations using the mechanism in
Table L, B: [BrO] obtained from transient UV absorption measurements.

are reported only for data obtained with BrO monitored at
the peak of the 7,0 band.

Examination of Table III shows that, within experimen-
tal uncertainty, k(298 K) is independent of pressure over the
range 25-150 Torr. Arrhenius piots of the O(P,)+BrO ki-
netic data are shown in Fig. 7. Separate plots are shown for
rate coefficients obtained using (a) BrO concentrations ob-
tained from Acuchem simulations, (b) BrO concentrations
obtained from UV absorption measurements, and (¢) BrO
concentrations obtained from the average of the simulations
and the UV absorption measurements. The lines in Fig. 7 are
obtained from linear least-squares analyses of the In k, vs

TABLE II. Summary of experimental conditions in the O(*P,)+BrO kinetics experiments.

Concentrations at r=0*"

No. of
T P 0, Br, o] [OW(Br.) Expts.© (Brol ke ki, ®

231 25 712-1140 397-240 46.5-70.7 29-12 6 6.0-25.0 372-1580 357-1410
(9.1-27.2)

233 50 98-1150 7.56-32.8 55.0-107 3.3-95 7 10.0-32.7 572-1940 529-1680
(14.4-36.5)

237 100 944 -1160 5.05-21.9 65.7-91.0 42-14 4 7.6-252 405-1420 385-300
(8.0-239)

251 50 852-1070 8.02-25.4 67.8-81.4 28-94 6 11.7-27.6 650-1580 620-1410

268 50 670-1210 594-264 61.8-109 3.6-~12 6 8.2-283 500-1780 470-1590
(13.3-37.4)

272 S0 997-1310 6.39-24.8 60.9-82.7 33-95 S 92-269 500-1560 466-1370

298 25 6641250 7.01-252 47.1-82.6 32-73 7 10.0-28.6 556-1480 520-1290

298 50 745-1050 7.60-24.0 62.8-103 42-99 6 10.5-28.2 515-1500 483-1380
(15.8-35.0)

298 100 818-1030 494-18.1 67.6-107 5.1-17 6 79-245 408-1190 382-1140

298 150 436-1050 623-255 34.3-106 37-14 11 8.7-323 350-1650 305-1540

326 50 843-1020 8.40-25.6 64.3-81.6 32-76 5 11.8-30.3 612-1500 565-1320

328 50 737-967 4.82-19.6 60.4-852 4.3-13 4 74-232 367-1170 343-1030
(12.5-34.1)

*Units are T(K); P(Torr); Concentrations (10" molecules cm™); k', kL (s7").

br=0 is the time that the 248.4 nm laser fires.
Expt.mmeasurement of one set of O(*P,) and BrO temporal profiles.

4Concentrations in parentheses were obtained from time-resolved UV absorption measurements; other concentrations were obtained from numerical integra-

tion of the appropriate rate e(iuau'om (see the text).
‘rmone e-folding time for [O(°P,)] relaxation after the 532 nm laser fires.
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FIG. 7. Asrbenius plots for the O(*P,)+BrO reaction. Separate plots are
shown for rate coefficients derived from (a) BrO coocentrations obtained
from computer simulatons (open circles, see the text for details), (b) BrO
concentrations obtained from time-resolved UV absorption measurements
(open squares), and (c) BrO concentrations obtained from the average of the
computer simulations and the UV absorption measurements (filled tri-
angles). Solid lines and dashed line are obtained from linear least squares
analyses of the In k, vs T~ data and yield the Arrhenius expressions given
in the text. The open circle with the “+™ inside represents the average of
rate coefficients measured at four different pressures (see Table [II).

T™' data; these analyses yield the following Arrhenius ex-
pressions (units are 10™" cm® molecule™' s™/; uncertainties
are 20 and represent precision only):

[BrO] from simulations:
k,(T)=(2.48%0.67)exp{(181=74)/T],

[BrO] from UV absorption:
k,(T)=(1.11%0.64)exp{ (344 =149)/T],

average [BrO]:
k,(T)=(1.91%0.56)exp{(230=76)/T).

While the magnitude of the activation energy one would de-
rive from our data depends somewhat on which method for
evaluation of the BrO concentration one prefers (see below),
our data clearly support a small negative activation energy
for reaction (1), i.e., the rate coefficient increases with de-
creasing temperature.

IV. DISCUSSION
A. Potential systematic errors in k(P,T) values

One approach which is commonly employed to validate
a kinetics study involves demonstration that the results are
independent of wide variations in experimental parameters
such as laser fluences and species concentrations. Unfortu-
nately, available laser powers and detection sensitivities as

Thom ef a/.: Radical reaction kinetics O(*P_)+BrO

well as constraints dictated by system chemistry limited the
range over which important parameters could be varied.
Nonetheless a series of experiments were carried out at
P =50 Torr and T=269 K which verified that, for the same
initial concentrations of O(*P,) and Br,, k., Was indepen-
dent of a factor of S variation in [O;] (6-30Xx10"
molecules cm™>), a factor of 2 variation in 248.4 nm laser
fluence (5-10 mJ cm™2), and a factor of 1.5 variation in 532
nm laser fluence (130-195 mJ cm™2). The range of 248.4 nm
fluences was limited at the high end by the available laser
power and at the low end by the need to generate enough
OCP,) to rapidly titrate Br, to BrO, thus minimizing inter-
ference from the O(*P,)+Br, reaction. The range of 532 nm
fluences was also limited at the high end by the available
laser power. The lower limit 532 nm fluence was dictated by
the requirement that [O(*P,)] relaxation temporal profiles be
obtained with signal-to-noise ratio suitable for quantitative
kinetic analysis, even though the low repetition rate dictated
by system chemistry prohibited extensive signal averaging.

Comparison of simulated (Fig. 5) and measured (Fig. 2)
OCP,) and BrO temporal profiles shows qualitative but not
quantitative agreement. The simulated O(°P;) decay to the
near-steady-state level is a little faster than observed experi-
mentally while the simulated BrO appearance rate is a little
slower than observed experimentally. Also, once near-steady-
state conditions are established, the observed O(*P,) fluores-
cence signal continues to decay slowly whereas the simula-
tion predicts that [O(*P,)] remains constant or even increases
slightly as a function of time; one possible explanation for
this difference between observation and simulation would be
the existence of a significant (unidentified) O,(a '4,) de-
struction mechanism other than reaction with O;; an addi-
tional first-order O,(a '4,) loss rate of about 90 s™' would
yield the best agreement between simulation and experiment.
While quantitative differences between simulated and ob-
served O(P,) and BrO temporal profiles do exist, it is im-
portant 1o recognize that (a) the overall agreement is rather
good considering the high radical concentrations employed
and (b) the accuracy and integrity of this kinetics study is not
necessarily dependent upon quantitative agreement between
these temporal profiles (although the differences suggest
some potential systematic errors which need to be exam-
ined). As discussed above, the validity of our determinations
of k,(P,T) is supported by the facts that (a) k., values scale
linearly as a function of [BrO], (b) k., values are indepen-
dent of the 248.4 and 532 nm laser fluences (at constant
[BrO)), and (c) [O(P,)] relaxation temporal profiles after
the firing of the 532 nm laser are exponential and, according
to both observation and simulation, are dominated by reac-
ton (1).

With the exception of the O(*P,)+BrO reaction, accu-
rate kinetic data appear to be available for all reactions used
in the simulations (Table I). However, additional simulations
were carried out where selected rate coefficients were either
increased or decreased to see if better agreement between
simulation and observation could be obtained. Improved
agreement could not be obtained by varying any of the rate
coefficients in Table I by factors of 2 or less. Hence, our
observations should not be considered evidence that one or
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more of the Arrhenius parameters in Table I are incorrect.

We have considered in some detail the possibility that
the mechanism summarized in Table I is incomplete. This
exercise has not led to identification of additional thermal
reactions involving species in their ground electronic states
which could be important in controlling the temporal behav-
ior of BrO or O(’P,) However, reaction (1) is sufficiently
exothermic (62.9 kcal mol™")® that the O, product can be
formed with considerable vibrational excitation and/or in any
one of three electronic states (X *27 ,a 'A,.b 'Z}). The
production of “‘hot™ O, is not only a potential source of the
discrepancy between observed and simulated BrO and
O(P,) temporal profiles before the firing of the 532 am
laser, it is also a potential kinetic interference in our mea-
surements of k; this is because O(*P,) can be regenerated
via the following reactions:

0,(X %, ,v>6)+0;—~0(’P,)+20,, (11)
0,(a 'A,)+0,—O(*P,) +20,, ®)
0:(b 'T])+0y—0(*P,)+20;. (12)

Under the experimental conditions employed to monitor re-
laxation of [O(*P,)] (generated by the 532 nm laser) back to
steady state, the rate of production of O(*P,) via reaction (8)
is several orders of magnitude too slow for this process to
represent a significant kinetic interference. Based on time-
resolved observation of O(°P,) appearance following 300
nm laser flash photolysis of Oy, Amold and Comes®>’ re
port the very slow value k;=28x10""
cm® molecule ™' s™', suggesting that reaction (11) is also too
slow to represent a significant kinetic interference. It is, of
course, possible that reaction (1) produces Oy(X ’Z ) which
is vibrationally hotter than the O,(X 32 ) genemed by 300
nm photolysis of O, and that the rate of reaction (11) in-
creases dramatically with increasing vibrational quantum
number. However, Park and Slanger™* have recently shown
that the rate of vibrational deactivation of Oy(X *X; ,v) by
N, increases with increasing vibrational quantum number up
to v =19 (where a two-quantum v-v transfer process is near
resonant); hence, any increase in k,, as a function of vibra-
tional quantum number would be counterbalanced by a faster
competing rate of vibrational relaxation by N, buffer gas, so
the conclusion that reaction (11) does not contribute signifi-
cantly to [O(*P,)] relaxation should be valid for all energeti-
cally accessible vibrational levels of Ox(X %).

Unlike reactions (8) and (11), rucuon (12) is quite fast,
ie, k(298 K)=22x10° " em’ molecule™ 571 Any
O,(b 'L]) which is genemed as a product of reaction (1)
wouldbeeonvenedwO(P,)onlmmlewh:chufnst
compared 1o the time scale for [O(P,)] relaxation following
the 532 nm laser flash. Hence, our approach for measurement
of k, is *“blind” to a reaction channel which produces
Oy(b '%}), ie., we have actuslly measured k,+k,,, Dot
kl'kl¢+klb+klt

O(*P,)+BrO—Br(?P,)+0,(X %) (1a)
—Br(?P,)+0,(a '4,) (Ib)
—Br(?P,)+0y(b 'Z]). (Ic)
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FIG. 8. A piot of bimolecular rate coefficients obtained from individual
experiments, ie., k;, ™ (ki — ko)/[BrO), vs f, the fracton of
Oy(b 'L;) deactivated by reaction with O. The solid line is obtained from
uhnulan:quarunll' and gives an f=0 intercept of
(3.9420.84)x10"" cm’molecule™'s™' and a f=1 intercept of
(3.9220.32)x 107" cm® molecule ™' 5! where the uncertainties are 20 and
represent precision only. These dau suggest that the yield of Ox(b 'Z}))
from the O(*P,)+BrO reaction is very small.

Adiabatic correlation arguments suggest that the
branching ratio for channel (Ic) should be small,
ie, BrOX2m+0(*P,) cormelates with Br(’P,)
+05(X *Z; ,a '4,) but not with Br(*P)+0,(b 'Z]). Sta-
tistical arguments, which are based on the idea that the most
probable products are those with the largest number of ener-
getically accessible quantum states, suggest a negligible
branching ratio for channel (1c). Also, Leu and Yung®® have
shown that the yield of Oy(b 'I;) from the analogous
O(*P,)+CIO reaction is very small, . less than 4.4x10™
Despite the above rationale for expecting a small Oy(b 'Z})
yield from reaction (1), experimental verification would be
reassuring. The rate coefficient for quenchmg of Ox(b 'I})
by N, is known to be k;3=2.1X10""* cm® molecule™ 5!
(Ref. 6)

Oy(b 'T])+N;—0(a '4, X *I])+N,. (13)

Hence, over the range of N; and O, partial pressures em-
ployed in our study, the fraction of O,(b ') which reacts
with Oy, f, spans a considerable range

Sk 5[03)/(k12[ O3]+ ky5[N2]). ()

A plot of f vs (ko — kw)/[BrO]( = k) is shown in Fig.
8. Even though reduction in O(*P,) detection sensitivity with
increasing N, pressure prohibited experimentation under
conditions where f was very small, the data show no ten-
dency for k, to decrease with increasing f [as would be
expected if the Oy(b 'Z;) yield from reaction (1) was sig-
nificant]. We are thus led to conclude that k,,+k,,~k,.
Reaction (2) is sufficiently exothermic that BrO can be
generated in vibrational levels up to v =16 while reaction (5)
can generate BrO in vibrational levels up to v=5. Vibra-
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tionally excited BrO (symbolized by BrO*) could undergo
the following transformations upon collision with other spe-
cies present in the reaction mixture:

BrO*(v) + M—BrO*(v'<v)+M, M=N,,0, Br, Br,
(

14)
BrO*(v=14)+0;—0(3P,)+BrO+0;, (15)
BrO*(v>6)+Br(*P,)—Br,+O(*P,). (16)

There are no kinetic data available in the literature for ex-
cited state reactions (14)-(16). Reaction (15) is probably not
important in our experimental system because (a) very little
BrO is expected to be generated in v>14 and (b) vibrational
relaxation of v*>14 by N, is almost certainly too fast to
allow competition from reaction (15). The chlorine analog of
reaction (16) is thought to be responsible for generation of
the O(*P,) observed when O, reacts with an excess of chio-
rine atoms.’ The occurrence of reaction (16) in our experi-
ment could result in increased levels of O(*P;) and Br, and
decreased levels of BrO compared to levels predicted based
on the mechanism given in Table 1. To examine the potential
role of reaction (16) in our study, computer simulations were
performed where reactions (14) and (16) were added to the
base mechanism (Table I) and values for k,, and k,, were
adjusted over wide ranges. No improvement could be
achieved in matching the shapes of the simulated and ob-
served O(*P,) temporal profiles. As expected, the inclusion
of reaction (16) in the mechanism can depress simulated BrO
levels, but only if k,, is quite slow. If k,~10""
cm® molecule ™' s™’, ie., if &, is the same order of magni-
tude as observed for the analogous CIO*+N, relaxation
process.’ then the dominant fate of BrO* is deactivation by
N,. Shown in Fig. 9 is a transient absorption spectrum in the
wavelength region of the 7-0 band of the A *m—X 2 sys-
tem of BrO; this spectrum, which is discussed in detail be-
low, was obtained using a reaction mixture typical of those
employed in the O(*P,)+ BrO kinetics studies. The spectrum
shows no evidence for the presence of BrO* at “‘pon-
thermal-equilibrium™ levels; hence, direct experimental evi-
dence supports the idea that vibrational relaxation of BrO* is
rapid in the presence of 25-150 Torr of N,.

As discussed briefly above, the most important source of
systematic error in this study appears to be evaluation of the
absolute concentration of BrO appropriate for use in the ki-
netic analyses. Two independent methods have been em-
ployed to evaluate [BrO]. One method involves numerical
integration of a set of rate equations which is based on the
mechanism in Table I; experimental photometric, mass flow,
and laser fluence measurements allow initial concentrations
of O3, Bry, Ny, OCP,), and Br(*P,) to be evaluated and used
as input to the numerical integration routine. The second
method involves direct measurement of [BrO] by time-
resolved UV absorption at 338.3 nm. Conversion of a mes-
sured absorbance at the appropriate time, i.e., one e-folding
time for [O(P,)] relaxation after firing the 532 nm laser,
employs an experimentally evaluated absorption path length
and the best available literature values for the 338.3 nm BrO
absorption cross section as a function of temperature; > since
the needed absorption cross sections have been measured at
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FIG. 9. Transient absorption spectrum over the wavelength range 330-347
nm observed following 248.4 nm laser flash photolysis of an Oy-Br,-N,
mixture typical of those employed in the O(*P,)+BrO kinetics studies.
T=298 K. P=50 Torr. Concentrations at r=0 (ma time immediately after
the 248 4 nm laser fires) in units of 10" per cm® are [0,)=64.5, [Br,)=2.45,
and [0]=13.8. Laser fluence=13.] mJ/cm’. Absorption path length=89 cm.
Resolution=0.36 nm. Open squares and long dashed connecting line repre-
sent data obrained at the peak of the BrO temporal profile (at r~7 ms). Open
circles and dotted connecting lines represent data obtained at 7=3 ms. Open
triangles and shont dashed connecting line represent data obtained at r=20
ms. The solid curve represents the spectrum reporied by Wahner er al (Ref.
24) at 2 resolution of 0.4 nm.

only two temperatures (223 and 298 K)2* the absorption
cross section is assumed to depend linearly on temperature
over the range of our study, i.e., 231-328 K. Differences
between BrO concentrations obtained using the two different
methods are largest for experiments with low Br, concentra-
tions, and are larger at higher temperatures than at lower
temperatures. According to the Arrhenius expressions given
above, rate coefficients evaluated based on the two different
approaches for determining [BrO] differ by a factor of 1.36
at T=328 K and by a factor of 1.10 at 7=23} K [fortunately,
the low temperature regime where agreement is better repre-
sents the temperature in the middle stratosphere where reac-
tion (1) is expected to be most important]. In all cases, the
slower rate coefficients are obtained using BrO concentra-
tions derived from the time-resolved UV absorption mea-
surements.

A potential systematic error in the UV absorption mea-
surements could arise if BrO were pot the only absorbing
species at 338.3 nm. To investigate this possibility, experi-
ments were carried out where the time-resolved absorption
observed following 2484 nm laser flash photolysis of
Br;-O,—N, mixtures typical of those employed in the
O(°P,)+BrO kinetics studies was mapped out over a wave-
length range (330-347 nm) where the 6-0, 7-0, and 8-0
bands of the BrO A 2or-X 2o system are observed. In par-
ticular, we focus on peak-to-valley absorbance ratios to see if
there is evidence for continuum absorbance from a species
other than BrO. The spectral resolution, 0.36 nm, was the
same as employed in the kinetics experiments; it was slightly
better than the resolution of 0.4 nm employed by Wahner
et al.®* 1o carry out the best available measurements of BrO
absorption cross sections as a function of wavelength. To
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improve sensitivity in the spectral regions where absorbance
was low, the 1 cm mask used in the kinetics studies was
removed from the window where the 248.4 nm laser beam
entered the reactor; this increased the absorption path length
by approximately a factor of 3 at the cost of decreased spatial
uniformity in the BrO concentration. Results of a typical
experiment are shown in Fig. 9. Experiments employing
relatively high and relatively low Br, concentrations gave
essentially identical results. We find that (1) the observed
spectrum is independent of delay time after the 248.4 nm
laser fires and (2) peak-to-valley ratios are larger than those
reported by Wahner er al.?# (the solid line in Fig. 9 represents
the spectrum reported by Wahner ez al.). The low absorbance
we observe in the spectral regions between bands could po-
tentially be attributable to changes in the /q light level due to
depletion of Br, and O, after the laser flash. However, both
Br, and O, have very low absorption cross sections in the
330-347 nm wavelength region;**° hence, time-dependent
changes in the transmitted light level due to time-dependent
changes in the O, and Br, concentrations are expected to be
negligible. The spectroscopy experiments described above
lead to two important conclusions. First, it appears that the
time-resolved absorption technique employed to monitor
BrO in our O(*P,)+BrO kinetics experiments is specific to
BrO, i.e., there is no evidence for interfering absorptions
from other chemical species (such as Br,0,* BrOOBr,'* or
03). Also, there are systematic differences in peak-to-valley
BrO absorbance ratios obtained in our experiments compared
to those reported by Wahner er al.;** these differences, which
are potentially important for both laboratory and atmospheric
field experiments where [BrO] is deduced from UV absorp-
tion measurements, cannot be readily explained at this time.

A number of potential systematic errors in our measure-
ments of k,(P,T) are discussed above. We believe that er-
rors resulting from excited state reactions or other unidenti-
fied side reactions are small. Despite our best efforts, the
source of the differences between BrO concentrations evalu-
ated from time-resolved UV absorption measurements and
those evaluated from numerical integration of the appropriate
rate equations is not clear. At this time, we feel that the best
approach is to report k;(T) values which are based on the
average of BrO concentrations obtained by the two methods,
and to adjust error bars to span all reasonable possibilities.
Based on this strategy, we report the following Arrhenius
expression:

k) (T)=1.91x10""" exp(230/T) cm’ molecule™'s™".

The absolute uncertainty in k,(7) values is estimated to
range from *20% at the low temperature end of the experi-
mental temperature range (T~230 K) to £30% at the high
temperature end of the experimental temperature range
(T~330 K).

B. Comparison with previous research

In the only previous experimental observations relevant
to establishing the absolute rate coefficients k,(P,T), Clyne
eral® obtained the estimate k(298 K)=2.5x107"
cm’ molecule™' s™'  with an uncertainty range of
(1.0-5.0)x10""" cm® molecule ™! s™'; this estimate was ob-
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TABLE IV. Arrhenius parameters for O+X0—X +0, radical-radical reac-

X0 A® EIR™ Reference(s)
OH 22 =120 39-41

HO, 30 -200 7.8.42-44
NO, 6.5 -120 45-49
NO, 10 ‘ 50

Qo 30 =70 9.48,51-55
BrO 19 =230 This work

*Units are 10™* cm® molecule™' 57",

"Values for XO=0H, HO,, NO,, and ClO are recommendations of the
NASA panel (Ref. 6), which are based on the references given in the table.
“The available temperanure dependent data (Ref. 50) suggests that E/R is
small, but is insufficient to define the sign of E/R.

tained by observing secondary O(*P,) consumption and
Br(*P,) production in experiments whose primary objective
was measurement of rate coefficients for the reactions of
O(*P,) with Br, and BrCl. The experiments of Clyne er al.
employed a discharge flow-resonance fluorescence tech-
nique; total pressures were about 0.5 Torr.® For purposes of
stratospheric modeling, the currently recommended Arrhen-
ius expression is k,(T)=3.0x10""" exp(0/T)
cm’ molecule ™' s'.¢ The Arrhenius expression we report in
this paper gives k;(298 K)=4.13x10""" cm’ molecule™
s™!, i.e., 38% faster than the currently recommended value.
At 230 K, a temperature characteristic of the stratosphere at
altitudes of 30-35 km, our results suggest k,(230
K)=5.19x10""" cm’ molecule™' 57!, i.e., 73% faster than
the currently recommended value. Another discharge-flow
study of the O(*P,)+Br, reaction has been reported by But-
kovskaya er al.>” These authors observed OBrO as a product
of secondary chemistry and suggested the wall-catalyzed
O(P,)+BrO reaction as a possible OBrO source. This result
does not seem relevant for our study where all chemistry
occurred in isolation from reactor surfaces.

Arrhenius parameters for O(P )+ XO—X +0, reactions
with X=H, OH, NO, NO,, Cl, and Br are compared in Table
IV. All of these reactions are fast with k(298 K) values rang-
ing from 1.0x10™" cm’ molecule™'s™' for X=NO and
NO, t0 6x10™"" cm® molecule™' s~ for X=0H. Also, with
the possible exception of O(*P,)+NO;, all reactions are
characterized by small negative activation energies, i.e., rate
coefficients increase with decreasing temperature. The mag-
pnitudes and temperature dependencies observed for
O(P,;)+XO rate coefficients are characteristic of reactions
which occur on potential energy surfaces with a minimum
(corresponding to the XOO species) along the reaction coor-
dinate. Long range attractive forces result in large cross sec-
tions for formation of the energized XOO species. Negative
activation energies are reasonable because lower energy col-
lisions at lower temperatures result in a Jonger lifetime for
energized XOO, thus increasing the probability of passing
through the transition state configuration, i.e., reacting, dur-
ing the energized complex lifetime.
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C. implications for atmospheric chemistry

A one-dimensional photochemical modeling study of
stratospheric bromine chemistry has recently been reported
by Poulet er al.® This study incorporates up-to-date kinetic
information including a much faster rate coefficient for the
BrO+HO, reaction'® than had been employed in pre-1992
modeling studies. In Fig. 4 of the Poulet e al. paper.3 rates
of odd oxygen destruction by the most important BrO,
cycles are plotted as a function of altitude and compared
with the altitude dependence of the total odd-oxygen destruc-
tion rate. Bromine is most significant as a catalyst for odd-
oxygen destruction in the lower stratosphere;’* the key
catalytic cycles in this region are those with the following
rate-limiting steps:

BrO+HO,—HOBr+0,, V' (17)
BrO+ClO—BrCl(or Br+CI)+0,. (18)

Poulet er al.’s calculations suggest that the catalytic cycle
with reaction (1) as the rate limiting step becomes the domi-
nant BrO, cycle at altitudes above 27 km. Incorporation of
our measurements of k;(P,7T) into a model like that em-
ployed by Poulet er al. will nearly double the rate of odd-
oxygen destruction by the O(*P 5,)-G-BrO cycle in the region
around 25 km. As a result the O(°P )+ BrO reaction becomes
the dominant BrO, odd-oxygen destruction pathway at all
altitudes above 24 km. At 25 km, about 1% of all odd-
oxygen destruction occurs via the O(P,)+BrO catalytic
cycle.
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Quantum yield for carbon monoxide production in the 248 nm
photodissociation of carbonyl sulfide (OCS)

Z. Zhao, R. E. Stickel, and P. H. Wine
Georgia Institute of Technology, Atlanta

Abstract. Tunable diode laser absorption spectroscopy has
been coupled with excimer laser flash photolysis to measure
the quantum yield for CO production from 248 nm photo-
dissociation of carbonyl sulfide (OCS) relative to the well-
known quantum yield for CO production from 248 nm
photolysis of phosgene (Cl,CO). The temporal resolution of
the experiments was sufficient to distinguish CO formed
directly by photodissociation from that formed by subsequent
S(SP,) reaction with OCS. Under the experimental condi-
tions employed, CO formation via the fast S(lDz) + OCS
reaction was minimal. Measurements at 297K and total
pressures from 4 to 100 Torr N, + N,O show the CO yield
to be greater than 0.95 and most likely unity. This result
suggests that the contribution of OCS as a precursor to the
lower stratospheric sulfate aerosol layer is somewhat larger
than previously thought.

Introduction

Stratospheric sulfate aerosols, first discovered over three
decades ago [Junge and Manson, 1961], have been the
subject of numerous investigations motivated by their
potential influence on global climate and, more recently, their
potential involvement in heterogeneous stratospheric chemis-
try. Diffusion of carbony! sulfide (OCS) from the tropo-
sphere has been identified as a potentially significant source
of stratospheric sulfur [Crutzen, 1976] and at least two
studies have suggested that anthropogenic OCS emissions are
causing a measurable increase in stratospheric sulfate aerosol
levels [Sedlacek et al., 1983; Hofmann, 1990). In the
stratosphere OCS can be photolyzed by solar ultraviolet
radiation

OCS+hv—=>CO+S 1)

or oxidized by reactions with oxygen atoms or OH radicals
to produce sulfur species which are readily converted to
sulfate aerosol [Berresheim, et al., 1995]. Current estimates
of the impact of photolysis reaction (1) are based on consis-
tent measurements of OCS photoabsorption cross sections
(discussed below) and two somewhat disparate reports of the
photodissociation quantumn yield (which equals the quantum
yield for CO production) [Sidhu et al., 1966; Rudolph and
Inn, 1981]. Both of the quantum yield studies utilized low
intensity, continuous light sources which irradiated the OCS
sample for periods of several minutes or longer. Under these
conditions, the sulfur atom formed in reaction (1) further
reacted with OCS to produce a second CO:

Copyright 1995 by the American Geophysical Union.
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OCS+S— CO+S,. @

This second step was assumed to be 100% efficient; hence,
the primary yield of CO from the photolysis step () was
taken to be one half the measured CO divided by the number
of photons absorbed. Sidhu et al. [1966], using the partial
pressure of non-condensible (at 77K) gas as their CO
measurement technique, reported the values @ = 0.9] and
0.90 for the photolysis wavelengths 253.7 nm and 228.8 nm,
respectively. While they did not quote uncertainty limits,
they acknowledged that experimental error may have caused
the observed yields to be less than unity. Rudolph and Inn
[1981], using resonance fluorescence to detect CO after
freezing out unreacted OCS at 77K, made measurements at
five photolysis wavelengths from 214.0 to 253.7 nm and
reported the value @ = 0.72 1 0.08 essentially independent of
wavelength. These authors noted that structured absorption
features in the OCS spectrum appear to account for 5—-10%
of the total oscillator strength while their yield result indi-
cates a 28% bound state contribution. They suggested that
perturbations between the A" and 'A" components of the
OCS excited electronic state may obscure some of the
structure. However, as noted by Atkinson et al. [1992], there
is currently no reported evidence for fluorescence from
photoexcited OCS, and this fact, taken together with the
observed wavelength independence of the CO quantum yield
and the paucity of structure in the photoabsorption spectrum,
suggests that dissociation may be the only significant loss
channel for electronically excited OCS.

In this ietter, we report measurements of the quantum
yield for CO production from 248 nm photodissociation of
OCS; our results suggest that this quantum yield is unity.

Experimental Technique

In the present work, tunable diode laser absorption was
used to follow the concentration of CO after laser flash
photolysis of flowing OCS/N,/N,0 and CI,CO/N,/N,0 gas
mixtures. A number of possible systematic errors were
avoided by using 248 nm photolysis of phosgene (Cl,CO) as
an in situ unit yield calibration standard [Stickel et al., 1993].

Ci,CO + hv(248 nm) » CO+2CIP)  (3)

The quantum yield for CO production from reaction (1) was
determined by performing back-to-back experiments, one
with OCS and one with CI,CO as the photolyte, and taking
the ratio of observed CO absorbances with corrections for
small variations in photolysis energy and photolyte concen-
tration. The apparatus is similar to that used for a number of
previously published studies [e.g. Stickel et al., 1993]; hence,
only a brief description is included here.

The photolytic light source was . KrF excimer laser
(Lambda Physik EMG 200) which p.oduced 248 nm pulses
of approximately 25 ns duration with an intensity of up to 30
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mJ em ™2 in the sample gas. The infrared probe beam was
provided by a lead-salt diode laser (Laser Photonics/Analytics
5622) and detected by HgCdTe detectors cooled to 77K. A
portion of the probe beam was diverted to a static CO
reference cell. The probe wavelength was modulated
(typically at 40 kHz) to give a first derivative reference
signal which was used to stabilize the laser output on 2 CO
rotational line near the peak of the P branch of the (1,0)
vibrational transition (the P6 line at 2119.68 cm ™~ and the P9
line at 2107.42 cm ™ were used). The photolysis and probe
beams were merged by a dichroic optic and directed longitu-
dinally through the sample cell, which consisted of a pyrex
tube of 25 mm inside diameter and 118 cm length with
calcium fluoride windows epoxied to the ends. A second
dichroic separated the transmitted IR beam which was then
passed through a 0.5 m monochromator for mode selection.
The detected signal was digitized, summed over multiple
flashes (typically 32) and stored for later second harmonic
analysis. The linearity of the second harmonic signal was
verified by CO standard addition.

In order to avoid accumulation of photolysis products, all
experiments were carried out under "slow flow" conditions
such that the contents of the cell were nearly completely
replaced between flashes. Photolyte concentrations in the
sample cell were determined in two ways: (1) using bulb
partial pressures and flow mixing ratios, and (2) using in siru
photometry at 228.8 nm. For reasons discussed below, the
photometric determinations were used exclusively in the
quantum vield analysis although the agreement between the
photometric and flow measurements was typically 5% or
better.

The gases used in this study were supplied with the
following stated minimum purities: N,, 99.999%; N,O,
99.99%; OCS, 97.5%; Cl,CO, 99.0%. The N, and N,O
were used as supplied. The Cl,CO was degassed at 77K
before use. Three different S preparations were used:
(1) as supplied, (2) degassed at 77K, and (3) filtered through
ascarite and trapped at 77K [Friedl, 1984). Experimental
results were found to be independent of OCS purification
technique.

Results and Discussion

Typical data from a single quantum yield measurement are
shown in Figure 1. Linear fits to both pre- and post-flash
data were extrapolated to the instant of photolysis to give the
amount of CO produced by the flash. As explained below,
this signal includes CO from both photolysis and fast S(’Dz)
chemistry. The resulting infrared CO absorption signal
observed in an OCS experiment (S) can be expressed as

S = G*Y*[OCS] *o(0CS,248) * E(OCS) ()
and the corresponding expression for a Cl,CO experiment is

R = G * [C,CO] * o(Cl,CO,248) * E(CI,CO) (1)
In both cases G is the instrumental response, © is the appro-
priate photoabsorption cross section for the excimer laser
flash and E is the flash energy. If the concentrations of OCS
and CJ,CO are determined by 228.8 nm photometry in the

same absorption cell, the observed CO yield (Y) can be
found from
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Figure 1. Typical CO temporal profiles observed in back-to-
back experiments with first OCS and then Cl,CO as the
photolyte. Experimental conditions: T = 297K P = 31 Torr.
The mean flash intensity was 22.7 m] em ™~ for the OCS
experiment and 22.4 mJ cm ~ for the phosgene experiment.
Concentrations were, in units of 10'° molec em ™3, [OCS] =
12.6; [CI,CO] = 3.25; [N,O] = 255. The observed yield (Y)
is 1.04] which leads to the value ® = 1.035 when corrected
for CO production from the S('D,) + OCS reaction.

o(0CS229) » o(ClyCO,248)
»

o(0CS,248) = o(Cl;€0,229) €0

S =ln|l(C1,COVI(C,CO)) » E(CLCO)

R = In|I (OCSYI(OCS)] = E(OCS)
where 1 and I are the usual photometric intensities. Aside
from the imental results, i, S,R, 1,(Cl,CO),
I(C1,CO), 1(0CS), KOCS), E(CI,CO), E(OCS), the ob-
served yield depends on absorption cross section ratios for
the two photolytes (i.e., OCS and Cl,CO) at the photolysis
and photometric wavelengths. These ratios depend rather
strongly on the exact wavelengths and, for OCS, on the gas
temperature. The KrF laser spectrum was measured in the
course of this study and found to have a single peak at
248.35 nm with a full width at half maximum of 0.4 nm.
The ratio o(OCS,229)/0(0CS,248) was determined by
interpolation from three published tables of absorption cross
sections [Molina et al., 1981; Rudolph and Inn, 1981; Locker
et al,, 1983]. The temperature dependence data of Locker et
al. were used to reduce all three results to the center of the
experimental temperature range of 296.5 to 298.0 K. The
mean and standard deviation of the three OCS absorption
cross section ratios are 122 * 0.2 The ratio
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6(C1,C0,248)/5(Cl,C0O,229) was measured in the course of
this study to be 0.657 1 0.005. Hence, the factor comprising
the four absorption cross sections in equation IIl is 8.02 #
0.15 (uncertainty is lo).

The only thermodynamically allowed products from 248
nm photolysis of ground state OCS are CO(X'Z*) and &
sulfur atom in either the CP,) or ('D,) state. Sidhu et al.
[1966) observed that at least 74% of the sulfur atoms are
formed in the (’Dz) state, in good agreement with the later
work of Breckennidge and Taube [1970]. A more recent
study by Sivakumar et al. [1988] has shown that for wave-
lengths from 222 to 248 nm, S('D,) is the onmly sulfur
fragment and that CO is formed only in the lowest vibra-
tional level but with high rotational excitation. In all the
OCS experiments, CO formed by the reaction of S(°P) with
OCS (k(298K) =3.3x 10~ S em molecule ~!s ™! [Kiemm and
Davis, 1974]) was produced slowly enough to be easily
distinguished from photolytic CO. However, CO generated
via the much faster S(’Dz) + OCS reaction was essentially
indistinguishable from photolytically generated CO. In the
Cl,CO experiments & substantial fraction of the photolytic
CO is vibrationally excited and nitrous oxide was added to
the sample mixture to relax the excited CO. To minimize
differences (such as IR line broadening) between the two sets
of experiments, N,O was also added to the OCS mixtures.
Some analysis of the reactions of S('D,) with OCS and N,O
is thus required to correct the observed CO yield (Y) to the
actual quantum yield (P).

S('D,) + OCS = S, + CO (42)
S('D3) + OCS = S(°P)) + OCS (4b)
S('D3) + N,0 = products ()
S(]D;,) + N, = products (6)

The total rate constant for reaction (4), i.e., kg, + Ky, in
units of cm>molecule™'s~! has been reponed variously as
1.2 x 1070 [Addison et al., 1979), 3.0 x 10~ '° [Addison et

al., 1980; van Veen et al., 1983] and 1.5 x 10~ '° [Black and
Jusinski, 1985]. The branching ratio for reaction (4a), r, =
k4,/K4. is much less certain; Donovan et al. [1969] suggested
r, 2 0.8 while Breckenridge and Taube [1970] reported r, <
0.8. More recently Biack [1986] observed r, = 0.20 % 0.05.
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Table 1. Kinetic data used for correcting observed quantum
yields for the occurence of S(’Dz) + OCS reaction. The
"Best Estimate” values are the result of a critical evaluation
of the literature while the "Max. Corr.” values were chosen

to give the largest correction consistent with literature Vll-l:\ﬁ
for_k,, 14 ks, and kg Units of rate constants are 10
em’molecule™ 's™ .
Parameter Best Estimate Max. Corr.

ky 20 30

1'4 0.25 0.8

ks 15 5.0

kg 8.0 6.0

The rate constant for reaction (5) has been reported as 0.6 *
k, [Breckenridge and Taube, 1970], 0.4 * kj [Donovan and
Breckenridge, 1971] and as 1.6 x 10~ '° em’molecule ~'s™!
[Black and Jusinski, 1985]. For reaction (6), Black and
Jusinski [19851 measured a rate constant of 8.5 x 107"
cm’molecule ~'s ™! and McBane et al. [1992] reported (7.1 +
1.0) x 107!} em? molecule™'s™". In the present case the
observed CO yield (Y) is given by

3 Bergsk,=|0CS]
k,* [OCS] = kg = [N;0] + kg» [Ny)

where B is the fraction of sulfur atoms formed in the 'Dz
state (assumed here to be unity). Because the error term
depends linearly on the highly uncertain branching ratio r,
we have chosen to adopt both "best estimate” and "maxi-
mum" corrections for the chemically generated CO signal.
The rate constants and branching ratios for both cases are
given in Table 1.

Quantum yield results are presented as a function of total
gas pressure in Table 2. Averaged over the entire data set,
the best estimate correction for secondary CO production
reduced the observed yield by 2 percent while the corre-
sponding maximum correction was 10 percent. The apparent

pressure dependence of @ values obtained using the maxi-
mum correction (see Table 2) suggests that the maximum

Y=g )

Table 2. Summary of Experimental Results®
’b
Laser
P Expts. [OCS]) [CI,CO] N,0] Fluence A B C
36 3 9.5 — 9.6 21 =22 0-72 23.6 —24.4 1.02 0.99 0.81
7 3 18.8 =199 42 — 43 137 -14] 23.8 —24.6 1.07 1.04 0.85
10 36 64 —269 13 - 65 48 =310 7.6 —26.3 1.08 1.06 0.94
15 3 120 =123 27-28 89 -9 239 —24.8 1.08 1.07 0.99
20 3 10.6 —12.4 28 -29 9 - 91 233 —248 1.05 1.04 0.98
30 74 122 -13.6 28 — 46 89 -262 19.1 =233 1.09 1.08 1.03
40 14 10.2 —44.] 24 - 85 90 -203 29 —-245 1.00 0.99 0.94
50 3 20.5 —-21.5 46 — 50 151 —-153 234 -23.8 0.96 0.95 0.91
60 3 23.1 =253 Ss.1 — 57 180 -18] 23.6 —240 1.02 1.01 0.97
80 3 304 =320 7.2 = 7 230'=240 23.5 —24.9 i1 1.10 1.06
100 11 122 —424 26 -10.5 302 -315 23.0 =246 1.06 1.06 1.02
89 6.4 —44.1 13 —10.5 48 =315 7.6 —26.3 1.0620.04 1.04+0.04 0.96+0.05

(a) Units are P(Torr); Concentrations (1015 molecules cm‘3); Fluence (mJ cm'z).
(b) A: uncorrected yield; B: best estimate correction for secondary CO production; C: maximum possible

correction for secondary CO production.
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corrections are overly severe. The best estimate correction
of two percent is smaller than the experimental uncertainty
and suggests that reaction (4a) is not a significant source of
CO in the present work. The yields and sample standard
deviations at each of the pressures shown in Table 2 are all
comparable to the overall results. This is a good indication
that the measurement errors are uniformly random. The best
estimate value for ® + lo of 1.04 £ 0.04 represents the
weighted mean and standard deviation of the results at each
pressure after application of the "best estimate" correction for
secondary CO production; the weighting factors are the
number of experiments at each pressure. Combining the 4%
variability in the measured value for @ with an estimated 2%
standard deviation in the product of absorption cross section
ratios appearing in equation (1), leads to an overall 20
uncertainty of 9%, i.e, ® = 1.04 + 0.09 at the 95% confi-
dence level. Hence, we report @ > 0.95 with a most proba-
ble value of umt) It should be rememuered that the value
of @ we report is actually the ratio of the CO yield from
OCS photolysis to the CO yield from Cl,CO photolysis.
However, it seems virtually certain that the CO yield from
Cl,CO photolysis is unity.

The role of OCS as a source of stratospheric background
(i.e., non-volcanic) sulfur aerosol has recently been analyzed
by Chin and Davis [1994]. Using 0.85 as the OCS
photodissociation quantum yield, i.e., the average of estimat-
ed maximum and minimum values, Chin and Davis conclude
that photodissociation is the dominant stratospheric OCS
destruction process and calculate a production rate of
stratospheric background aerosol from OCS oxidation of
3.2 x 10'° gS yr~ 1 i.e., only 20—50% of the most recent
estimates of the amount needed to maintain the background
aerosol level [Servant, 1986, Hofmann, 1990]. Another
interesting aspect of the Chin and Davis study is their finding
that about 90% of OCS which is transponcd from the
troposphere into the stratosphere is not photochemically
destroyed, but instead is transporied back to the troposphere
where most of it is removed via uptake by vegetation. The
OCS photodissociation quantum yield reported in this study
will increase the calculated production rate of stratospheric
background aerosol from OCS oxidation by about 15%, and
will also slightly decrease the percentage of OCS which
cycles from the stratosphere back to the troposphere without
being photochemically destroyed.
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The fate of atmospheric phosgene and the stratospheric chlorine g
loadings of its parent compounds: CCl,, C,Cl,, C;HCl,, oy

CH3CCI3, and CH Cl3

T. P. Kindler, W. L. Chameides, P. H. Wine,” D. M. Cunnold, and F. N. Alyea
School of Earth and Atmosphenic Sciences, Georgia Institute of Technology, Atlanta

J. A. Franklin
Solvay S.A., Central Laboratory, Brussels, Belgium

Abstract. A study of the tropospheric and stratospheric cycles of phosgene is carried out to
determine its fate and ultimate role in controlling the ozone depletion potentials of its parent
compounds (CCL, C,Cl,, CH3CCl,, CHCls, and C,HCIl;). Tropospheric phosgene is produced
from the OH-initiated oxidation of C,Cl,, CH,CCl;, CHCls, and C,HCl;. Simulations using a
two-dimensional model indicate that these processes produce about 90 pptv/yr of tropospheric
phosgene with an average concentration of about 18 pptv, in reasonable agreement with
observations. We estimate a residence time of about 70 days for tropospheric phosgene, with
the vast majority being removed by hydrolysis in cloudwater. Only about 0.4% of the phosgene
produced in the troposphere avoids wet removal and is transported to the stratosphere, where its
chlorine can be released to participate in the catalytic destruction of ozone. Stratospheric
phosgene is produced from the photochemical degradation of CCL,, C2Cl,, CHCI;, and

CH;CCl; and is removed by photolysis and downward transport to the troposphere. Model
calculations, in good agreement with observations, indicate that these processes produce a peak
stratospheric concentration of about 25-30 pptv at an altitude of about 25 km. In contrast to
tropospheric phosgene, stratospheric phosgene is found to have a lifetime against
photochemical removal of the order of years. As a result, we find that a significant portion of
the phosgene that is produced in the stratosphere is ultimately returned to the troposphere,
where it is rapidly removed by clouds. This phenomenon effectively decreases the amount of
reactive chlorine injected into the stratosphere and available for ozone depletion from
phosgene’s parent compounds; we estimate approximate decreases of 14, 3, 15, and 25% for
the stratospheric chlorine Joadings of CCl,, CH3CCls, C,Cly, and CHCl,, respectively. A
similar phenomenon due to the downward transport of stratospheric COFC] produced from
CFC-11 is estimated to cause a 7% decrease in the amount of reactive chlorine injected into the
stratosphere from this compound. Our results are potentially sensitive to a variety of
parameters, most notably the rate of reaction of phosgene with sulfate aerosols. However, on
the basis of the observed vertical distribution of COCI; , we estimate that the reaction of COCl,
with sulfate aerosol most likely has a2 y < 5x10°° and, as a result, has a negligible impact on the
stratospheric chlorine Joadings of the phosgene parent compounds.

1. Introduction

Phosgene (COCI,) is produced in the Earth's atmosphere from
the degradation of 2 variety of chlorinated compounds including
tetrachloroethylene (C2CL), trichloroethylene (C;HCl;), chioro-
form (CHCIl3), methyichloroform (CHsCCls), and carbon tetrs-
chloride (CCL) [e.g., Helas and Wilson, 1992). These chiorin-
aled compounds fall into two generic reactivity classes:

1
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(1) CCl, C;HCl3, CHCly, and CH,CCl;, the four reactive phos-
gene parent compounds (referred to here as the RPP compounds)
that are destroyed primarily in the toposphere by reaction with
OH, and (2) OCL, which is unreactive in the troposphere and is
destroyed primarily by photolysis in the stratosphere. Thus the
degradation of the RPP compounds Jeads to the production of
tropospheric COCl,, while CCL and to some extent also the RPP
compounds lead to the production of stratospheric COCl,.

Tropospheric COCl; is believed 1o be removed from the at-
mosphere by rainout and ocean deposition [Singh, 1976, Singh et
al., 1977) with a residence time of the order of months [Helas
and Wilson, 1992]. Observations suggest a fairly uniform dis-
tribution in the toposphere with an average concentration of
about 15-20 pptv and a weak seasonal cycle of about 20%
{Singh, 1976, Singh et al., 1977, Wilson et al., 1988). Strato-
spheric COCly, on the other hand, is believed to be removed by
UV-photolysis, and observations indicate a peak concentration
of 25-30 pptv at about 25 km [Crutzen er al., 1978, Wilson et al..
1988).
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While the subcycles of tropospheric and stratospheric COCl
have been studied previously [Crutzen er al., 1978; Helas and
Wilson, 19592]. the interaction between these subcycles has not
been studied, and yet, this interaction may potentally affect the
ozone depletion potentials (ODPs) of phosgene’s parent com-
pounds. For instance, if instead of being removed in the tro-
posphere, a small fraction of the COCl; produced in the tro-
posphere from the RPP compounds is transported into the strato-
sphere and photochemically degraded there, the chlorine re-
Jeased in this degradation could contribute to the destruction of
stratospheric ozone and thus cause an increase in the ODPs of
the RPP compounds. On the other hand, if a fraction of the
COCl; produced in the stratosphere were transported 1o the tro-
posphere before degradation, the ODPs of the compounds pro-
ducing stratospheric COCl; would be decreased.

To address this issue, we have developed a two-dimensional
(2-D) mode! to simulate the tropospheric cycle of COCl; and
thereby estimate the fraction of COCl; produced in the tro-
posphere that is transported to the stratosphere. A one-
dimensional (1-D) stratospheric mode] is then used to estimate
the fraction of COCl: that is produced in the stratosphere and
transported to the troposphere, where it is finally removed. In
our discussion it will be convenient to distinguish two types of
COCl:: (1) "tropospheric phosgene,” that is, COCl; produced
from the OH-initiated oxidation of the RPP compounds in the
troposphere, and (2) “"stratospheric phosgene,” that is, COCl;
produced from the photolysis of CCls as well as the photolysis
and OH-initiated oxidation of the RPP compounds in the strato-
sphere. By Dalton's law, the total COCl; cycle is then repre-
sented by the sum of these two independent subcycles. It is im-
portant to bear in mind that the terms “tropospheric” and
"stratospheric” used in this context refer to the region of the at-
mosphere where the COCIl; is produced, not mecessarily to
where it is found. Thus tropospheric COCl; can, in principle, be
transported to and reside in the stratosphere, and stratospheric
COCI: can be transporied to and reside in the troposphere.

In the next sections we first describe the sources of atmos-
phenc COCI: included in our calculations. We then discuss the
basic components of our tropospheric and stratospheric models
and the results of our mode] simulations for COCl; as well as
phosgene’s parent compounds. In the final sections we discuss
the implications of our calculations for the ODPs of phosgene's
parent compounds

2. The Production of Phosgene

Atmospheric COCl; is produced from the oxidation of chlo-
rinated ethenes and ethanes [Ohta and Mizoguchi, 1980, Nelson
el al., 1984; 1990], and a review of the known source strengths
of these compounds suggests that the major contributors to this
production are C:Cl, C:HCl;, CHCls, CHyCCly and CCL
[Singh, 1976, Wilson et al., 1988, Tuazon et al., 1988, Helas
and Wiison, 1992]. As was noted earlier, these compounds fal
into two generic classes: the RPP compounds, which react with
OR and absorb in the UV and thus can produce COCI; in both
the roposphere and the stratosphere, and CCL, which does not
react with OH in the troposphere and thus produces COCl; only
in the stratosphere.

Because the degradation mechanisms of both the RPP com-
pounds and CCL are not well defined, particularly in the case of
the chioroethylenes, the yield of COCl; from the oxidation of
these compounds is uncertain. Nevertheless, reasonable est-
mates for these yields can be deduced on the basis of the mo-
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lecular structures of the parent compounds along with recent
laboratory experiments. In Table 1, we summarize the COCl;
yields adopted in our calculations from the OH-initiated oxida-
tion and photolysis of each of COCl,'s parent compounds. Note
that as was described earlier, we divide the sources into two
components: (1) production of tropospheric phosgene and
(2) production of stratospheric phosgene.

3. Model Formulation for Tropospheric Phosgene
and Its Parent Compounds

“The basic framework for our tropospheric simulation is the
2-D model of Cunnold et al. [1983] and Cunnold e1 al. [1986).
The model, which was developed and validated using the At-
mospheric Lifetime Experiment and Global Atmospheric Gases
Experiment (ALE/GAGE) data sets, distributes and transports
atmospheric tracers in the vertical and latitudinal directions.

Table 1. COCl; Yields Assumed in Mode] Calculations

Source Yield References and Notes
Tropospheric Phosgene Sources

CLL+OH 0.47 COCl; Tuazon e1 al. [1988)

C;HCl; + OH 0.4 COCl; Tuazon er al. [1988)

CH,CCly + OH 1 COCl; upper-limit  yield assumed
on the basis of molecular
structure of parent com-
pound

CHCly+ OH 1 COCl; upper-limit yield assumed
on the basis of molecular
structure of parent com-
pound

Stratospheric Phosgene Sources

CCL + hv 1 COCl; DeMoore et al. [1992)

CLCL+hv 1 COCl; Berry [1974)

CxXCL + OH 0.47 COCl; Tuazon er al. [1988)

CHsCCly + bv 0 COCl; Nelson er al. [1984)

CH,CCla + OH 1 COCl; upper-limit yield assumed
on the basis of molecular
structure of parent com-
pound

C;HCly + hv 0 COCl; upper-limit  yield assumed
on the basis of molecular
structure of parent com-
pound

C;HCl; + OH 0.4 COCl; Tuazon er al. [1988)

CHCl + hv 0 COCl; Nelson e1al. [1984]

CHCly + OH 1 COCl; upper-limit  yield assumed

on the basis of molecular
structure of parent com-

~pound
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This is accomplished by apportioning the atmosphere into 12
hydrostatic boxes as illustrated in Figure 1. The concentration,
C"(J), of species J in the nth box is determined in the mode) by
integrating the ime-dependent mass continuity equation

k' Co

=
a ")

where 1°(J) is the lifetime for species J against photochemical
loss and/or wet removal in box n, S"(J) represents the production
of species J from photochemical processes (and emissions for
the surface boxes) within box n, and T"(J) represents the net
transport of J into box n.

Transport between boxes in the 2-D mode! is simulated using
zonally averaged meridional and vertical velocitizs and eddy dif-
fusion coefficients; these parameters were taken from Newell et
al. [1969] and appropriately modified to optimize the model's
ability to reproduce the observed distribution of CFCl; as de-
scribed by Cunnold er al. [1986) and Prinn er al. [1987). h
should be noted that the model, which includes only transport
between neighboring boxes and has transport coefficients in-
ferred from the distribution of long-lived tracers (with lifetimes
longer than a few years). is not ideally suited to the simulation
of a compound like COCl;, whose atmospheric residence time is
of the order of a month or two. On the other hand, observations
suggest that COCI: is relatively well-distributed in the tro-
posphere without major spatial or iemporal gradients [Singh et
al..1977.1978. Wilson er al.. 1988). This is probably due to the
fact that COCl:'s sources and sink are disperse, its sources
arising from the photochemical decomposition of its relatively
long-lived parent compounds and its sink from slow hydrolysis
in cloudwater (Calculations wusing the formulation of
Chameides [1984] indicate that only about 3% of the available
COCI: within an air mass is removed by hydrolysis over the
lifetime of a typical cloud. This estimate is not inconsistent with
the observations of Singh [1977] who measured COCI» concen-
trations in an air mass before and afier a 2 1o 3-day storm period
and observed a decrease of only about 15-20%.) The absence of
significant gradients in the distribution of COCI; suggests that
the simulations presented here should provide a reasonable es-
umate of its distribution and atmospheric budget. In fact, as we
illustrate in section 9, a sensitivity mode] calculation in which
we alter the transport code 1o allow for convectivelike transport
from the Jower troposphere 10 the stratosphere yields essenually
the same results as those from our standard model.

+S"(M+T"Q) ()

U % LAT) a1
200 mbar
1) 'y i ct
$00 mbar
) 1) 1) 30
N 30°N o »°s ’s

Figure 1. Schematic of the 12-box, two-dimensional mode) of
the atmosphere.
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Three Joss processes are considered in the determination of
7"(J) in our standard model; these are loss via reaction with tro-
pospheric OH, loss in the troposphere by wet removal, and pho-
tochemical destruction in the stratosphere, so that

f-(l)z( 1 :

1
g I n=1-8 (2)
t(l;H(J) Tweiot(J)

n=9-12 3)

“J)= o)
The lifetime, 15, (J), against Joss via reaction with tropospheric
OH is calculated using the seasonally varying OH distribution
derived to reproduce the CH;CCls distibution and trend
(CH,CCl; atmospheric lifetime = 5.7 years) observed from the
ALE/GAGE network [Cunnold et al., 1983, Prinn et al., 1992).
Thus

T ()= )

]
C" (OH) kox ()
where kou(]) is the rate constant for the reaction of species ]
with OH. The lifetime, 1_':“.(1), against loss due to wet re-

moval is treated in the mode! using the parameterization de-
scribed in section 4 and the lifetime. T (J), against loss in the

stratosphere is estimated using a one-dimensional eddy diffusion
model, as described in section S.

It should be noted that the tropospheric lifetimes defined by
equation (2) only account for reactions of the RPP compounds
with OH. However, it has been proposed that Cl-initiated oxi-
dation in the marine boundary layer could be an important sink
for organic compounds such as C2CL which react rapidly with Cl
ISingh and Kasting, 1988. Keene e1 al., 1990]. On the other
hand, the spectroscopic measurements of Harris er al. [1992]
indicating an upper limit of 0.25 ppbv for HCI (compared to 1
ppbv adopted by Singh and Kasting. 1988) in the marine bound-
ary layer suggest that the role of Cl may be more limited. In the
calculations presented here Cl-initiated reactions have been ne-
glected. In the case of CCL. however, which has an extremely
large rate constant with Cl [Atkinson and Aschmann, 1987]. a
brief discussion of the possible effects of this reaction is pre-
sented in section 9.

4. Tropospheric Wet Removal

Kinetic and photochemical data suggest that COCl; is essen-
tially unreactive in the troposphere; its reaction with OH is en-
dothermic [DeMore e1 al., 1992), it is unreactive toward H.O
vapor [Butler and Snelson, 1979] and its absorption cross sec-
tion in the near UV and visible is quite small [Singh. 1976.
Heydimann, 1991]. On the other hand, COCl; is known to dis-
solve in water and hydrolyze [Manogue and Pigford, 1960] and
as a result is most likely removed from the woposphere by
cloudwater and by deposition onto the ocean and other wet sur-
faces [Singh, 1976, Wine and Chameides, 1989). Thus 2 simu-
lation of the COCl; atmospheric cycle requires a quantitative
treatment of its wet removal in clouds and to the ocean.
(Treatment of deposition to the ocean is also needed in our cal-
culations to accurately simulate the production of COCl; from
the oxidation of CH1CCls, since ocean deposition appears 10 rep-
resent & nonnegligible sink for this compound (Wine and
Chameides, 1989, Builer er al., 1991)). To properly simulate
these loss processes, we adopted 8 wet removal paramelerization
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based on the formulatons of Johnson [1981), Wine and
Chameides [1989), and Butler ef al. [1991]. This parameteriza-
tion is described below.

4.1. Wet Removal Parameterization for Phosgene and Other
Chlorinated Compounds

A schematic illustration of our wet removal parameterization
is presented in Figure 2. We consider two removal pathways:
one pathway involving removal by clouds, and the other involv-
ing removal by deposition to the ocean. The flux @;(J) of spe-
cies J through pathway i is represented by the ratio of the spe-
cies’ atmospheric concentration C(J) and a parameter referred to
as the pathway "resistance,” R, which has units of second per
centimeter [Danckwerts, 1970]. Thus

C(

®(J)= T.- )

The tota) flux. @ue.x(J), through both pathways is then deter-
mined by adding the two resistances as if they formed a parallel
circuit, so that

)| |
Quei10(J) = % = C() (6)
b Recr.An.ta Rdwd-lﬂ

where Rocean.tor 800 Rejnug.ior TEPresent the resistances for Joss to
the ocean and to clouds and rain respectively.

As is illustrated in Figure 2. deposition to the ocean is as-
sumed to be controlled by four processes; these are transpon
from the free troposphere to the marine boundary layer, trans-
port through a thin "film" or stagnant layer between the atmos-
phere and the ocean surface, transport through a thin film on the
ocean surface. and transport into and loss via hydrolysis in the
ocean. In the case of the last process, we consider downward
transpon and hydrolysis in two ocean layers: the mixed layer and
the so-called deep ocean below the thermocline.

Similar to the formulation adopted in equation (5) for the to-
ta] pathway resistance, the flux or loss due to each of the four
processes used 10 simulate ocean deposition can be represented

Atmosphere
"otm "atm-cleud
! oirilm
"sccommodstion
feceanfiim
' "doud
scean
Ocean Cloud

Figure 2. Schematic illustration of the processes included in the
wel remova) parameterization.
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in terms of a ratio between a concentration and a resistance <pe-
cific to that process. Because these process-specific resistances
act in senes, it can be easily shown that

Roceano =

+7

g 0

| S 2

[ wr-fim 3 l’_

ocean-film

f

eczan

where focean is the fraction of the surface covered by ocean and
the r are used to represent the resistances for each of the proc-
esses listed above. For our simple zeroth order calculations,
focess 15 assumed to be 0.7, while for our 2-D mode] calculations
it is allowed to appropriately vary with latiude. The process-
specific resistances r, like the total pathway resistance R, have
units of seconds per centimeter. In general it can be shown by
solving the one-dimensional diffusion equation (or Fick's law),
that r is given by the thickness of the layer of transport (often re-
ferred to as the film thickness) divided by the appropriate diffu-
sion coefficient [Danckwerts, 1970].

Loss in clouds is assumed to be controlled by three processes:
these are transport from the ambient atmosphere to the intersti-
tial air of a cloud, .and transport to and ton on the
droplet surface, and transport into and hydrolysis within the
droplet interior. As in the case of ocean deposition, the total re-
sistance due to rainout can be represented as a sum of the re-
gime-specific resistances so that

Reiousion = (Tammciond + Taccommodavon™ Teloud) (®)

where the r are again used to represent the resistances through
each of the transport regimes.

The expressions and values adopted here for each of the
process-specific resistances are listed in Table 2. While the r
values can in general vary considerably depending on the spe-
cific species' thermodynamic properties and the assumed state of
the atmosphere and ocean, a few generalizations can be made for
the range of species considered here and for the conditions as-
sumed for the atmosphere and ocean. We find, for instance, that
Joss to the ocean in our calculations is always limited by the
ocean film resistance (Tocesnfum) and/or the ocean resistance
(Tocean). The relative contributions of these two resistances
largely depends on the species’ hydrolysis rate, k;. We find that
resistance at the thin film generally controls the rate of ocean
deposition for species with relatively large rates of hydrolysis
(i.e. ki >3.5x107° 5'). Ocean deposition for species with rela-
tively small hydrolysis rates, on the other hand, is generally
dominated by the ocean resistance. For all cases considered
here, the resistances due to transport from the free troposphere
to boundary layer (rem) and to the ocean surface (Tufum) have 2
negligible impact; these resistances are important only for spe-
cies with extremely high solubilities and/or hydrolysis rates, and
such species are not considered in this work.

For removal by clouds we find that re.es, the resistance due to
transport into and hydrolysis in the droplet, is generally the
dominant term, With Tum<iss, the resistance due 1o transport
from the atmosphere to the interstitial air of the cloud, making 2
non negligible contribution only in the case of species with rela-
tively large solubilities and/or hydrolysis rates. (In the case of
the compounds specifically considered here, including COCly,
Tam<ions 2lWays makes a negligible contribution to the total wet-
removal resistance.) Note that for our determination of
Taccommodanon. W€ have assumed that the accommodation coeffi-
cient & is always greater than 10°%; this assumption seems rea-
sonable in light of several different laboratory experiments
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Table 2a. Resistances r Used to Determine Rate of Ocean Deposition for Wet Removal Parameterization

Resistance, r Value or Expression Used

Comments and References

35s/cm

Taum

1.25 s/cm

Twr-film

—— S
HRTN,10?

Tacesn-film

Tacean

1
[H Jx\D, [SS;—QQJRTNA 10'3]

Resistance due to transport from the free toposphere 1o
the boundary layer estimated from the inverse of the

‘marine boundary layer entrainment velocity of 2-5 mm/s

(Bandy er al., 1992). Note that this resistance does not
bave a significant impact on overall ocean deposition rate
for the range of species considered here.

Resistance due 1o transport through thin air film between
the ocean and atmosphere adopted from Liss [1983).
Note that this resistance does not have a significant im-
pact on overall ocean deposition rate for the range of
species considered here.

Resistance due to transport through thin ocean film be-
tween the ocean and atmosphere is based on formulation
of Liss [1983).

s - ;
Resistance due |o‘|nnspcm through and hydrolysis in
ocean is based on a two-layer ocean transport formula-
uon similar 1o that of Burler er al. [199]]). Diffusion
coefficients D, and D; where adopied from Johnson
[1981]). Latitudinally dependent ocean temperatures for
determining hydrolysis rates were taken from Revnolds
[1982] for the mixed-layer and were assumed to be one-
half of the mixed-layer temperature (in °C) for the ther-
mocline following Butler er al. [199]). Lattudinally-
dependent mixed layer thicknesses were adopted from Li

eral [1984).

Here. 1,=170s/cm. R is gas constant, T is temperature, N, is Avogadro's number, H is species’ solubility constant.

s=(D, a, +D, 33)/(2 D a)e"", Q=(D,3,-D, '2)/(2 Dia)e”", a= Jk/D,. a:= JUD—J ki 1s

pseudo first-order hydrolysis rate constant in ocean mixed layer, ks = pseudo first order hydrolysis rate constant
below ocean thermocline, D, is diffusion coefficient in ocean mixed laver (= 40 cm’/s), D; is diffusion coefficient
below ocean thermocline (= 1.7 cm?/s), and z, is thickness of ocean mixed layer

which all yield accommodation coefficients significantly larger
than 107 for a varety of species of varying solubilities
[Mozurkewich e1 al., 1987, Jayne et al., 1990, Van Doren e al.,
1990]). Given this assumption for &, we find that Iaccommodation
has a negligible impact on the overall rate of rainout for all spe-
cies considered here. This latter result, which is equivalent 10
having thermodynamic equilibration of the species between the
gas and agueous phases of the cloud, is consistent with more
detailed cloud chemistry calculations which yield gas/agueous
phase equilibration times for soluble species in clouds of only
several seconds or Jess [Chameides, 1984, Schwartz, 1986).

4.2. Zeroth-Order Evaluation of Wet Removal Lifetimes

Before describing the application of the wet removal
paramelerization to our 2-D model, it is useful to use the
paramelerization in a zero-dimensional model to roughly esti-
mate the range of wet removal lifetimes that we might expect to
find for species as a function of their solubility and hydrolysis
rate. To carry out this "zeroth-order evaluation” we first as-
sume, for simplicity, that all species are distributed in the atmo-
sphere with constant mixing ratios; we also neglect Jongitudinal
and latitudinal variations. With these simplifications, the
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globally averaged lifetime, 1.::" (J), for a species “]" can be

estimated by
]
o H, C() [ ] ] ]
T J)= =H - 9)
i L Z Rocean-or  Reloud-to1

where H, is the atmospheric scale height (taken here to be
8.4 km). ’

Wet removal lifetimes calculaied from equation (9) using
ocean and rainout resistances appropriate for globally averaged
atmospheric and oceanic conditions (see Table 2) are plotied as
a function of the species' solubility and mixed layer hydrolysis
rate constants in Figure 3. Not surprisingly, we find that the
total wet removal lifetime increases dramatically with decreas-
ing solubility and decreasing hydrolysis rates. Note in Figure 3
that lifetimes of the order of 10 days are obuained for species
with solubilities and hydrolysis rates greater than 1 (in units of
molar per atmosphere and 5™, respectively). On the other hand.
lifetimes of 1000 years or Jonger are obtained for species with
solubilities Jess than 10™* M/aim and hydrolysis rate constants
less than 1075

In Figure 4 we plot the ratio of Recean-tor 10 Reiovgiorn. When
this ratio is greater than one, removal via cloud deposition
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Table 2b. Resistances r Used to Determine Rate of Loss in Clouds for Wet Removal Parameterization

Resistance, r Value or Expression Used

Comments and References

1.0 s/cm

Tam-clowd

(14(4)/31ra))r?

W, 1JERT)/(mn)

Taccommodauon

1
. , -3
HAW_RTN, 10

Teloud

Resistance due to transport from the atmosphere to the
interstitial air in a cloud assumed to be 1.0 s/cm. This
value is adopied to ensure that the minimum lifetime for
rainout of an infinitely soluble species is 10 days. Note
that this resistance does only have a minor impact on
overall rainout rate for the range of species considered
here.

Resistance due to transport to and accommodation on the
drople! surfaces based on the formulation of Chameides
[1984) and Schwartz [1986). For our zeroth-order calcula-
tions, & value of 8.1 10 L/cm® was adopted for the cloud
liquid water column concentration [Greenwald e al.,
1993). For our two-dimensional mode! calculations, a
latitudinally-dependent cloud liquid water column concen-
tration given by Greenwald et al. interpolated for every
month of the year was used. It was further assumed that at
cach latitude, 75% of the liquid water column resided be-
tween 1000 and 500 mbar and the remaining 25% resided
between S00 and 200 mbar. Note that as long as a > 10,
this resistance does not have a significant impact on overall
wel deposition rate for the range of species considered
here.

Resistance due to transport into the cloud droplet and loss
via hydrolysis is based on formulation of Chameides
[1984) and Schwarrz [1986). Note that for the range of k
adopied here, a dissolved species is always found to be
well mixed within the droplet, and thus Ieauw 15 found to be
independent of transport parameters such as the molecular
diffusion coefficient

Here, | is mean free path (= 10° cm). r is droplet radius (= 10 em), & is accommodation coefficient, m is species’
molecular weight, R is gas constant, W is total cloud liquid water column concentration in liters per square centi-

meter, k is first-order hydrolysis rate constant in cloud,

N4 is Avogadro's number, H 1s species’ solubility constant,

T is droplet temperature fOr Inccommadauon, and cloud temperature fOr Teiue.

dominates, and when the ratio is Jess than one. removal by ocean
dominates. The results indicate two clear regimes, with ocean
deposition dominating in one and cloud removal dominating in
the other. For the range of H and k considered here, the bound-
ary between these two regimes is found to lie approximately
along the k = 1 s line. Whenk < 15", we find that ocean
deposition is the dominant pathway, while when k> 1 5™ cloud
removal is the dominant pathway. Interestingly, the location of
the boundary is largely independent of H. This occurs because
for the range of H and k considered here, both Recean1or 800
Reioud-101 Vary as 1/H and thus their ratio is independent of H.
The general findings presented in Figures 3 and 4 are illus-
trated in greater detail in Table 3, where we list the relevant in-
put parameters and the resulting lifetimes for three compounds
of interest to this work: COCl, the compound with the largest
solubility and rate of hydrolysis considered here; CH.CCls, a
compound with 2 more moderate solubility and hydrolysis rate;
and CHCI,. a compound with a relatively small solubility and
rate of hydrolysis. The wet removal lifetimes are found to vary
from less than 0.2 years for COCl;. 1o about 130 years for
CH:CCls. 10 50.000 years for CHCl;  Consistent with the gen-
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eral results illustrated in Figure 4, we find in Table 3 that cloud
removal is the dominant wet removal pathway for COCl,, while
deposition to the ocean dominates for CH:CCl; and CHCls (Note
that our CH3CCl; lifetime is essentially consistent with the es-
timate of Butler et al. [1991] and somewhat longer than that
obtained by Wine and Chameides [1989].) As we will see later
these lifetimes result in our finding that wet removal is a major
sink for tropospheric COCl;, a minor sink for CH;CCls, and a
negligibly small sink for CHCl;.

43. Two-Dimensional Application of Wet Removal Parame-
terization

In order to apply the wet removal parameterization to the 2-D
model, an ocean removal lifetime 1" for the surface boxes

acean- 1
(i.e.,n = |-4) and a cloud removal lifetime 1, . for all the
tropospheric boxes (i.e., n = 1-8) must be specified. To do this.
we assume that within each box, pressure and density are hydro-
statically related. We also assume that the deposition flux to the

ocean is proportional 1o C. (J). the concentration of the species
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Figure 3. Zeroth-order estimate of species’ atmospheric lifetime against wet removal as a function of the spe-
cies’ solubility H and hydrolysis rate constant k. (To produce this figure, we assumed that the mixed-layer hy-
drolysis rate constant and cloud hydrolysis rate constant were equal and that the deep ocean hydrolysis rate
constant was equal 10 one third of the mixed-layer hydrolysis rate constant. These assumptions made the'
parameterization a function of only two independent variables and thereby facilitated its illustration. Note that
in general our results are insensitive to the exact value of the deep-ocean hydrolysis rate constant.)

at the bottom of the box, while cloud removal is proportional to
C"(J). the average concentration in the box. It then follows that

% $00 mbar
CO(J) rcxp(—z/HA)dz
LG 1000 mbar .

ocean- 1y n /
CO(J;/ R

T

ocean-tot

n
accan-io

0.5HpR n=1-4 (102)

= S500 pbar
c.o Texp{-z/HA)dz

T A (J)t 1000 mbar -

clowg-1 ~ n
c (J)/R:Ioud-xol

07HAR s P=1-4 (10b)

o 200 pber
clo) Jexpl-zm,

Tdnu:-m (J) = :m . n =

c (J)/R cloud-1o1

09 HaR .o N=5-8 (10c)
§. Stratospheric Model

We determine the stratospheric lifetimes by first estimating
the vertical profiles of the species within the stratosphere using
a 1-D eddy-diffusion mode]. These profiles are then used along
with their rates of loss in the stratosphere as a function of alu-
tude to calculate the lifetimes in the corresponding boxes of the
2-D mode] as a function of the solar zenith angle. The 1-D
mode] divides the atmosphere from the tropopause (i.e., 2 =
12 km for global average conditions) to 49 km into 38 layers,
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Figure 4. Ratio Rocean-1or / Reious-i 25 2 function of the hydrolysis rate constant and solubility constant
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Table 3. Zeroth-Order Estimation of Twe-, the Wet Removal Lifetime of Phosgene (COCly), Methylchlo-
roform (CHCCls), and Chloroform (CHCIls) Using Equation (5)

CoCl, CH,CCl, CHCl,

Ocean deposition
H, solubility constant, M/atm 0.2 0.08 0.00554
k;, hydrolysis rate constant in mixed layer, s 5 1.3* 86x10"
k3, hydrolysis rate constant at thermocline, s S 23x10° 1.5x10"
Taem, $/CM 35 35 35
Tawr-fim. $/CTD 1.25 1.25 1.25
Tocean. film, /CTD 35.37 88.44 1.28x10°
Tocesn. /€M 1.47x107 3.37x10° 1.33x10°
Roceanaa, $/cm 40.14 3.47x10° 1.34x10°
Toceanscr, YEATS 1.53 1319 5.08x10*

Cloud deposition

. h < ’

H. solubility constant, M/atm 0.2 0.08 0.00554
k. hydrolysis rate constant, s 5 7.57x10™" 4.2x10°
@, accommodation coefficient >10* >10* >10°
Tum-cioug. $/CMN 1.0 1.0 1.0
T accommadauon. $/CM < 0.69 < 0.80 <0.76
Teioug. /€M 5.68 9.37x10" 2.46x10"
Reicus-on. S/CM 6.68 9.37x10" 246x10"
Telowgron. YERATS 0.18 2.5x10" 6.56x10"

Toual wet removal
Twerio. YEATS 0.16 131.85 5.08x104

Calculations carried out assuming a giobal mean T of 293 K for the mixed layer and 283 K for the thermochine, 2
mixed layer depth of 75 m [Li ez al., 1984], and T for clouds of 265 K. Solubility and hydrolysis rate constants for
COCl;, CHiACCly, and CHCly taken from D. Worsnop (private communication, 1993), Gerkens and Franklin
[1989), and Jeffers er al. [1989), respectively. Note that the data for COCI; are uncertain [De Bruyn er al., 1992).

each having 2 thickness of 1 km. A constant concentration C, is
specified at the Jower boundary (i.e., tropopause), and a flux of
2ero is assumed at the top boundary. The model then deter-
mines the species’ concentration C; as a function of altitude z by
integrating the steady state continuity equation

ax,m) an

dz

where S, represents the source of the species (in units of mole-
cules per cubic centimeter per second) as a function of altitude
z, L, the loss of species (in units of reciprocal seconds), K, the
eddy diffusion coefficient (adopted from Luther ef al., [1979]),
ny the atmospheric number aensity, and X, the species’
mixing ratio (vAv).

in our standard model, the rate of stratospheric loss is de-
termined from two photochemical processes: photolysis and re-
action with OH. (Calculations indicate that reactions of the
compounds considered here with O('D) and with Cl atoms do
not play a significant role.) Thus

0=5,0)+L, () C, (J»% (x, Dy

L3 = J,(J) + kou(J) C,(OH) (12)
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where J, is the photolysis frequency for species J (in units of re-
ciprocal seconds) as a function of altitude z, and the other terms
are all defined earlier. Concentratons for OH were adopted
from Singh and Kasting [1988] and photolysis frequencies were
calculated using the radiative transfer model of Stamnes er al
[1988) with cross sections and quantum Yyields taken from
DeMore et al. [1992] and Berry [1974] for the RPP compounds
and Heydtmann [1991) for COCl,.

In addition o the standard mode] calculations described
above, we have carried out three sets of sensitivity model calcu-
lations: (1) calculations with K, increased and decreased by a
factor of 2; (2) calculation with C(OH) increased and decreased
by a factor of 5; and (3) calculations which include an additonal
sink for stratospheric COCl; arising from reaction with sulfate
aerosols. The results of these sensitivity calculations are dis-
cussed in section 9.

With the exception of the simulation of stratospheric COCl;,
mode] calculations are carried out with S, set equal 1o zero at all
altitudes. As discussed in section 2 and outlined in the bottom
section of Table 1, the source term for stratospheric COCl; is as-
sumed to be given by
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S, (COCh) = 3:(CCL) C,(CCL) +

kon(CH3CCly) G, (CH3CCls 1+
J: (C2CL) C; (C2CL) + 0.47 kou(C2Cly) C; (C2CL+
0.4 kon(C2HCl3) C; (C2HCl3) +
kou(CHCly) G, (CHCl3) a3)

With the mode! parameters defined as described above, the
stratospheric vertical profiles and loss rates for COCl; and its
parent compounds are determined by the 1-D model as a func-
tion of the solar zenith angle 6, with 8 varying from 0° to 80°.

An effective lifetime 1_:“ (J) as a function of solar zenith angle

’?,&:(J)dl

‘t:“ ) = Ef}nz”—— (14)
L,(0)C,(J)dz

12km

Note that a lower limit of 12 km is chosen for the integrals in
equation (14) because this corresponds to the lower boundary of
the stratospheric boxes of the 2-D model. Also note that be-
cause C, appears in both the numerator and denominator of
equation (14) and C, is linearly dependent on the assumed lower

boundary condition G, T} is independent of this arbitrary

is then given by

mode] parameter. The seasonally dependent lifetimes for mid-
latitudes (i.e., S0°) and wopical latitudes (i.e., 15°) are then used
to represent the effective lifetimes for the appropnate strato-
spheric boxes in the 2-D model] as a function of the day of the
year.

The stratospheric lifetimes with a solar zenith angle of 60°
(assumed to be a giobal average condition) are listed in Table 4.
Note again that in keeping with our earlier discussions, we have
calculated two sets of lifetimes for COCl;: one for "tropospheric”
COCl; (i.e., COCI; produced in the troposphere and transported
into the stratosphere) and one for “stratospheric” COCl; (i.e.,
COCl; produced in the stratosphere). Because tropospheric
COCI; enters the stratosphere at the tropopause and must first
be transported to higher altitudes before it can be photolyzed, it
has a longer stratospheric lifetime than that of stratospheric
COClI;, which is produced in the upper and middle stratosphere.
In either case, it is also interesting to note that COCly's strato-
spheric lifetime is of the order of years. This Jong lifetime is
caused by the fact that COCl; is a weak absorber in the near and
middle ultraviolet and does not react with OH. Because of this
Jong lifetime. a significant fraction of the COCl; that is either
produced in or transporied to the stratosphere will tend to be
cycled back 1o the troposphere before being photochemically
destroyed.

6. Source Strengths of Tropospheric Phosgene

As summarized in the top part of Table 1, tropospheric
COCl; is assumed to be produced from the OH-initiated oxida-
tion of the four RPP compounds. The strength and distribution
of each of these sources is determined by first simulating the
cycle of each of the four RPP compounds in the 2-D model with
the appropriate OH rate constant taken from DeMore et al.
[1992] and the appropriate anthropogenic emission rate taken
from the literature. With the exception of CHCls, the emission
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Table 4. Estimate of Stratospheric Lifetime Calculated With
One-Dimensional Model

Species Stratospheric Lifetimes. years
CH;CCl, 7.48
CLL 1.79
CHCl, 3.18
CCL 7.14
©OCl;, roposphere. 8.19
©OCl,, stratosphere. 1.85
QOCl,, total. 1.86

A global average solar zenith angle of 60° is assumed for these
calculations

rate is assumed to be constant in time and to vary latindinally in
the manner described for CH3CCly by Midgley [1989). In the
case of CHCl,, in addition to the anthropogenic source distribu-
tion, an oceanic source has also been considered which varies
latitudinally according to Khalil er al. [1983]). In the case of
CH,CCl;, we include loss via wet deposition as described in
section 4 as well as Joss via OH oxidation. The results of these
simulations are briefly outlined below and summarized in
Table 5.

6.1. Methylchloroform

The annual mean CH;CCls concentration calculated for the
1987 emission rate of 617 kt/yr [Midgley, 1989] is plotted as a
function of latitude and altitude in Figure 5. Also shown in Fig-
ure 5 are the average concentrations measured in 1989 from the
ALE/GAGE surface network [Prinn er al., 1992]. We find good
agreement between the calculated and observed concentrations;
however this is not surprising since the model was originally
tuned to reproduce the CH;CCly ALE/GAGE data.

Our calculations yield a globally averaged concentration of
154 pptv and an average atmospheric residence time of
5.6 years. About 83.5% of the CHyCCl; released at the surface
is estimated to be destroyed in the troposphere by OH, 4.1% is
Jost via wet removal, and the remaining 12.4% is lost in the
stratosphere. These results are in reasonable agreement with the
assessment of Butler eral. [1991]). Assuming that one molecule
of COCl; is produced for each molecule of CH3CCl, oxidized by
OH, we infer an annual tropospheric production rate of COCl; of
28 pptv per year (see Table 5).

6.2. Tetrachloroethylene

The annual mean C:CL concentrations calculated as a func-
tion of altitude and latitude for an emission rate of 580 kuyr
{Class and Balischmiter, 1987] are plotted in Figure 6. Our re-

. sults are compared with the surface C;CL concentrations ob-

served by Class and Ballschmiter [1987) at various sampling
sites over the Atlantic and Indian Oceans in the years
1982-1986, and with measurements taken by Koppmann er al.
[1993] on a cruise through the Atlantic Ocean made in August-
Sepiember 1989. As can be seen in Figure 6, our results are in
good agreement with the measured concentrations. Our calcula-
tions, similar to those of Derwens and Eggleion [1978], yield an
average atmospheric residence time of 0.38 years. with about
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Table 5. Summary of Simulations of the RPP Compounds and Their COCl, Production Rates

RPP Release Rate, Average Concen-  Average Resi-  Phosgene Pro- Percentage of Total
Compound kvyr tration, pptv dence Time, yr duction Rate, Production COCl;,
Ppptv/yr %
CHCl, 810 228 0.53 47.0 50.8
CH\CCly 614 1529 5.59 27.7 29.9
CLL 580 8.8 0.38 11.4 12.3
C;HCla 300 04 0.028 6.4 7.0

98.4% of the annual C.CL emissions destroyed by OH in the.

troposphere and only 1.6% destroyed in the stratosphere. I
0.47 molecules of COCI; are produced for each molecule of
C:CL oxidized by OH. our calculations imply a global COCl,
source from C2Cls of about 11 pptv/yr.

6.3. Chloroform

Our model-calculated CHCly concentrations were obtained
assuming a total emission rate of 810 kt/yr with 40% distributed
as an anthropogenic source and 60% distributed as an oceanic
source as discussed above. As is illustrated in Figure 7, an
emission rate of this magnitude and distribution yields reason-
able agreement with all the measurements, except those of Singh
er al [1983) (We found that model-calculated concentrations
fell below observations when the tota] emission source of
610 kvyr estimated by Khalil e1 al. [1983] was used.)

We estimate an atmospheric residence time for CHCl; of
about 0.53 years with approximately 98.3% of the total budget
lost in the troposphere and 1.7% in the stratosphere. If one
molecule of COCl: is produced for each molecule of CHCI;
oxidized by OH. then our calculations imply a tropospheric
source of COCI; from CHCl; of about 47 pptv/yr.

6.4. Trichloroethylene

In Figure &, we compare model-calculated concentrations for
C:HCl: assuming an emission rate of 300 kvyr [Gidel e! al.,
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Figure 5. Model-calculated (open symbols) and observed (solid
symbols) CH3CCly concentrations. The open squares represent
the lower troposphere, the open diamonds represent the upper
troposphere. and the open circles represent the stratosphere.
The calculaied concentrations were obtained assuming a steady
emission rate of 617 kvyr distributed latitudinally. The solid
squares represent annually averaged observations as a function
of latitude obtained from the ALEAGAGE remote surface net-
work [Prinn er al., 1992).
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1983; A. McCulloch, private communication, 1992] with those
measured by Koppmann et al. [1993]. Significant discrepancies
between the model-calculated and observed concentrations are
apparent. Because of C2HCl3's short atmospheric residence time
of only 7 days a direct comparison of the model-calculated con-
centrations with observations is problematic. However, because
of its relatively small yield of COCI; production, C;HCl; is of
only minor importance to the overall COCl; cycle, and thus un-
certainties in its emissions and distribution have a negligible
impact on our conclusions. We infer a tropospheric source of
COCI; from C3HCl; of about 6.4 pptv/yr. Because of CoHCls 's
short lifetime, essentially all of the species is destroyed in the
troposphere by OH, and direct injection to the stratosphere is
thereby prevented.

6.5. Summary of Tropospheric Sources

Table 5 summarizes the source strengths of COCl; to the tro-
posphere from the four RPP compounds. We estimate a total
tropospheric rate of COCl; production of about 92 pptv/yr, with
about half coming from CHCli, 30% coming from CHiCCl,.
12% from CCL, and the reminder from C;HCl:. Although not
illustrated in a figure, we find that the majority of the COCl; is
produced in the lower troposphere and in the northern hemi-
sphere; this is to be expected given the distribution of the RPP
compounds and their emissions. Comparison of these results
with those obtained by Helas and Wilson [1992] using a zero-
dimensional box mode]l indicate qualitative agreement with
some small discrepancies. Our total COCl; source strength is
about 10% higher than that of Helas and Wilson [1992]. with
about 25% and 10% higher source strengths arising from CHCl»
and CH3CCls, respectively, and 15% and 35% lower source
strengths from C;CL and C;HCls, respectively. For the most
part, these differences can be attributed to the different emission
rates assumed for the parent compounds.

7. Fate of Tropospheric Phosgene

Figures 9 and 10 compare model-calculated distributions of
tropospheric COCl; with measurements made by Wilson er al.
[1988) and Singh [1976). The agreement between measure-
ments and simulations is reasonably good, with both the meas-
urements and mode] calculations indicating an average northern
hemispheric mixing ratio of about 15-20 pptv, with at most
modest latitudinal and seasonal variations.

Table 6 summarizes the budget of tropospheric COCl; in-
ferred by the 2-D model. Of the total 92 pptv of troposphenc
COCI; produced annually by the oxidaton of the RPP com-
pounds, we find that 99.6% is directly removed from the ammos-
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Figure 6. Model-calculated (open symbols) and observed (solid
symbols) C2CL concentrations. The open squares represent the
lower troposphere, the open diamonds represent the upper tro-
posphere, and the open circles represent the stratosphere. The
calculated concentrations were obtained assuming a steady
emission rate of 580 kt/yr distributed latitudinally. The solid
squares represent annually averaged observed surface concen-
trations as a function of latitude taken by Class and Balisch-
miter [1987] and the solid diamond represents averaged surface
measurements taken by Koppmann e1 al. [1993).

phere via wet deposition and only 0.4% is transported to the
stratosphere and photochemically destroyed there. The very
small fraction of COCl; lost to the stratosphere is caused by two
effects: (1) the removal of COCl; by clouds and (2) the slow rate
of loss of COCl: in the stratosphere which allows the vast ma-
jonty of the COCI; that is transported into the lower strato-
sphere to be returned to the troposphere before it is photolyzed.
Note that in agreement with our earlier zeroth-order calcula-
tions, we find that removal by clouds dominates over that of
ocean deposition.
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Figure 7. Model-calculated (open symbols) and observed (solid
symbols) CHCls concentrations. The open squares represent the
lower troposphere, the open diamonds represent the upper tro-
posphere and the open circles represent the stratosphere. The
calculated concentrations were obtained assuming a steady
emission rate of 810 ktyr distributed latitudinally. The solid
squares represent annually averaged surface observations as a
function of latitude made by Khalil et al. [1983). The solid dia-
monds represent averaged surface measurements made by Singh
el al. [1983] over the Eastern Pacific in December 1981 and the
solid circle represents surface measurements made by Ras-
mussen el al [1982) at 30° S in November 198].

57

-
T

—_———————

-0 40 20 0 20 40 60
Latitude
Figure 8. Model-calculated (open symbols) and observed (solid
symbols) C3HCl; concentrations. The open squares represent the
Jower troposphere, the open diamonds represent the upper tro-
posphere, and the open circles represent the stratosphere. The
calculated concentrations were obtained assuming a steady
emission rate of 300 kt/yr distributed latitudinally. The solid
squares represent averaged hemispheric surface observations
made by Koppmann et-al. [1993] on a cruise through the Atlan-
tic Ocean in August-September 1989.

8. Fate of Stratospheric Phosgene

Inspection of Figure 9 reveals that our mode! simulations of
the tropospheric COCI; cycle predict a stratospheric COCl; con-
centration of about 10-15 pptv. This concentration is consid-
erably smaller than the levels of 20-30 pptv observed in the
lower stratosphere by Wilson er al. [1988). The reason for this
discrepancy is the fact that the calculations from the previous
section omitted the production of COCl; in the stratosphere. In
this section we address this later aspect of the COCl; cycle with
our 1-D stratospheric model.

As was discussed in section 2 and summarized in the bottom
pant of Table 1, we consider four sources of stratospheric COCl,.
These arise from the photolysis of CCL, the OH oxidation and
photolysis of C2CL and the oxidation of CH3:CCls and CHCls.
(While OH-initiated oxidation of C;HCl; produces COCly, its
contribution to stratospheric COCI; is negligible because of the
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Figure 9. The latitudinal and vertical distribution calculated for
tropospheric COCl; (i.e., COCI; produced from the tropospheric
oxidation of the four RPP compounds). The open squares repre-
sent the lower troposphere, the open diamonds represent the up-
per troposphere, and the open circles represent the stratosphere.
The solid square represents annually averaged airborne meas-
urements made by Wilson er al. [1988] between Germany and
Spitzbergen (50°-78°N) at altitudes of 5-12 km. The solid dia-
mond represents surface measurements made by Singh er al.
[1977] at a remote site in California (38° N) in 1976.
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Figure 10. Model-calculated and observed tropospheric COCl;
concentrations as a function of time of year in the nmorthern
hemisphere poleward of 30°N. The model-calculated concen-
trations are for the lower troposphere (boxes n = 1) (represented
by pluses) and the upper troposphere (box n = 5) (represented by
crosses) of the two-dimensional model using the COCl; sources
from the oxidation of the RPP compounds. The observed con-
centrations are based on the mid tropospheric airborne meas-
urements of Wilson er al. [1988] and are represented by solid
squares.

compound's very short tropospheric lifetime). The role of each
of the five stratospheric sources relative to that which arises
from the upward transport of tropospheric COCl; is indicated in
Figure 11a. where profiles calculated with the 1-D stratospheric
model for equinoctial conditions at midlatitudes are illustrated
for each source and all sources together. While the tropospheric
COCl; profile decreases monotonically from its concentration at
the tropopause, the profiles which include stratospheric produc-
tion increase in concentration in the lower stratosphere and gen-
erally reach a maximum at altitudes between 21 and 27 km.
The exact altitude of the maximum depends on the species. The
COCl: produced from C2Cls, CHCls. and CHiCCls peak at an
altitude of about 22 km because of their reactivity toward OH,
while COCl. from the unreactive CCL peaks at about 27 km.
Interestingly, 2 comparison of the profile which includes all
sources with the profile from the midlatitude measurements of

Table 6. Model-Calculated Budget for Tropospheric COCl»

Process Rate, pptv/yr Percentage of

total

Total source (see Table 5) 924 100

Loss via cloud removal in 70.9 76.7

lower troposphere

Loss via cloud removal in 13.1 14.2

upper troposphere

Loss via ocean deposition 8.0 B.7

Total wet deposition 920 99.6

Transport to and loss in 0.4 04

stralosphere

Total Joss 924 100

Here. wopospheric COCl; is produced from the oxidation of the
four RPP compounds.
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Figure 11a. Calculated profiles for COCl; in the stratosphere
for a solar zenith angle of 65°. The solid lines are the calculated
profiles: A for tropospheric COCl; (no stratospheric source), B
for stratospheric COCl; from CCL, C for stratospheric ‘COCl;
from C>CL, D for stratospheric COCl; from CHCls, E for strato-
spheric COCl; from CH.CCl;, and F is toal COCI:
(tropospheric plus stratospheric sources). The squares indicate
the measurements of Wilson er al. [1988). The concentration at
the Jower boundary (i.e., tropopause) for simulations A and F
was chosen to be equal to the COCI; concentration obtained for
the northern, upper tropospheric box in our 2-D mode! simula-
tion (see Figure 9). Note that the resulting averaged strato-
spheric concentration obtained from our simulation of tro-
pospheric COCl; using this boundary condition (i.e., profile A)
is consistent with that obtained for the stratosphere in our 2-D
box model simulation.

Wilson er al. [1988] indicates reasonably good agreement in both
the concentration magnitude and profile shape in the lower
stratosphere (see Figure 11).

The model-calculated budgets of stratospheric COCl: pro-
duced from CCL, C2CL, CHCly and CH1CCl; for global average
conditions are presented in Table 7. Because of COCly's rela-
tively Jong lifetime against destruction in the stratosphere and
its rapid removal rate in the troposphere, we find that a signifi-
cant portion of the COCI; that is produced in the stratosphere is
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Figure 11b. Calculated profiles for COCl; in the stratosphere
for a solar zenith angle of 65°. The solid lines are calculaied
profiles: A is for our standard model, B for K, multiplied by a
factor of 2, C for C,(OH) multiplied by a factor of 5, D for in-
cluding potential reaction of COCl; on sulfate aerosols with y=1,
E for including potential reaction of COCl; on sulfate acrosols
with y= 107, and F for including potential reaction of COCI; on
sulfate acrosols with y= 5x10°.
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Table 7. Mode]-Calculated Budget for Stratospheric COCl,

ocL CH,CC), cL CHCl; Toul

P.S. Rm.{em’s)" 1.48x10° 1.25x10° 3.16x10° 2.55x10° 2.18x10°
Percent 100.0 100.0 100.0 100.0 100.0

LS Rae(ons)” 1.07x10°  2.40x10° 1.01x10° 400x10°  1.24x10°
Percent 724 189 320 157 56.9

LW  Rae, (cm?s) 409%10°  1.01x10° 2.15x10° 215x10°  9.40x10°
Percent 276 811 68.0 843 43.1

TL  Rae, (em?s)” 148x10°  1.25x10° 3.16x10° 255x10°  2.65x10°
Percent 100.0 100.0 100.0 100.0 100.0

Here, stratospheric COCI; is produced from the photolysis of COCl,, the oxidation of CHyCCl; and CHCls, and
oxidation and photolysis of C2Cls calculated with the one-dimensional stratospheric mode! with a 60°solar zenith
angle. Abbreviations are P.S., production in stratosphere; LS., Joss in stratosphere; LW., loss via transport ©
troposphere and wet removal; and T.L., total Joss. The flux of stratospheric COCl; o the woposphere (L.W.) was  *
obtained from the sum of (1) the downward COCI; flux at the tropopause calculated for the case when both the
stratospheric and tropospheric COCl; sources were included, and (2) the upward COCl; flux at the tropopause
calculated for the case when only the tropospheric COCl; flux was included.

transported to the troposphere before it is destroyed. As is indi-
cated in Table 7, the fraction returned to the troposphere is es-
timated 10 be roughly one third in the case of CCl, two thirds in
the case of that produced from C2CL and four fifths in the case
of stratospheric COCl; produced from CH3CCly and CHCl3. The
larger fractions returned to the troposphere for the COCl; pro-
duced from CH3CCl;, CoCls, and CHCl; are caused by the fact
that this COCl; is generated at lower stratospheric altitudes,
where it encounters Jess UV radiation and has a shorter distance
to travel 1o reach the tropopause. As we discuss in the next sec-
tion, the transport of stratospheric COCl; into the troposphere
can have a significant impact on the stratospheric chlorine
loading of these compounds and ultimately therefore on their
ozone depletion potentials.

9. Effect of Phosgene Transport on Stratospheric
Chlorine Loadings of Phosgene Parent Compounds

An important factor in determining the potential for a com-
pound to deplete stratospheric ozone is its stratospheric chlorine
Joading: defined here as the percentage of the chiorine contained
in the species that is emitied at the surface and ultimately re-
Jeased in the stratospheric as reactive chiorine capable of par-
ticipating in the catalytic destruction of ozone. Estimates of the
stratospheric chlorine loadings of COCl,'s parent compounds are
presenied in Table 8 for a variety of mode] assumptions. (Not:
that we indicate absolute chlorine loadings in Table 8 rather
than the more standard, chiorine Joading potentials, which are
normalized to the chlorine Joading of CFC-11. The reason for
this will be discussed in section 10.)

An indication of the effect of topospheric-stratospheric
transport of COCl, on the stratospheric chlorine Joadings of
COCl;'s parent compounds can be obtained by comparing the
results listed in Table 8 for the standard model with those listed
for “Mode! 0,” where exchange of COCI; across the tropopause
was neglected. Because of tropospheric COCly's relative short
lifetime and stratospheric COCl:'s Jong lifetime, we find that
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tropospheric-stratospheric COCl; transport tends to lower the
stratospheric chlorine loadings of the phosgene parent com-
pounds, and, in some cases the decrease can be significant.
Most notable are C2CL and CHCl;; because these species are
destroyed efficiently in the lower stratosphere, major fractions
(i.e., 70% for C:CL and 85% for CHCl3) of the stratospheric
COCl; produced from these compound are returned to the tro-
posphere and as a result, consideration of tropospheric-
stratospheric transport of COCI; produced by C2CL and CHCl;
causes decreases in their stratospheric chlorine Joadings of about
15% and 25%, respectively. (However, because the total strato-
spheric chlorine loadings for these two species are so small, they
are not effective agents of stratospheric ozone depletion, and
thus the decreased chlorine loadings calculated for these two
compounds will not affect overall predictions of ozone depletion
from halocarbons.) The impact on the chlorine loading of CCL
is somewhat less pronounced (approximately 14%) because the
COCI; from this compound is produced at higher stratospheric
altitudes. A relatively small correction (i.e., 3%) to the chlorine
Joading of CHyCCl; is predicted because the vast majority of the
chlorine atoms from CHyCCly decomposition in the stratosphere
are not converted into COCl;. Recall that COCl; is only pro-
duced from CHyCCl; via OH antack (see Table 1), while most of
the stratospheric CH3yCCls in our model is destroyed via pho-
olysis.

The sensitivity of our results to variations in model parame-
ters was investigated in a series of additional calculations; in
mode] 1 we varied the stratospheric K, by factors of 2, in mode)
2 we varied C(OH) in the stratosphere by factors of 5, in model
3 we included a reaction between COCl; and stratospheric sul-
fate acrosol; and in model 4 we include convective like transport
from the Jower troposphere 1o the stratosphere in the 2-D model.
The inclusion of a COCI; sink via reaction with sulfate aeroso)
in model 3 was accomplished by modifying equation (12) for
OOCI; to include an additional loss with an effective first-order
rate constant Keers given by

Keeroeot ® VY A/ (15)
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Table 8. Stratospheric Chlorine Loadings for Phosgene Parent Compounds and for CFC-11

Species Mode!”
0 Standard. 1A 1B 2A 2B 3A 3B 4
CCL 100 86.2 87.2 84.4 86.2 86.2 £ 884 862
CH\CCls 124 12,0 123 11.6 10.3 125 125 121 120
CLL 1.6 14 1.3 14 14 14 1.8 14 14
CHCl, 1.7 1.3 1.5 1.2 1.0 1.7 1.8 1.3 1.2
CFCl, 100 93.5 93.2 93.6 93.5 93.5 100 949 935

The stratospheric chlorine loading of a species is defined here as the percentage of the chlorine atoms released at
the surface that are injected into the stratosphere as reactive chlorine capable of participating in the catalytic de-
struction of ozone. Values are percentages.

*Mode] 0 assumes no transport of tropospheric COCI; to the stratosphere and no transport of stratospheric
COCl: to the troposphere. Parameters adopted for the standard mode! are described in the text. Model ] investi-
gates the effect of varying K,; in model 1A, K, is multiplied by 2, and in model 1B, K, is divided by 2. Mode! 2 . .
investigates the effect of varying stratospheric C(OH); in mode] 2A C(OH) is multiplied by 5, and in mode] 2B,
C(OH) is divided by S. Model 3 investigates the effect of including a reaction berween stratospheric COCl; and
sulfate aerosol. in mode] 3A, y= 1, and in mode] 3B, y= $x107%. Mode! 4 investigates the effect of convective like
transport from the lower troposphere to the stratosphere.

where v is the COCI; thermal velocity, vis probability of a re-
acuon occurring per collision (and allowed to vary from 5x10°
o 1), and A is the aerosol surface area (taken from World Mete-
orological Organization, (WMO), [1991], as function of altitude).
The inclusion of convective like transport in model 4 was ac-
complished by altering the transport code in the 2-D model so
that 50% of the transport from the troposphere to the strato-
sphere occurred by direct injection of air from the lower tro-
posphenic boxes. as opposed to the standard model, where all
such transport came from the upper tropospheric boxes. The re-
sults of our sensitivity calculations are summarized in Table 8
and Figure 11b.

Inspection of Table 8 reveals that the inclusion of a reaction
with sulfate aeroso] can cause a major shift in our results. For
instance, note that when y = 1, the stratospheric chlorine load-
ings for phosgene parent compounds become equal to those ob-
tained for our model O calculations. In this case all stratospheric
COCl; is destroyed in the stratosphere by the aerosol reaction,
and there is no transport of stratospheric COCl; to the tro-
posphere. Hence our results in this case are identical to those in
which we neglected the tropospheric-stratospheric exchange of
COCly. (Of course, when we let ¥ < 5x107%, the results ap-
proach those obtained for our standard model, since the reaction
of COCl; with the sulfate aerosol becomes 100 slow to have an
impact.) However, it should be noted in this regard that in ad-
dition to changing the stratospheric chlorine Joadings of the
phosgene parent compounds, inclusion of a reaction of COCl;
with sulfate acroso] can also have a major effect on the distribu-
tion of COCI; in the Jower stratosphere. Note in Figure 11b that
when ¥> 5x10°%, the rapid scavenging of COCl; by sulfate aero-
$0] causes its concentraton 1o decrease instead of increase as a
function of altitude in the lower stratosphere. This result is in
direct contradiction with the observed profile of Wilson er al.
[1988). It would appear that the reaction of COCl; with sulfate

aeroso) hypothesized in model 3 most likely has a y < $x10° and
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thus has a negligible impact on the stratospheric chlorine load-
ings of the phosgene parent compounds (see Table 8).

Inspection of Table 8 reveals that variations in C(OH) cause
modest changes in our results; increasing the stratospheric OH
concentrations by a factor of 5 leads to a2 17 and 40% decrease in
the stratospheric chlorine loadings of CHyCCly and CHClj, re-
spectively. This occurs because an increase in stratospheric OH
increases the yield of COCI; from these two compounds in the
stratosphere (see Table 1) and thus effectively increases the per-
centage of chlorine from these two compounds that can be re-
turned to the roposphere as COCl;. Finally note that variations
in eddy diffusion coefficients by a factor of 2 have a very smal
impact on our results, and inclusion of convective like transport
in the troposphere has essentially no effect on our results. The
lack of an impact from convective like transport can be attrib-
uted to the absence of strong vertical gradients in the distribu-
gons of COCl; and its parent compounds (see Figures 5-10).

Another model assumption that bears some discussion is that
concerning the role of Cl atoms as oxidizers of the RPP com-
pounds in the troposphere, recall that we assumed that photo-
chemical destruction of these compounds in the troposphere only
occurred as a result of reaction with OH and we neglected any
contribution that might occur as a result of a reaction with Cl.
However, as was noted earlier, C2CL reacts extremely rapidly
with Cl atoms. Moreover, the Cl-initiaied oxidation of C:Cl
has been found to produce trichloroacety] chloride (TCAC) and
COCl, in a molar ratio of roughly 3:1 [Sanhueza er al.. 1976)
If the Cl-initiated oxidation were a significant sink for C;CL and
a significant fraction of the chlorine in TCAC produced from
this reaction were transporied to the stratosphere, the strato-
spheric chlorine Joading for this compound could conceivably be
significantly larger than the approximate 1-2% value obtained
here in our standard model. It is interesting therefore to brefly
consider the fate of topospheric TCAC. One pathway for
TCAC loss is photolysis, 8 major product being COCl; and a2
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minor product being CCL [Behnke and Zerzsch, 1991). While
the production of CCL from TCAC could potentially increase
the stratospheric chlorine loading of C2CL, the yield of CCl ap-
pears 1o be quite small (less than 0.3% according to Behnke and
Zetzsch) and thus should have a negligible impact. In addition
1o photolysis, TCAC can be removed from the atmosphere via
wet removal. Calculations with the algorithm described in sec-
tion 4 using H= 0.3 M/atmand k = 2.7 5] [D. Worsnop, private
communication, 1993] indicate that the lifetime against these
removal processes is of order of 20 days and thus that strato-
spheric chlorine loading from TCAC is insignificant. Thus it
appears likely on the basis of present kinetic and thermodynamic
data that if a Cl-initiated oxidation pathway represented a major
sink for CCls. its stratospheric chlorine Joading would be even
smaller then the value estimated here.

10. Revised Estimates for ODPs of Phosgene Par-
ent Compounds '

The ozone depletion potential, or ODP, of a compound is de-
fined as the sieady state ozone reduction calculated for each unit
mass of gas emitied per year into the atmosphere relative to that
for a unit mass emission of CFCl; [MWO, 1989]. Because we
find that the inclusion of stratospheric/tropospheric exchange of
COCl: causes a decrease in the stratospheric chlorine Joadings
of the phosgene parent compounds, one might assume that it
would also cause an approximately equivalent decrease in the
ODPs of these compounds, as indicated by the first two columns
of Table 9 (calculated according to the semiempirical equation
for ODPs given by Solomon er al. [1994].

However. a thorough evaluation of the ODPs of the phosgene
parent compounds requires consideration of an additional com-
plication. The ODPs are expressed relative to the ozone deple-
tion of CFCl3, and the destruction of CFCly in the stratosphere
via photolysis produces COFCI [Jayanry er al., 1975). COFCl is
a compound with properties similar to that of COCly; it is a
weak absorber in the near UV [Noelle et al., 1993] and most
likely is hydrolyzed in water at a rate close to that of COCl; and
thus like COCI; is subject to transpont to the troposphere and
removal by wet deposition. Such an effect would decrease the
stratospheric chlorine loading of CFCl; and, as a result, would
effectively increase the ODP of other compounds, although the
actual chlorine loadings of these other compounds would not be
changed by the transport of COFCI.

Using the same mode] approach we used for COCl; and its
parent compounds, along with spectroscopic data for CFCly and
COFCI from DeMore et al. [1992] and Noelle et al. [1993), we
estimate that approximately 21% of all COFCI produced in the
stratosphere from the photolysis of CFCl; is transporied down to
the troposphere. Since only one third of the Cl atoms in CFCly
are converted to COFCI from photolysis, this implies that
roughly 7% of the Cl from CFCl; is returned to the troposphere
in the form of COFCI and removed in precipitation. Thus we

estimate an actual stratospheric chlorine Joading for CFCls of .

93% insiead of 100% (see Table 8). This somewhat smaller
chlorine loading for CFCls causes a slight upward revision in the
ODPs of the phosgene parent compounds as indicated by the
third column of Table 9. Note that in the cases of CCL, CHCl;,
and C;Cla, the decreases in their stratospheric chlorine loadings
due 1o the cross-tropopause transport of COCl; are estimated to
be larger than the decrease in the stratospheric chlorine Joading
of CFCl; due 10 transport of COFCI, and thus we predict a net
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Table 9. Ozone Depletion Potentials for Phosgene Parent

Compounds
Compound Ozone Depleton Potential

ODP(0) ODP(l)  ODP(1) Literature

Values

©OCl; 0.0030 0.0030 0.0030 na’
CH,CCly 0.086 0.083 0.089 0.11-0.13

CLL 7.0x10°  sx10°  6.0x10° na

CHCl 00102  0.0078 0.0083 n.a.

CHCL, 49x10*  72.0x10*  7.0x10" na.
CcCL 110 0.95 101,  J.03-115

ODP(0) is that obtained using the formulation of Solomon er al.
{1994] and neglecting the effect of COCI; transport (i.e., model 0):
ODP(1) obtained by including the effect of COCl; tropospheric-
stratospheric exchange (i.c., standard model); ODP(1)" is similar to
ODP(1) but also includes the effect of the downward transport of
stratospheric COFCI to the troposphere. Literature values are taken
from WMO [1991). Note that ODP(0) for CH.CCl, is smaller than the
values found in the literature because a shoner lifetime of 5.59 years
was adopied here to be consistent with the most recent ALE/GAGE
data [Prinn et al., 1992).

" Not available

decrease in the ODPs of these species. The opposite is found for
CH;3CCly. and thus in this case we actually predict a slight in-
crease in its ODP.

11. Conclusions

An analysis of the cycle of atmospheric COCl; reveals two
distinct subcycles. The tropospheric subcycle is driven by pro-
duction from the OH-initiated oxidation of four reactive halocar-
bons, namely, CH3;CCl;, C2CL, CHCls, and C3HCl;. Our calcu-
lations indicate that COCl; produced from these compounds is
removed from the atmosphere by hydrolysis in cloudwater with
an average atmospheric lifetime of about 70 days. Simulations
of this subcycle with a 2-D model yield reasonably good agree-
ment with observations of tropospheric COCl; and its parent
compounds. Our calculations suggest that it is unlikely that a
significant fraction of the COCI; produced in the troposphere is
transporied and decomposed in the stratosphere and thus that
topospheric OOCl; has an insignificant role in the depletion of
stratospheric ozone.

The stratospheric COCl; subcycle is driven by production
from the photochemical degradation of CCls. a compound which
is essentially inert in the troposphere, as well as of CHyCCls.
CHCl;, and C2CL. However, because of COCly's weak absorp-
tion cross sections in the near and middie ultraviolet, we esti-
mate that a significant fraction of the COCl; produced in the
stratosphere (perhaps 40%) is probably returned to the tro-
posphere and removed from the atmosphere by clouds. Thus
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unless some other sink for stratospheric COCl; exists, our calcu-
lations suggest the downward transport of stratospheric COCl;
causes a decrease in the stratospheric chlorine Joadings of the
phosgene parent compounds. Factoring in a similar effect for
COFCI from the photolysis of CFCls, we infer a downward re-
vision in the ODPs of CCL, C;CL, and CHCI; but a slight in-
crease in the ODP of CH3CCls.

Finally, our calculations suggest the need for a small correc-
tion to the global budget of stratospheric chlorine. For instance,
Prather and Waison [1990] estimated that 13% of the total
chlorine Joading of the stratosphere is caused by CCL, 13% is
caused by CH;CCls, and 22% is caused by CFC-11. However, if
about 13.8% of the chlorine atoms from CCL, 3.2% of those
from CH;CCl; and 6.5% of that from CRC-11 are transported
back 10 the troposphere as COCl; or COFCI, the global input of
chlorine to the stratosphere is about 4% smaller than that origi-
nally estimated by Prather and Watson [1990).

There are of course large uncertainties in the results pre-
sented here because of the many simplifications inherent in our
mode]'s formulation as well as the potential errors in the ther-
modynamic and kinetic data adopted in the model. However,
the results perhaps point to a more fundamental uncertainty in
our understanding of halocarbons and their impact on strato-
spheric ozone. The atmospheric degradation of halocarbons can
Jead 1o the production of a wide variety of intermediates. In
some cases these intermediates may be long-lived enough to ei-
ther enhance the amount of chlorine from reactive halocarbons
that reaches the stratosphere or decrease the amount of chlorine
from unreactive halocarbons that is liberated in the stratosphere.
For this reason we believe that priority should continue to be
given to research that unravels the detailed degradation path-
ways of halocarbons and the ulumate fate of the intermediate
products of these pathways.
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Time-resolved resonance fluorescence detection of Br(?P; ;) atom disa or appearance following 2

nm laser flash photolysis of CF,Br,/CH,SCH;/H, /N2 and C1,C0/CH;SCH;/HBr/H; /N, mixtures has been
employed to study the kinetics of the recctions Br(?P;2) + CH;SCH; = HBr + CH,SCH; (1,-1) as a function
of temperature over the range 386-604 K. Arrbenius expressions in units of cm?® molecule™! 5~ which describe
the results are k; = (9.0 & 2.9) X 10! fexp[(-2386 £ 151)/T]} and k_, = (8.6 = 2.5) X 10-1? fexp[(836 £
140)/ T}; errors are 20 and represent precision only. To our knowledge, these are the first kinetic data reported
for each of the two reactions studied. Second and third law analyses of the equilibrium data for reactions 1
and -1 have been employed to obtain the following enthalpies of reaction in units of kcal mol: AHe = 6.11
%+ 1.37 and AH, = 5.37 % 1.38. Combining the above enthalpies of reaction with the well-known beats of
formation of Br, HBr, and CH;SCHj; gives the following heats of formation of the CH;SCHj radical in units
of kcal mo!: AH[y =32.7% 1.4 and AH(g = 35.3 % 1.4; errors are 20 and t estimates of absolute
accuracy. The C-H bond dissociation energy in CH;SCH); obtained from our data, 93.7 & 1.4 kcal mol’ at
298 K and 92.0 £ 1.4 kcal mol-! at 0 K, agrees well with a recent molecular beam photofragmentation study

C\) ) AN A

but is 3 kcal mol-! Jower than the value obtained from an iodination kinetics study.

Introduction

Accurate thermochemical information for free-radical inter-
mediates is essential to analysis of reaction mechanisms in complex
chemical systems. One experimental approach which can be
employed to obtain thermochemical parameters for a radical
involves measurement of temperature-dependent rate coefficients
for the pair of reactions RH + R’ == R’H + R the ideal reaction
peir for such a study is one where the heats of formation and
absolute entropies of R’, R’H, and RH are wellcharacterized
and where kinetic data for the two reactions can be obtained over
the same temperature range.

In this paper we report the results of temperature-dependent
kinetics studies of the following pair of reactions:

Br(*P,,,) + CH,SCH, — CH,SCH, + HBr (1)

CH,SCH, + HBr — Br(’P, ;) + CH,SCH,  (-1)
The kinetic results have been employed to derive a value for the
heat of formation of the CH,SCH,; radical, an intermediate in
the oxidation of the important atmospheric reduced sulfur
compound dimethy] sulfide (CH,SCH;).!

Experimental Technique

The experimental approach involved coupling reactant radical
(i-., Bror CH;SCH,) production by 266-nm laser flash photolysis
of suitable precursors with time~resolved detection of ground-
state bromine atom disappearance or appearance by atomic
resonance fluorescence spectroscopy. A schematic diagram of
the apparatus, as configured for bromine atom detection, can be
found elsewhere,2as can a detailed description of the experimental

1 Georgia Tech Research Institute.
Co':sscm address: Nationa] Center for Atmospberic Research, Boulder,
307.
§ School of Chemistry and Biochemistry
4 Schoo! of Earth and Atmospberic Sciences.
® To whom correspondence should be sddressed
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0O0Z22.3¢52 /94 /2098.7]1 28804 S0 /0

64

metbodology.? Only those aspects of the experimental approach
which are unique to this study are discussed below.

Because the temperature range of this study (386604 K) was
higher than in our previous studies of bromine atom kinetics, >
a different reaction cell was employed. The cell was constructed
of quartzand had an internal volume of about 200 cmm®. A diagram
showing the geometry of the reaction cell as well as a discussion
of beating and temperature measurement techniques is published
elsewhere $

To avoid accumulation of photolysis or reaction products, all
experiments were carried out under “slow flow” conditions. The
concentration of each component in the reaction mixtures was
determined from measurements of the appropriate mass flow
rates and the total pressure. The excess reactant (i.e., CH,SCH;
or HBr) concentrations were also determined in situ in the slow
flow system by UV photometry using a 2-m absorption cell. The
monitoring wavelengths employed were 228.8 nm for CH,SCH;,
(Cd line) and 202.6 nm for HBr (Zn* line); absorption cross
sections used 10 convert measured absorbances to concentrations
were 1.16 X 10-'* cm? for CH,SCH,¢ and 1.02 X 10! em? for
HBr.* Since it was pormally the case that more than one species
in the reaction mixture absorbed at the monitoring wavelength,
the excess reagent concentration was usually measured upstream
from the photolyte addition point; dilution factors required to
correct the measured concentration to the actual reactor
concentration never exceeded 1.1.

The gases used in this study had the following stated minimum
purities: N;, 99.999%; H;, 99.999%; HBr, 99.997% (liquid phase
in cylinder); Q1,C0, 99.0% (liquid phase in cylinder). Liquid
samples were purchased from Akdrich and had the following stated
purities: CH,SCH,, 99+%; CF;Br;,99%. Nitrogen and hydrogen
were used as supplied while HBr, C1,C0, CH,SCHj,and CF;Br;
were degassed at 77 K before being used to prepare gaseous
mixtures with N,.

Resaults

In our study of reaction 1, bromine atoms were gencrated by
266-nm laser flash photolysis of CF;Br; (|CF;Br;] ranged from
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Heat of Formation of CH,SCH; Radical
2.3 X 10" 10 2.7 X 10" molecules cm?):
CF,Br, + h» (266 nm) — Br + CF,Br )

The CF,Br, absorption cross section at 266 nm is approximately
8 X 10-®cm? ** while the quantum yield for Br production from
CF,Br; pbotolysis increases from unity at A = 248 am to
approximately 2 at A = 193 nm.'® Presumably, at A 2 248 nm,
CF,Br, photodissociates as indicated in reaction 2 with unit yield.
To ensure rapid relaxation of any photolytically generated
Br(?P,2), about 1 Torr of H, was added to the reaction mixture.
The reaction

Br(’P, ;) + H,(0=0) = Br(*P, ;) + Hy(0=1)  (3)

is known to be fast with k; =~ 6 X 10-12 cm?® molecule! 5-1.1!
In our study of reaction -1, CH;SCH; radicals were generated
as follows:

C1,CO + &» (266 nm) — 2C1 + CO “)
Cl+ CH,SCH,—~ CH,SCH,+HCl ()
— CH,S(CI)CH, (5b)

Reaction § is known to occur at a gas kinetic rate, 1213 and channe)
Saisdominant under the relatively high-temperature, low-pressure
conditions employed in this study.!’ Typical concentrations of
Cl,CO and CH,SCH; were 1 X 10!° and 5 X 10’ molecules
em-?, respectively. The concentration of CH;SCH, was kept
sufficiently high that >80% of the photolytically generated Cl
reacted with CH,SCH; rather than with HBr (kg = 2.25 X 10!
exp(—400/T) cm? molecule™! 571).14

Cl + HBr — Br(°’P, ;) + HCI (6)

On the other hand, the concentration of CH,SCH; was kept
sufficiently low that the back-reaction, i.c., reaction 1, bad only
a minor influence on observed Br(?P; ;) kinetics. The Cl,CO
absorption cross section at 266 am is approximately 2.3 X 10-®
cm2,'%'6 whije the quantum yield for C1,CO pbotodissociation at
253.7 nm has been shown to be unity.!’” Reaction 4 actually
occurs in a two-step process involving a CICO intermediate.
However, even in the unlikely event that C1CO is produced without
internal excitation, the CICO lifetime toward decomposition to
Cl + CO is short compared to the experimental time scale of
0.1-1 ms.1?

All experiments were carried out under pseudo-first-order
conditions with the stable reactant in large excess (factors of
10°-10°) over the free-radical reactant. Concentrations of
photolytically generated radicals were typically around 3 X 101!
cm-’, although this experimental parameter was varied over a
wide range (factor of 30). For both reactions studied, observed
kinetics were found to be independent of the pbotolytic precursor
concentration(s) and the concentration of photolytically generated
radicals. Observed kinetics were also found to be independent
of the linear flow rate of the reaction mixture through the reactor
and the photolysis laser repetition rate.

In the absence of side reactions which regenerate or deplete
the Br(?P; ;) atom concentration, the observed Br(?P; 2) temporal
profile following the laser flash in studies of reaction 1 would be
described by the relationship

In(S,/S,) =
In{[Br],/[Br]} = (k,[CH,SCH,] + k)1 = k4 (1)

Inthe above relationship Spand S, are the signal levels immediately
after the laser fires and at some later time 7, [Br]o and [Br], are
the bromine atom concentrations corresponding to Soand S, and
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Figwre 1. Typical Br(®P; ) atom temparal profiles observed in the study
of reaction 1. Experimental conditions: P = 50 Torr, 7 = 486 K, [H;)
= 1.3 X 10’ molecules em~, [CF;Br,] = 8.0 X 101 molecules em-?,
[Br(*P3))o = 1.8 X 10" atoms cm’, [CH,SCH;)] in units of 10'°
molecules cm™ = (A) 0, (B) 0.577, (C) 1.15, and (D) 1.91. The solid
fines represent linear least-squares analyses of the dats and give the
following pseudo-first-order Br(?P; ) decay rates in units of 57 (A) 22,
(B) 398, (C) 768,and (D) 1272. For clarity curve C is arbitrarily shifted
spward.

k, is the first-order rate coefTicient for the loss of Br atoms without
CH,SCH; present.

Br(*P, ;) = Joss by diffusion from the detector field of view
and reaction with background impurities (7)

The bimolecular rate coefficients of interest, k,(T.P), are
determined from the slopes of k’ versus [CH,SCH;] plots.
Observation of Br(?P; ) temporal profiles which are exponential
(ie., obey eq 1), Linear dependencies of k’on [CH,SCH;], and
invariance of observed kinetics to variations in laser photon fluence
and photolytic concentration strongly suggests that reactions 1
and 7 are the only processes which effect the Br(?P; ) time history,
although reactions of Br(?P; ;) with impurities in the CH,SCH;
sample are pot ruled out by the above set of observations. Typical
Br(?P; ;) temporal profiles and a typical k’versus [CH,SCH;)
plot observed in our study of reaction 1 are shown in Figures |
and 2. Kinetic data for reaction 1 are summarized in Table 1.

In the absence of side reactions that remove or produce
Br(?P;2), the observed Br(?P; ;) temporal profile following the
laser flash in our study of reaction -] can be described by the
relationship

S(1) = g, exp(-7,1) + o, exp(-7,1) + @, exp(—vy1) (II)

where it can be shown that
r, = 0.5, + J, + D} qm)
r,=0.5(); + Jy - D} av)
ry= kg + ki + kg )

g, ={(ry=ry)ay + (=) X+ k_,)Y+k'J/D (V])
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Figwre 2. Typical plot of k’versus [CH,SCH;] observed in the studies
of reaction 1. The four closed circles are the data points obtained from
the temporal profiles shown in Figure 1. Tbe solid line is obtained from
a linear Jeast-squares analysis and gives the bimolecular rate coefficient
sbown in the figure in units of cm’ molecule! 5.

TABLE 1: Summary of Kinetic Data for the Reaction
Br(?P3;) + CH;SCH; — HBr + CH,SCH;*

po. of

T P epts® [CH)SCH;)me: rangeof k’ k20
386 S0 19 3.70 10-687 185+ 0.05
409 SO 11 8.44 37-636 0.716 £ 0.029¢
417 S0 5 419 13-1339% 3.14%0.15
428 50 7 2.82 13899 3.16x0.07
483 S0 6 249 18-1556 6.13%£0.11
486 S0 8 222 17-1546 692021
487 200 6 2.60 7-1684 6.50 % 0.30
487 20 5 1.57 21-1177 7314£024
548 50 10 240 35-269% 11.0x0.3
604 S0 14 1.51 25-2618 179+ 1.1

 Units are T (K), P (Torr), [CH,SCH;) (10’5 molecules em™?), k'
(s),and k, (101 cm? molecule-! 57!). # Expt s measurement of a single
pseudo-first-order Br(?Py ;) decay rate. ¢ Errors represent precision only.
¢ Reactant is CD3SCD;

a,={(ry=r)ay + (r, - JDX + kY +k'3/D  (VII)

a, =
tk'g(Ip = ry) + kL k'3 Ay = 13)(Jp = ry) = K1k} (VIII)

where

k', = k[CH,SCH,),i=1,5 (X)
k)= k[HBr],j = 1,6 )
Jy=k\+k, X0

Jy=kiy+ ks X1
D={(Jy=Jy)*+ 4k" k" )P = r —r,  (XII)
X = [Br}y/[Cl), (X1v)

¥ = [CH,SCH,},/[Cl], Xv)

and kq and k, are first-order rate coefTicients for the processes

CH,SCH, — loss by diffusion from the detector field of
view and reaction with background impurities (8)

Cl — loss by diffusion from the detector field of
view and reaction with background impurities (9)
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Br Signal (kcts)

Time (us)
Figwre 3. Typ'alﬁr(’_?,/;)ammnpuﬂ profile observed in the studies

of reaction -1. Experimental conditions: P = 25 Torr, T = 525 K, [H.)
= 5.66 X 10'* molecules cm?, [C1200] = 4.24 X 10'* molecules cm™?,
{CH,SCH;) = 3.53 X 10'* molecules cm?, [ClJo=~ 5 X 10! atoms cm,
and [HBr) = 1.83 X 10" molecules cm™?. The solid curdve rephesents a
monlinear jeast-squares fit of the data to eq IT and gives the following best
fit parameters: @) = ~2445 cts, @; = 3618 ct3, @y = 769 cus, ) = 8167
5, and 7; = 60 5. The parameter 7y was beld fixed 2t 72080 5. The
time-independent background of 1357 cts (measured immediately prior
to the laser flash) has been subtracted from each data point.

It should be noted that
ntr=Jy+Jy=k'\+k+k+k,[HBr] (XVI)

Hence, for data obtained with the CH,SCH, concentration held
constant, a plot of 7; + 7, versus [HBr] should be linear with slope
=k,

In the above equations, it is assumed that ks = kg; this
assumption is approximately correct in the temperature and
pressure regime of our study and is employed only to simplify the
mathematics; i.¢., the determination of k., does not critically
depend on its validity. A nonlinear least-squares analysis of each
experimental temporal profile was employed to determine 7,, 72,
@, a3, and a;. Because ks and k¢ are well-known and k; is
pegligible compered to k's + k', r; was not treated as a variable
in the fitting procedure. Under typical experimental conditions,
rywas considerably larger than 7, + 7;,a requirement for accurate
evaluation of 7, +7;. The bimolecular rate coefTicients of interest,
k_,(P,T), were determined from the slopes of plots of 7, + r;
versus [HBr] for data obtained with [CH,SCHj;] beld constant
(see eq XVI). It should be noted that accurate determination of
k., in these experiments requires that the concentrations of CHj-
SCH, and HBr be chosen with care. We require that k7, » k)
(at least for the larger HBr concentrations employed) so that the
dominant contribution to 7, + r; is from reaction -1, pot from
reaction 1.

Similar to the situation discussed above for the study of reaction
1, observation of Br(?P;;) temporal profiles that obey eq II,
linear dependencies of 7, + 7; on [HBr], and invariance of 7, +
r3tovariation in laser pboton fluence and photolyte concentration
suggests that reactions 1,~1,and 5-9 are the only processes other
than possible impurity reactions which significantly affect the
Br(?P;z2) time history. A typical Br(*Py ;) appearance temporal
profile and a typical plot of r, + 7; versus [HBr] observed in our
study of reaction -] are shown in Figures 3 and 4. Kinetic data
for reaction -1 are summarized in Table 2, while best-fit values
of 7, r3, @), @;, and g, for data obtained at four representative
temperatures are presented in Table 3.

Listed in Table 2 are values of the intercept of the 7, + 7, versus
[HBr] plots from each temperature. As can be seen from eq
XV1, this intercept is the sum of three terms, i.e., k', k3, and ;.
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Figure 4. Typical plot of 7; + »; versus [HBr) observed in the studies
of reaction =1. The closed circle is the data point obtained from the
temporal profile shown in Figure 3. The solid line is obtained from a
linear least-squares analysis and gives the bimolecular rate coefficient
shown in the figure in units of em’ molecule™! 5!,

Since [CH;SCH;] is 8 known experimental parameter, k') can
be subtracted from each intercept, yielding ke (=k; 4+ k;). Inour
study of k,(7) the observed background loss of Br(?Pyp) was
always quite small, i.c., k; < 40 s77; therefore, the values of kg
listed in Table 2 are dominated by ky. It can be seen from Table
2 that kg systematically decreases as the temperature increases.
A likely explanation for the apparently large background loss of
[CH;SCH;] is the presence of O, impurity possibly due to small
leaks or the porosity of the Teflon tubing used in the flow system.

CH,SCH,+0,+ M—CH,SCH,0,+ M  (10)

A room temperature value of 5.7 X 10-12 cm® molecule~! 5! has
been reported for ko in 1 atm of SF¢.!? Hence, O, Jevels in the
10 mTorr range could account for our observed values for kg
(Table 2). In any event the value of the interecept was pever
more than 25% and typically less than 10% of the maximum
value of 7, + 7, at any temperature. We therefore conclude that
the chemistry contributing to the intercept did not significantly
impact the accuracy of our measurement of k_;(7).

As indicated in Tables 1 and 2, pressure dependence studies
were carried out for reactions 1 and -1; as expected, no evidence
for pressure-dependent rate coefTicients was observed over the
range investigated (20-200 Torr for reaction 1; 10-50 Torr for
reaction -1). Arrhenius plots for reactions ! and -1 are shown
in Figure 5. The solid lines in Figure 5 are obtained from linear
least-squares analyses of the In ky, versus T~ data; thesc analyses
give the following Arrhenius expressions in units of cm? molecule-!
s

k,=(9.0%2.9) X 107" exp[(-2386 & 151)/T]

k_, = (8.6 %2.5) X 107" exp[(836 % 140)/T)
Errors in the above expressions are 20 and represent precision
only. On the basis of observed precision and consideration of
possible systematic errors (see below), we estimate the absolute

accuracy of each measured bimolecular rate coefficient 1o be .

%15% for k)(7) values and £25% for k_,(7) values.

As discussed briefly above, 8 number of potential systematic
errors in our kinetic measurements can be ruled out based on the
observed invariance of Br(?Py;;) temporal profiles to variations
in laser photon fluence, photolyte concentrations, flow velocity
through the reactor, and laser pulse repetition rate; these include
contributions to Br(?P;;;) kinetics from radical-radical side
reactions, from radical-pbotolyte side reactions, from reactions
involving radicals which are produced by reactant pbotolysis, or
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Figure S. Arrbenius plots for reactions 1 and -1. Sobid lines are obtained
from linear least-squares analyses which yield the Arrbenius expressions
given in the text. - e .

from reactions involving stable products whick build up in
concentration with successive laser flashes. In situ measurements
of stable reactant (i.e, CH,SCH;and HBr) concentrations greatly
reduce another potential source of systematic error.

One type of kinetic interference which needs to be addressed
is the potential contribution to measured rate coefTicients from
impurity reactions. The relatively unreactive nature of Br atoms
makes it unlikely that impurity reactions were a problem in our
study of reaction 1. The most likely impurity problem in our
study of reaction -1 is from Br,. Potential sources of Br; are
impurity in the HBr sample and residual Br; from beterogeneous
reactions of HBr (presumably on metal surfaces of valves and
fittings). There is no kinetic data in the literature for reaction
M

CH,SCH, + Br, — CH,SCH,Br + Br(’P,)  (11)

However, based on reported rate coefficients for reactions of Br;
with alkyl radicals® and thiy] radicals, 32 it seems safe to assume
that reaction 11 proceeds at a near gas kinetic rate. Since CH;-
SCH; probably reacts with Br, 10-50 times faster than with
HBr, the HBr concentration must be several hundred times larger
than the Br, concentration before Br; interferences can be
considered unimportant. To investigate the Br; interference
problem, a 2-m absorption cell was positioned in the slow flow
system downstream from the reaction cell and employed to monitor
Br; pbotometrically (at 404.7 nm) with typical Cl;CO/CH;-
SCH;/HBr/H;,/N; mixtures flowing through the system. No
absorption was observed (i.e., I/lp > 0.998) even at HBr levels
as high as 5 X 10'¢ molecules cm-’. Since the Br; absorption
cross section at 404.7 nm s about 6 X 10! cm? 2 these
experiments suggest that [Br,] < 0.0004[HBr].

CH,SCH; has 2 small absorption cross section at 266 nm (1.2
X 102! cm?).2 Aninterference in our measurement of k_, would
be present if a significant fraction of the observed Br atom
appearance were due to reaction of CH,SCH; photoproducts
(ratber than CH,SCH,) with HBr. As discussed above, the Cl
atom photolyte, Ci;CO, has an absorption cross section at 266
am of 2.3 X 10-® cm? 139¢ with an effective Cl atom yield of
2.1718 Al] experiments to measure k_, were carried out with [Cl-
CO)] greater than or equal to [CH,SCH;]. The concentration
of any CH,SCH; pbotofragments were therefore never more than
~5% of the initial [Cl], and since botb CH,S and CH; react
more slowly with HBr than does CH,SCH; (sec ref 3 and the
discussion in tbe next paragraph), it is concluded that CH,SCH,
photolysis did not represent a significant systematic error in our
measurements. Ip our measurements of k;, CH,SCH; photo-
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TABLE 22 Summary of Kinetic Data for the Reaction HBr + CH,SCH; — Br(*P;) + CH,SCHs*

7 P »o. of expts® range of [HBr) range of (7) + ) intercept! k¢ k& 20
395 10, 25, 50 ] 4.19-36.8 6803-32840 3770 3250 7.67 % 0.60
422 25 4 6.59-15.1 7132-12810 3300 3130 621 % 0.55
426 25 5 4.13-219 5212-15640 2700 2420 $90% 0.12
428 25 S 3.24-207 4784-15030 3060 2870 5.85% 0.87
458 25 5 1.93-25.0 3211-14750 2350 2150 525+ 0.87
525 25 6 3.32-30.2 2222-13510 820 470 4.18%£0.15
558 25 5 3.32-18.6 2738-9142 1350 230 4.17+0.13
561 25 s 5.17-18.1 3681-8943 1450 925 409+ 0.23
563 25 6 3.73-234 2798-11180 1500 $44 343009
578 25 6 281-18.3 25268690 1310 700 396+ 0.23
583 10, 25, 50 11 1.71-30.7 1997-11450 1570 960 333£0.13

¢ Units are T (K), P (Torr), [HBr] (10" molecules am?), r, + ry (5°), intercept (s7), k¢ (s~), and k; (102 am’ molecule! 5°7). ‘E:p( =
measurement of a single Br(?Py/3) temporal profile. ¢ r; + r defined in eq XVI. 4 Intercept of (7, + r3) versus [HBr] plot. ¢ k¢ ® background radical
Joss rate (see text). / Errors represents precision only.

TABLE 3: Experimestal Conditions and Best Fit Parameters at Four Represestative Temperatures Obtained from Observation
and Am!yns of Br(*P3z;) Temporal Profiles Observed following 266-am Laser Flash Photolysis of O;C0/H,/CH,SCHy/HBr/N;
temp, K totalpress.  [Hj) {C1,00) {CH,SCH;) [HBr) e ” o rn e n'

395 10.0 237 15.5 11.2 4.19 -£37 8023 822 221 258 208 400
473 89 5.90 4.12 5.56 ~1693 6810 1927 ¢ =72 44 80 200

242 124 8.17 5.88 5.64 -~1613 8045 - 1830 56 4131 7 112600

25.0 125 8.36 - A 10.9 -1669 11880 1878 24 186 114 900

24.6 120 7.40 5.59 15.8 ~1329 16060 1618 0.5 =119 115 600

24.7 80 7.38 5.3] 236 ~1845 22530 2104 =23 167 116 800

10.3 135 8.65 6.42 327 ~1256 27430 1540 48 =26 114 500

25.6 107 6.83 5.13 368 ~1555 32870 1892 =29 -164 124 100

458 23.0 699 4.36 4.39 1.93 -272 3108 1034 68 92 73 880
23.6 651 4.3] 426 691 ~1489 5725 1660 56 134 76 410

23.5 662 4.13 4.08 3.7 ~1459 8353 1636 49 L)) 77 950

241 647 4.04 392 179 -983 12840 1187 34 11 81 080

25.0 636 9 3385 25.0 ~1361 14730 1739 23 -6 86710

525 245 630 4.73 3.89 332 ~3483 2156 4049 66 =195 61 730
24 4 614 4.54 3.79 598 ~3282 3268 3994 1 ~465 62 980

251 607 4.54 3.78 952 ~3017 4668 3819 &7 ~537 66 680

251 586 438 372 135 ~2758 6612 3725 61 694 €95 850

25.3 566 4.24 353 183 ~2445 8167 3618 60 =769 72 080

26.] 525 3.93 3.33 30.1 -1979 13460 3445 46 -1051 81 600

578 249 113 9.42 439 28] -1875 2429 2303 97 -188 65350
25.0 111 9.17 44] 4.60 ~1695 3025 2139 102 =272 67 560

251 105 8.78 4.24 7.67 ~1465 4123 2004 91 -470 68 640

25.2 107 893 4.17 9.66 -~1873 $126 2536 97 490 69 840

249 105 8.48 396 134 ~1804 6336 2605 95 618 71 060

25:1 96 8.08 386 183 ~1666 8606 2541 84 =565 75180

¢ Units are pressure (Torr), concentrations (10’ molecules ca?), g (signal counts), and r; (5!). ¢ This parameter was fixed during the regression
analysis (see text).

products could only interfere via radical~radical reactions that
would affect the atomic bromine concentration. Under the
conditions of our experiments the amount of CH,SCH; photolyzed
(a maximum of 3 X 10'° molecules cm~?) was small enough that
radical-radical reactions would not occur on the time scale for
Br(P; ;) loss via reaction with CH,SCH,.

Another potential systematic error in our study of reaction -1
centers around the possible occurrence of the rezction

CH,SCH,+M~CH,+CHS+M  (12)

Using the CH,SCH; heat of formation determined in this study
(ses below) in conjunction with the best available beats of
formation for CH;* and CH,S2>7 jeads to the conclusion that
the H;C-SCH; bond strength is 30 3 kcal mol-!. Hence, itis
conceivable that, near the high-temperature end of our range of
experimental conditions (i.e., T ~600 K), reaction 12 could occur
rapidly enough that the rate-limiting step in production of bromine
atoms was not reaction -1, but rather reaction 13.

CH, + HBr ~ Br(*P,) + CH, (13)

Toexamine this possibility, we have directly measured k,yat 573
K by monitoring Br(P;/;) appearance following 266-nm laser
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flash photolysis of Cl,CO /CH,/HBr /H, /N, mixtures, i.c, using
the Cl + CH, reaction as a source of methyl radicals. A plot of
r, + ry versus [HBr] for this experiment is shown in Figure 6;
the slope, (2.09 £ 0.13) X 10-12 cm?® molecule! 57, is k13(573 K).
This value agrees well with the value 2.04 X 10-!2 cm? molecule™!
s~ obtained via extrapolation of the Arrbenius expression we
report elsewhere,* which is based on kinetics studies carried out
over the temperature range 257422 K (k)3 = 1.3 X 10-'2 exp-
(233/T) cm?® molecule! 571). When CHySCH; was employed in
the reaction mixtures instead of CHy, a significantly faster value,
k(573 K) ~ 3.7 X 1012 cm® molecule! 5!, was obtained for the
“apparent” rate coefficient (seec Figure 5). This observation,
coupled with the fact that the "apparent™ activation energy (i.c.,
the slope of the In k versus 7! plot) did not change as a function
of temperature, leads to the conclusion that reactions 12 and 13
were not a significant intereference in our study of reaction -1.

Another possible interference in our measurement of k_;(7)
results from the presence of H, which was added to ensure that
anyatomic bromine formed in the 7P, » state was rapidly quenched
to the 7P, ; ground state. At the higher end of our temperature
range the reaction

Cl+H,—~HCI+H (14)
becomes rapid enough to be significant.® The bydrogen atom



Heat of Formation of CH,SCH; Radical

6
—A 4 I~
» |
-
'o_ 3
=~ :
x ol @o9£013)x 10"
S
!
°% 1 2
[HBr] (10" em™)

Figure 6. Plot of k’versus [HBr] observed in the study of reaction 13.
Experimental conditions: T = 573 K, P = 25 Torr, [H3) = 1.0 X 10'¢
molecules cm-3, [C1;C0] = 9.1 X 10'¢ molecules cm~>. The solid line
represents a linear Jeast-squares analysis of the data which gives the
bimolecular rate coefTicient shown in the figure in wnits of cm’ molecule™!
sl

will then quickly react with HBr®
H+ HBr—H,+ Br (15)

In order toaccess the contribution of this additional Br production
process, we simulated the chemistry under typical experimental
conditions at 583 K using a numerical integration routine. The
reaction mechanism included reactions %1, 5-9, and 14-16.

H — loss by diffusion from the detector field of
view and reaction of background impurities (16)

Simulated Br time dependencies were generated at several typical
levels of [HBr] and at constant (CH,SCH,]. Each simulated Br
temporal profile was then subjected to the same ponlinear least-
squares fitting routine as was used in analyses of the experimental
data. The slope of the resulting 7, + r; versus [HBr] plot was
=3% lower when [H;) = O then when [H,] was set to the
experimental value of 6 X 10'* molecules cm->. Since this
simulation was carried out under conditions where the contribution
of reactions 14 and 15 would be greatest, no corrective action was
deemed necessary to account for this minor interference.
Discussion

Reaction Mechanisms. Since we wish to employ our kinetic
data to evaluate thermochemistry, the identity of the reaction
products is a crucial issue. Can we be sure that Br(%P;;;) +
CH,SCHj; produces CH,SCH, + HBr with unit yield, and can
we be sure that CHySCH; + HBr produces Br(?P;3) + CHj-
SCH; with unit yield? In the case of the Br(*P; ;) + CH,SCH;
reaction, we have found that addition to the sulfur atom is the
dominant reaction pathway at 7 < 300 K. However, at the
temperatures employed in this study, 7 2 386 K, the adduct
lifetime toward unimolecular decomposition back to reactants is
50 short that its existence is kinetically inconsequential. At
temperatures around 400 K, we have obtained strong evidence
that the dominant patbway for the Br(*P; ) + CH,SCHj reaction
is hydrogen transfer. First, we find that at T = 409 K Br(?P; 5)
reacts with CD;SCD; a factor of 3.7 more slowly than with CH;-
SCH; (Table 1); this result strongly suggests that the reaction
mechanism involves breaking a carbon-hydrogen bond. Second,
in experiments which will be published elsewhere, we have
employed time-resolved tunable diode laser absorption spectros-
copy to directly monitor HBr production from the Br(?Py)5) +
CH,SCHj reaction;' using the Br(?P;;) + (CH,);CH reaction
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TABLE 4 Thermochemical Parameters for the Reaction
Br(*Py) + CH,SCH; — CH,SCH; + HBr
AH.* kcal mot! AS ¢ cal mot! deg™!
T.K 2nd law 3rd law 20d law 3rd law
470 6.40 = 0.58 6.67 % 1.37 925% 040 982+ ).30
298 598 % 0.58 6.24% 137 7832196 872+£130
0 524 £ 0.5 550+ 138

¢ Errors are 2¢ and represent best estimate of absolute accuracy.

as 2 “unit yield calibration”, we find that the HBr yield from
Br(?P;2) + CH,SCH; is pear unity. For the CH,SCH; + HBr
reaction, qualitative thermocbemical considerations suggest that
production of CH,SCH; + Br should be the dominant reaction
pathway. Observed resonance fluorescence signal levels confirm
that stomic bromine is produced with high yield. However,
production of electronically excited bromine atoms, Br(?P; ), is
a possibility which warrants consideration.

CH,SCH, + HBr — CH,SCH, + Br(P, ) (1)

If the CH,SCH, + HBr reaction proceeded exclusively or a
significant fraction of the time via channel -1, then we would
be overestimating the rate of the true reverse of reaction 1 and
our reported enthalpy change for reaction 1 (see below) would
be in error. A simple thermochemical argument based on the
measured activation energy for reaction | can be used to place
a reasonable upper limit on k... It is reasonable to assume that
the activation energy for reaction -1 is greater than -2.0 kcal
mol-!. Since the bromine atom spir—orbit splitting is 10.5 kcal
mol-!, reaction -1’ must be endothermic by ar least 3.7 kcal
mol-, ie., 10.5-2.0 - 4.8 kcal mol-’ where 4.8 kcal mol-’ is the
measured activation energy for reaction 1. Taking 1 X 10~ em?
molecule-! 5! as an upper limit A factor for reaction -1’ (a
polyatomic + distomic reaction) and 3.7 kcal mol-’ as a lower
limit activation energy for reaction -1’ Jeads to the result k- <
9.0 X 10~ cm’ molecule! 5~ at 395 K and k- < 4.1 X 10~V
cm’ molecule! 5! at 583 K comparison of these limits with the
rate coefficients reported in Table 2 shows that upper limit
branching ratios for formation of Br(?P, ;) are 0.013 at 395 K
and 0.11 at 583 K. We conclude that it is safe to ignore the
possible occurrence of reaction -1’ in our thermochemical analysis.

Thermochemistry. Frowm the Arrbenius parameters determined
in this study, we can obtain the enthalpy change and entropy
change associated with reaction 1. One approach, the “second
law method”, employs the following relationships to obtain
thermochemical parameters:

AH] -EI-E_, (vaI)

(XV1II)

where AH,, AS;, E, and A, are the enthalpy change, entropy
change, activation energy, and A factor for reaction i. Ther-
mocbemical parameters for reaction 1 obtained from the second
law analysis are tabulated in Table 4. The temperature 470 K
is the arithmetic mean of the 7! ranges employed in the
determinations of k;(7) and k(7). Values of A4 at 298 and
OK were computed using beat capacity corrections obtained from
the JANAF tables? for Br and HBr and calculated using the
structural information in Table § for CH,SCH, and CH,SCH,.
Second law values for AS at 298 K were computed from the
relationship

AGygy = AH gy — TAS = -RT In K, (298 K)
= RT In[k_,(298 K)/k,(298 K)) (XIX)

Values for k(298 K) and k_,(298 K) were computed from the
Arrhenius expressions reported above.

AS, = RIn(A4,/A_)
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TABLE &5: Structural Parameters Used ia the Evaluation of Absolute Eatropies and Heat Capacities for CH,SCH; and

CH,SCH,*

CH,SCH;*

CH,SCH, symmetry

vibrationa! frequencies, cm™!

barriers to internal rotation, kcal mot-!

moments of inertia

ABC, amu’ A¢ 173180
I{CH;), amu A? 324
1{CH,), amu A?

2998, 2998, 2990, 2970, 2930, 2930,
1444, 1444, 1439, 1430, 1331, 1315,
1030, 973, 940, 903, 743, 695, 282

Vo(CH;) = 1.89 (doubly degnerate)

3157, 3025, 3006, 2997, 2897, (o
1419, 1407, 1358, 1294, 991,
929, 866, 811, 689, 282, 281

31139, 3010, 3005, 2996, 2896, G
1418, 1407, 1357, 1294, 993, 930,
872, 807, 689, 398, 282

Vo(CH;) = 1.68

Vo(CH;) = 1 40-6.15

129724 (C,)
129976 (C1)
3.01
17

¢ Except where noted otherwise all parameters are from ab iaitio calculations at the UMP2/g-314+G(2d) Jevel™2 (see text for further discussion).
4 Experimentally observed values from ref 33. < From ref 34. ¢ Extremes of suggested barrier beights, the lower from ref 35 and the higher from ref

32; thermochemical parameters calculated at extremes and averaged.

TABLE 6: Comparison of CH,SCH; Thermochemical
Results from This Study with Literature Valoes’

T.K AH C-H bond strength in CH,SCH;, ref
298 32714 93714 this work
356 1.0 9%.62 1.0 35
0 353%14 920 14 this work

348225 91225 38
373 39

¢ Units are keal mol~! for the thermochemical parameters. ¢ These
values were arrived at using an assumed activation evergy for the
CH,SCH; + HI reaction of 1.0 & 0.5 kcal mol.

An alternate approach for obtaining thermochemical param-
eters is the “third law method™ where the entropy change is
calculated using standard statistical mechanical methods* and
employed in conjunction with an experimental value for Ko(T)
to obtain AHt (from eq XIX). Absolute entropies as a function
of temperature were obtained from the JANAF tabies® for Br
and HBr, and calculated using the structural information in Table
5for CH,SCH;2nd CH;SCH;. The uncertainty in the third law
AS value is based on estimated uncertainties in key structural
parameters, most notably the low-frequency vibrational modes
and internal rotation barriers in CH,SCH;. Tbe structural
parameters for CH,SCH; listed in Table 5 are based on ab initio
quantum chemical calculations carried out by McKee3? His
calculated bond angies and bond lengths (for the structure with
C, symmetry) agree well with those reported in a recent ab initio
theoretical study by Baker and Dyke.?” McKee finds that two
structures with C, and C, symmetry, respectively, are very close
in energy. The calculated frequency of the CH; wag changes
considerably between the two structures; its values (scaled
downward by $% from those actually calculated) are 281 em-1(C,)
and 398 cm-! (C,). Another major source of uncertainty is the
barrier for internal rotation of the CH; group. McKee's
calculations suggest that this barrier could be very large (6.15
kcal mol-!) while Shum and Benson®® estimate a barrier of 1.40
kcalmol-'. We have carried out four separate calculations of the
absolute entropy of CH,SCH; (S*) using different pairs of the
above values for the CH;, wag frequency and the barrier to CH;,
internal rotation. Reported beat capacity corrections and third
law AS values employ the average result with uncertainties
adjusted to span the range of reasonable possibilities. The four
calculations give $* values which range from 70.84 10 73.09 cal
mol-! K-; the average value is 71.89 cal mol! K-,

Values for AH;o and AH{2e for CH,SCH,, which are given
in Table 6, were calculated from our AH . rdeterminations using
Literature values for the heats of formation of Br,2¢ HBr,2¢ and
CH,SCH; % Simple averages of the second and third law
enthalpies of reaction have been employed to obtain our reported
heat of formation; this approach seems reasonable since (a)
estimated uncertainties in the second and third law determinations
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do pot differ greatly and (b) the second and third law values for
AH| ragree to within a few tenths of a kcal mot-!. The reported
uncertainties in AH rrepresent 20 estimates of absolute accuracy;
since the 20 error estimates for the individual second and third
law determinations are significantly larger than the deviations of
the two determinations from their mean, we take the larger of
the (second and third law) error estimates to be the error for the
mean. The possible small contribution from reaction -1’,ie. 2
channel forming Br(?P, ;) (sec above), represents an insignificant
source of systematic error.

Comparison with Previous Research. To our knowledge there
have been po previous kinetics studies of either reaction 1 or -1.
The preexponential factor that we observe for reaction | is similar
to those observed for other atom plus polyatomic hydrogen
abstraction reactions. In the case of the reverse process, reaction
-1, a significant negative activation energy is observed. It is
interesting to pote that in recent studies negative activation
energies have been observed for reactions of carbon-centered
radicals with HBr“<! and HI, ¥ while positive activation energies
have been measured for reactions of sulfur-centered radicals with
HBr.? Infact, the Arrhenius parameters reported here for reaction
-1 are similar to the Arrhenius parameters for the C;Hs + HBr
and 1-C(Hy + HBr reactions. 44!

While the experimental evidence for negative activation energies
in reactions of carbon-centered radicals with HBr and HI is very
strong, the theoretical interpretation of this counterinituitive
phenomenon is less clear. Apparently, reaction proceeds via
formation of a weakly bound complex. Asshown by Mozurkewich
and Benson,® if the transition state Jeading from reactants to
complex (TS1) is Joose and the transition state leading from
complex to products is both tighter and Jower in energy compared
to TS1, than a pegative activation energy should be observed.
McEwen and Golden* bave a two-channel RRKM
calculation that models the t-CiHy + HI (DI) reactions as
proceeding via formation of a weakly bound (CH;),C~I=H (D)
complex. They were able to reproduce the kinetic results of
Sectula et 2l © for 1-CHy + HI with complex binding energies
as low as 3 kcal mol!. Interestingly, their models which are
capable of reproducing experimental k(7) values for 1-CiHy +
HI also predict an inverse kinetic isotope effect (KIE), ie., ki
< kpy; this prediction results from the fact that the transition
state leading from complex to products becomes looser with the
Jower vibrationa! frequencies associated with deuterium substitu-
tion. No experimental determination of the KIE for 1-CH, +
HI, DI bas been reported. However, *pormal” kinetic isotope
effects are observed for CH;, C;H,, and 1-CH, reactions with
HBr, i.e., kiy: > kpa,* A detailed theoretical study of the CH;
+ HBr reaction, which has an activation energy of about 0.4
kcal mol~! 44 has been reporied by Chen et al %47 They calculated
a potential energy surface at the G1 level of theory and deduced
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the existence of a hydrogen-bridged complex with Cy, symmetry
which is bound by 0.28 kcal mol-! and is formed without activation
energy. Chen et al. calculated rate constants for CH, + HBr,
CHj; + DBr,and CD; + HBr from RRKM theory with corrections
for tunneling. By adjusting the height of the barrier toward
dissociation to products, they were able to obtain values for k(7)
which agreed fairly well with experiment*4® furthermore, their
calculated isotope effects agreed quantitatively with experiment 4

Table 6 contains a comparison of our thermochemical results
with previously reported values. Shum and Benson®* reported a
value of AH |2 for CH,SCH; that is approximately 3.0 kcal
mol! larger than the result reported in this study; these
investigators studied the iodination of CH,;SCH; at elevated
temperatures (630650 K). Kinetic information was arrived st
indirectly by monitoring the rate of change of {I;] and total
pressure. Inorder toobtain their reported thermochemical results,
Shum and Benson assumed a value of 1.0 2 0.5 kcal mol-! for
the activation energy for the reaction

HI + CH,SCH, — 1+ CH,SCH, an

If the activation energy for reaction 17 is actually negative (as
we report for the analogous CH,SCH; + HBr reaction), then the
difference between Shum and Benson’s value for AH{CH,SCH>)
and the value reported in this study would be even larger. The
only other experimental thermochemical information available
in the literature is from a recent molecular beam photofrag-
mentation study of CH,SCH; by Ng and co-workers,® in which
they report a value of 91 % 2.5 kcal mol! for the C-H bond
strength in CH,SCHy,; their result is in good agreement with our
reported value of 92.0 & 1.4 kcal mol-! although our error himits
are nearly a factor of 2 smaller. A recent ab initio calculation
by Ma et al ¥ obtains AH o = 37.3 kcal mol-!, somewhat higher
than our value of 35.3 £ 1.4 kcal mol! but in agreement within
estimated combined uncertainties.
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HALOGEN AND SULFUR REACTIONS RELEVANT TO POLAR CHEMISTRY

o 743 by

P.H. Wine,1.2.3 J M Nicovich3 R E. Stickel,3 Z. Zhao,2 .
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INTRODUCTION

It is widely hypothesized that catalytic cycles involving -BrOy 'species play an
important role in the episodic destruction of ground-level ozone which is observed in the
springtime Arctic boundary layer, although the exact mechanism for production of BrOy
radicals remains an open question [Barrie et al., 1988, Bottenheim et al,, 1990; Finlayson-
Pitts et al.,, 1990, McConnell et al., 1992). The critical evidence linking ozone depletion with
BrOx chemistry is an observed negative correlation between ozone and filterable bromine
[Bottenheim et al., 1990; Kieser et al,, 1992]. In a recent field study of springtime Arctic
boundary layer chemistry [Kieser et al, 1992], ozone concentrations and ethane
concentrations were found to be correlated; this observation suggests that chlorine atoms
(which react rapidly with ethane) may also be an important catalyst for ozone destruction
under springtime Arctic conditions.

The possibility that reactions occurring on surfaces of sea-salt aerosol particles can
lead to significant production of halogen atoms in the marine boundary layer has received
considerable attention in recent years. Production of photochemically labile X5(g) (X =
CLBr) via heterogeneous degradation of ozone (possibly involving free radical intermediates)
is one suggested pathway for generation of gas phase bromine atoms [McConnell et al,
1992] and chlorine atoms [Zetzsch et al., 1988; Behnke and Zetzsch, 1989, Keene et al,
1990], however, recent laboratory and modeling studies [Behnke and Zetzsch, 1999,
Chameides and Stelson, 1992a, 1992b] suggest that, at least in the case of chlorine, this
pathway is not important in the atmosphere. On the other hand, it appears that CINO,,
generated via heterogeneous reaction of N2Og vapor with moist NaCl(s), may represent a
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photolytic precursor for atmospherically significant levels of atomic chlorine, even in the
remote marine boundary layer where NOy levels are typically quite low [Behnke and Zetzsch,
1990; Zetzsch and Behnke, 1992; Ganske et al., 1992]. The analogous reaction of N2Os(g)
with NaBr(s) is one proposed source of springtime Arctic BrOy radicals [Finlayson-Pitts et
al, 1990), although it has been pointed out that generation of sufficient Jevels of the
photolytic precursor BrNO7 would require a longer residence time for Arctic air than is
actually observed [McConnell et al., 1992; Patterson and Husar, 1981]. The frequency of ice
fogs in the springtime Arctic boundary layer suggests that heterogeneous chemistry similar to
that which occurs in polar stratospheric clouds [Poole et al., 1992] may result in parﬁtioning
of XOx (X = CLBr) species largely into the reactive forms X and XO.

Dimethylsulfide (CH3SCH3, DMS) is a key atmospheric sulfur spec:a Rough]y half
the global flux of sulfur into the atmosphere is thought to be natural in origin [Cullis and
Hirschler, 1980; Schwartz, 1988] and a significant fraction of all natural sulfur enters the
atmosphere as DMS volatilized from the oceans [Andreae, 1986; Bates et al., 1987]. Levels
of DMS in polar regions typically peak during springtime when microorganisms which
produce DMS are exposed to light after a long dark period [H. Berresheim, private
communication]. Hence, under conditions which exist in the springtime Arctic marine
boundary layer, reactions of chlorine and bromine atoms with DMS may play an important
role in coupling the halogen and sulfur cycles.

Discussed below are the results of recent laboratory studies we have carried out to
investigate the kinetics and mechanisms of the X + DMS reactions (X = CLBr) [Stickel et al ,
1992; Nicovich et al., 1992a]. We also present estimates of sea level (i.e, 760 torr)
unimolecular decomposition rates for BrNO, which are based on kinetic and thermochemical
information obtained in our recent study of the Br + NO, association reaction [Kreutter et
al., 1990).

THE CL + DMS REACTION

Time-resolved resonance fluorescence detection of chlorine atoms following 266 nm
laser flash photolysis of CloCO/DMS/N3 mixtures has been employed to study the kinetics of
R1 over the temperature and pressure ranges 240-421K and 3-700 torr.

Cl + CH3SCH3 - products (¢))
A complete dezcription of the experimental approach can be found in a recent publication
describing our study of the Cl + CS, reaction [Nicovich et al.,, 1990]. In agreement with a

recent competitive kinetics study [Nielsen et al,, 1990], we find that R1 is very fast ie.,
reaction occurs on essentially every Cl + DMS ‘encounter. Measured rate coefficients at
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240K, 297K, and 421K are plotted as a function of pressure in Figure 1. The reaction rate is
found to increase with decreasing temperature as would be expected for a very fast reaction
whose rate is determined by the magnitude of long range attractive forces between the
reactants. The somewhat surprising aspect of the data in Figure 1 is our observation of a
| clear pressure dependence for kj. It appears that reaction 1 occurs via both pressure-
| independent and pressure-dependent pathways; the pressure-dependent pathway must involve
collisional stabilization of a (CH3),S-Cl adduct.
1 To gain further insight into the mechanism for reaction 1, we carried out a separate
“ set of experiments where laser flash photolytic (LFP) production of CI (via 248 nm photolysis
of phosgene) was coupled with tunable diode laser absorption spectroscopy (TDLAS) to
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Fig. 1. Rate constants for the Cl + (CH3),S reaction at three temperatures plotted as a
function of pressure. The solid lines are "eyeball” fits to the data; their significance is simply
as an aid in visualizing the observed pressure dependencies.
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Table 1. Yield of HCI from the Cl + DMS reaction as a function of pressure at T = 297 K

Buffer Gas P(torr) N(2) HCl Yield
CO, 0.6 2 098
2.0 19 0.89
5.0 4 0.79
10.1 4 0.74
26 2 0.62
N, (®) 5.0 2 0.85 .
10.0 2 ' 0.80
25 2 0.68
50 2 0.59
100 3 0.54
203 2 0.51

(a) N = number of experiments.
(b) includes one torr of CO,

measure the HCI product yield at 297K as a function of pressure. A detailed description of
the LFP-TDLAS apparatus is given elsewhere [Stickel et al., 1992]. To obtain the HCI yield
we carried out back-to-back experiments where the photolytically produced Cl reacted with
DMS, then with ethane (CoHg); the yield of HCI from the Cl + CoHg reaction is known to be
unity. In all experiments, at least 0.6 torr CO5 was present in the reaction mixture to (a) f
acilitate rapid equilibration of the atomic chlorine spin-orbit states and (b) facilitate rapid
relaxation of any HCl formed in the v = 1 level. Typical experimental HCl appearance
temporal profiles are presented elsewhere [Stickel et al., 1992]. The results of the yield
experiments are summarized in Table 1.

The HCI yield approaches unity as P - 0 but decreases with increasing pressure.
Although extrapolation of kinetic and yield data to zero pressure is non-trivial, examination
of the results in Figure 1 and Table 1 strongly suggests that the following relationship is
obeyed:

$(P) =k (P=0)/ kP =1
where $(P) is the HCl yield at pressure P.
The experiments described above demonstrate that hydrogen abstraction is the

dominant pathway for reaction 1 in the low pressure limit. With increasing pressure,
stabilization of a (CH3),SCl adduct apparently becomes competitive with the hydrogen
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abstraction pathway. Under the pressure and temperature conditions of the springtime Arctic
boundary layer, it appears that kj ~ 4 x 10-10 cm3 molecule-! 51 and that 60-80% of the
overall reaction proceeds via the adduct-forming pathway. The fate of the stabilized adduct
remains uncertain, although it clearly does not dissociate to Cl or HCI on the time scale of
our experiments (several milliseconds). One interesting possibility is reaction with O7 to
form (CH3)>SO + CIO; this reaction could represent an unrecognized source of atmospheric
(CH3)2SO. Another energetically feasible pathway for degradation of (CH3);SCl is
unimolecular decomposition to CH3S + CH3CL a process which could possibly represent an
important source of atmospheric methyl chloride. Clearly, the atmospheric fate of
(CH3)2SCl warrants furthes investigation. : '

THE BR + DMS REACTION

Time-resolved resonance fluorescence detection of bromine atoms following 266 nm
laser flash photolysis of CFoBrp/DMS/H2/Ny mixtures has been employed to study the
kinetics of reaction 2 as a function of temperature and pressure.

Br + CH3SCH3 -» products (2)

A complete description of the experimental approach can be found in a recent publication
describing our studies of the reactions Br + HS < SH +HBrand Br+ CH3SH  CH3S +
HBr [Nicovich et al, 1992b]. Distinctly different kinetic behavior is observed in the two
temperature regimes 260-310K and 375-425K.

In the low temperature regime, i.e., 260-310K, the dominant reaction pathway is
found to be reversible adduct formation:

Br+(CH3),S +M = (CH3);SBr+M (22)
(CH3)2SBr+M = Br+ (CH3);S + M (-22)

Observation of the kinetics of the approach to equilibium allows evaluation of ko,(P,T),
k.2a(P,T) and, therefore, Keq('l') (1(eq = koa/k2,). Measured rate coefficients are
summarized in Table 2. A van't Hoff plot of In Kp versus T-1 is shown in Figure 2. From the
slope of the van't Hoff plot (and a small heat capacity correction) we obtain a value for the
enthalpy change associated with reaction 2a, i.e., the (CH3),S-Br bond strength; the result is
AHj0g = -14.5 £ 1.2 kcal mole"]. We have recently carried out similar measurements of the
(CH3)2S-OH bond strength [Hynes et al., 1992] and find it to be approximately equal to the
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Table 2. Rate constants for the reactions Br + (CH3)2S + M &
(CH3)7SBr + M as a function of temperature and pressure(2)

T P k2a k2, notes

263 50 4.49 410

265 50 3.90 380

267 200 8.25 1,350

268 50 6.07 730 ®)
269 200 10.1 2,050 ®)
272 25 2.63 500

274 S0 416 920 -

274 100 5.70 1,380

274 200 7.49 2,400

274 400 10.2 3,150

274 600 11.9 3,600

285 S0 3.18 2,360

285 200 6.70 5,900

291 S0 296 3,210

291 200 6.69 7,730

298 S0 2.74 5,150 ()
299 50 344 7,430 (b)
300 25 1.77 3,750

300 50 2.62 5,920

310 25 143 6,810

310 S0 2.11 10,500

() Units are T(K), P(torr), ky,(10-11 cm3 molecule!s1), k_,,(s7}).

(b) Reactant was DMS-dq.

(c) Photolyte was Bry (it was CF;Br; in all other experiments); Br; was
photolyzed at 355 nm.

(CH3),S-Br bond strength. Hence, a reasonable "guesstimate™ for the (CH3);S-Cl bond
strength is 14-15 kcal mole-1.

At temperatures above 375K, (CH3),SBr decomposition is so rapid that the addition
reaction effectively does not occur. In this temperature regime sulfide reactivity toward
atomic bromine follows the trend (CoHs)2S > (CH3),S > (CD3),S, strongly suggesting that
the dominant reaction pathway is hydrogen abstraction:

Br+ CH3SCH3 - HBr+ CH3SCH; (R2b)

Interestingly, we measure an activation energy for reaction 2b of 5.0 kcal mole*!, while the
literature value for CH3SCH3 heat of formation [Shum and Benson, 1985] suggests that
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reaction 2b is endothermic by 9.0 kcal mole-1; hence, our kinetic results strongly suggest that
the C-H bond strength in DMS is 2-4 kcal mole-] weaker than currently thought.
Extrapolation of our kinetic data to conditions typical of the springtime Arctic

boundary layer (760 torr, 230-270K) suggests that under the conditions of interest ()

addition of Br to DMS is four to five orders of magnitude faster than hydrogen abstraction,
(b) the rate coefficient for the addition reaction is (1.3 + 0.2) x 10-10 cm3 molecule! s°1;

40
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Kp (10% atm™)

1.0

0.4

T(K)
280 260
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Fig. 2. van't Hoff plot for the equilibrium Br + (CH3)2S & (CH3);SBr. Open circles are
data obtained using (CD3)2S as the sulfide reactant. Solid line is obtained from a least
squares analysis; the slope gives AH(334K) = -14.6 + 1.1 kcal mole! while the intercept
gives AS(334K) = -22.9 23 9 cal mole-! deg-! (errors are 20 and represent precision only).
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and (c) the lifetime of the (CH3),SBr adduct toward unimolecular decomposition is 0.01-
0.0001 seconds. The short lifetime of (CH3);SBr toward unimolecular decomposition
suggests that the only atmospheric species capable of scavenging (CH3),SBr is O2.

(CH3)2SBr+ 03 = (CH3),S0 +BrO 3)

To search for BrO production from reaction 3, a separate set of experiments was carried out
(at 297K) where time-resolved longpath absorption detection in the near ultraviolet was
coupled with 248 nm laser flash photolysis of CF3Br/DMS/H2/N2/O7 mixtures; a description
of the apparatus is given elsewhere [Daykin and Wine, 1990]. Production of BrO was not
observed, but a strong, broad, unstructured absorption feature with Amay' ~ 370 nm was
observed. Studies of the appearance kinetics of the absorption feature demonstrate rather
conclusively that it is due to (CH3),SBr, i.e., a plot of pseudo-first order appearance rate
versus [DMS] is linear with slope equal to the (previously measured) ks and intercept equal
to the (previously measured) k.3, At 50 torr total pressure the strength and temporal
behavior of the transient absorption signal was independent of whether N2 or Oy was
employed as the buffer gas; this observation suggests that k3 < 3 x 10-16 em3 molecule-!
s”1. For assessing the potential role of reaction 3 in atmospheric chemistry under springtime
Arctic boundary layer conditions, it will be necessary to extend the time-resolved absorption
studies to higher O partial pressures and lower temperatures.

UNIMOLECULAR DECOMPOSITION OF BrNO,

As mentioned in the introduction, Finlayson-Pitts et al. [1990] have proposed that
BrNO; (nitryl bromide), formed via the heterogeneous reaction of N7Og with NaBr on the
surface of sea salt aerosol particles, may be an important photolytic precursor to BrOy
radicals in the springtime Arctic boundary layer. However, McConnell et al. [1992] have
pointed out a potential problem with the Finlayson-Pitts et al. proposal — the residence time
for an air mass in the Arctic may not be long enough for sufficient buildup of BrNO; to occur
prior to polar sunrise.

Recently, we reported a detailed study of the kinetics and thermochemistry of
Br + NO association reaction [Kreutter et al,, 1990]. Given in Table 3 are upper and lower
limit lifetimes toward BrNO; unimolecular decomposition (i.e., kq-!) under springtime
Arctic boundary layer conditions; the lifetimes are obtained by extrapolation of our data
[Kreutter et al., 1990] to 760 torr and low temperature.

BrNOy+N3 = Br+NO; +Nj 4)

9



393

The range of values for kq-! which are consistent with our data is rather large because the
possible roles of the (short lived) isomer BrONO and/or excited electronic state potential
energy surfaces could not be quantified due to lack of information. Nonetheless, the data in
Table 3 lead to an important conclusion. At temperatures typical of the wintertime and
springtime  Arctic, i.e, 220 - 260 K, the lifetime of BrNO, toward unimolecular
decomposition is rather short, i.e., usually less than one day. Hence, bromine atoms would
be released from the BrNO, reservoir not only when the sun comes up, but continuously
during the dark BrNOy production period.

Table 3. Lifetime of BrNO, toward unimolecular decomposition at atmospheric pressure

kg (days)
T(X) lower limit upper limit
200 2:1 840
220 0.054 58
240 0.0021 0.14
260 0.00013 0.0057
280 0.000014 0.00029
300 0.0000024 0.000027
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Abstract

A laser flash photolysis-long path absorption technique has been employed to study the
kinetics of the reaction BrO + NO; + M4 products as a function of temperature (248-346 K),
pressure (16-800 torr), and buffer gas identity (N2, CFy). The reaction is found to be in the
falloff regime between third and second-order over the entire range of conditions investigated.
This is the first study where temperature-dependent measurements of &,(?,7) have been
reported at pressures greater than 12 torr; hence, our results help constrain choices of k,(P,T)
for use in models of lower stratospheric BrO, chemistry. Approximate falloff parameters in a
convenient form for atmospheric modeling are derived. © 1993 John Wiley & Sons, Inc.

Introduction

Despite its relatively low concentration (about 25 pptv) in the stratosphere,
bromine plays an important role in stratospheric odd oxygen chemistry.
Due to differences in the rates of formation and destruction of the HX
reservoir species, under “normal” stratospheric conditions (i.e., unperturbed
by heterogeneous chemistry) a much larger fraction of bromine is partitioned
into the “active” form (Br + BrO) compared to chlorine. Hence, on a per
molecule basis, bromine is thought to be 30-120 times more effective than
chlorine as a catalyst for odd oxygen destruction [1]. The chlorine-to-bromine
concentration ratio in the stratosphere is currently about 160 [1]; this ratio
is expected to drop to about 100 over the next century as anthropogenic
sources of both halogen species are greatly reduced [1].

The most important BrO, reservoir species in the lower stratosphere is
bromine nitrate, which is formed via the BrO + NO, association reaction

(1a) BrO + NO; + M ~—— BrONO, + M.
(1b) ~—— other products (?)

*Present address: EG&G Energy Measurements Division, P.O. Box 1912, MS Al1-24, Las

Vi , Nevada 89125.
To whom correspondence should be addressed.
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In fact, recent model calculations suggest that BrONO; is the dominant BrO,
species at altitudes below 35 km [2,3]. The calculated partitioning between
BrONO; and BrO, the two most concentrated species, is critically dependent
on the assumed values for k,(P,T).

Two studies of the kinetics of reaction (1) are reported in the literature.
Sander et al. [4] employed both discharge flow and flash photolysis tech-
niques to obtain values for k,(P,298 K) over the pressure range 1-700 torr
N, while Danis et al. [5] employed a laser flash photolysis-time resolved mass
spectrometry technique to study the temperature dependence of k; (over the
range 263-343 K) at low total pressures (4-12 torr Oz). Where the two
studies overlapped, i.e., T = 298 K and P = 4-12 torr, the rate coefficients
reported by Sander et al. [4] are about 25% faster than those réported by
Danis et al. [5]. '

In this article we present the results of a study where 351 nm laser flash
photolysis of Bro/NO2/N; (or CF,) mixtures has been coupled with detection
of BrO by time-resolved long path ultraviolet spectroscopy to study the
kinetics of reaction (1) over the temperature and pressure ranges 248-346 K
and 16-800 torr. The motivation for this study is primarily to improve the
accuracy with which k,(P,T) values can be estimated under atmospheric
conditions, particularly under the low temperature, high pressure conditions
of the lower stratosphere. In addition, this study improves somewhat the
accuracy with which k; «(T), the rate coefficient in the high pressure limit,
can be estimated.

Experimental

The kinetics of reaction (1) were investigated by monitoring the temporal
behavior of BrO absorbance following 351 nm laser flash photolysis of
Bry/NO2/N; (or CFy) mixtures. The laser flash photolysis-long path absorp-
tion apparatus was similar to the one we employed recently to investigate
the reactions of F and Cl atoms with HNO; [6] and the reactions of 10
radicals with NO and NO; [7]. A schematic diagram of the apparatus and
descriptions of the reaction cell and temperature measurement techniques
can be found elsewhere [6]. As in the IO kinetics study [7], a 150 watt xenon
arc lamp was employed as the probe light source.

The XeF laser photolysis beam was expanded by means of cylindrical lenses
to be 11-12 cm wide and 2 cm high as it traversed the reactor. The xenon
arc lamp beam was multipassed through the reactor at right angles to the
photolysis beam using modified White cell optics [8]; 42 or 46 passes were
employed, giving absorption path lengths through the photolyzed volume of
462 or 552 cm. Output radiation from the multipass cell was focused onto
the entrance slit of a 0.22-m monochromator adjusted to transmit radiation
at 338.3 nm, the peak of the strong 7-0 band of the BrO A?m ~— X2# transi-
tion [9].

Reflective losses in the multipass system were minimized by using White
cell mirrors coated for high reflectivity around 338 nm and reaction cell
windows coated for maximum transmission around 338 nm. As a tradeoff
between light throughput and resolution, the monochromator slit widths
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were set at 200 um (resolution 0.72 nm FWHM). Radiation exiting the
monochromator was detected by a photomultiplier (Hamamatsu R928), the
time-dependent output from which was monitored by a signal averager with
1.5 us time resolution and 10 bit voltage resolution. The results of 32-512
laser shots were averaged to obtain data with suitable signal-to-noise ratio for
quantitative kinetic analysis. Digitized voltage vs. time data were transferred
to a small computer for storage and analysis.

In order to avoid accumulation of reaction or photolysis products, all
experiments were carried out under “slow flow” conditions. The linear
flow rate through the reaction cell was typically 2 cm s~!, and the ex-
cimer laser repetition rate was 0.2 Hz. Hence, the gas mixture jn the
photolysis zone was replenished between laser shots. Br, and NO; were
flowed into the reaction cell from 12-L bulbs containing dilute mixtures
in nitrogen (Brz) or zero grade air (NO;). Preparation of the NO; bulb
with air as the diluent gas prevented conversion of NO; to NO dur-
ing storage. To prevent reaction of Br; with the antireflection coated
reaction cell windows, a four-port gas input/output system was employed
[6,7]. The NO2/Br; mixture and 85-90% of the N; buffer gas entered
the reactor through an inner port while the remaining 10-15% of the
N2 buffer gas entered the reactor through both outer ports. The gas
mixture was exhausted through an inner port. The concentration of Br;
was determined from the known bulb concentration, measurement of the
appropriate mass flow rate, and the total pressure. The NO; concentra-
tion was measured in situ in the slow flow system by UV photometry
using a 216.2 cm long absorption cell plumbed in series with the reac-
tion cell. Radiation at 326.1 nm emitted by a cadmium penray lamp was
employed as the light source for NO; detection. With the combination
of the Cd lamp light source and the band-pass filter employed to iso-
late the 326.1 nm line, we determined the effective NO, absorption cross
section to be (2.89 = 0.04) X 107!° cm?. This value is in reasonable agree-
ment with the recent measurements of Schneider et al. [10], who report
o = 2815 X 107! ¢cm? at 326.0 = 0.5 nm. The absorption cross section
for Br; at 326.1 nm is about 4.0 X 10~2° ¢m? [11], which is too low to
interfere with the photometric determination of the NO; concentration.
UV photometry at 404.7 nm was used to determine the Br; concentration
in each 12-L Bry/N; bulb used. With the combination of an Hg pen-ray
lamp light source and a band-pass filter employed to isolate the 404.7 nm
line, 9we t;xeasured the effective Br, absorption cross section to be 5.95 X
1071° cm?.

The gases used in this study were obtained from Matheson and had the
following stated minimum purities: N3, 99.999%; NO, 99.0%; O, 99.99%;
and CFy, 99.99%. Air was ultra zero grade with total hydrocarbons less
than 0.1 ppm. The procedures employed to synthesize pure NO; from
the NO + O, reaction are described elsewhere [7]). The Br; used in this
study had a stated minimum purity of 99.94% (liquid phase). The Br, was
transferred under nitrogen into a vial fitted with a high-vacuum stopcock
and then degassed repeatedly at 77 K before being used to prepare Br;/N,
gas mixtures.
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Results and Discussion
The following scheme was employed to generate BrO radicals:

(2) NO; + hv(351 nm) — NO + O
3) O + Br, — BrO + Br
4) O + NO, — NO + O,

Based on literature values for k; and k, [12,13] and the concentrations of
Br; and NO, employed to measure values for k,(P,T) (Table I), it was always
the case that BrO production was at least 15 times faster than BrO removal,
and that at least 70% of the photolytically generated oxygen atoms reacted
with Br; to produce BrO.

For the optical path lengths traversed by the probe beam through the
reactor (around 13 meters in most experiments) and the NO, concentrations
employed (up to 6.31 X 10!° molecules per cm?), a large fraction of the probe
radiation was absorbed by NO;. Hence, destruction of NO; by reactions (2)
and (4) led to a noticeable difference between the (baseline) signal levels
before and after the laser fired in experiments where NO, was photolyzed
in the absence of Bry. In the presence of Br;, the magnitude of the rapid
baseline shift upon firing the laser was reduced due to the occurrence of
reaction (3) in competition with reaction (4). A majority of the BrO generated
via reaction (3) decayed by reacting with NO; to form BrONO; while, as will
be discussed in more detail below, a small fraction decayed by reaction (5),
a process which regenerates NO,.

(5) BrO + NO — Br + NO;

Based on reported 338.3 nm absorption cross sections for BrO [9], NO; [10],
and BrONO, [14], it appears that absorption of analytical light by BrONO.
was negligible, i.e., the BrONO; absorption cross section is a factor of 4
smaller than the NO, absorption cross section and more than a factor of
100 smaller than the BrO absorption cross section. Furthermore, Sander
and Watson [15] have shown that if an elementary reaction results in an
absorbance change due to removal of an absorbing excess reagent and/or
formation of an absorbing product, the correct decay rate is obtained from
the first-order decay of the overall absorbance by using the signal level at
t — « as the baseline. All of our kinetic data were analyzed in this manner.
As typified by the data in Figure 1, the observed transmission after BrO had
decayed away was found to be slightly lower than the transmission before the
laser fired; this implies either that the BrONO; absorption cross section at
338.3 nm is larger than reported in the literature, or that another species is
formed whose absorbance more than offsets the increased transmission due
to NO; removal. A likely explanation for the lower than expected postdecay
transmission is production of BrNO, via the reaction of atomic bromine
with NO,.

(6) Br + NO,+ M — BINO, + M
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TABLE 1.

Summary of kinetic data for the reaction BrO + NO; + N, products.

Concentrations®

no. of
™ N2 Br; NO; "~ [NO2V/10], expts® Range of k' Uncorrected Corrected?
248 622 45 0.86 — 4.20 700-800 6 503-2230 532 + .16 488 + .18
248 1660 5.6 0.93 - 4.07 730-980 {4 999-4160 988 + .71 954 + 69
249 3880 7.6 1.66 — 4.62 740-950 9 3000—-8500 197 * 14 193 * 14
253 11400 12. 069 — 3.47 350-410 5 1920-11800 339 *12 332 *1.1
266 24100 78 0.65 - 2.90 420-540 7 2520-12400 421 * 41 416 * 4.1
267 679 7.2 094 - 548 810-900 6 373-2130 388 + 21 3.54 =+ 22
268 1440 6.4 0.88 — 3.62 920-1100 5 3563-2630 744 + 63 717 = 561
268 3610 6.6 084 - 3.73 370-1200 7 1220-5870 147 = 1.7 142 * 15
268 10800 6.2 0.74 — 3.84 520-720 b 1810-10850 282 *1.1 277 *1.0
268 23100 5.2 049 - 2.12 390-580 6 1680—-8600 408 * 26 40.1 * 26
298 518 8.1 042 - 273 650-1200 8 137-764 266 + .26 240 = 22
298 1300 79 062 - 5.22 560-1240 11 306 —2840 539 =+ .29 5.13 + .23
298 3240 96 1.84 - 441 230-1120 11 1850—-4340 9.7 * .78 9.16 + .58
298 9720 6.0 0.23 - 3.30 260-860 8 559-6460 196 * .66 188 * .79
298 20700 5.0 031 - 1.90 280-1230 10 808—-5940 300 *30 293 +28
345 448 8.1 192 - 440 1040-1200 5 350-1761 1656 + .16 148 + .14
347 1110 89 093 - 6.45 240-1380 14 353-2020 317 =+ 41 272 + 26
345 2800 9.0 0.73 - 6.31 570-660 6 375-3410 550 + .28 5.12 + 26
345 8400 6.0 1.04 - 444 510-580 b 1040-5150 114 * 85 110 =+ 83
346 17900 6.9 0.78 - 3.39 370-400 b 1370-5630 169 *13 162 * 14
346 22300 6.2 0.70 - 3.41 350-460 b 1350—-6760 206 *18 201 * 1.7

* Units are: T, K; concentration, 10'® molecules per cm?; k', 87'; k;, 10 '¥ cm® molecule

b Experiment = measurement of one BrO temporal profile.
¢ Errors are 20 and represent precision only.
9 Corrected for contributions from the BrO + NO reaction.

NOILOVAY NOILVIOOSSY 0N + O4d
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Figure 1. Typical absorbance temporal profile. Experimental conditions: T = 298 K;
P = 40 torr Np; 1.59 X 105 NO; per cm®; 8.73 X 10'® Bry per cm?; electronic time
constant = 16 us; and 225 laser shots averaged. Note that the transmitted light level
after absorbance has decayed away is lower than the pretrigger transmitted light level
by 0.00048 volts, the equivalent of 0.041% absorption.

In our experiments, bromine atoms were generated via reactions (3) and (5),
and also via 351 nm photolysis of Bry. In fact, under typical experimental
conditions, bromine atoms were in about three-fold excess over BrO. Values
for k¢(P,T) over the pressure and temperature range of this study are
reported in the literature [16], but the BrNO; absorption spectrum is
unknown. The possible systematic error resulting from BrNO, absorption
will be discussed below after the kinetic data are presented. It is worth
pointing out that the Br-to-BrO concentration ratio could have been reduced
somewhat by employing 308 nm as the photolysis wavelength, i.e., XeCl
laser rather than XeF laser. However, the excimer laser available for this
study had been used for many years exclusively at fluoride wavelengths
and, as a result, could not be passivated for operation with chloride gas

mixtures.
To ensure that we were detecting the BrO radical, the spectrum of the

absorbing species was mapped out over the wavelength range 333-339 nm.
As expected [9], the 8-0 and 7-0 bands of BrO were clearly observed. The
apparent BrO absorption cross section at the peak of the 7-0 band was
estimated based on the measured laser fluence, the measured NO, and Br,
concentrations, and the known rate coefficients for reactions (3) and (4)
[12,13). An absorption cross section of (1.4 = 0.4) X 10~!7 cm? was obtained
(at 0.72 nm resolution). This agrees very well with the literature value of
(1.55 = 0.15) X 1077 cm? at 0.4 nm resolution [9].

Reaction mixtures employed to study reaction (1) contained 0.007-0.226
torr NO,, 0.116-0.322 torr Bry, and 16-800 torr N; or CF buffer gas. As
mentioned above, a small amount of O, was also present in the reaction
mixture because the NO; storage bulb contained air rather than N; as the
diluent gas, typically, [O2] ca. 10 [NO;]. Concentrations of BrO radicals gen-
erated via reactions (2) and (3) were in the range (0.4-8.5) X 10'? molecules
per cm?; these concentrations were sufficiently low that contributions from
the BrO self reaction were negligible. In all experiments, BrO removal was
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dominated by reaction (1), but also had small contributions from reactions
(5) and (7).

(7) BrO — loss by reaction with background impurities and
diffusion or flow out of the detector field of view.

Under the assumption that all processes contributing to BrO removal are
first order or pseudo-first-order, the data can be analyzed using the following
relationship:

(I) ln{[BrO],:/[BrO],} o ln[ln(sl'/sl")/ln(sl/sl”)]
= (k;[NO2] + ks[NO] + k7)1 = k't

In eq. (I), ' represents a time shortly after the laser fires when BrO
production is complete but little or no BrO decay has occurred, " represents
a time after BrO removal has gone to completion but before NOz, BrONO,,
and BrNO, diffuse or flow into or out of the detection volume, and S,
represents the signal level at time r. The bimolecular rate coefficients of
interest, k;((M],T), are determined from the slopes of k., vs. [NO:] plots
where k. is the measured pseudo-first-order decay rate, k’, corrected for

corr

the contribution from flash-generated NO:
(I1) kionw = k' — ks[NO];

In eq. (II), [NO]; is the concentration of flash-generated NO; the method
used to determine [NO], is described below. Observation of BrO temporal
profiles that are exponential (i.e., obey eq. (I)) and a linear dependence of k’
on [NO;] strongly suggests that reactions (1), (5), and (7) are, indeed, the
only processes significantly contributing to BrO removal.

As mentioned above, all measured BrO pseudo-first-order decay rates
were corrected for contribution from reaction of BrO with flash-generated
NO using eq. (II). Values for [NO], were determined from the peak BrO
absorption signals using the following relationships:

(I11) [BrO], = In(S,/Sw)/ (A, T)1
av) (O), = [BrOl./f

W) f = k3[Br2)/(k3[Brz] + k([NO;])
VD) [NO], = (2 - f)[Ok

In the above equations o (A, T) is the BrO absorption cross section (estimated
at each temperature based on the results presented in ref. [9]), | is the
absorption pathlength through the region photolyzed by the laser beam, and
[0, is the oxygen atom concentration immediately after the laser fired. At
298 X, the ratio ks[NO],/k’ decreased from about 0.12 at P = 16 torr to
about 0.02 at P = 640 torr.

In making the correction for the reaction of BrO with flash-generated
NO, it was assumed that the NO concentration was time-independent
over the course of the BrO decay. Computer simulations of representative
experiments indicated that the ratio [NO],/[NOJ,» never exceeded 1.1 in
any experiment. Hence, errors in evaluation of corrected pseudo-first-order
BrO decay rates resulting from the approximation that [NO] was time-
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independent never exceed 1%, and errors in evaluation of bimolecular rate
coefficients, i.e., k;([M], T), resulting from this approximation never exceeded
a few tenths of a percent.

In order to evaluate the magnitude of k;, experiments were conducted
where BrO removal was monitored following 351 nm laser flash photolysis
of Bry/0O3/N; mixtures.

(8) Br; + hv(351 nm) — 2Br

9) Br + O3 — BrO + O

(7 BrO —— loss by reaction with background impurities
diffusion or flow out of the detector field of view

Experiments were carried out using the lowest detectable BrO concentrations
to minimize contributions to BrO removal from the self reaction. At all -
pressures and temperatures relevant to this study, we found that k; < 3 s/,
Observed intercepts of k.., vs. [NO,] plots also suggest a very small value for
k7; averaging the intercepts observed from experiments at all temperatures
and pressures gives k; = 9 = 140 s™!, where the uncertainty represents two
standard deviations of the average.

As typified by the data in Figures 2-4, well-behaved pseudo-first-order
kinetics were observed in all experiments, i.e., BrO decays were exponential
and decay rates increased linearly as a function of [NO:]. The data in
Figure 4 demonstrate, as expected, that the bimolecular rate coefficient,
k;((M),T), increases with increasing pressure. Measured bimolecular rate
coefficients are summarized along with other pertinent information in
Tables I and II. Uncertainties in k,({#],7) given in the tables are 2c0
and represent precision only. Small systematic errors are possible in the

100

Absorbance (arb. units)

Time (ms)

Figure 2. Typical plots of log (absorbance) vs. time obtained assuming that the postde-
cay transmitted light level is the correct baseline. Experimental conditions: T = 298 X;
P = 40 torr Ny; [Br;] in units of 105 molecules cm~3(a) 6.7, (b) 8.7, (¢) 6.8, and
(d) 8.4; [NO2) in units of 10!® molecules cm~3 = (a) 0.62, (b) 1.59, (¢c) 2.70, and (d) 5.22;
and number of laser shots averaged = (a) 128, (b) 225, (c) 128, and (d) 200. Solid lines are
obtained from least-squares analyses and give the following pseudo-first-order decay rates
in units of s~': (a) 306, (b) 878, (c) 1520, and (d) 2840. For the sake of clarity, temporal
profiles are shifted on the absorbance scale; peak base e absorbances are (a) 0.0060,
(b) 0.0082, (¢) 0.020, and (d) 0.010. Note that trace (b) is obtained from the data shown
in Figure 1.
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k' (10° s7")

2 4 5
[NO,) (10" molecules em™)

Figure 3. Typical plots of k' and k., vs. [NOz]. Experimental conditions: T = 298 K,
P = 40 torr N;. Open circles are uncorrected for BrO reaction with flash generated
NO, while filled circles are corrected for this reaction. Lines are obtained from linear
least-squares analyses. Their slopes give the uncorrected (dashed line) and corrected
(solid line) rate coefficients shown in the figure (units are cm® molecule™! s71).

NO; concentration determination, in the correction for reaction with flash-
generated NO, and because of contributions to the absorbance signal from
species other than BrO, NO;, and BrONO; (the potential magnitude of
errors resulting from BrNO, absorption is considered below). We estimate
the accuracy of any measured rate coefficient, k;((M], T), to be £20% (20).
Our kinetics studies of reaction (1) were restricted to T = 248 K because,
for the range of NO; concentrations employed, dimerization becomes a signif-
icant problem at lower temperatures [17]. At the low temperature extreme of
our study, a small fraction of NO; existed as the dimer ([NO;] = 6.7 [N,0,]
in all experiments). Under experimental conditions where N,O4 levels were
significant, i.e., low temperature (where the NO; — N,0O, equilibrium is

10
640 Torr ]

— r
. 100 Torr |
) orr

[} St

x

16 Torr 1

2 4 6
[NO;) (10" molecules cm™)

Figure 4. Plots of k,, vs. [NO2] for data obtained at T = 267~ 268 K in N buffer
gas. Solid lines are obtained from linear least-squares analyses and give the following
bimolecular rate coefficients in units of 10™13 cm® molecule™! s~1: 3.54 = 0.22 at 16 torr;
14.2 = 1.5 at 100 torr; and 40.1 = 2.6 at 640 torr (errors are 20, precision only).
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TasLE II. Summary of kinetic data for the reaction BrO + NO; + CFq — products at T = 298 K.
Concentrations* s
no. of

CFq Brg NO, [NO21/10lo expts® Range of k" Uncorrected Corrected?
518 45 1.10-3.35 630-910 6 419-1200 352 *+ 044 3.24 + 0.38
1300 49 1.01-4.97 880-1000 6 634-3590 691 * 0.70 6.64 + 0.69
3240 8.8 1.30-5.48 330880 6 1580-6890 122 +0.78 119 * 0.67
9720 3.1 1.03-3.23 590600 5 2560-7840 246 * 16 241 * 16

20700 3.8 1.00-4.02 440460 5 3660—-15,900 401 * 26 394 *+ 25

* Units are: concentration, 10'® molecules per cm?; k’, 87 '; k;, 1073 cm3 molecule ! s°!
Experiment = measurement of one BrO temporal profile.

€ Errors are 20 and represent precision only.

9 Corrected for contributions from the BrO + NO reaction.
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shifted toward N2O4) and low pressure (where higher concentrations of NO;
are employed due to the slower BrO + NO, rate coefficient), a potential
interference could result from the reaction

(10) BrO + N;04 — BrONO; + NO;

A plot of k' vs. [NO.] for our data at T = 248 K, P = 16 torr is shown in
Figure 5. A linear dependence of k' on [NO.] is observed; the slope gives
an apparent BrO + NO, rate coefficient of 4.83 X 107!3 cm® molecule™!
s~! and a reasonable intercept of 34 + 36 s~! (uncertainty is 20, precision
only). If we assume that k;o = 1.0 X 10~12 e¢m® molecule™! 87!, then a
simulated k’ vs. [NO;] plot with a slope of 4.83 X 107!3 cm® molecule™!
s™! can be obtained by assuming a value of 3.01 X 1073 cm® molecule™!
s~! for k, (248 K, 16 torr N3). However, the simulated k’ vs. [NO;] plot
differs from the experimental plot in two important ways (see Fig. 5). First,
the simulated plot is not as linear as the experimental plot, i.e., it displays a
small but distinct upward curvature. Secondly, the intercept of the simulated
plot is distinctly negative, i.e., — 184 %= 96 s~! (uncertainty is 20, precision
only). The observed positive intercept of the k' vs. [NO.] plot for data
obtained at the lowest temperature and pressure of our study strongly
suggests that reaction (10) did not contribute significantly to BrO removal
over the range of experimental conditions employed. Therefore, analysis of
all low temperature data employed the good approximation that k;o[N2O4]
<< k;[NO;].

As mentioned above, one potential source of systematic error in our data
analysis procedure results from the fact that a species other than BrO, NO,,
and BrONO; appears to absorb probe radiation at 338.3 nm. The probable
absorbing species is BrNO;, produced via reaction (6). The kinetics of
reaction (6) as a function of temperature and pressure are well characterized
[16]. The bimolecular rate coefficients k, and k¢ are similar in magnitude but

[NO,] (10" molecule em™)

Figure 5. Plots of k' vs. [NO2) for (a) experimental data at 7 = 248 X, P = 16 torr
and (b) a simulation with k, assumed equal to 3.01 X 10722 cm® molecule™! s~! and k)
assumed equal to 1.0 X 10712 cm® molecule™! s, Note the significant nonlinearity in
the simulated k' vs. [NO2] data. Lines are obtained from linear least-squares analyses and
give equal slopes (4.83 X 10712 cm® molecule™! s~!) but significantly different intercepts.
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have somewhat different temperature and pressure dependences. Over the
range of temperatures and pressures employed in this study, the ratio k;/k¢
varies from 1.4 in the low P, low T extreme (16 torr, 248 K) to 0.4 in the
high P, high T extreme (800 torr, 346 K). As discussed above, the kinetic
data reported in Tables I and II were obtained based on an analysis which
assumed a time-independent baseline equal to S;~, the postdecay signal level.
The assumption that all absorbance not due to BrO, NO;, or BrONO; is
attributable to BrNO; leads to a time-dependent baseline which, since the
time constant for baseline change is different from the time constant for BrO
attenuation, should be accounted for in the data analysis [15]. To address
this problem, we have reanalyzed the 346 K, 640 torr, and 248 K, 16 torr
data sets using a time-dependent baseline calculated from our kinetic data
for reaction (6) [16] under the assumptions that (a) all absorbance at t = "
not attributable to BrO, NO;, or BrONO;, is due to BrNO;, and (b) removal
of BrNO; via reaction (11) is negligible on the time scale of interest.

(11) Br + BINO; — Br; + NO;

The results of a typical reanalysis are summarized in Figures 6 and 7.
Individual pseudo-first-order decay rates computed using the time-dependent
baseline differ from those computed using the time-independent baseline by
2-6% with the largest differences coming at the lowest NO; concentrations.
Bimolecular rate coefficients obtained using the two methods of analysis
differ by less than 2% in the high pressure, high temperature case (the
more exact analysis gives a slightly higher rate coefficient), and by less
than 5% in the low pressure, low temperature case (the more exact analysis
gives a slightly lower rate coefficient). Because the errors associated with
neglecting the time-dependent baseline are small and identification of the
fourth absorbing species as BrNO, is somewhat tenuous, we have chosen
to report rate coefficients obtained using the less exact time-independent
baseline analysis. The above-mentioned accuracy estimate of =20% for
individual values of k;([M],T) includes possible systematic errors due to
the time-independent baseline assumption. It is worth noting that a small
systematic error in the shape of reported fall off curves probably results
from the time-independent baseline assumption, because high pressure rate
coefficients are expected to be slightly underestimated while low pressure
rate coefficients are expected to be slightly overestimated.

Our results demonstrate that reaction (1) is in the “falloff” regime between
third- and second-order kinetics over the temperature and pressure ranges
investigated. Troe and co-workers [18-21] have shown that bimolecular rate
coefficient vs. pressure curves (i.e., falloff curves) for association reactions
can be approximated by the three-parameter equation

(V1D k(M) T) = &, o(T)FLy F(M],T)
where F y is the Lindemann-Hinshelwood factor.
(VIII) Fip = X/(1 + X)

(IX) X = k; o(M], T)[MVk; «(T)

In the above equations, k; o([M], T) is the rate coefficient for reaction (i) in
the low-pressure-third-order limit, k; =(T) is the rate coefficient for reaction
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Figure 6. Solid circles are experimental transmitted 338.3 nm probe intensity vs. time
data for an experiment at T = 346 K, P = 640 torr N2 with [NO;] = 7.75 x 104
molecules em~3, and [Brz] = 6.7 X 105 molec 1les cm 3. The dashed line is the expected
“baseline” transmitted probe intensity assuming that BrNO; is transparent at 338.3 nm.
The solid line is calculated assuming that the difference between the postdecay experi-
mental signal level and the postdecay dashed line level can be attributed to absorption
by BrNO;; the BrNO, absorption cross section required to account for the difference is
1.14 X 1078 cm?.

(i) in the high-pressure-second-order limit, and F([M],T) is the parameter
which characterizes the broadening of the falloff curve due to the energy
dependence of the rate coefficient for decomposition of the energized adduct.
F(M],T) can be calculated from the spectroscopic and thermodynamic
properties of the adduct.

For parameterization of the temperature and pressure dependences of at-
mospheric association reactions, the following approximate form for F((M],T)

0.01 0.1

0.001 30.01

Absorbance, base e

0.0001 ¢ 0.001

Time (ms)

Figure 7. Plots of log (absorbance) vs. time for the data shown in Figure 6. In trace
(a), the baseline is assumed to be time-independent and equal to the postdecay value of
the solid line in Figure 6. In trace (b) the baseline (B) is assumed to be time-dependent
with B(r) given by the solid line in Figure 6. Solid lines are obtained from least-squares
analyses and give the following pseudo-first-order decay rates in units of s™!: (a) 1290
and (b) 1360.
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is typically employed [13,22]:
o FQM)T) = Fo(M, Tl *0o80%7]”

In eq. X), F.(M,T) is the broadening parameter at the center of the falloff
curve, i.e., when k; o[M] = k; ». The NASA panel for data evaluation assumes
F.(N2,T) = 0.6 for all reactions at all temperatures [13]. On the other hand,
the IUPAC subcommittee on gas kinetic data evaluation for atmospheric
chemistry employs F. values which are both reaction and temperature
dependent. For reaction (1) the IUPAC panel recommends F.(N;,T) =
exp(—7T/327) [22]; the recommended value at 298 K, F. = 0.402, is based on
the detailed analysis of Sander et al [4]. We have fit our data to egs. (VII) and
(X) using both F.(N2,T) = 0.6 and F.(N;,T) = exp(—7/327). Corresponding
values for F.(CFy4, T) were computed from the relationship [18]

e Fe(CF4.298 K) _ [k,,o(CF.,298 K)Z.,(N3,298 K) ]°"‘

F.(N2,298 K) k;.0(N2,298 K) Z; ;,(CF,,298 K)

In eq. XI), Z;,(M,298 K) is the Lennard-Jones collision frequency for
BrONO; — M encounters; it is calculated using a relationship and Lennard-
Jones parameters given elsewhere [23].

Experimental data along with best fit (to our data only) falloff curves for
M = Nj at 298 K are shown in Figure 8 while experimental data along with
best fit (to our data only) falloff curves for M = N, at 268 K and 346 K are
shown in Figure 9. Rate coefficients reported in the two previous studies
of BrO + NO, kinetics [4,5] are also plotted in Figures 8 and 9. The fits
for the two different choices of F, are virtually indistinguishable over the
range of pressures where our data were obtained although, as expected,
values for k; =(7) obtained using the two different F. parameterizations
differ considerably; the k; =(T) values obtained using F. = exp(—7/327) are
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Figure 8. Falloff curve for the reaction BrO + NO; + Nz — products at 298 X. Closed
circles are rate coefficients reported in this article; open squares are rate coefficients
reported by Sander et al. [4]; open circles are rate coefficients reported by Danis et al. [5].
Solid line is the best fit of our data only to eqs. VII and X with F, = exp(-=7/327) = 0.402.
Dashed line is the best fit of our data only to eqs. VII and X with F. = 0.6. Best fit values
for k)0 and k) « are given in Table III.
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Figure 9. Falloff curves for the reaction BrO + NO; + N2 — products at 268 K and
346 K. Closed squares and circles are rate coefficients reported in this article at 268 X
and 346 X, respectively; open squares and circles are rate coefficients reported by Danis
et al. [5] at 263 K and 343 K, respectively. Solid lines are the best fits of our data only
to egs. VII and X with F. = exp(—T/327). Dashed lines are the best fits of our data only
to egs. VII and X with F. = 0.6. Best fit values for k, o and k « are given in Table III.

undoubtedly closer to the real high pressure limit rate coefficients because (a)
F. is expected to be temperature dependent [18-21] and (b) the 298 K value
exp(—298/327) = 0.402 is supported by the experimental and theoretical
results of Sander et al. [4]. Best fit falloff parameters are summarized in
Table III.

Examination of Figure 8 shows that our 298 K results agree very well
with the extensive 298 K study of Sander et al. (4], who used two different
experimental techniques (one of which was very similar to ours) to measure
ki1([N2],298 K) over the pressure range 1-700 torr. On the other hand,
as shown in Figures 7 and 8, the low pressure rate coefficients reported
by Danis et al. [5] in O, buffer gas are lower than our (extrapolated) low
pressure rate coefficients by about 25%. It has now been established that
the lower rate coefficients reported by Danis et al. can be attributed to
heterogeneous loss of NO; in their slow flow system [24]. Hence, it appears
that values of k;(P,T) for use in stratospheric models should be based on
our results and the 298 K results of Sander et al. [4]. This approach leads

TaBLE ITI. Summary of “best fit” falloff parameters for reaction (1).*

Fo = 0.6° F. = exp(-T/327)®

T M ko0 ki« k.o ki«
252 = 4 N, 9.9 10.9 10.1 174
268 N, 7.3 10.5 7.6 18.5
298 N, 55 7.6 5.7 156
CF.® 7.2 8.0 7.6 18.2

346 = 1 N; 3.6 4.7 3.7 12.7

* Units are: T, X; kj 0, 1073 cm® molecule™? 871; k). «, 107!2 cm® molecule™! s~
b These F. values are for N; F.(CF;) = 1.056 F.(N2).
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to the following two sets of recommended falloff parameters (k; o values are
for N; buffer gas):
I. F.=06
kio = 5.2 X 10731(7/300)73% cm® molecule™? s~!
k= = 6.9 X 1071%(T7/300)"2° ¢m® molecule™! 57!
II. F. = exp(—T/327)

ki.0o = 5.4 X 1073(7/300)732 ¢m® molecule~2 s~}

k;= = 1.4 X 1071}(7/300)"12 cm® molecule~! s~!
Either of the above sets of falloff parameters can be employed to accurately
compute k,(P,T) over the range of temperatures and pressures relevant to
the atmosphere. However, it should be kept in mind that the values for
k) o and k; = given above are parameters which only approximate the actual
low- and high-pressure-limit rate coefficients. Because data are available -
near the low pressure limit, and because derived values for k; , are only
weakly dependent on the choice of F,, we expect that the reported k; , values
are within =20% of the actual low pressure limit rate coefficient. On the
other hand, because data are not available near the high pressure limit, and
because derived values for k; = are strongly dependent on the choice of F,,
the uncertainty in the actual high pressure limit rate coefficient is rather
high, i.e., at least a factor of two. If accurate values for F((M],T) could
be calculated from available spectroscopic and thermodynamic information
about BrONO,, then a reasonably accurate value for k) « could be obtained
by extrapolation of available kinetic data. However, for reasons discussed
below, available structural and thermodynamic information for XONO,
species must be viewed with skepticism. Measurements of k,(P,T) up to very
high pressures, i.e., tens of atmospheres, would provide the data needed for
accurate evaluation of k, = (and F,).

One interesting aspect of reaction (1) is the magnitude of the low-pressure-
limit termolecular rate coefficient. Theoretical values of k; o have been
calculated using RRKM theory [5] and the factorized expression of Troe
[5,23]; theoretical values for k) o are slightly lower than experimental low
pressure rate coefficients; for typical N; collisional efficiency factors of
0.1 to 0.3, this means that theoretical k; ¢ values are about a factor of
five too low to be consistent with experiment. As pointed out by DeMore,
et al. [25], “Even though isomer formation seems to have been ruled out
for the ClO + NO; reaction (i.e., the isomer stability is too low to make
a significant contribution to the measured rate constant), this does not
eliminate the possibility that BrO + NO; leads to more than one stable
compound. In fact, if the measured low pressure limit rate constant for
BrO + NO; is accepted, it can only be theoretically reconciled with a single
isomer, BrONO,, which would have a 6-7 kcal mol~! stronger bond than
CIONO;! This would fix the heat of formation of BrONO; to be the same
as CIONOg, an unlikely possibility.” Interestingly, a similar situation exists
when comparing the measured low-pressure-limit rate coefficient for the
10 + NO; reaction [7], with those for C10 + NO; and BrO + NO;. Clearly,
the thermochemistry of XONO; (X = Br, I) requires further investigation, as
does the possible formation of isomers such as OXNO;, XOONO, or OXONO.
Regarding XONO, thermochemistry, we have recently become aware of
a theoretical study which suggests a higher than expected value for the
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BrONO; bond dissociation energy [24]; the higher bond dissociation energy,
if correct, would lead to good consistency between calculated k, o(T) values
and experimental low pressure rate coefficients [24].
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Temperature-Dependent Kinetics Studies of the Reactions Br(?P;,,) + H,S <> SH + HBr
and Br(%P,,,) + CH;SH < CH,S + HBr. Heats of Formation of SH and CH,S Radicals

Iatroduction
Accurate thermochemical information for free-radical inter-

J. M. Nicovich, K. D. Kreutter, C. A. van Dijk, and P. H. Wine*

Physical Sciences Laboratory, Georgia Tech Research Institute, Georgia Institute of Technology, Atlania,
Georgia 30332 (Received: August 5, 1991)

Time-resolved resonance fluorescence detection of Br(?P; ;) atom disa or appearance following 266-nm laser flash
photolysis of CF,Br,/H,S/H,/N,, CF,Br,/CH,SH/H;/N,, C1,CO/H,S/HBr/N,, and CH,SSCH,/HBr/H,/N; mixtures
has been employed to study the kinetics of the reactions Br(?P;,;) +-H,S = SH + HBr (1, -1) and Br(°P,;;) + CH,SH
= CH,S + HBr (2, -2) as a function of temperature over the range 273—431K. Arrhenius expressions in units of 107!
cm’ molecule™ 57! which describe the results are k, = (14.2  3.4) exp[(-2752 £ 90)/T], k., = (4.40 = 0.92) exp[(-97]
+73)/T), ky= (9.24 £ 1.15) exp[(~386 = 41)/T], and k_, = (1.46 £ 0.21) exp[(-399 £ 41)/T]; errors are 2¢ and represent
precision only. By examining Br(?P, ;) equilibration kinetics following 355-nm laser flash photolysis of Br,/CH,SH/H,/N,
mixtures, a 298 K rate coefficient of (1.7  0.5) X 107'° cm® molecule™ ™' has been obtained for the reaction CH,S + Br,
~ CH,SBr + Br. To our knowledge, these are the first kinetic data reported for each of the reactions studied. Measured
rate coefficients, along with known rate coefTicients for similar radical + H,S, CH,SH, HBr, Br, reactions are considered
in terms of possible correlations of reactivity with reaction thermochemistry and with IP - EA, the difference between the
ionization potential of the electron donor and the electron affinity of the electron acceptor. Both thermochemical and
charge-transfer effects appear to be important in controlling observed reactivities. Second and third law analyses of the
equilibrium data for reactions 1 and 2 have been employed to obtain the following enthalpies of reaction in units of kcal
mol™': for reaction 1, AH e = 3.64 & 0.43 and AH,; = 3.26 & 0.45; for reaction 2, Ay = —0.14 £ 0.28 and AH, = -0.65
% 0.36. Combining the above enthalpies of reaction with the well-known beats of formation of Br, HBr, H,S, and CH,SH
gives the following beats of formation for the RS radicals in units of kcal mol™: AH*o(SH) = 34.07 & 0.72, AH,* ;4(SH)
= 34.18 & 0.68, AMH*o(CH,S) = 31.44 % 0.54, AH*194(CH,S) = 29.78 % 0.44; errors are 2¢ and represent estimates of
absolute accuracy. The SH heat of formation determined from our data agrees well with literature values but has reduced
error limits compared to other availabie values. The CH,S beat of formation determined from our data is near the low end
of the range of previous estimates and is 34 kcal mol™ lower than values derived from recent molecular beam photofragmentation
studies.

where kinetic data for the two reactions can be obtained over the
same temperature range.

mediates is essential 10 analysis of reaction mechanisms in compiex
chemical systems. One experimental approach which can be
employed to obtain thermochemical parameters for a radical R
involves measurement of temperature-dependent rate coefTicients
for the pair of reactions RH + R’ == R'H + R; the ideal reaction
pair for such a study is one where the heats of formation and
absolute entropies of R’, R’H, and RH are well characterized and

® Author 10 whom correspondence should be addressed.

In this paper we report the results of temperature-dependent
kinetics studies of the following four reactions:

Br(?P,;) + H,S — SH + HBr (1
SH + HBr — Br{’P, ;) + H,S (-1)
Br(*P;;) + CH,SH — CH,S + HBr (b))
CH,S + HBr — Br(*P,;) + CH,SH (-2)

0022-3654/92/2096-2518503.00/0 € 1992 American Chemical Society
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Heats of Formation of SH and CH,S Radicals

The kinetic results have been employed to derive the most precise
(and hopefully the most accurate) values currently available for
the heats of formation of SH and CH,S, two radicals which are
important intermediates in the oxidation of a number of atmos-
pheric reduced sulfur compounds including H,S, CH,SH,
CH,SCH,, and CH,SSCH,.'? To our knowledge there are no
kinetics studies of any of the reactions 1, -1, 2, and -2 reported
in the literature.

Experimental Technique

The experimental approach involved coupling reactant radical
(i.e-, Br, SH, CH,S) production by laser flash photolysis of suitable
precursors with time-resolved detection of ground state bromine
atom disappearance or appearance by resonance fluorescence
spectroscopy. A schematic diagram of the apparatus, as configured
for bromine atom detection, can be found elsewhere.’ A de-
scription of the experimental methodology is given below.

A Pyrex-jacketed reaction cell with an internal volume of 150
cm’ was used in all experiments; a diagram showing the geometry
of the reaction cell is published elsewhere.* The cell was
maintained at a constant temperature by circulating ethylene
glycol (T > 298 K) or methanol (T < 298 K) from a thermo-
statically controlled bath through the outer jacket. A copper—
constantan thermocouple with a stainless steel jacket was inserted
into the reaction zone through a vacuum seal, thus allowing
measurement of the gas temperature under the precise pressure
and flow rate conditions of the experiment.

The reactant radicals Br, SH, and CH,S were generated by
266-nm laser flash photolysis of CF,Br,, C1,CO/H,S, and
CH,SSCH,, respectively. In a few experiments Br atoms were
generated by 355-nm laser flash photolysis of Br,. Third (355
nm) or fourth (266 nm) harmonic radiation from a Quanta Ray
Model DCR-2 Nd:YAG laser provided the photolytic radiation.
The laser could deliver up to 3 X 10'¢ photons per pulse at 266
nm and up to 1 X 10'” photons per pulse at 355 nm; the maximum
repetition rate was 10 Hz and the pulse width was approximately
6 ns.

A bromine resonance lamp, situated perpendicular to the
photolysis laser, excited resonance fluorescence in the bromine
atoms produced photolytically or as a reaction product. The
resonance lamp consisted of an electrodeless microwave discharge
through about 1 Torr of a flowing mixture containing a trace of
Br, in belium. The flows of 2 0.2% Br; in helium mixture and
pure helium into the lamp were controlled by separate needle
valves, thus allowing the total pressure and Br, concentration to
be adjusted for optimum signal-to-noise ratio. Radiation was
coupled out of the lamp through a magnesium fluoride window
and into the reaction cell through a magnesium fluoride lens.
Before entering the reaction cell, the lamp output passed through
a flowing gas filter containing 50 Torr-cm of methane in nitrogen.
The methane filter prevented radiation at wavelengths shorter than
140 nm (including impurity emissions from excited oxygen, hy-
drogen, nitrogen, and chlorine atoms) from entering the reaction
cell, but transmitted the strong bromine lines in the 140-160-nm
region.

Fluorescence was collected by a magnesium fluoride lens on
an axis orthogonal to both the photolysis laser beam and resonance
lamp beam and was imaged onto the photocathode of a solar blind
photomultiplier with a CsI photocathode. The region between
the reaction cell and the photomultiplier was purged with N, to
prevent absorption of fluorescence photons by O,, H,0, and other
trace gases in the laboratory air. Signals were processed using
photon counting techniques in conjunction with multichannel
scaling. A large number of laser shots were typically averaged
to obtain a bromine atom temporal profile with signal-to-noise
sufficient for quantitative kinetic analysis. It is worth noting that

(1) Tyndall, G. S.; Ravishankara, A. R. /ar. J. Chem. Kiner. 1991, 23, 483.

(2) Yin, F; Grosjean, D.; Seinfeld. H. J. Aimos. Chem. 1990, /], 309.

(3) Nicovich, J. M. Shackelford, C. J.; Wine, P. H. J. Photochem. Pho-
tobiol, A: Chem. 1990, 5/, 141.

(4) Wine, P. H.; Kreutter, N. M.; Ravishankara, A. R. J. Phys. Chem.
1979, 83, 3191.
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TABLE I: Parameters Relevant to in Situ Moaitoring of H,S,
CH,SH, and HBr

species A, nm  light source’ A isolation® 10"%0, em?
H,S 202.6 A M §7.5°
2288 B BPF 4.58¢
CH,SH 202.6 A M 87.1 (ref 67)
2139 A M 14.8¢
HBr 202.6 A M 10.2 (ref 24)

¢ A, zinc hollow cathode lamp; B, cadmium penray lamp. *M, '/+m
monochromator; BPF, band-pass filter. ¢ Measured during the course
of this investigation.

the resonance fluorescence detection scheme is sensitive to both
ground-state (*P,;) and spin—orbit excited-state (’P, ;) bromine
atoms.

Tests were carried out to evaluate the sensitivity of the detection
system toward O, H, Cl, CO, and Br using 266-nm laser flash
pbotolysis of O;/N,, CH;SH/N,, C1,CO/N,, and CF,Br,/H,/N,
mixtures as the respective sources for O, H, Cl + CO, and Br (the
reason for adding H; to the CF,Br,/N; mixture is discussed
below). Production of ~1 X 10'? O or H cm™ resulted in no
observable signal. Similarly, production of 1 X 104 Clem™ +
$ x 10" CO cm™ resulted in no observable signal. The detection
sensitivity for Br atoms was sufficient to allow temporal profiles
to be followed down to [Br] < 1 X 10° atoms cm™ with a rea-
sonable level of signal averaging.

The emission spectrum of the bromine lamp (transmitted
through the methane filter) was measured using a scanning
vacuum UV monochromator (resolution ~0.05 nm) and the same
solar blind photomultiplier as was employed in the kinetics ex-
periments. In addition to the ‘P — ?P and *P — ?P bromine
transitions, major impurity emissions were the 2P — 2P, 2P — 2D,
and 2D = 2P transitions of atomic nitrogen at 174 nm (strong),
149 nm (strong), and 141 nm (weak), respectively, and the P —
3P transitions of atomic carbon at 166 nm (weak). The above-
mentioned sensitivity tests confirmed that N(*°P), N(*D), and/or
C(°P) were not produced in sufficient quantity in the reaction cell
(by multipboton photodissociation of N, or C1,CO) to be detected
via fluorescence excited by impurity lamp emissions; if this were
not the case, then fluorescence signal would have been observed
following 266-nm laser flash photolysis of O;/N,, CH,SH/N,,
and/or Cl,CO/N, mixtures. The tests described above demon-
strate quite conclusively that the detection system was specific
to bromine atoms.

To avoid accumulation of photolysis or reaction products, all
experiments were carried out under “slow flow" conditions. The
linear flow rate through the reactor was in the range 1.5-4.5 cm
s~ and the laser repetition rate was varied over the range 1-10
Hz (5 Hz typical). Hence, no volume element of the reaction
mixture was subjected to more than a few laser shots. Reactants
and radical photolytic precursors were flowed into the reaction
cell from bulbs (12 L volume) containing dilute mixtures in ni-
trogen while hydrogen and additional nitrogen were flowed directly
from their storage cylinders. Except where specified in later
discussions, all gases were premixed before entering the reactor.
The concentrations of each component in the reaction mixtures
were determined from measurements of the appropriate mass flow
rates and the total pressure. The excess reactant (i.e., H,S,
CH,SH, or HBr) concentration was also determined in situ in
the slow flow system by UV photometry. Monitoring wavelengths,
light sources, and absorption cross sections relevant to the pho-
tometric measurements are summarized in Table . Since it was
normally the case that more than one species in the reaction
mixtures absorbed at the monitoring wavelength, the excess
reactant concentration was usually measured upstream from the
photolyte addition point; dilution factors required to correct the
measured concentration to the actual reactor concentration never
exceeded 1.1. Some experiments were carried out with the ab-
sorption cell positioned downstream from the reactor. Although
the determinations of the excess reactant concentration were less
precise in this experimental configuration (due to the presence
in the absorption cell of more than one absorbing species), ex-
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perimental results were found to be independent of whether the
absorption cell was positioned upstream or downstream relative
to the reactor.

The gases used in this study had the following stated minimum

ities: N,, 99.999%; H,, 99.999%; Cl,, 99.99%;° HBr, 99.8%;°
H;S, 99.5%;° CH,SH, 99.5%.° Nitrogen and hydrogen were used
as supplied while Cl,, HBr, H,S, and CH,SH were degassed
repeatedly at 77 K before being used to prepare mixtures with
N,. It is worth noting that HBr gas samples taken directly from
the storage cylinder contained significant (25-50%) levels of a
poncondensible (at 77 K) impurity which was determined by
weighing to be H,. The stated minimum purity of the CF,Br,
liquid sample was 99%. It was transferred under nitrogen into
a vial fitted with a high vacuum stopcock and subjected to repeated
freeze (77 K)-pump—thaw cycles before being used to prepare
gaseous mixtures with N,.

Resuits and Discussion

In studies of reactions 1 and 2 bromine atoms were generated
by 266-nm laser flash pbotolysis ofCF,Br, ([CF,Br,] ranged from
0.2 X 10" to 11 X 10'* molecules cm™?):

CF,Br; + A»(266 nm) — Br + CF,Br )

The CanBr, absorption cross section at 266 nm is approximately
8 X 107% cm?** while the quantum Yield for Br production from
CF,Br; photolysis increases from unity at A 2 248 nm to around
2atA=193nm’ Presumably, at A 2 248 nm CF,Br; photo-
dissociates as indicated in reaction 3 with unit yield. To ensure
rapid relaxation of any photolytically generated Br(’P, ,,), about
1 Torr of H, was added to the reaction mixture. The reaction

Br(?P,/;) + H,(v=0) —= Br(?P, ;) + Hy(0=1)  (4)

is known to be fast with k, =~ 6 X 107’2 cm’ molecule™ §7'.'°
In studies of reaction -1, SH radicals were generated as follows:

C1,CO + k(266 nm) — 2Cl + CO (5)
Cl+ H,S — SH + HCI (6)

The C1,CO concentration was typically 1 X 10'* molecules cm™?
while the H,S concentration was typically 1 X 10'¢ molecules cm™.
We have recently shown that k, = 3.6 X 107" exp(210/T) em’
molecule 57! and k, = 2.25 X 107" exp(—400/T) cm’ molecule™
§ 12

Cl + HBr — Br(*P;) + HCI @)

Based on the above rate coefTicients, experimental conditions were
maintained where >90% of the photolytically generated Cl reacted
with H,S and <10% reacted with HBr. The C1,CO absorption
cross section at 266 nm is approximately 1 X 107'* em?,'*'* while
the quantum yield for Cl,CO photodissociation at 253.7 nm has
been shown to be unity.'* Reaction 5 actually occurs in a two-step
process involving a CICO intermediate. However, even in the
unlikely event that CICO is produced without internal excitation,
the CICO lifetime toward decompasition to Cl + CO is short
compared 10 the experimental time scale (bundreds of microse-
conds) for SH removal.'® Reaction —1 was studied employing
reaction mixtures containing no H, in order to avoid potential
complications from the reaction Cl + H; — HCI + H.

(5) Stated purity of liquid phase in cylinder.
267(;.) Molina, L. T Molina, M. J.; Rowiand, F. S. J. Phys. Chem. 1982, 86,

(7) Gillotay, D.; S«m? C.J. Atmas. Chem. 1989, 8 4],

8) Burkholder, J. B.; Wibon, R. R.; Gierczak, T.; Talukdar, R..Mcxm.

S A..Orhndcu ! K Vuh)u.m G. L; Ravishankara, A. R. J. Geophys. Res.
1991, 96, 5025.

(9) Talukdar, R Vaghjiani, G. L; Ravishankara, A. R., 10 be published.

(10) Nesbitt, D. J.; Leone, S. R. J. Chem. Phys. 1980, 73, 6182.

(11) Nicovich, J. M_; van Dijk, C. A.; Kreutter, K. D.; Wine, P. H., to be
published.

(12) Nicovich, J. M.; Wine, P. H. Inr. J. Chem. Kiner. 1990, 22, 379.

(13) Heicklen, J. J. Am. Chem. Soc. 1965, 87, 445,

(14) Moule, D. C.; Foo, P. D. J. Chem. Phys. 1971, 55, 1262.

(15) Okabe, H. J. Chem. Phys. 1977, 66, 2058.

(16) Nicovich, J. M.; Kreutter, K. D.; Wine, P. H. J. Chem. Phys. 1990,
92, 3539.
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In studies of reaction -2, CH,S radicals were generated by
266-nm laser flash photolysis of dimethyl disulfide:

CH,SSCH, + A»(266 nm) — 2CH,S (8)

Concentrations of CH,SSCH; ranged from 2 X 10" to0 32 X 10"
molecules cm™. The CH,SSCH, absorption cross section at 266
nm is approximately 1 X 107 em?,'” and the quantum yield for
producing CH,S is thought to be 2.' Reaction mixtures
to study reaction -2 did contain 1 Torr of added H,.

All experiments were carried out under pseudo-first-order
conditions with the stable reactant in large excess (factors of
10°-10°) over the free-radical reactant. Concentrations of pho-
tolytically generated radicals were typically in the range (5-15)
X 10'° em™’, although this experimental parameter was varied
over a wide range (factor of 50). For all four reactions studied,
observed kinetics were found to be independent of the photolytic
precursor concentration(s) and the concentration of photolytically
generated radicals. Observed kinetics were also found to be
independent of the linear flow rate of the reaction mixture through
the reactor and the photolysis laser repetition rate.

In the absence of side reactions which regenerate or deplete
the Br(’P, ;) atom concentration, the observed Br(*P; ;) temporal
profile following the laser flash in studies of reactions 1 and 2
would be described by the relationship

In (So/S)) = In |[BA(*P;,)},/[Br(*Py )]} =
(k[RSH) + k)= k% (i=lor2 R, =H,R,=CH,)
()]

In the above relationship, S, and S, are the signal levels imme-
diately after the laser fires and at some later time 1, [Br(*Py/)]o
and [Br(*P;);)], are the bromine atom concentrations corre-
sponding to S, and S,, and k, is the first-order rate coefficient

for the process

Br(?P,/;) — loss by diffusion from the detector field of view
and reaction with background impurities (9)

The bimolecular rate coefTicients of interest, k{P,T), are deter-
mined from the slopes of k’versus [R SH] plots. Observation of
Br(? P,,,) temporal profiles which are exponential (i.e., obey eq
1), dependencies of k’ on[R,SH]mdmvmmceo{o&awd

(17) Caivert, J. G.: Pitts, J. N, Jr. Photochemistry, Wiley: New York,
966.
(18) Balla, R. J.; Heicklen, J. Can. J. Chem. 1984, 62, 162.
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TABLE 11: Summary of Kisetic Data for the Reaction Br(P, ;) +
H,S — SH + HBr

T P no.of expts’ [H,S]., rangeof k’ k %2
319 100 6 456 10-138 265010
334 50 2 198 22-99 377+£0.29
341 100 6 550 12-229 444 %015
348 250 5 199 15-120 533 £ 042
351 50 7 197 23-135 5.23 % 0.62
361 100 7 511 13-378 7.09£0.18
362 50 10 137 28-121 695+ 073
376 50 i 152 28-168 9.08 £ 0.48
388 50 11 149 30-212 120207
403 50 5 142 31-263 160%1.0
417 50 ) 157 34-333 19009
420 250 7 151 19-297 18708
423 100 8 492 13-1065 23+£07
431 50 S 122 40-350 25.1+£08

*Units are T (K); P (Torr); [H,S] (10" molecules em™); k' (s™'); k,
(107" cm’ molecule™ 5'). *Expt ® measurement of a single pseudo-
first order Br(’P,,;) decay rate. “Errors represent precision only.

TABLE [II: Semmary of Kisetic Data for the Resaction Br(*P;;) +
CH,SH — CH,S + HBr

x P no.of expts* [CH,SH]_.., rangeof k’ k,=% 2¢
273 50 10 238 31-5310 2230 £ 50
297 200 S 149 42-4000 2640 2 70
298 50 10 218 27-53%0 2480 = 90
332 50 7 9.78 27-2810 2830 2 90
383 50 6 12.0 344120 3350 + 80
409 50 10 9.86 40-3570 3590 = 60
431 50 6 12.8 37-5060 3820 £ S0

*Units are 7 (K): P (Torr); [CH,SH] (10'* molecules ecm™); k’
(s7'); ky (107'* em? molecule™ 57'). *Expt ® measurement of a single
psuedo-first-order Br(’P,;;) decay rate. ‘Errors represent precision
only.

kinetics to variations in laser photon fluence and photolyte con-
centration strongly suggest that reactions i and 9 are the only
processes which affect the Br(’Py,) time history, although re-
actions of Br(?P; ;) with impurities in the R SH samples are not
ruled out by the above set of observations. A typical Br(’P;,)
temporal profile and a typical k’versus [R SH) plot observed in
our studies of reactions | and 2 are shown in Figures 1 and 2.
Kinetic data for reactions | and 2 are summarized in Tables II
and 1L
In the absence of side reactions that remove or produce Br-
(?P;,), the observed Br(*P; ;) temporal profile following the laser
flash in studies of reactions -1 and -2 would be described by the
relationship
S, = k,C (ko = k,)”' [exp(=k,) = exp(=kst)] + C; exp(-ky!)
an
Ineq I1, S, and ks are as defined above, k, is the pseudo-first-order
rate coefficient for Br(°P;,;) appearance, and the parameters C,
and C, are defined as follows:
C, = a[RS]y/ am
G = o[ Br(P,))), w
In the above equations [RS], and [Br(?P;3)], are the radical
concentrations after photolysis and (in the case of the SH + HBr
study) reaction 6 have gone to completion, but before significant
removal of RS radical has occurred, f is the fraction of RS
radicals which are removed via a reaction which produces Br, and
a is the proportionality constant which relates S, to [Br(*P;5)],.
For the reaction systems of interest, we expect that
k, = k.[HBr] + ko )
S = k.[[HBr]/k, (VD

wherei= ] or2, R=H fori=]and CH,fori= 2 and ko
is the rate coefficient for the following reaction(s)

RS = first-order loss by processes which do not produce Br
(10)
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= 1 3

(2.83 = 0.09) x 107"
om’ molecule™'s™!

1

° s 0
{CH,SH] (10* molecules em™?)

2. Typical plot of k’versus [RSH] observed in the studies of the
Br(’Py;;) + RSH reactions (R = H,CH,). Reaction: Br(’P,,) +
CH,SH. T = 332 K, P = 50 Torr. The solid line is obtained from a
linear Jeast-asquares analysis and gives the bimolecular rate coefTicient
shown in the figure. The open circle is the data point obtained from the
temporal profile shown in Figure 1.,

c s ’

A nonlinear Jeast-squares analysis of each experimental temporal
profile was employed to determine k,, ky, C;, and C,. The bi-
molecular rate coefficients of interest, k_{P,T) (i = 1, 2), were
determined from the slopes of &, versus [HBr] plots. It is worth
pointing out that the accuracy with which k, could be determined
via the nonlinear least-squares fitting technique was quite good
because it was always the case that k, » kgand C, » C,. It was
also always the case that the intercepts of the k, versus [HBr]
plots were small compared to the k, values measured; i.c., ko was
always slow enough to exert littie or no influence on the precision
of the measured bimolecular rate coefTicients. Application of eq
I1 for analysis of SH + HBr kinetic data requires that Cl con-
version to SH and Br via reactions 6 and 7 is instantaneous on
the time scale for SH removal; under our experimental conditions,
reactions 6 and 7 were complete within a few microseconds while
reaction -1 occurred on a time scale of several hundred micro-
seconds.

Similar to the situation discussed above for the studies of re-
actions 1 and 2, observation of Br(*P;,,) temporal profiles that
obey eq I, linear dependencies of k, on [HBr), and invariance
of k, to variation in laser photon fluence and photolyte concen-
tration suggests that the RS + HBr reaction and reaction 9 are
the only processes other than possible impurity reactions which
significantly affect the Br(*P, ;) time history (once photolysis and
Cl reaction with H,S and HBr are complete). A typical Br(?P, ;)
temporal profile and typical k, versus [HBr) plot observed in our
studies of reactions ~=1 and -2 are shown in Figures 3 and 4.
Kinetic data for reactions -] and -2 are summarized in Tables
IVand V.

As indicated in Tables II-V, pressure dependence studies were
carried out for reactions 1, 2, and -2; as expected, no evidence
for pressure-dependent rate coefficients was observed over the
range investigated (30-300 Torr). Arrhenius plots for reactions
1,2,-1,and -2 are shown in Figure 5. The solid lines in Figure
5 are obtained from linear least-squares analyses of the In k(T)
versus 7' data; these analyses give the following Arrhenius ex-
pression in units of cm’ molecule™! 57
k, = (1.42 & 0.34) X 107" exp[(-2752 % 90)/T],

319431 K

k., = (440 £ 0.92) X 1072 exp[(-971 % 73)/T],
299423 K

ky, = (9.24 £ 1.15) X 107'2 exp[(-386 % 41)/T),
273431 K

k.= (1.46 = 0.21) X 1072 exp[(-399 % 41)/T],
273426 K

Errors in the above expressions are 20 and represent precision only.
On the basis of observed precision and consideration of possible
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TABLE [V: Semmary of Kinetic Data for the Reaction SH + HBr — Br(’P;) + H,S*

Nicovich et al.

T no. of expts’ [HBr) s range of k, range of k, ko2 20° k., %2
299 100 7 161 5§90-2910 2945 49 % 106 176 £ 10
321 100 6 125 411-2980 24-35 64 % 76 209+ 8
34] 100 ) 153 6264050 28-39 92 % 140 253 % 14
402 100 7 117 11004740 31-37 302 % 286 385 % 34
423 100 12 91.2 6224330 2343 112+ 143 457 = 22

* Units are T (K); P (Torr); [HBr) (10" molecules em™); k,, ky, ko (s7'); k., (107"° cm® molecule™ s7'). *Expt ® measurement of a single

Br(*P;;;) temporal profile. Errors represent precision only.

TABLE V: Sammary of Kisetic Data for the Reactioa CH,S + HBr — Br(’P,) + CH,SH*

T I 4 no. of expts’ [HBr) s range of k, range of k, ko 20 k., % 20
273 100 10 7.9 261-2870 11-29 Vx4 347229
295 200 10 82.1 419-3360 17-61 247 2 116 383 % 25
297 30 11 724 334-2700 20-32 81 =50 363 %12
297 100 14 66.2 439-2570 10-19 56 % 82 382 % 20
297 300 10 694 436-2770 9-23 -18 £ 130 385+ 28
330 100 6 65.9 473-2970 14-20 49 % 82 438 % 2]
366 100 7 56.4 252-26%0 2548 65 % 26 468 £ 8
403 100 8 $6.0 294-3120 30-37 S5 & 42 546 % 12
426 100 12 54.7 287-3341 2444 27 592 £ 25

s ’

¢ Units are T (K); P (Torr); [HBr] (10'* molecules em™); k,, &y, k;o (37); k-; (107'* em’ molecule™ r;). ‘Expt = ma.;unmcnt of a single

Br(?P,;;) temporal profile. <Errors represent precision only.
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Figure 3. Typical Br(’P, ;) atom temporal profile observed in the studies
of RS + HBr reactions (R = H,CH,). Reaction: CH,S + HBr. Ex-
perimental conditions: T = 330 K, P = 100 Torr, [CH,SSCH,) = 3.29
X 10" molecules em™, [HBr] = 5.12 X 10'* molecules cm™, [CH,S],
~ 1.2 X 10" molecules cm™, number of laser shots averaged = 5000.
The solid line is obtained from a nonlincar least-squares analysis and
gives the following best fit parameters: k, = 22705, ky = 1557, C,
= 7470, C, = 396.

systematic errors (see below), we estimate the absolute accuracy
of each measured bimolecular rate coefTicient to be £15% for the
Br(°P,,;) + RSH reactions and £20% for the RS + HBr re-
actions.

Reaction Mechanisms. One important question one can ask
about reactions 1, -1, 2, and -2 concerns the identity of the
reaction products. Can we be sure that Br(*P; ) + R,SH produces
RS + HBr with unit yield and that RS + HBr produces Br +
R.SH with unit yield? The answer to this question appears to
be yes for reactions =1 and -2. We have investigated the possibility
of adduct formation in the Br(’P;3) + H,S reaction and find no
evidence for the occurrence of an addition reaction, even at tem-
peratures as low as 190 K. Hence, it appears that reaction 1 must
produce SH + HBr with unit yield. However, there are a number
of possible channels via which reaction 2 could proceed:

Br(?P,/;) + CH,SH — CH,S + HBr (2a)
— CH,SH + HBr (2b)

— CH, + HSBr (2¢)

— H + CH,SBr (24)

— SH + CH,Br (2¢)

2. CH,S(Br)H (2n
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Figure 4. Typical plot of k, versus [HBr] observed in the studies of the
RS + HBr reactions (R = H,CH,). Reaction: CH,S + HBr. T= 330
K, P = 100 Torr. The solid line is obtained from a linear least-squares
analysis and gives the bimolecular rate coefficient shown in the figure.
The open circle is the data point obtained from the temporal profile
shown in Figure 3.
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Figwre 8. Arrhenius plots. Solid lines are obtained from least-squares
analyses which yield the Arrhenius expressions given in the texi.
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The occurrence of reaction 2b seems unlikely since the C-H bond
in CH,SH is thought to be about 6 kcal mol™ stronger than the
S-H bond.'"® For the similar though considerably more exo-
thermic reactions of Cl and OH radicals with CH,SH abstraction
of a methyl hydrogen is known to be & very minor reaction
channel;?'% since channel 2b is probably significantly endothermic,
the yield of CH,SH from reaction 2 is probably smaller than the
(very small) yields of CH,SH from the reactions of Cl and OH
with CH,SH. Assuming the RS-Br bond strength to be 57 kcal
mol™, i.c., intermediate between published estimates of the RS~
C1?’ and RS-1% bond strengths, reactions 2c and 2d are highly
endotbermic. Using the CH,S and SH beats of formation derived
from our data (see below) to calculate the enthalpy change for
reaction 2c Jeads to the conclusion that this reaction is endothermic
by 4.6 kcal mol™'; assuming an 4 factor of 1 X 107! cm?® mole-
cule! 3! for k, and an activation energy equal to the endo-
thermicity suggests that reaction 2¢ could contribute no mare than
1% to the measured k, at 431 K and much less at lower tem-
peratures. Recent unpublished experiments in our laboratory have
obtained kinetic evidence for reversible adduct formation in the
Br + CH,SH reaction at temperatures below 235 K. A T2 273
K, the temperature range of interest for this study, our results
suggest that the adduct lifetime is too short for its existence to
be kinetically important.

As an experimental check on the above conclusions, experiments
were carried out where Br(’P, ;) kinetics were observed following
355-nm laser flash photolysis of Br,/CH,SH/HBr/H,/N, mix-
tures. To avoid complications from a heterogeneous dark reaction
between Br, and CH,SH, it was necessary to inject Br, into the
gas flow just upstream from the reaction zone. Long-wavelength
photolysis was necessary in order to completely avoid production
of CH,S and H via photodissociation of CH,SH. Following
Br(?P;,,) production by the laser flash, the following reactions
occur:

Br(*P,;) + CH,SH = X' + Y Q)
X + Br, — XBr + Br(’P)) an
X* + HBr — XH + Br(’P)) (12)

Br{*P, ;) + H, = Br{P, ;) + H, (4)

Br(2P;/;) — loss by diffusion from the detector field of view
and reaction with background impurities (9)

X* — first-order loss by processes which do not produce Br
(13)

Assuming that all reactions are first order or pseudo first order
and that Br(’P, ;) deactivation to Br(’P, ;) is instantaneous on
the time scale for the occurrence of reactions 2, 11, and 12, the
rate equations for the above reaction scheme can be solved ana-

Iytically:

[B{2P, )], /[Br{?P; 2)], =
(@ + A)) exp(A;1) = (@ + A;) exp(A (A, = A)™ (VII)

where

A, = 0.5((c* - 48)'/* - q) (VI

\; = —0.5{(a% - 4b)'/? + o} (IX)

Q = k,[Br;] + k,;[HBr] + ky, X)
a=Q+ k[CHSH] + ky = (), + };) (X1)
b= kyQ + k,yk;[CH,SH] = A\, (X11)

(19) Dill, B.; Heydtmann, H. Chem. Phys. 1978, 35, 161.

(20) Shum, L. G. S.; Benson, S. W. /n1. J. Chem. Kiner. 1983, 15, 433.
(21) Nesbitt, D. J.; Leone, S. R. J. Chem. Phys. 1981, 75, 4549.

(22) Tyndall, G. S.; Ravishankara, A. R. J. Phys. Chem. 1989, 93, 4707.
(23) Benson, S. W. Chem. Rev. 1978, 78, 23.
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Figwre 6. Typical Br(’P, ;) temporal profile observed following 355-nm
laser flash pbotolysis of Br,/CH,SH/HBr/H,/N, mixtures. Experi-
mental conditions: T = 298 K, P = 30 Torr, [Br,] = 5.3 X 10'? mole-
cules cm”’, [CH,SH) = 3.50 X 10'* molecules cm™, [HBr) = 2.99 x 10'*
molecules cm™, [Br(*P;)], = 4 X°10'° atoms cm™’, Bumber of laser
shots sveraged = 10000. The solid line is obtained from a nonlinear
least-squares analysis and gives the best fit parameters Q = 254057, =),
= 67135, and =); = 10250 57",

Observed Br(*P, ;) temporal profiles were fitted to the predicted
double-exponential functional form (eq VII) using a nonlinear
least-squares procedure to obtain values for A, A;, and Q. The
rate coefficient ky was directly measured and was always small
(1040 57'). Hence, the elementary rate coefficients k, and k;,
could be obtained from the relationships

ky= ~Q+ ky+ A +,)/[CH,SH] (XIID)
1= (K0 -AN)/(@+ k+ 2 +1) (XIV)

Values for k;, were always found to be relatively small, ranging
from 14 to 127 s™' for the 45 double-exponential decays which
were analyzed. For a set of experiments where [HBr] is varied
at constant (Jow) [Br;), a plot of (Q - k,;) versus [HBr] should,
according to eq X, be lincar with slope = k,, and intercept =
k,,[Br;). With the exception of CH,SH, 298 K rate coefficients
for reactions of all possible radicals X* with HBr are known and
are significantly different from each other; in units of 107" cm?®
molecule™' 57! the rate coefficients of interest are 1.7 for X* =
SH (this work), 3.9 for X* = CH,S (this work), 30 for X* =
CH,,?* and 65 for X* = H.® Hence, determination of k;, as
described above should provide strong evidence concerning the
identity of X°.

A typical Br(’P, ) temporal profile observed following 355-nm
laser flash photolysis of Br,/CH,SH/HBr/H;/N,; mixtures is
shown in Figure 6, while typical plots of (Q - k;;) versus [HBr)
are shown in Figure 7. The data in Figure 7 suggest that k,(298
K) = 4.6 X 107"’ cm’® molecule™' 57'; considering the nature of
the fitting procedure, we estimate the uncertainty in k,,(298 K)
to be £30%. This determination of k,,(298 K) strongly supports
the contention that the dominant reaction channe! for the Br(’P;3)
+ CH,SH reaction is production of CH,S + HBr. The intercepts
of the plots in Figure 7 indicate that the CH,S + Br, reaction
is very fast, ie, k) = (1.7 2 0.5) X 107'° cm’® molecule™ s~'. To
:tubwledgetbmmmmmwmmudk,.medinthe

iterature.

CH,S + Br, — CH,SBr + Br(*P,) (14)

However, very fast rate coefTicients have recently been reported
for the reactions of alkyl radicals® and SD radicals?’ with Br,.

(24) Nicovich, J. M.; van Dijk, C. A.; Kreutter, K. D, Wine, P. H. J. Phys.
Chem. 1991, 95, 9890.

(25) Umemoto, H.; Wada, Y.; Tsunashima, S.: Takayanagi, T.; Sato, S.
Chem. Phys. 1990, 143, 333.
’“536) Timonen, R. S.; Sectula, J. A; Gutman, D. J. Phys. Chem. 1990, 94,
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Figure 7. Piots of (Q - k,;) versus [HBr]. Experimental conditions: T
= 298 K; P (Torr) = (a) 100, (b) 30, (c) 30; [Br,] (10'? molecules cm™)
= (a) 2.15, (b) 3.25, (c) 5.3; [CH,SH] (10" molecules cm™) = (a) 1.24,
(b) 1.33, (c) 3.61. The lines are obtained from linear least-squares
analyses; the slopes give the following values for k,; % 20 in units of 107"
cm’ molecule™ 57! (a) 4.60 % 0.19, (b) 4.51 & 0.26, (¢) 4.81 & 0.28;
the intercepts suggest a gas kinetic value for k,,. The filled square is the
data point obtained from the temporal profile shown in Figure 6.

Reactivity in these systems seems to correlate with properties that
reflect the strength of long-range attractive forces, particularly
those associated with stabilization of transition states via charge
separation. The highly polarizable nature of both CH,S and Br,,
the low ionization potential of CH,S (8.06 V), and the large
electron affinity of Br, (~2.55 eV?') are electronic properties
which contribute to the very fast rate of reaction 14.

Potential Systematic Errors. As discussed briefly above, 2
number of potential systematic errors in our kinetic measurements
can be ruled out based on the observed invariance of Br(*P;),)
temporal profiles to variations in laser photon fluence, photolyte
concentrations, flow velocity through the reactor, and laser pulse
repetition rate; these include contributions to Br(?P,,;) kinetics
from radical-radical side reactions, from radical-photolyte side
reactions, from reactions involving radicals which are produced
by reactant photolysis (H and CH,S from CH,SH pbotolysis, for
example) or from reactions involving stable products which build
up in concentration with successive laser flashes. In situ mea-
surements of stable reactant (i.e., H,S, CH,SH, HBr) concen-
trations greatly reduce another potential source of systematic error.

One type of kinetic interference which needs to be addressed
is the potential contribution to measured rate coefficients from
impurity reactions. The relatively unreactive nature of Br atoms
makes it unlikely that impurity reactions were & problem in our
studies of reactions 1 and 2. Gas chromatographic analyses of
the H,S and CH,SH samples were carried out using a flame
photometric detector to search for sulfur-containing impurities;
none were observed, lending further confidence that impurity
reactions were not 8 problem. The most likely impurity problem
in our studies of reactions -1 and -2 is from Br,. Potential sources
of Br, are impurity in the HBr sample, residual Br; (from Br
recombination) not swept out of the reaction zone between laser
flashes, and catalytic formation of Br, from heterogeneous re-
actions of HBr (presumably on the metal surfaces of valves and
fittings). As discussed above, reactions 14 and 15 are very fast
(the 298 K rate coefTicient for the SD + Br, reaction has recently
been reported to be 9.8 X 107" em’ molecule™! 57! 77).

HS + Br, — HSBr + Br(*P)) (15)

(27) Fenter, F. F.; Anderson, J. G. J. Phys. Chem. 1991, 95, 3172.
(28) Lias. S. G.: Bartmess, J. E.; Liebman, J. F.; Holmes, J. L; Levin, R.
D.: Mallard, W. G. J. Phys. Chem. Ref. Daia 1988, |7, Suppl. 1.
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Since SH and CH;,S react with Br, several hundred times faster
than with HBr, the HBr concentration must be several thousand
times larger than the Br, concentration before Br, interference
can be considered to be unimportant. To investigate the Br,
interference problem, a 2-m absorption cell was positioned in the
slow flow system downstream from the reaction cell and employed
to monitor Br, photometricaily (at 404.7 nm) with typical
Cl,CO/H,S/HBr/N; or CH,SSCH,/HBr/H;/N,; mixtures
flowing through the system. No absorption was observed (i.e.,
1/1, > 0.998) even at HBr levels as high as 1 X 10'” molecules
em™. Since the Br, absorption cross section at 404.7 nm is about
6 X 107" cm?'’ these experiments suggest that [Br;] <
0.0002[HBr].

Another potential systematic error in our studies of reactions
-] and -2 concerns the possibility that SH and CH,S are produced
in vibrationally or electronically excited states and do not relax
much more rapidly than thcz react. The spin—orbit splittings in
SH and CH,S are 377 cm™' ® and 257 cm™', ! respectively, i.c.,
only slightly larger than the average collision energy at 298 K
(kT = 207 cm™ at 298 K). Hence, extremely rapid equilibration
of the SH and CH,S spin ocbit states via collisions with the
nitrogen buffer gas can be safely assumed. It is known from
infrared chemiluminescence experiments that much of the
available exothermicity of the Cl + H,S reaction appears as
vibrational excitation in the HCI product, but that the SH product
is formed with little or po internal excitation.!” Furthermore,
vibrational relaxation of SH by H,S is expected to be a very
efficient process due to the near resonance (A% ~ 40 cm™') be-
tween the SH vibrational frequency®® and the S-H stretch fre-
quencies in H,S.2 Hence, it seems safe to conclude that SH was
thermalized in our study of reaction 1. Black and Jusinski have
studied the time dependence for populating the ground vibrational
level of CH,S following 248-nm pulsed laser photolysis of
CH,SSCH; in the presence of a number of inert collision part-
ners.’ They find that nearly all CH,S is produced in excited
vibrational levels, but that relaxation is very efficient. A phe-
nomenological rate coefficient of 5.1 X 107'? em’ molecule™' 5™

‘was measured for populating the ground vibrational level (from

the unknown initial vibrational state distribution) via collisions
with N,. Hence, under our experimental conditions (Table V),
CH;,S relaxation times ranged from 0.02 t0 0.2 us while CH,S
reaction times ranged from 300 to 4000 us.

As mentioned above, the SH + HBr experiments were carried
out with no H, added to the reaction mixtures in order to avoid
potential complications from the Cl + H, reaction. This variation
in experimental conditions does, however, introduce a different
possible complication. As mentioned in the Experimental Section,
the resonance fluorescence detection technique is sensitive to both
bromine atom spin—orbit states, and the relative sensitivies for
detecting the two states are different and difficult to quantify.
If Br(*P,;;) was generated in significant quantity, and if its re-
laxation to Br(’P,,,) occurred on the same time scale as the SH
<+ HBr reaction, then temporal profiles for appearance of the
fluorescence signal would deviate systematically from the quantity
we actually want to measure—the temporal profile for appearance
of bromine atoms. Rate coefTicients for deactivation of Br(’P,{e
by N; and HBr are, in units of cm® molecule™' 57!, 2.5 x 10°!
and ~1 X 107123 regpectively. Hence for the N, and HBr levels
empioyed (Table IV), any Br(*P, ;) generated via HBr pbotolysis,
via reaction 7, or via reaction -1, was deactivated to Br(*P, ;)
on 3 time scale which was faster by factors of 3-20 than the time
scales for the occurrence of reaction 1. Although the rate
coefTicient for Br(’P, ;) deactivation by H,S does not appear to

(29) Ramsay, D. A. J. Chem. Phys. 1952 20, 1920.
(30) Hsu, Y.-C.: Liv, X.: Miller, T. A. J. Chem. Phys. 1989, 90, 6352.
(31) Lee, Y. P.; Chiang, S.-Y. J. Chem. Phys. 1991, 95, 66.
(32) Sverdiov, L. M., Kovner, M. A_; Krainov, E. P. Vibrationa! Spectra
of Polyatomic Molecules, Wiley: New York, 1974.
p (33) Black, G.; Jusinski, L. E. J. Chem. Soc., Faraday Traxs. 2 1986, 82,
143.
(34) Donovan, R. J.; Husain, D. Trans Farady Soc. 1966, 62, 2987.
(35) Leone, S. R.; Wodarczyk, F. J. J. Chem. Phys. 1974, 60, 314.
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TABLE VI: Kinetic Parameters, Enthalpy Changes, and IP - EA Values for a Series of Hydrogen Tramsfer Reactioms R + XH — RH + X

kinetic parameters®

electronic properties’

R X A [ e k(298 K) ref ~AH ' IP(R) - EA(XH) IP(XH) - EA(R)
Br HS 140 5.5 0.013 TW! =36 10.70 7.08
Cl HS 360 0.4 710 11 11.9 11.86 6.83
OH HS 60 0.15 47 68 28.0 12.57 8.62
Br CH,S 92 0.8 24 TW! 0.1 11.6° 6.08
Cl CH,S 120 0.3 2000 11 15.7 12.8° 5.82
OH CH,S 99 0.7 320 68 318 13.5% 7.61
o)} Br . 230 08 60 12 15.6 12.8 8.04
OH Br 110 0 110 68 317 13.8° 9.83
SH Br “ 1.9 1.8 TW! 36 10.2 9.36
CH,S Br 15 08 39 TW! 0.1 1.9 9.78
CH, Br 14 0.5 32 24 17.8 9.6 10.5
C,H, Br 13 =11 83 24 13.7 7.9 10.7
-CH, Br 11 =19 270 24 89 6.5 11.0

*Units for A and k(298 K) are 107" em? molecule™' s™' and units for E,, are kcal mot™'. ®Units are kcal mol™'; values are computed using beats
of formation from this work (SH and CH,S), ref 24 (CH,, C,H,, 1-CH,), ref 28 (i-C,H o), and ref 68 (all others). ‘Units are electronvolts;
ionization potentials and electron affinities taken from ref 28. ‘ TW = this work. *The unknown (but presumably very small) EA(XH) is assumed

tobe0.2¢V.

be known, it appears likely (based for example on analogy with
the known fast rate for Br(P, ;) deactivation by H,0%) that H,S
levels of 1 X 10'® molecules cm™ were sufficient to contribute
significantly to the overall rate of Br(?P, ;) deactivation.

Comparison of Reaction Rates for a Series of Radical + H.S,
CH,SH, HBr Reactions. To our knowledge, there are no previous
kinetics studies of reactions 1, -1, 2, or =2 with which to compare
our results. However, kinetic data are available for many “similar”
reactions. Kinetic parameters, reaction enthalpies, and relevant
electronic properties for a series of hydrogen-transfer reactions
involving free-radical attack on H,S, CH,SH, and HBr are
summarized in Table VI.

When one considers series of similar reactions such as those
in Table VI, a correlation between the activation energy (in the
exothermic direction) and the reaction exothermicity is often
observed. Such correlations were clearly established by Evans
and Polanyi in the 1930s°” and are heavily documented in the
literature.’® Examination of Table VI, bowever, shows the
correlation between activation energy and reaction exothermicity
to be rather poor. Only the small subset of reactions Cl, OH, SH
+ HBr appear to follow such a trend.

As mentioned above when considering the very fast rate ob-
served for the CH,S + Br, reaction, it is often possibie to correlate
reactivity with properties that reflect the strength of long-range
attractive forces, particularly those associated with stabilization
of transition states via charge separation. For some classes of
reactions, reactivity is found to be strongly correlated with the
parameter IP - EA, the difference between the ionization potential
of one reactant and the electron affinity of the other reactant.
Bayes and co-workers have observed that low values of IP - EA
correlate with enhanced reactivity in the alkyl + O,, O, reac-
tions.”**  Gutman and co-workers have observed a similar re-
activity trend for the reactions of alkyl radicals with Cl,,*' Br,,®
H1,*? and HBr;**™* recent work in our laboratory has confirmed
the reactivity trend in the alkyl + HBr series?* (Table VI).
Anderson and co-workers have observed correlations between IP
- EA and reactivity in reactions of OH and SD radicals with

(36) Taatjes, C. A.; Lovejoy, C. M.; Opansky, B. J.; Leones, S. R. Chem.
Phys. Let1. 1991, 182, 39.

(37) Evans, M. G.; Polanyi, M. Trans. Faraday Soc. 1938, 34, 11.

(38) see for example, Semenov, W. N. Some Problems in Chemical Ki-
metics and Reactivity, Princeton University Press: Princeton, NJ, 1958.

(39) Ruiz, R. P; Bayes, K. D. J. Phys. Chem. 1984, 88, 2592.

(40) Paltenghi, R.; Ogryzio, E. A.; Bayes, K. D. J. Phys. Chem. 1984, 88,
2595.

(41) Timonen, R. S.: Gutman, D. J. Phys. Chem. 1986, 90, 2987.

(42) Seetula, J. A.; Russell, J. J.; Gutman, D. J. Am. Chem. Soc. 1990,
112, 1347.

(43) Russell, J. J.; Seetula, J. A.; Timonen, R. S.: Gutman, D.; Nava, D.
F.J. Am. Chem. Soc. 1988, 110, 3084.

(44) Russell, J. J.. Seetula, J. A.; Gutman, D. J. Am. Chem. Soc. 1988,
110, 3092.

(45) Sectula, J. A.; Gutman, D. J. Phys. Chem. 1990, 94, 7529.

107

halogen molecules?”’“ and in the reactions of Br, CL F, O, N, and
OH radicals with CINO*” and with O, The property IP - EA
has been found to correlate with both activation energies¢ 26424
and A factors.?™* As discussed by Abbatt et al.,*’ the barrier
(i.e., activation energy) to reaction can be lowered through an
interaction with low-lying ionic states. Presumably, the ionic
character of the reaction potential energy surface in the region
of the transition state is enhanced when [P - EA is relatively small;
this ionic character presumably lowers the barrier by increasing
the stability of charge separation at the transition state. The
long-range electronic interaction which can occur when IP - EA
is relatively low can result in formation of highly polar, loose
transition states, an effect which leads to abnormally large A4
factors.

Examination of the kinetic parameters and IP - EA values in
Table VI leaves little doubt that ionic interactions exert an im-
portant influence on reactivity in the reactions considered. The
low ionization potential of CH,;SH and high electron affinity of
Cl allow these reactants to interact via a charge-transfer mech-
anism at large separation, thus leading to a very large A4 factor
and very fast reaction rate. Differences in reactivity of H,S and
CH,SH toward Cl and OH correlate very well with the value of
IP(RSH) - EA(X), X = Cl,OH. For Br(°P,,;) reactions with
H,S and CH,SH, bowever, the above correlation would predict
faster rate coefficients than are actually observed as a result of
the high electron affinity of Br. The reactions of Cl and OH with
H,S and CH;SH, all of which are significantly exothermic, are
barrierless processes. However, the thermoneutral Br(?P, (1) +
CH,SH reaction has an activation energy of 0.8 kcal mol™' and
the endothermic Br(?P, ;) + HS reaction has an activation energy
1.9 keal mol™’ larger than the endothermicity. It seems clear that
Br(’P,/;) can form (very weakly bound) long-range polar com-
plexes with H,S and CH,SH. However, the unfavorable ther-
mochemistry of the Br + RSH reactions apparently leads to
significant barriers for H atom transfer within the complexes, such
that compiex dissociation back to reactants can compete effectively
with the H-transfer reaction.

Observed A factors for the radical + HBr reactions in Table
VI follow the well-established trend of decreasing with increasing
complexity of the reactant radical (i.c., atomic > diatomic >
polyatomic).® As mentioned above, alkyl + HBr reactivity
correlates well with the alkyl radical ionization potential, i.c., the
lower the radical jonization potential, the faster the reaction; alkyl
<+ HBr reactivity does not correlate with reaction exothermicity.

(46) Loewenstein, L. M. Anderson, J. G. J. Phys. Chem. 1988, 89, $371.

(47) Abbatt, J. P. D.; Toohey, D. W_; Fenter, F. F.; Stevens, P. S.; Brune,
W.H.; Anderson, J. G. J. Phys. Chem. 1989, 93, 1022.

(48) Toohey, D. W.; Brune, W. H.; Anderson, ). G. /m1. J. Chem. Kiner.
1988, 20, 131.

(49) see for example, Johnston, H. S. Gas Phase Reaction Rate Theory,
Ronaid Press Co.: New York, 1966; Chapter 12.
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TABLE VII: Thermochemical Parameters for the Reactions Br('P, ;) + H,S — SH + HBr (1) and Br(*P, ;) + CH,SH — CH,S + HBr (2)

AH.* kcal mol™ AS,* cal mol™ deg™’
reaction T.K 2nd law 3rd law 2nd law 3rd law
1 360 3542032 3.96 £ 0.21 2332060 350 £0.15
298 346 %2033 382£0.17 2.04 2 1.56 3.24%0.12
0 308 £0.35 3442019
2 333 -0.03 2 0.17 =0.17 £ 0.32 3672044 3232053
298 -0.08 £ 0.19 =0.20 £ 0.28 3482 1.09 3.07 £ 0.51
0 -0.59 £ 0.27 -0.71 £ 0.36

*Errors are 2¢ and represent best estimates of absolute accuracy.

On the other hand, for the Cl, OH, and SH reactions with HBr,
8 reasonable correlation of activation energy with reaction exo-
thermicity is observed. These reactions apparently proceed through
transition states which are not strongly influenced by ionic in-
teractions. The thermoneutral CH,S + HBr reaction appears to
be an intermediate case. Unlike the alkyl + HBr reactions, the
CH;S + HBr reaction does have a positive activation energy.
However, the barrier is much smaller than one would predict based
on the AH versus E,, trend observed for the C1, OH, SH + HBr
reactions. Apparently, the low ionization potential of CH,S
facilitates ionic interactions which reduce but do not eliminate
the barrier.

SH and CH,S Thermochemistry. From the Arrhenius param-
eters determined in this study we can obtain the enthalpy changes
and entropy changes associated with reactions 1 and 2. One
approach, the “second law method”, employs the following rela-
tionships to obtain thermochemical parameters for reaction i:

AH, = E, e E.,' (xv)
AS, = RIn (A;/A) (XVI)

where A, and E, are the A factor and activation energy for reaction
i. Thermochemical parameters for reactions 1 and 2 obtained
from the second law analyses are tabulated in Table VII. The
temperature, 360 K for reaction 1 and 333 K for reaction 2, is
defined as the arithmetic mean of the 7' ranges employed in the
determinations of k, and k_,. Values for AH at 298 and 0 K were
computed using heat capacity corrections obtained from the JA-
NAF tables* for Br, HBr, SH, and H,S, and calculated from
available spectroscopic data for CH,S*-' and CH,SH.3%*!4?
Second law values for AS at 298 K were computed from the
relationship

OG0y = AHygy = TASyyy = RT In K((298 K) =
RT In [k_{298 K)/k{298 K)] (XVII)

Values for k(298 K) and k_(298 K) were computed from the
Arthenius expressions reported above.

An alternate procedure for obtaining thermochemical param-
eters is the “third law method™ where the entropy change is
calculated using standard statistical mechanical methods®’ and
employed in conjunction with experimental values for K (7) to
obtain AH; (from eq XVII). Absolute entropies as a function
of temperature were obtained from the JANAF tables* for Br,
HBr, SH, and H,S, and cakculated from available spectroscopic
data for CH,S*°! and CH,SH.>**!*? Uncertainties in the third
law AS values are estimated based on uncertainties in key
structural parameters. For reaction 1, the calculated AS appears
to be quite accurate. For reaction 2, a significant uncertainty in
the calculated AS arises from uncertainty in the frequency of the
doubly degenerate », mode of CH,S, which was recently assigned
a value of 586 cm™' by Lee and Chiang;’' we “guesstimate” the
error in this assignment to be £100 ecm™'. In units of cal mol™’

(50) Chase, M. W., Jr.; Davies, C. A.; Downey, J. R,, Jr.. Frurip. D. J.;
McDonald, R. A.; Syverud, A. N. J. Phys. Chem. Ref. Data 1988, 14, Suppl.
|

(51) Kojima, T.; Nishikawa, T. J. Phys. Soc. Jpn. 1957, 12, 630.

(52) Kojima, T. J. Phys. Soc. Jpn. 1960, /5, 1284.

(53) Sex, for example: Knox, ). H. Molecwlar Thermodynamics, Wiley-
Interscience: London, 1971.
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deg™', the 298 K entropies of SH and CH,S used in our third law
determinations are 46.77 and $8.32, respectively. Results of the
third law determinations are summarized in Table VIL

The analysis presented above is based on the idea that reactions
-1 and -2 are the reverse of reactions 1 and 2. In the case of
reactions 1 and 2 we know that the reacting bromine atom was
in the %P, ; ground state because sufficient H, was present in the
reaction mixtures to instantaneously (on the time scale for Br
reaction) deactivate any phototytically generated Br(’P, ;). Hence,
the reverse reactions we wish to determine the rates of are

. SH + HBr— H,S + nr(zp,},) )
CH,S + HBr — CH,SH + Br{*P, ,) (-22)

Our method, however, actually measures k., = k_, + k_;, and
k_ = k_;, + k_» where reactions -1b and -2b are the channels

producing Br(’P,):

SH + HBr — H,S + Br{*P, ;) (-1b)

CH,S + HBr — CH,SH + Br{*P, ,) (-2b)
Clearly, if reactions -1 and/or -2 proceed exclusively or a sig-
nificant fraction of the time via channels -1b and/or =2b, then
we would be overestimating the rate of the true reverse reaction(s)
and our reported enthalpy changes would be in error. Simple
thermochemical arguments based on the measured activation
energies for reactions | and 2 can be used to place reasonable
upper limits on k_,, and k_;,. Our measured activation energy
for reaction 1 is 5.5 kcal mol™'. It is reasonable to assume that
the activation energy for reaction -1a is greater than -1.0 kcal
mol™'. Since the bromine atom spin—orbit splitting is 10.5 kcal
mol™!, reaction -1b must be endothermic by az leasr 4.0 kcal mol™'.
Taking 1 X 107! em® molecule™ 57! as an upper limit 4 factor
for reaction =1b and 4.0 kcal mol™' as a lower limit activation
energy for reaction =1b leads to the result k_,,(299 K) £ 1.2 X
107'* em’ molecule™ 57! and k.,,(423 K) < 8.6 x 107" cm?®
molecule™! 57, ie., k_/k, < 0.068 at 299 K and k_,/k_, S 0.19
at 423 K. We have repeated the second and third law analyses
of the reaction 1 data assuming that the above upper limits were
the correct values for k_,,. Under this scenario, the second law
AN values for reaction 1 which are given in Table VII would be
increased by 0.29 kcal mol™' while the third law AN values for
reaction | would be decrcased by 0.09 kcal mol™'. Our measured
activation energy for reaction 2 is 0.8 kcal mol™'. If we assume
as above that the activation energy for reaction —2a is greater than
-1.0 kcal mol™', then we are led to the conclusion that reaction
-2b must be endothermic by ar least 8.7 kcal mol™'. Taking 1
X 107" em® molecule™ s~' as an upper limit A factor for reaction
=2b and 8.7 kcal mol™' as a lower limit activation energy for
reaction -2b leads to the result k. (273 K) S 1.1 X 107! em?
molecule™ 37! and k(426 K) < 3.4 X 107'¢ cm’ molecule™' 57,
sen LR/LQ $31X10%at 273K and &-n/k-z £57x10
at 426 K. Clearly, the contribution of channe! -2b to our measured
values for k_, must be negligible over the entire temperature range
investigated.

The enthalpy changes for reactions 1 and 2 determined in this
study can be combined with the accurately known heats of for-
mation of Br, HBr, H,S, and CH,SH** (Table VIII) to obtain
SH and CH,S beats of formation. Values for AH*,(RS) and



Heats of Formation of SH and CH,S Radicals

TABLE VIII: Gas-Phase Heats of Formation

iwCIﬁ AH{.Q M,'m ref

H 51.634 % 0.001 52.103 £ 0.001 S0
S 65.662 = 0.060 66.200 £ 0.060 50
Br 28.184 £ 0.014 26.735 £ 0.014 S0
HBr -6.836 + 0.060 -3.710 £ 0.040 50
HS —4.203 % 0.191] -4.900 £ 0.191 S0
CH, 3562 % 0.19 3482£0.19 50
CH,SH -2.89 £ 0.14 -5.47 % 0.14 28
CH,SCH, -5.09%£0.12 -$.96 % 0.12 28
CH,SSCH,; ~-1.63%0.24 -5.78 £ 0.24 28

SH 3407 £ 0.72 34.18 & 0.68 this work
’ J33x12 50
J36%1.1 57
339+ 1.5 58

CH,S 3144 % 0.54 29.78 £ 0.44 this work

294 %21 28
342220 59
31420 60
3324 1.5+ 61

30.5% 20 63

229.5% 20 20

54%15 65
55%2 58
342%15 66

* Units are kcal mol™'. *These values are obtained by coupling the
kinetic data of Colussi and Benson (ref 59) with different values
(ranging from 44 to 49 kcal mol™') for the benzy! radical beat of for-
mation. ‘Critical review.

TABLE IX: Boad Strengths Derived Using the SH asd CH,S Heats
of Formation Determined in This Study in Conjunction with Other
Heats of Formation Gives im Table VIII*

bond D.o D.m
S-H 83232 0.78 84.12 % 0.74
HS-H 89.91 % 0.91 91.18 £ 0.87
H,C-SH 72.58 % 1.05 7447 £ 1.01

(75.0 £ 1.3)*
H,C-S 69.84 2 0.79 71.24 % 0.69
(71.7 £ 1.0)*
H,CS-H 85.96 £ 0.68 87.35 % 0.58
H,CS-CH, 72.15 £ 0.85 73.56 £ 0.75
(740 % 1.1)
H,CS-SCH;, 64.5] £ 1.32 65.34 £ 1.00

¢ Units are kcal mol™'. *Computed using AH9(CH;) = 353 2 0.5
kcal mol™' as reported in ref 24.

AH®4(RS) are given in Table VIII. Simple averages of the
second and third law enthalpies of reaction have been employed
to obtain our reported R S heats of formation; this approach seems
reasonable since (a) estimated uncertainties in the second and third
law determinations do not differ greatly and (b) the second and
third law values for AH,° {RS) agree to within a few tenths of
a kcal mol™' for both SH and CH,S. The reported uncertainties
in AH* /R S) represent 2¢ estimates of absolute accuracy; since
the 2¢ error estimates for the individual second and third [aw
determinations are significantly larger than the deviation of the
two determinations from their mean, we take the larger of the
(second and third law) error estimates to be the error estimate
for the mean. In the case of SH, we increase the uncertainty by
an additional 0.1 kcal mol™ to account for the fact that reaction
=1 coukd have a small but not negligible channel forming Br(’P, ;)
(see above). Our estimated uncertainties in AH*A{RS) of
0.44-0.72 kcal mol™' are substantially smaller than those reported
previously (Table VIII). The SH or CH,S beat of formation

ts the least well-known parameter required for evaluation
of a number of bond dissociation energies (BDEs); in Table IX
we give values for these BDEs derived using our reported values
for AH* {RS) in conjunction with the other heats of formation
given in Table VIII. For consistency, we employ the JANAF*
value of 34.82 % 0.19 kcal mol™' for AH,,4(CH;) to derive
H,C-SH, H,C-S, and H,C-SCH, bond strengths. It should be
pointed out, however, that combining our recent measurement of
the CH; + HBr rate coefTicient with the literature value for the
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Br + CH, rate coefficient leads 1o a value of 35.3 % 0.5 kca! mol™
for AH;,9(CH;);* bond strengths derived using this value for
the methby] beat of formation are given in parentheses in Table
IX.

Values for AH* {SH) reported in this study are compared with
literature values in Table VIII. The current JANAF recom-
mendations* are based on measurements of the SH ionization
potential*=* and the appearance potential of SH* from pho-
toionization of H,S.* Hwang and Benson have obtained a value
for AHs(SH) based on a study of the I, + H,S reaction at
555-595 K’ derivation of AH, 2(SH) from their kinetic data
required the assumption that the activation energy for the SH
<+ HI reaction is 1 1 kcal mol™'. A value for AH;(SH) has
recently been obtained by Nourbakhsh et al. based on time-of-
flight measurements of CH, and SH photofragments from l93—nm
photodissociation of CH,SH in & supersonic molecular beam.
Within combined uncertainties, the results reported in this study
agree with all three literature values mentioned above. However,
the error limits in the present study are somewhat smaller than
those reported previously.

Values for AH* 7(CH,S) reported in this study are compared
with literature values in Table VIII. An early determination of
AH;,0(CH,S), reported by Colussi and Benson,*’ involved
studying the kinetics of benzylmethy! sulfide pyrolysis; their data
analysis required knowledge of the benzyl radical heat of for-
mation. A number of subsequent evaluations of AH|,4(CH,S)
have appeared in the literature®404! which involve reevaluation
of Colussi and Benson's results based on different assumed values
for AH yes(benzyl); the recommendation of Lias et al.,?* which
shows the best a t with our results, is based on an assumed
benzyl heat of formation of 49 kcal mol™', as recommended by
Tsang.*? Janousek et al.*) have measured the electron affinity
of CH,S and combined their result with gas-phase acidity data
for CH,SH* 10 derive a value for AH|4(CH,S) which agrees
quite well with our findings. Shum and Benson™ have studied
the kinetics of the I, + CH;SH reaction over the temperature
range 476—604 K and obtain a lower limit value for AH|,(CH,S)
which is consistent with our findings. Hence, the value for
AH | (CH,S) which we obtain from kinetics studies of reactions
2 and -2 seems to be consistent with (but more precise than) most
earlier work, although uncertainties in the heat of formation of
benzyl radical*'4? somewhat hinders the comparison. However,
an interesting discrepancy exists between our results and the recent
molecular beam photofragmentation studies of Nourbakhsh et
2].3%634% These authors have obtained three independent mea-
surements of AH,o(CH,S) based on time-of-flight measurements
of photofragments from 193-nm photodissociation of CH,SH,*
CH,SSCH;,** and CH,SCH,;* they report values for AH, -
(CH,S) (with uncertainties of 1.5-2 kcal mol™') which are all 34

(54) Morrow, B. A. Can. J. Phys. 1966, 44, 2447.

(55) Palmer, T. F; Lossing, F. P. J. Am. Chem. Soc. 1962, 84, 4661.

(56) Dibeler, V. H.; Liston, S. K. J. Chem. Phys. 1968, 49, 482.

(57) Hwang, R. J.; Benson, S. W Inr. J. Chem. Kinet. 1979, 11, 579.

(58) Nourbakhsh, S N K. Yin, H-M.; Liso, C-L; Ng, C. Y.
J. Chem. Phys. 199 .95 946.

(59) Colussi, A. J.; Benson, S. W. Jnr. J. Chem. Kinet. 1977, 9, 295.

(60) Rossi, M.; Goldeu D. M. J. Am. Chem. Soc. 1979, 101, 1230.
- J(‘l) McMillen, D. F; Golden, D. M. Arnu. Rev. Phys. Chem. 1982, 33,
(62) Taang, W. Iz Shack Tubes in Chemistry, Lifshitz, A., Ed.; Dekker:
New York, 1981,
IOZ“;:ZJSM B. K. Reed K. J.; Brauman. J. L. J. Am. Chem. Soc. 1990,
(64) Bartmess, J. E: Mciver, R. T Jr. In Gas Phase Jon Chemistry,
Bowers, M. T., Ed.. Academic Press: New York, 1979; Val. 2.
(65) Nourbakhsh, S.; Liso, C.-L.; Ng, C. Y. J. Chem. Phys. 1990, 92,

(“)Nourhkhsh S.: Norwood, K.; Yin, H.-M.; Liso, C-L:Ng. C. Y.
J. Chem. Phys. 1991, 95, 5014,

(67) Wine, P. H.; Thompson, R. J.; Semmes, D. H. /ar. J. Chem. Kiner.
1984, /6, 1623.

(68) DeMore, W. B.; Sander, S. P.. Golden, D. M.; Molina. M. J.;
Hampson. R. F.: Kurylo, M. J.: Howard, C. J.. Ravishankara. A. R. Chemical
Kinetics and Photochemical Data for Use in Stratospheric Modeling. JPL
Publication 90-1; Jet Propulsion Laboratory, Pasadena, CA, 1990.
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kcal mol™' higher than the value of 31.44 = 0.54 kcal mol™!
obtained in this study. The error in our determination of k,/k_,
needed to rationalize a 3—4 kcal mol™' increase in AH,o(CH,S)
is a factor of several hundred in the direction where k, would have
10 be slower or k_, would have to be faster; errors of this magnitude
seem unlikely.

Summary

Time-resolved resonance fluorescence detection of Br(?P; ;)
disappearance following 266-nm laser flash photolysis of
CF,Br;/H,S/H,/N,, CF,Br,/CH,SH/H,/N,, CI,CO/H,S/
HBr/N,, and CH,SSCH,/HBr/H,;/N, mixtures has been em-
ployed to study the kinetics of reactions 1,2, -1, and -2 as a
function of temperature. In units of 107'? em’ molecule™' 57!,
Arrhenius expressions which describe our results are k, = (14.2
% 3.4) exp[(-2752 % 90)/7), k., = (4.40 % 0.92) exp[(-971 %
73)/T), k; = (9.24 £ 1.15) exp[(-386 & 41)/T], and k., = (1.46
# 0.21) exp[(-399 % 41)/7]. By examining Br(*Py ) equili-
bration kinetics following 355-nm laser flash photolysis of Br,/
CH,SH/H}/N; mixtures, a 298 K rate coefficient of (1.7 £ 0.5)
X 107'° em’ molecule™ s~' has been obtained for the CH,S + Br,
reaction. To our knowledge, these are the first kinetic data re-
ported for each of the reactions studied. Comparison of 4 factors
and activation energies for reactions 1, -1, 2, and -2 with known
kinetic parameters for other radical + H,S, CH,SH, HBr hy-
drogen-transfer reactions suggests that both thermochemistry and
electronic properties (i.e., IP - EA) exert important influences
on observed reaction rates.
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Second and third law analyses of the equilibrium data, i.c.,
k,/k., and k,/k_,, have been employed to obtain the enthalpy
changes associated with reactions 1 and 2. At 298 K, reaction
1 is endotbermic by 3.64 kcal mol™' while reaction 2 is exothermic
by 0.14 kcal mol”'. Combining the experimentally determined
enthalpies of reaction with the well-known heats of formation of
Br, HBr. H,S, and CH,SH gives the following beats of formation
for RS radicals in units of kcal mol™': AH*(SH) = 34.07 £ 0.72,
AH*3(SH) = 34.18 = 0.68, AH°o(CH,S) = 3]1.44 £ 0.54;
AH(®2¢(CH,S) = 29.78 & 0.44; errors are 2¢ and represent
estimates of absolute accuracy. The SH beat of formation de-
termined from our data agrees well with literature values but has
reduced error limits compared to other available values. The CH,S
beat of formation determined from our data is near the low end
of the range of previous estimates and is 3—4 kcal mol™ lower than
values derived from recent molecular beam photofragmentation
studies 386445
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Laser flash photolysis studies of atmospheric free radical
chemistry using optical diagnostic techniques

Paul H. Winc, J. Michacl Nicovich, Anthony J. Hyncs, Robert E. Stickcl,
R. Peyton Thorn, Mian Chin, Jeffrey A. Cronkhite,
Christic J. Shackcllord, Zhizhong Zhao, Edward P. Daykin,
Cornclius A. van Dijk, Shouzhi Wang, and Jill V. Steidl

Physical Scicnces Laboratory, Georgia Tech Research Institule,
Georgia Institutc of Technology, Atlanta, Georgia 30332

ABSTRACT

Some reeent studics carricd out in our laboratory arc described where laser Mash photolytic production of
rcactant [ree radicals has been combined with reactant and/or product detection using time-resolved optical
techniques to investigate the kinctics and mechanisms of important atmospheric chemical reactions.
Discussed arc (1) a study of the radical-radical rcaction O + BrO = Br + O, where two photolysis lascrs
arc cmployed to prepare the reaction mixture and where the reactants O and BrO arc monitored
simultancously using atomic resonance {luorescence (o detect O and multipass UV absorption to detect
BrO: (2) a study of the reaction of atomic chlorine with dimethylsulfide (CH,SCH,) where atomic
resonance [fuoreseence detection of Clis employed to clucidate the kinctics and tunable diode lascr
absorption spectroscopy is employed to investigate the HCI product yicld; and (3) a study of the agqucous
phasc chemistry of Cly~ radicals where longpath UV absorption spectroscopy is employed to investigate
the kinctics ol the Cl,” + H,0 reaction.

1. INTRODUCTION

The combination of reactant radical production by laser flash photolysis (LFP) with rcactant and product
detection by time-resolved optical techniques (TROT) has proven to be a powerful method for
investigating the kinctics and mechanisms of important atmospheric chemical reactions. While not without
limitations, this approach offers several advantages over other commonly used techniques.  First, studics
can be carricd out which employ both short reaction times and low radical concentrations, thus minimizing
interferences from sccondary reactions. Secondly, in gas phase studies a wide range of pressure, covering
morc than five orders of magnitude for some detection techniques (0.001 - 200 atmospheres), is
cxperimentally accessible.  Finally, and probably most importantly, thc chemistry of interest occurs in
completc isolation from rcactor surfaces, so intcrferences from helerogencous reactions can be completely
avoided.

In this paper some recent LFP-TROT studics conducted in our laboratory are described. These include
a study of the kinctics of the radical-radical reaction O + BrO = Br + O,, a kinctic and mechanistic study
of the CI + CH,SCH, rcaction, and a study of the potentially important cloudwater reaction of Cly”
radicals with H,O where very sensitive detection of Cl,"(ag) by multipass UV absorplion spectroscopy
provides information not attainablc using less scnsitive detection techniques.

2. THE O + BrO REACTION

The radical-radical reaction of ground state atomic oxygen (O = O(*P)) with bromine monoxidc is the rate-
determining step in a potentially important mid-stratospheric ozone destruction cycle:
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Br+0, - BrO+0, M)

BrO+0O - Br+0, 2)

NET: 0+03 -» 202

The only valuc for the BrO + O ratc coefficicnt rcported in the literature, ky(298 K) = (2.5"’_,2_2) x 10"
cm*molccule s, is bascd on measurements of O atom consumption rates and Br atom production ralcs
obscrved in a study which was actually designed (o measure the O + Br, rate cocllicient.!

Traditionally, most studics of radical-radical rcaction kinctics have cmployed flow tube techniques.?
Advantages ol the flow tube method which make it well-suited for studying radical-radical rcactions include
the following: (1) absolute concentrations of unstable chemical specics can be readily determined via
chemical titration; (2) unstable reactants can be gencrated in spatially scparated regions, thus allowing
improved control over potential chemical interferences; and (3) multiple detection axes can be readily
cmployed. Our study of O + BrO kinctics attempts to preserve the advantages of the flash photolysis
mcthod (discussed in the introduction), whilc also incorporating some ol the advantages of the flow tubc
mcthod. The experimental approach is an improved version of one we have employed previously to study
the kinctics of the O + HO,* and O + CIO® reactions. Despite improvements in experimental
sophistication, however, the O + BrO study has proven quite challenging due to dilficultics in controlling
interferences from unwanted side reactions.

To study O + BrO kinctics, a reaction mixture containing O, Bry, and N, is subjected to 248 nm laser Mash
photolysis using a KrF excimer laser. Concentrations are (5-30) x 10" O, per em?, (3-20) x 10'? Br, per
cm?, and 25-150 Torr N, The laser [lucnce is sulficient to produce O atoms in 5-10 [old excess over Bry:

O. + hv(248 nm) = O('D) + Oy('A), @ - 09 (34)
+ O(P) + OAXE) @ - 0.1 (3b)
O(lD) + Nz d O(‘P) oy N2 (4)

Ozonc photolysis at 248 nm produces primarily clectronically excited singlet products.® Howcever, at the
N, levels employed in the experiment, relaxation of O('D) (o ground state O(*P)(=0) atoms occurs on @
sub-microsccond time scale.” Subscquent to O('D) relaxation, O atoms titrate Br, to BrO and the catalytic
cycle defined by reactions (1) and (2) converts all remaining O atoms to Oy

O+ Br;, - BrO + Br (5)
Br+03 -’Br0+02 (')
O+BO - Br+0, ()

The O 4+ BrO reaction is sulficiently cxothermic to gencrate atomic bromine in the excited spin-orbit
clectronic state Br(?P,,). However, relaxation to the ground clectronic state, Br(?Pyy,), via collisions with
N, is rapid comparcd to the time scalc for bromine atom reaction.* The kinctics of reactions (1) and (5)
arc well established, having been investigated recently in our laboratory®'® as well as clsewhere."!

Il the chemistry in the Oy/Bry/N; photolysis system were completely described by reactions (1) - (S), then
we could evaluate the O + BrO rate cocllicicnt bascd on measurcments of the O atom decay rate at long
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times after the laser Mash, i.c., when [Bry] = 0. However, there arc complicating side reactions which must
be considered:

BrO + BrO -~ 2Br+0, ®-084 (6a)
. sz + 02, D -0.16 (()h)
Of'A)+0, = 0+20, ™)

The kinctics of rcactions (6a), (6b), and (7) arc rcasonably wellcstablished." Rcaction (6b) resulls in
regeneration of some Br, on the time scale for O decay. The relatively slow reaction (7) prevents complete
decay of O atoms. Instcad, a ncar-sicady-statc situation is established at long time after the excimer laser
Mash where O production via reaction (7) and O loss via reactions (2) and (5) occur at similar ralcs; as a
resull, quantitative information about the O + BrO rate cocfTicient is not casily obtained from the oxygen
atom temporal profile. To circumvent the above complications, we employ a sccond photolysis lascr.
Aller the near-steady state oxygen atom concentration is cstablished, 532 nm radiation (Nd:Yag lascr, 2nd
harmonic, 7 ns pulsewidth) is cmployed (o photolyze a small fraction of the remaining O, thus perturbing
the steady state O atom concentration.  Compuler simulations show that rclaxation of the O atom
concentration back to steady state is dominated by the O + BrO rcaction.

A schematic diagram of the apparatus for the O + BrO kinctics study is shown in Figurc 1. A "slow flow"
configuration is employed such that the reaction mixture is essentially static on the time scale of the
cxperiment (10-50 milliscconds) but is completely replaced during the 5-10 seconds between excimer laser
llashes. The reaction cell s jacketed to allow control of temperature by flowing a cooled or heated uid
through the outer jacket (which is not shown in Figurc 1). Ground statc oxygen atoms arc monitored by
time-resolved atomic resonance Muorescence spectroscopy'® while BrO radicals arc monitored by time-
resolved UV absorption spectroscopy at 338.3 nm, the pcak of the strongest band in thc BrO A-X
speetrum:'2details of our application of the long path absorption technique are given clsewhere.™™ A dual
channcl signal averager simultancously accumulates the O atom fluorescence signal in the multichanncl
scaling modc (i.c., photon counting techniques are employed to process the fluorescence signal) and the
BrO absorption signal in thc peak height analysis mode. A scgmented aperture optical integrator is
employed to make the excimer laser photolysis beam spatially uniform. Hence, the excimer laser photolysis
Mash produces a spatially uniform concentration of oxygen atoms. Sevcral hundred Mashes arc typically
averaged 1o obtain the desired O and BrO temporal profiles. The shot-to-shot stability of the excimer lascr
is about * 10%. Because experimental conditions are such that (O], > |Bry)., tcn pereent fluctuations in
excimer lascr Muence result in very small shot-to-shot variations in [BrO|,.

Results f[rom a typical cxperiment are summarized in Figurcs 2-4; the cxperimental conditions employed
to obtain the results in Figurces 24 are as follows: T = 298K; P = 50 Torr; |O;], = 7.68 x 10" per cm?;
|Br,), = 1.56 x 10" per em®, O], = 8.6 x 10" per cm?¥, time dclay between the excimer and Nd:Yag lascr
pulses = 0.025 scconds. Obscrved O and BrO (emporal profiles arc shown in Figurc 2. At short times
when (O] is very high, the fluoreseence signal is reduced duc to radiation trapping cllccts; henee, the
Muorcseence signal is proportional to the O atom concentration only after the signal has decayed
significantly from its pcak valuc. Computer simulations of the O, BrO, and Br, tcmporal profiles arc
shown in Figurc 3. The simulations were obtained by numcrical integration of the rale cquations assuming
that the chemistry governing the desired temporal profiles is described complctcly by reactions (1), (2). (5),
(6). and (7). and using the best available kinctic data from the literature;*!" since |[BrO| valucs arc bascd
(at Icast in part) on the simulations, an itcrative procedure was required in order to allow the valuc of ks
dctermined from our data (o be used in the simulations. Comparison of simulated O and BrO temporal
profiles with experiment shows qualitative but nol quantitative agreement. The simulated O decay (o
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stcady stale is somewhal fastcr than that obscrved experimentally, the simulated BrO appcarance ratce is
a little slower than that obscrved cxperimentally, and the simulated BrO dcecay is a little faster than that
obscrved experimentally. Typically, we find that the simulated BrO concentration at the time the Nd: Yag
lascr fircs is about 10% lowcer than the concentration derived from the measurcd BrO absorbance using
the best available literature value for the BrO absorption cross scction at 338.3 nm'? (o convert absorbance
to concentration. The difference between obscrved and simulated O and BrO temporal profiles could
indicalc that the chemistry in the model is incomplete or that one or more rale cocflicients for reactions
(1), (2). (6), and/or (7) arc inaccuralc. Another possibility which may account for all obscrvations is the
production of clectronically excited oxygen, O,('A), as a product of the O + BrO reaction. The oxygen
atom [luorescence data around the time that the 532 nm lascr [fires is shown in Figure 4. The solid "basc
linc" is obtaincd (rom fitting the data in the -10 to 0.1 ms and 7 to 14 ms timc intcrvals to a doublc
cxponential decay function. The rclaxation of the O atom population gencrated by the 532 nm lascr is
found to be exponential; for the data shown in Figure 4, the rclaxation time (1) is 950 microscconds. A
plot of k' (= '), the pscudo-first order rate of O atom relaxation back to stcady state following the 532
nm lascr pulsc, versus [BrO] is shown in Figurc 5; the BrO concentrations arc thosc obtained from the
computer simulations of system chemistry.  Also shown in Figure 5 is the k” versus |BrO] data corrected
lor the contribution to the O decay from the O + Br, reaction; in this casc (which is typical of all pressures
and temperatures examined ) about 10% of the oxygen atom decay is attributable'to the O + Br, reaction.
The slope of the corrected k' versus [BrO| plot gives a rate cocllicient of 4.8 x 10" em*molccules ! for
thc O + BrO rcaction at 298 K in 50 Torr N,.

Y 253.6 nm Filter

- 1064 nm
‘ c | 532 nm 1064 nm
oo Nd:Yag Laser t----

Cell
Mty Absorption
Lamp

Xe AT s
Lamp

Mirror

. - . . . = . = = . . S e e e e e

f“\mo»
_", Chan A

Fig. 1. Apparatus for thc O + BrO kinctics study.
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We have investigated the kinctics of the O + BrO reaction at 298 K over the pressure range 25 - 150 Torr
and at 50 Torr pressure over the temperature range 233 - 328 K. We [ind that k(298 K) = (4.4£0.6) x
10" em*molccule s and that kg(T) = (2.4+0.4) x 10" exp |(190£100)/T| cm*molecule’s™, i.c., kg increases
slightly with dccreasing temperature; "negative activation energies” are often observed for radical-radical
reactions because the poltential cnergy surface typically contains a2 minimum corresponding to a bound
intermediate complex (BrOO in the case of reaction (5)).

At this time the O + BrO kinctic results reported above must be considered preliminary. In particular,
the potential importance of O5('A) or Ox('Z) production from reaction (5) needs to be addressed.  As
mcntioned above, a high yield of O('A) from rcaction (5) could account for important diffcrences between
obscrved and simulated O and BrO temporal profiles; hawever, Oy('A) production could have only a small
clfect on the simulated BrO concentration at the time the 532 nm lascr fires and, therclore, would not
significantly altcr reported valucs for ke, Production of Oy('Z) as a product of the: O + BrO reaction is
potentially a morc scrious problem becausc the O4('Z) + O, reaction is several orders of magnitude laster
than the O5('A) + O, rcaction.'

02('2) + 0_1 -0+2 02 (8)

Henee, any O atoms which rcacted with BrO to form Oy('Z) would immediately be regencrated via
reaction (8). Since cfficient O,('Z) quenchers which are also chemically inert in the Oy/Bry/N; photolysis
system do not scem Lo be available, dircet evidencee for O4('Z) production will require observation of its
infrarcd cmission in an cxperimental system where O, is not present. Adiabatic corrclation arguments'®
as well as statistical arguments (i.c., arguments based on the assumption that all sets ol cnergetically
accessible product quantum states are cqually probable) suggest that the O,('Z) yicld from reaction (5)
should be very small; however, experimental confirmation that this is the case would be highly desirable.
Our results indicate that the O + BrO rcaction is considerably faster than previously thought, even though
we are obscrving only those reaction channcls which produce O, in the X*Z or 'A stalcs.

3. KINETIC AND MECHANISTIC STUDY OF THE Q + CH,SCH; REACTION

It has reeently been suggested that significant chlorine concentrations may be present in the marine
boundary laycr, possibly as a result of CINO, or Cl, gencration via rcactions on surfaces of marinc acrosol
particles.' A rccent competitive kinctics study of reaction (9) at 298 K in one atmosphcre of air'” suggests
that this rcaction is extraordinarily [ast, i.c., k(298 K) = 3.2 x 107" cm*molccule’s .

Cl + CH,SCH; - products 9)

Combining the above result with the findings ol our study of the kinctics and mechanism of the OH +
CH,SCH, (DMS, dimcthylsulfidc) reaction'® suggests that ky/k,e = S0 at 298 K and one atmosphere of air.

OH + CH,SCH, - products (10)

DMS is th¢ dominant reduced sulfur specics in the marinc boundary laycr and its primary removal
mcchanism from the atmosphere is thought to be reaction with OH. Hence, il Cl concentrations in the
marinc boundary laycr arc as large as 10* atoms per cm?, and il rcaction (9) is as [ast as thc available
kinctic data'” suggest, then the Cl + DMS reaction could be very important in marinc atmospheric
chemistry.

The above considerations have led us Lo carry out a detailed study of the kinctics and mechanism of the
Cl + DMS rcaction. Lascr Mash photolysis of Cl,CO (phosgenc) at 266 nm was combined with time-
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resolved atomic resonance fluorescence detection of chiorine atoms to measure valucs for ke as a function
of temperature and pressure. A complete description of the experimental approach can be found in a
reeent publication describing our study of the complex Cl 4 CS; reaction.' All experiments were carricd
out under pscudo-first order conditions with DMS in large cxcess over chlorine atoms. Obscrved chlorine
atom dccays were exponential and increased lincarly as a function of |[DMS], as would be expected if
chlorine atom removal is dominated by reaction with DMS. The bimolecular rate coclficicnts of interest,
ko(P,T)), arc obtained from the slopes of plots of k', the pseudo-first order decay rate, versus DMS
concentration; measured rate cocllicients at 239 K, 297 K, and 421 K are plotted as a function of pressure
in Figurc 6. Our results conflirm that reaction (9) occurs on virtually cvery CI-DMS cncounter. The
reaction ratc is found to increasc with decreasing temperature as would be expected [or a very [ast reaction
whosc rate is determined by the magnitude of long range attractive forces between the reactants. The
surprising aspcct of the data in Figure 6 is our obscrvation of a clcar pressure dependence for ke, at keast
at temperatures of 297 K and below.  Reaction (9) appears to occur via both pressurc-independent and
pressure-dependent pathways; the pressurc-dependent pathway must involve collisional stabilization of a
(CH,),S-Cl adduct.

Ll 1 'ITYI'I L] 1 'j'leﬁl T T =T Ay

~ 4r

T

n
L

1

Q

r— e

-

(&)

2

(@)

E

™ 2

E

()
(=]
T

2 r N
=

0 1 LllLJlLl 14111;11' . ¢ IS (oo w1

1 10 100 1000

P (Torr)

Fig. 6. Rate constants for the Cl + DMS reaction as a [unction of tcmperaturc and pressure.
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To gain further insight into the mechanism for reaction (9), we have carricd out additional experiments
where lascr flash photolytic production of Cl (via 248 nm photolysis of phosgene) has been coupled with
tunablc diode lascr absorption spectroscopy (TDLAS) to measure the HCI product yicld at 297 K as a
function ol pressure. A schematic of the LFP-TDLAS apparatus is shown in Figurc 7. The excimer lascr
photolysis bcam and the diode laser probe beam traverse the one-meter-long reaction cell coaxially: the
beams arc combined and scparated using dichroic optics. The experiments are carricd out under slow llow
conditions as described above for the O + BrO study. An absorption cell is positioned in the flow system
upstrcam from the reaction cell (o allow UV photometric monitoring of the CL,CO concentration. Other
important components of the apparatus arc a He/Ne alignment lascr, a liquid helium closed cycle
refrigerator which cools the diode laser housing, clectronics for controlling the diode lascr frequency via
temperature or current tuning, an infrared monochromator for diode laser modce isolation, and infrared
detectors with associated clectronics for monitoring the transmiticd intensitics of the probe and reference
beams. To obtain the HCl yicld we carry out back-to-back cxperiments where the photolytically produced
Cl rcacts with DMS, then with cthane (GHq): the yicld of HCI from the Cl + CHq reaction is krown to
be unity. About | Torr of CO, is added to the reaction mixture to facilitate rapid rclaxation of any HCl
which is formed in the v = 1 level. Typical data, obtained in 10 Torr N, bulfer gas, are shown in Figure
8. It is clear from the data in Figure 8 that HCl is a major product of reaction (9). However, it is also
clear that the HCl yicld is less than unity. A plot of the HCl yicld as a function of pressure is shown in
Figurc 9. The HC yicld approaches unity as P - (), but decrcases with increasing pressurc.
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Possible reaction channels for the Cl + DMS reaction include the following:

Cl + CH,;SCH; - |CH,S(CI)CH,)* -+ CH,SCH, + HCl (11a)
-+ CH,SCl + CH; (11b)
- CH,S + CH,Cl (11¢)
¥ CH,S(CI)CH, (11d)

Comparison of the kinetic data and the HCl yicld data strongly suggests that reaction (11a) is thc dominant
channel in the low pressure limit, but that reaction (11d) hecomes competitive at higher. pressures.
Whether the adduct formed via reaction (11d) is stable on the time scale of our experiment, or decom poses
to products other than HCI or Cl, remains to be determined.

4. LABORATORY STUDIES OF FREE RADICAL CHEMISTRY IN CLOUD WATER

Free radical reactions occurring in cloud water play a role in the generation of acid precipitation® and may
alfcet gas phase concentrations of key specics such as Oy, HO,, and NO, in the remote troposphere.?” In
recent years we have developed a laser flash photolysis - long path absorption (LFP-LPA) technique for
studying the kinetics of aqueous phase free radical reactions, and applied the technique (o studics of
potential importance in cloud chemistry. 2% The improved sensitivity afforded by the LPA detection
technique has allowed us to carry out kinetics studies employing much lower radical concentrations than
have typically becn employed in pulse radiolysis and/or flash photolyis studics; examples of results which
could only be obtained because of this improved detection sensitivity include (1) our measurement of the
rate coellicient for the slow SO~ + H,0 reaction® and (2) our demonstration that previous measurements
of the SO,~ + HSO;" rate coefficient had not (as had been suggested in the literature) been allected by
sccondary reactions which regencrate SO~

In order to further improve the ultimate detection limit of our LFP-LPA apparatus, we have recently
constructed a new reactor which is considerably longer than the reactor we employed in earlicr studics. 22
A cylindrical lens is employed to expand the excimer laser photolysis beam in the horizontal direction, thus
allowing a 10 cm wide region of the reaction cell (o be photolyzed. We typically employ 34 passes of the
probe light through the reactor, giving an absorption pathlength of ~340 cm.

Chlorine radical chemistry initiated by, for example, pulse radiolysis of N,O-saturatcd chloride solutions,
is quite complex; the following three rapid equilibria are thought (o be involved:®

OH+ Q- « HOO- (12,-12)
HOCI- + H* « C+H;0 (13,-13)
G+a » . Qr- - (14,-14)

At rclatively high [C17] and [H*], the radical pool in the above cquilibria cxist almost cntircly as Cl,, a
specics which absorbs strongly in the near UV (e,,, ~ 8800 Mcm™, 4,,, ~ 340 nm);* both HOCI- and CI
also absorb in the near UV, but not as strongly as Cl,~.2%%7 A convenient method for gencrating chlorine
radicals by flash photolysis is as [ollows:
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S,0> + v - 2SO0, (15)
SO, +Cl- = Cl+S02 (16)

S,04% can be photolyzed clficicntly at the cxcimer lascr wavclength 248 nm, and docs not rcact al an
appreciable rate with SO,~, OH, Cl, Cl,7, or HOCI-. Rcaction (16), which happens to be the dominant
sink for chloride in cloud water,® is reasonably last with k4(298 K) - 2.6 x 10* M's! in the limit ol zcro
ionic strength, 2462

In a recent study of chlorine radical chemistry initiated by reaction (16) McElroy? concludes that the
Cl,” + H,0 reaction proceeds at a rate of 1300 s, a result which, if correct, has important implications
for chlorine radical chemistry in cloud walcr.

& * 3 *

Cl;- + H,0 - products A : (17)

We have tricd to observe a [irst order decay of Cly,™ under conditions of high Cl= (0.1 M) and low pH (1.1).
These experiments were carried out using extremely low Cly,™ concentrations (in the nanomolar range) to
minimize contributions from the Cly scll reaction; the |S,0427] and [SO,~ | employed in our study arc about
three orders of magnitude lower than employed by McElroy.? Typical data are shown in Figure 10. Al
very low radical concentrations, we obscrve decay rates slower than 10 s which decrease with decereasing
lascr power at constant |S;0,7|: these obscrvations suggest that even the very slow decays we observe are
not duc to reaction (17), but instead were due to a radical-radical reaction. It is possible (or even likely)
that il reaction (17) oceurs, the product is a radical species which would rapidly react (o regencerate Clpo,
i.c., OH, Cl, or HOCI". Expcriments arce currently in progress to examine this possibility.
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Chapter 7

Deuterium Substitution Used as a Tool
for Investigating Mechanisms of Gas-Phase
Free-Radical Reactions

P. H. Wine, A. J. Hynes, and J. M. Nicovich

Physical Sciences Laboratory, Georgia Tech Research Institute, Georgia
Institute of Technology, Atlanta, GA 30332

Results are presented and discussed for a number of gas
phase free radical reactions where H/D isotope effects provide
valuable mechanistic insights. The cases considered are (1)
the reactions of OH, NO,, and Cl with atmospheric reduced
sulfur compounds, (2) the reactions of OH and OD with
CH,CN and CD,CN, and (3) the reactions of alkyl radicals
with HBr and DBr.

A major focus of modern chemical kinetics research is on understanding
complex chemical systems of practical importance such as the atmosphere
and fossil fuel combustion. In these applications, accurate information on
reaction mechanisms (i.e., product identities and yields) as well as reaction
rate coefficients is often critically important. Since detailed experimental
kinetic and mechanistic information for every reaction of importance in a
complex chemical system is often an unrealizable goal, it is highly desirable
to develop a firm theoretical understanding of well studied reactions which
can be extrapolated to prediction of unknown rate coefficients and product
yields.

In recent years it has become apparent that many reactions of
importance in atmospheric and combustion chemistry occur via complex
mechanisms involving potential energy minima (i.e., weakly bound interme-
diates) along the reaction coordinate. The OH + CO reaction is one of the
best characterized examples (I). While theoretical descriptions can some-
times be employed to rationalize experimental observations (1-3), a theoreti-
cal framework does not yet exist for predicting complex behavior. In this
paper we discuss some experimental studies carried out in our laboratory
over the last several years which were aimed at characterizing the kinetics
and mechanisms of a number of complex chemical reactions of practical
interest. Mechanistic details were deduced in part from studies of the

0097-6156/92/0502-0094506.00/0
® 1992 American Chemical Society
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7. WINEET AL Mechanisms of Gas-Phase Free-Radical Reactions 95

effects of temperature, pressure, and [O,] on reaction kinetics and from
direct observation of reaction products. However, studies of H/D isotope
effects were also employed as a tool for deducing reaction mechanisms;
information obtained from the isotope effect studies is highlighted in the
discussion.

The chemical processes we have chosen for discussion are (1) the
reactions of OH, NO,, and Cl with atmospheric reduced sulfur compounds
(2) the reactions of OH and OD with CH,CN and CD,CN, and (3) the
reactions of alkyl radicals with HBr and DBr. The experimental methodolo-
gy employed to investigate the above reactions involved coupling generation
of reactant radicals by laser flash photolysis with time résolved detection of
reactants and products by pulsed laser induced fluorescence (OH and OD),
atomic resonance fluorescence (Cl and Br), and long path tunable dye laser
absorption (NO;).

The Reactions of OH, NO,, and Cl with Atmospheric Reduced Sulfur
Compounds

Dimethylsulfide (CH,SCH,, DMS) emissions into the atmosphere from the
oceans are thought to account for a significant fraction of the global sulfur
budget (4). It has been suggested that DMS oxidation in the marine atmo-
sphere is an important pathway for production of cloud condensation nuclei
and, therefore, that atmospheric DMS can play a major role in controlling
the earth’s radiation balance and climate (5). Hence, there currently exists
a great deal of interest in understanding the detailed mechanism for oxida-
tion of atmospheric DMS.

It is generally accepted that the OH radical is an important initiator
of DMS oxidation in the marine atmosphere (4). Several years ago, we
carried out a detailed study of the kinetics and mechanism of the OH +
DMS reaction (6). We found that OH reacts with DMS via two distinct
pathways, one of which is only operative in the presence of O, and one of
which is operative in the absence or presence of O, (see Figure 1). The
rate of the O;-dependent pathway increases with increasing [O,), increases
dramatically with decreasing temperature, and shows no kinetic isotope
effect, i.e., CH,SCH, and CD,SCD, react at the same rate. These obser-
vations indicate that the O,-dependent pathway involves formation of a
weakly bound adduct which reacts with O, in competition with decomposi-
tion back to reactants.

OH + CH,SCH; + M 2 (CH,),SOH + M (1,-1)
(CH,;).SOH + O, -+ products 2)
The absence of a kinetic isotope effect strongly suggests that none of the

three elementary steps in the above mechanism involve breaking a C-H
bond.

127



96 ISOTOPE EFFECTS IN GAS-PHASE CHEMISTRY

20+ j
£« ‘
- E
‘e 10 -
s 5
° -
@ L
° x
E
ng 5 -
~
17 o
e
- 2 -
2
°
x ~—
1 L o T

2.6 3.0 3.4 3.8

1000/T(K)

Figure 1. Arrhenius plots for the OH + CD,SCD; reaction in 700 Torr
N,, air, and O,. k. = the slope of a plot of the pseudo-first order OH
decay rate versus the CD,SCD, concentration under conditions where the
adduct (CD,),SOH is removed much more rapidly than it is formed.

(Reprodu from reference 62. Copyright 1987 American Chemical
Society.)
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7. WINEET AL  Mechanisms of Gas-Phase Free-Radical Reactions 97

The Oindependent channel for the OH + DMS reaction proceeds
with a 298K rate coefficient of 4.4 x 102 cm*molecule’s?; in one atmo-
sphere of air, the Os-independent channel is dominant at T > 285K while
the O,-dependent channel dominates at lower temperatures (6). We find
that the rate of the Os-independent channel is pressure independent but
increases slightly with increasing temperature (small positive activation
energy). Furthermore, the O,-independent channel displays a significant
kinetic isotope effect, k;/kp ~ 2.3 at 298K. Based upon the observed
positive activation energy and significant isotope effect, we have postulated
(6) that the Oz-independent pathway is a direct hydrogen abstraction .
reaction, ie., there is no potential energy minimum (corresponding to an
OH-DMS adduct) on the potential energy surface connecting reactants with
products.

OH + CH,SCH; = CH,SCH;, + H,0. 3)

Interestingly, Domine et al (7) have recently observed production of C;H;
+ CH,SOH from the reaction of OH with C;H,SCH; at low pressure and in
the absence of O, although the branching ratio for production of C;Hs +
CH,SOH remains rather uncertain. By analogy, Domine et al 5 results
suggest that the Oj-independent pathway in OH + DMS may involve
cleavage of the relatively weak C-S bond rather than the C-H bond.

OH + CH,SCH, - [(CH,)SOH!] = CH, + CH,SOH  (4)

If the Oz -independent pathway for OH + DMS is reaction 4 rather than
reaction 3, then the H/D isotope effect we have observed (6) would, to our
knowledge, be the largest secondary isotope effect known for a gas phase
reaction. Clearly, direct determination of the product yields from the O
independent channel of the OH + DMS reaction could have a major
impact not only on our understanding of atmospheric sulfur oxidation, but
also on our understanding of chemical reactivity in general and kinetic
isotope effects in particular.

In coastal marine environments where NO, levels are relatively high,
it is generally believed that NO, can compete with OH as an initiator of
DMS oxidation (4). The 298K rate coefficient for the NO, + DMS reaction
is known to be about 1 x 10 cm®molecule-s? (8-13) and a significant
negative activation energy has been reported (12). The reaction of NO,
with DMS could proceed via direct H or O atom transfer or via formation
of long-lived adduct.

NO, + CH’SC}{Q o Ci'l’SC}i; + HNO, (5)
NO) + CH,SCH; - (CH,),'SO + NO: (6)
NO, + CH,SCH; + M = (CH;),SONO, + M 7-7)
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98 ISOTOPE EFFECTS IN GAS-PHASE CHEMISTRY

Attempts to detect NO, as a reaction product have been unsuccessful (9,12)
suggesting that O atom transfer via either a direct mechanism or via adduct
decomposition is unimportant. As pointed out by Atkinson et al (8), the
NO; + DMS reaction is several orders of magnitude faster than the known
rates of H-abstraction of, for example, relatively weakly bound aldehydic
hydrogens by NO,; this fact, coupled with the observed negative activation
energy (12), strongly suggests that the NO, + DMS reaction does not
proceed via a direct H-abstraction pathway. By the process of elimination,
it is generally accepted that the initial step in the NO; + DMS reaction is
adduct formation, ie., reaction (7).

In a recent study of the kinetics of NO, reactions with organic
sulfides (13), we observed a large kinetic isotope effect for the NO; + DMS
reaction; at 298K NO; reacts with CH,SCH; a factor of 3.8 more rapidly
than with CD,SCD, The observed isotope effect, coupled with the observa-
tion that at 298K C,H,SC,H; reacts with NO, a factor of 3.7 more rapidly
than does CH,SCH,, clearly demonstrates that the adduct decomposes via a
process which involves C-H bond cleavage. A very recent chamber study by
Jensen et al. (14) confirms the magnitude of our reported isotope effect and
reports quantitative observation of HNO; as a reaction product.

(CH,).SONO; + M = CH,SCH; + HNO, + M (8)

As we discuss elsewhere (13), the postulate that the NO; + DMS reaction
proceeds via reactions 7, -7, and 8 appears to be consistent with all available
product data.

It is interesting to compare and contrast kinetic and mechanistic
findings for the NO; + DMS reaction, with those for the reaction of OH
with CH,SH. Like NO,; + DMS, the OH + CH,SH reaction becomes faster
with decreasing temperature (15-18), suggesting that the initial step in the
mechanism is adduct formation.

OH + CH,SH + M 2 CH,S(OH)H + M ©)

Also, as appears to be the case for NO; + DMS, the OH + CH,SH reac-
tion is known to give H-abstraction products with unit yield (19).

CH,S(OH)H + M = CH,S + H;,0 (10)

Hence, there are important similarities between the NO; + DMS and OH
+ CH,SH reactions. However, there are also important differences. First,
at 298K the OH + CH,SH reaction is about 30 times faster than the NO, +
DMS reaction. Secondly, while NO; + DMS displays a large H/D kinetic
isotope effect (see above), isotope effects in OH reactions with CH,SH,
CD,SH, and CH,SD are minimal (17,18). These reactivity differences can
be rationalized by postulating that decomposition of (CH,;),SONO; to
products competes relatively unfavorably with decomposition back to
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7. WINEET AL  Mechanisms of Gas-Phase Free-Radical Reactions

reactants (i.e. k, >> k), whereas decomposition of CH,S(OH)H to prod-
ucts is much faster than decomposition back to reactants (i.e. ky << ky).
Hence, the rate of the adduct - product step, which should be sensitive to
isotopic substitution, strongly influences the overall rate of the NO; + DMS
reaction but does not influence the overall rate of the OH + CH,SH
reaction.

Recently in our laboratory we have investigated the kinetics of
chlorine atom reactions with CH,SH, CD,SD, H.S, and D,S (20) as a
function of temperature. There have been no previous reports of the
temperature dependence of the Cl + CH,SH rate coefficient and no
previous kinetics studies of Cl reactions with CD,SD or D,S. Nesbitt and
Leone (21,22) have shown that, at 298K, the Cl + CH,SH reaction occurs
at a gas kinetic rate (k ~ 1.84 x 10° cm®molecule’s?) and that k,,/k,, ~ 45.

Cl + CH,SH - CH,S + HCl (11)
Cl + CH,SH - CH,SH + HCl (12)

Several kinetics studies of the Cl + H,S reaction have been reported (21,23-
27) with published 298K rate coefficients spanning the range (4.0 - 10.5) x
10! cm®molecule’s?. Two temperature dependence studies (26,27) both
conclude that the Cl + H,S rate coefficient is temperature independent.
Internal state distributions in the HCl product of Cl + H,S and Cl +
CH,SH (28,29) and the SH product of Cl + H;S (29) have also been
reported.

Arrhenius plots for reactions of Cl with H,S, DS, CH,SH, and
CD,SD are shown in Figure 2. Arrhenius expressions derived from our data
are as follows (units are 10! cm*molecule’s?; errors are 20, precision only):

Cl + HS: k = (3.60 = 0.26) exp [(210 = 20)/T], 202-430K
Cl + DS: k = (165 = 0.27) exp [(225 = 45)/T], 204-431K
Cl + CH,SH, CD,SD: k = (11.9 = 1.7) exp [(151 = 38)/T], 193-430K

Kinetic data for CH,SH and CD,SD were indistinguishable so one
Arrhenius expression incorporating all data is presented. One important
aspect of our results is that all reactions are characterized by small but well-
defined negative activation energies, suggesting that long range attractive
forces between S and Cl are important in defining the overall rate coeffi-
cient. Our interpretation of observed kinetic isotope effects follows the
same arguments as employed above in the comparison of NO; + DMS with
OH + CH,SH. In the case of the Cl + CH,SH reaction, adduct decompo-
sition to products is apparently fast compared to adduct decomposition back
to reactants whereas in the case of the Cl + H,S reaction the two adduct
decomposition pathways occur at competitive rates. This argument seems

131



100

Figure 2. Arrhenius plots for the reactions of chlorine atoms with
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reasonable since we expect H,SCl to be a less strongly bound species than
CH,S(CI)H, thus making adduct decomposition back to reactants consider-
ably more rapid for Cl + H,S than for Q1 + CH,SH. The relative stabilities
of the adducts can be predicted based on the facts that a methyl group
releases electron density to the sulfur atom more efficiently than does a
hydrogen atom (30), and that the ionization potential of CH,SH is about 1
ev lower than the ionization potential of H,S (31), thus facilitating the
formation of a more stable charge transfer complex in the Cl + CH,SH
case.

The Reactions of OH and OD with CH,;CN and CD;CN

Acetonitrile (CH,CN) is present at significant levels in both the troposphere
and the stratosphere, and has been implicated in stratospheric ion chemistry
(32-35). Reaction with OH is generally thought to be a major atmospheric
removal mechanism for acetonitrile (35). Early studies of the kinetics of the
OH + CH,CN reaction demonstrated that k(298K) ~ 2 x 10"* cm*molecule-
s and that E,, ~ 2 kcal mole? (36-47); it has generally been thought that
reaction proceeds via a direct H-abstraction mechanism (40-42).

We recently carried out a detailed study of the hydroxyl reaction with
acetonitrile which demonstrates that the reaction mechanism is considerably
more complex than previously thought (43). The kinetics of the following
four isotopic variants were investigated:

OH + CH,CN - products (13)
OH + CD,CN - products (14)
OD + CH,CN - products (15)
OD + CD,CN - products (16)

All four reactions were studied at 298K as a function of pressure and O,
concentration, while reactions 13 and 14 were also studied as a function of
temperature.

Experiments which employed N, buffer gas gave some results-which
appear inconsistent with the idea that reactions 13 - 16 occur via direct H
(or D) abstraction pathways. First, rate coefficients for reactions 13 and 14
(but not reactions 15 and 16) increase with increasing pressure over the
range 50 - 700 Torr; the largest increase, nearly a factor of two, is observed
for reaction 14. Second, observed isotope effects on the (high pressure
limit) 298K rate coefficients are not as would be expected for an H (or D)-
abstraction mechanism. Measured 298K rate coefficients in units of 10-*
cm*molecule’s? are k;, = 2.48 = 0.38, ky, = 2.16 = 0.11, kj; = 3.18 = 0.40,
and k¢ = 2.25 = 0.28 (errors are 20). If the dominant reaction pathway is
H (or D) abstraction we would expect reactions 13 and 15, which break C-H
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102 ISOTOPE EFFECTS IN GAS-PHASE CHEMISTRY

bonds, to be faster by a factor of two or more than reactions 14 and 16,
which break C-D bonds. Observed differences in reactivity are quite small,
although reaction 15 does appear to be somewhat faster than the other
reactions.

The observed kinetics in the absence of O, can best be reconciled
with a complex mechanism which proceeds via formation of an energized
intermediate, ie.

k, ks
OH + CH;CN & energized complex = products
k,
M k

adduct

Such an energized intermediate could decompose to produce CH,CN +
H;O or other products, decompose back to reactants, or be collisionally
stabilized at sufficiently high pressures. Hence, the reaction proceeds at a
finite rate at low pressure but shows an enhancement in the rate as the
pressure is increased. Such a mechanism is well documented for the
important atmospheric reactions of OH with CO and HNO; (44) and has
recently been observed in our laboratory for the Cl + DMS reaction (45).
The pressure, temperature, and isotopic substitution dependences of the
elementary rate coefficients k,, k., ks, and k. interact to produce the ob-
served complex behavior.

Perhaps the most conclusive evidence that the OH + CH,CN
reaction proceeds, at least in part, via formation of an intermediate complex
comes from experiments carried out in reaction mixtures containing O,
Observed OH temporal profiles in the presence of CH;CN and O, are non-
exponential and suggest that OH is regenerated via a reaction of O, with a
product of reaction 13. Two possibilities are as follows:

OH + CH,CN - CH,CN + H;0 (13a)
CH,CN + O, = - OH + other products a7
OH + CH,CN + M - adduct + M (13b)
adduct + O, = -» OH + other products (18)

In the mixed-isotope experiments, we observe that OD is regenerated from
OD + CH,CN + O, and that OH is regenerated from OH + CD;CN + O,
these findings conclusively demonstrate that an important channel for the
hydroxyl + acetonitrile reaction involves formation of an adduct which lives
long enough to react with O, under atmospheric conditions, and also places
considerable constraints on possible adduct + O, reaction pathways. A
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7. WINEET AL Mechanisms of Gas-Phase Free-Radical Reactions 103

plausible set of elementary steps via which OH can be regenerated in the
OH + CD,CN + O, reaction is shown in Figure 3. The mechanism in-
volves OH addition to the nitrogen atom, followed by O, addition to the
cyano carbon atom, isomerization, and decomposition to D,CO + DOCN +
OH. Further studies are needed to establish whether or not OD as well as
OH is generated from OH + CD,CN + O, and whether or not OH as well
as OD is generated from OD + CH,CN + O, Further studies are also
needed to directly detect end products of the adduct + O, reactions(s).

The Reactions of Alkyl Radicals with HBr and DBr . g

The thermochemistry and kinetics of alkyl radicals are subjects of consider-
able importance in many fields of chemistry. Accurate evaluation of alkyl
radical heats of formation are required for determination of primary,
secondary, and tertiary bond dissociation energies in hydrocarbons, for
establishing rates of heat release in combustion, and for relating unknown
"reverse" rate coefficients to known "forward" values. Kinetic data for
numerous alkyl radical reactions are needed for modeling hydrocarbon
combustion.

Recent direct kinetic studies (46-51), primarily by Gutman and
coworkers (46-49), strongly suggest that alkyl + HX reactions have negative
activation energies, a finding which seems counter-intuitive for apparently
simple hydrogen abstraction reactions. It should be noted, however, that
one recent direct study (52) reports much slower rate coefficients compared
to other direct studies (46,48,50,51) and positive activation energies for the
reactions of t-C,H, with DBr and DI.

Motivated initially by the desire to obtain improved thermochemical
data for sulfur-containing radicals of atmospheric interest, we developed a
method for studying radical + HBr(DBr) reactions by observing the appear-
ance kinetics of product bromine atoms (53). We have recently applied the
same experimental approach to investigate the kinetics of the following
reactions (54):

CH, + HBr = Br + CH, (19)
CD; + HBr - Br + CD;H (20)
CH, + DBr = Br + CH,D (21)
CH; + HBr = Br + CH, (22)
CH; + DBr = Br + CH.D (23)
t-C.H, + HBr - Br + (CH,);CH (24)
t-C.H, + DBr = Br + (CH,),CD (25)
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Figure 3. Plausible set of elementary steps for the reaction OH + CD,CN
+ O, — D,CO + DOCN + OH. Adduct decomposition to products is
shown as a single step; in reality, it probably occurs via two sequential steps
with either D,CO or OH coming off before the other. (Reproduced from
reference 43. éopyn‘ght 1991 American Chemical Society.)
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The isotope effect studies were motivated by a recent theoretical investiga-
tion of the t-C,;H, + HI, DI reactions (55) which suggests that negative
activation energies for alkyl + HX reactions should be accompanied by
inverse kinetic isotope effects, ie., ky/kp < 1.

In Table I our results (54) are compared with other available direct
kinetic data for reactions 19 - 25. The negative activation energies and fast
rate coefficients for alkyl + HBr reactions reported by Gutman and cowork-
ers (46,47,49) are confirmed in our study. In fact, the activation energies
derived from our data are consistently a little lower, ie., more negative,
than those reported by Gutman and coworkers and the 298K rate coeffi- ~
cients obtained in our study are consistently more than a factor of two faster
than those reported by Gutman and coworkers. Our 298K rate coefficient
for the t-C,H, + HBr reaction exceeds the values reported by Russell et al.
(46) and Richards et al. (50) by a factor of 2.7, but is in excellent agreement
with the value reported by Seakins and Pilling (57); interestingly, the experi-
mental technique employed by Seakins and Pilling was very similar to the
technique employed in our study. Our 298K rate coefficient for the t-C,H,
+ DBr reaction exceeds the value reported by Richards et al (50) by a
factor of 2.7 and exceeds the value reported by Miller-Markgraf et al. (52)
by more than two orders of magnitude. As discussed in some detail by
Gutman (56), the probable source of error in the Miller-Markgraf et al.
study (52) is neglect of heterogeneous loss of t-C;H, in their data analysis.

Traditionally, hydrogen transfer reactions such as R + HX = RH +
X have been thought of as "direct” metathesis reactions with a barrier along
the reaction coordinate and a single transition state located at the potential
energy maximum. Rationalization of observed negative activation energies
for R + HX reactions has centered around the postulate that product
formation proceeds via formation of weakly bound R - XH complexes (45-
48,55). As shown by Mozurkewich and Benson (57), if the transition state
leading from reactants to complex (TS1) is loose and the transition state
leading from complex to products is both tighter and lower in energy com-
pared to TS1, then a negative activation energy for the overall reaction
should be observed. McEwen and Golden (55) have carried out a two
channel RRKM calculation that models the t-C;H, + HI(DI) reactions as
proceeding through a weakly bound complex; they were able to reproduce
the kinetics results of Seetula et al. (48) for t-C;H, + HI assuming complex
binding energies as low as 3 kcal mole?. Probably the most interesting
aspect of McEwen and Golden’s study is the fact that models which were
capable of reproducing experimentally observed (48) k(T) values for t-C,H,
+ HI also predicted an inverse kinetic isotope effect (KIE), ie., t-C;H, +
DI was predicted to be faster than t-CH, + HL. The predicted inverse KIE
results from the fact that the transition state Jeading from complex to
products becomes looser with lower vibrational frequencies associated with
deuterium substitution. Contrary to McEwen and Goldens prediction for t-
C.H, + HI, we observe normal KIE§ for CH,, C;H,, and t-C H, reactions
with HBr. Richards et al (50) also observe a normal KIE for the t-CH, +
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Table I. Comparison of our results (reference 54) with other direct determinations of alkyl + HBr(DBr) rate coefficients.*

Exptl Range
Reaction Method® of T Ac -E/R¢ k/(298K)* Reference
CH, + HBr LFP - PIMS 296 - 532 0.87 160 + 110 1.49 47
LFP - RF 257 - 422 1.36 233+ 23 297 54
CD, + HBr LFP - IRE 298 417 60
LFP - RF 297 3.35 54
CH, + DBr VLPP 608 - 1000 0.32 0 + 500 0.32 61
LFP - RF 267 - 429 1.07 130 = 55 1.66 54
CH; + HBr LFP - PIMS 295 - 532 1.0 410 + 110 3.96 47
LFP - RF 259 - 427 1.33 539 + 78 8.12 54
CH; + DBr LFP - RF 298 - 415 (0.92) (580) 6.44 54
t-C,H, + HBr LFP - PIMS 296 - 532 0.99 700 + 110 104 46
LFP - DLA 297 10 50
LFP - RF 298 32 51
LFP - RF 297 - 429 1.07 963 + 152 271 54
t-CH, + DBr VLP} 295 - 384 (83) (-1180) 0.16 52
LFP - DLA 297 8 50
LFP - RF 298 - 415 (1.03) (919) 225 54

901

a. Units are T, E/R: degrees K; A, k(298K): 102 cm’molecule's™.

b. LFP: laser flash photolysis; PIMS: photoionization mass spectrometry; RF: resonance fluorescence; IRE: infrared
emission; VLPP: very low pressure pyrolysis; DLA: diode laser absorption; VLP¥: very low pressure photolysis.

c. Parentheses indicate Arrhenius parameters which are based on experiments at only two temperatures.

d. Calculated from Arrhenius parameters when temperature dependent data were obtained. Error limits not quoted due
to inconsistencies in methods used by different groups to arrive at uncertainties; most values of k(298K) have absolute
accuracies in the 15-30% range.
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HBr reaction. It does appear, however, that the magnitude of the KIE is
reduced as the activation energy becomes more negative, i.e., the observed
KIE is largest for R = CH, and smallest for R = t-C;H, Chen et al. have
recently calculated a potential energy surface for the CH; + HBr reaction
at the G1 level of theory and deduced the existence of a hydrogen bridged
complex which is bound by 0.28 kcal mole? and is formed without activation
energy (58). They have also calculated rate coefficients for CH, + HBr,
CH, + DBr, and CD, + HBr from RRKM theory with corrections for
tunneling evaluated using the Wigner method (59). Their calculated isotope
effects agree quantitatively with our measured isotope effects, a result which
lends strong support to the idea that the methyl-HBr complex is hydrogen-
bridged rather than bromine-bridged.

Summary

Experimental kinetic data have been presented and discussed for a number
of reactions where H/D isotope effects provide valuable mechanistic in-
sights. For the reactions of atmospheric free radicals with reduced sulfur
compounds, isotope effect studies provide information not only about C-H
or S-H bond cleavage versus other reactive pathways but also on the
relative rates of adduct decompositions back to reactants versus on to
products. For the reaction of hydroxyl radicals with acetonitrile, isotope
effect studies conclusively demonstrate the intermediacy of a long-lived
adduct and also provide site-specific information which places important
constraints on the detailed mechanism for hydroxyl generation from the
adduct + O, reaction. For the CH; + HBr reaction, comparison of ob-
served and theoretical isotope effects supports the view that reaction
proceeds via formation of a very weakly bound, hydrogen-bridged addition
complex. In one case considered, namely the Oz independent channel for
the OH + CH,SCH, reaction, there exist potential problems in relating
experimental observations (6,7) to existing prejudices concerning the nature
of kinetic isotope effects.
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Kinetics of the Reactions of Alkyl Radicals with HBr and DBr

J. M. Nicovich, C. A. van Dijk, K. D. Kreutter, and P. H. Wine*

Physical Sciences Laboratory, Georgia Tech Research Institute, Georgia Institute of Technology, Atlanta,
Georgia 30332 (Received: June 10, 1991, In Final Form: July 23, 1991)

Time-resolved resonance fluorescence detection of Br atom appearance following laser flash photolysis of RI (R = CH,,
CD,, C,H,, 1-C,H,) or Cl,/RH (R = CH,, C,H;) has been employed to study the kinetics of the reactions CH; + HBr
(1), CD, + HBr (2), CH, + DBr (3), C,H; + HBr (4), C,H + DBr (5), 1-C;H, + HBr (6), and -C;H, + DBr (7) as
& function of temperature (257-430 K) and pressure (10-300 Torr of N,). The rates of all reactions are found to increase
with decreasing temperature; i.¢., activation energies are negative, and 298 K rate coefficients for reactions | and 3-7 are
found to be significantly faster than previously thought. Arrhenius expressions for reactions 1, 3, 4, and 6 in units of 10:12
cm’® molecule™! s~' are k, = (1.36  0.10) exp[(233 % 23)/T], ky = (1.07 £ 0.17) exp[(130 £ 55)/T], k, = (1.33 £ 0.33)
exp[(539 £ 78)/T], and kg = (1.07 £ 0.34) exp[(963 £ 152)/T]; errors are 2¢ and represent precision only. Normal kinetic
isotope effects are observed (kyp > kpy.), although the ratio kyp,/kpp, decreases in magnitude with decreasing activation
energy; i.e., kyp/kpa is largest for R = CH, and smallest for R = -C,H,. Combining our results with the best available
kinetic data for the reverse reactions (Br + RH) yields the following 298 K alkyl radical heats of formation in units of kcal
mol™: CH,, 35.3 2 0.6; C;Hj, 29.1 % 0.6; -C H,, 12.1 % 0.8; errors are 2 and represent estimates of absolute accuracy.

Introduction

The thermochemistry and kinetics of alkyl radicals are subjects
of considerable importance in many fields of chemistry. Accurate
evaluation of alkyl radical heats of formation is required for
determination of primary, secondary, and tertiary bond dissociation
energies in hydrocarbons, for establishing rates of heat release
in combustion, and for relating unknown “reverse” rate coefTicients
to known “forward™ values. Kinetic data for numerous alkyl
radica) reactions are needed for modeling hydrocarbon combustion.

Despite the importance of alkyl radical kinetics and thermo-
chemistry, and an extensive literature which dates back several
decades, important discrepancies in the data base have persisted.
For example, results from iodination and bromination studies have
consistently yielded heats of formation for alky! radicals that are
2-4 kcal mol™' lower than those obtained from studies of bond
scission and recombination rates of simple alkanes and radicals.'”
Recent direct kinetic studies,*® primarily by Gutman and co-
workers,*” strongly suggest that alkyl + HX reactions have
negative activation energies; while this finding seems counterin-
tuitive for apparently simple hydrogen-transfer reactions, it can
resolve the above-mentioned discrepancy in alkyl radical heats
of formation since all earlier iodination and bromination studies
were analyzed under the assumption that alkyl + HX reactions
have small, positive activation energies. However, it should be
noted that one recent direct study'® reports much slower rate
coefTicients (compared to other direct studies*$4?) and positive
activation energies for the reactions of 1-C,H, with DBr and DI.

Motivated initially by the desire to obtain improved thermo-
chemical data for sulfur-containing radicals of atmospheric in-
terest, we developed a method for studying radical + HBr(DBr)
reactions by observing the appearance kinetics of product bromine
atoms.'! In this paper we report the results of a series of ex-
periments where time-resolved monitoring of bromine atom ap-
pearance was employed to investigate the kinetics of the following
reactions:

CH, + HBr — Br + CH, (1)
CD, + HBr — Br + CD,H 2)
CH, + DBr — Br + CH,D 3)
C,H; + HBr — Br + C;H, (4)
C;H, + DBr — Br + C;H,D (5)

1-C,Hy + HBr — Br + (CH;),CH (6)
t-C,Hy + DBr — Br + (CH,),CD (7)

® Author 10 whom correspondence should be addressed.

The isotope effect studies have been motivated by a recent the-
oretical study of the 1-C,H, + HI, DI reactions,'? which suggests
that negative activation energies for alkyl + HX reactions should
be accompanied by inverse kinetic isotope effects, i.e., kyx/kpx
<1

Experimenta! Technique

The experimental approach involved coupling alkyl radical
production by laser flash photolysis of suitable precursors with
time-resolved detection of bromine atom appearance by resonance
fluorescence spectroscopy. A schematic diagram of the apparatus,
as configured for bromine atom detection, can be found else-
where.!* A description of the experimental methodology is given
below.

A Pyrex, jacketed reaction cell with an internal volume of 150
cm? was used in all experiments. The cell was maintained at a
constant temperature by circulating ethylene glycol (T > 298 K)
or methanol (7 < 298 K) from a thermostatically controlled bath
through the outer jacket. A copper-constantan thermocouple with
a stainless steel jacket was injected into the reaction zone through
a vacuum seal, thus allowing measurement of the gas temperature
under the precise pressure and flow rate conditions of the ex-
periment.

Alkyl radicals were produced by 266-nm pulsed laser photolysis
of RI/HBr/N, mixtures (R = CH,, CD,, C,Hj, 1-C,H,) or by
355-nm pulsed laser photolysis of Cl,/RH/HBr/N, mixtures (R
= CH,, C;H,). Third or fourth harmonic radiation from a Quanta
Ray Model DCR-2 Nd:YAG laser provided the photolytic ra-

(1) Tsang, W. Imt. J. Chem. Kinetr. 1978, 10, 821.
(2) Tsang, W. J. Am. Chem. Soc. 1988, 107, 2872.
‘”(3) McMillen, D. F.; Golden, D. M. Arnu. Rev. Prys. Cher. 1982, 33,
(4) Russeil, J. J.; Seetula, J. A.; Timonen, R. S.; Gutman, D.; Nava, D.
F.J. Am. Chem. Soc. 1988, 110, 3084.
”9(25) Russell J. J.; Seetula, J. A; Gutman, D. J. Am. Chem. Soc. 1988, 110,

3‘(;.'{) Sectula, J. A; Russell, ). J.; Guuman, D. J. Am. Chem. Soc. 1998, 112,

(7) Seetula, J. A.; Gutman, D. J. Phys. Chem. 1990, 84, 7529.
366(;) Richards, P. D.; Rytber, R. R.; Weitz, E. J. Phys. Chem. 1998, 54,

1

(9) Seakins, P. W_; Pilling. M. J. J. Phys. Chem. 1991, 95, 9874.

(10) Maller-Markgraf, W.. Rassi, M. J.; Golden, D. M. J. Am. Chem. Scc.
1989, /11, 956.

(11) Nicovich, J. M.; Kreutter, K. D.; van Dijk, C. A.; Wine, P. H. J. Phys.
Chem., submitted for publication.

(12) McEwen, A. B; Golden, D. M. J. Mol. Struct. 1990, 224, 357.

(13) Nicovich, J. M.; Shackelford, C. J.; Wine, P. H. J. Photochem.
Phoiobiol. A: Chem. 1990, 51, 141,
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diation. The laser could deliver up to 3 X 10'® photons per pulse
at 266 nm and up to 1 X 10'” photons per pulse at 355 nm; the
maximum repetition rate was 10 Hz. and the pulse width was
approximately 6 ns:

A bromine resonance lamp, situated perpendicular to the
photolysis laser, excited resonance fluorescence in the photolytically
produced atoms. The resonance lamp consisted of an electrodeless
microwave discharge through about 1 Torr of a flowing mixture
containing a trace of Br; in helium. The flows of a 0.2% Br, in
helium mixture and pure helium into the lamp were controlled
by separate needle valves, thus allowing the total pressure and
Br, concentration to be adjusted for optimum signal-to-noise ratio.
Radiation was coupled out of the lamp through a magnesium
fluoride window and into the reaction cell through a magnesium
fluoride lens. Before entering the reaction cell, the lamp output
passed through a flowing gas fiiter containing 50 Torrcm of
methane in nitrogen. The methane filter prevented radiation at
wavelengths shorter than 140 nm (including impurity emissions
from excited oxygen, hydrogen, and nitrogen atoms) from entering
the reaction cell but transmitted the strong bromine lines in the
140-160-nm region.

Fluorescence was collected by a magnesium fluoride lens on
an axis orthogonal to both the photolysis laser beam and resonance
lamp beam and was imaged onto the photocathode of a solar blind
photomultiplier. Signals were processed by using photon counting
techniques in conjunction with multichannel scaling. A large
number of laser shots were typically averaged to obtain a bromine
atom temporal profile with signal-to-noise ratio sufficient for
quantitative kinetic analysis. It is worth noting that the resonance
fluorescence detection scheme is sensitive to both ground state
(2P,,,) and spin-orbit excited state (*P,;;) bromine atoms.

To avoid accumulation of photolysis or reaction products, all
experiments were carried out under “slow flow™ conditions. The
linear flow rate through the reactor was in the range 2-10 cm
s”!, and the laser repetition rate was varied over the range 5-10
Hz (5 Hz typical). Hence, no volume element of the reaction
mixture was subjected to more than a few laser shots. The alkyl
iodides, ethane, Cl,. HBr, and DBr flowed into the reaction cell
from bulbs (12-L volume) containing dilute mixtures in nitrogen
while methane, hydrogen, and additional nitrogen were flowed
directly from their storage cylinders. All gases except Cl, (see
below) were premixed before entering the reactor. The concen-
trations of each component in the reaction mixture were deter-
mined from measurements of the appropriate mass flow rates and
the total pressure. The concentrations of HBr and DBr were also
determined by in situ UV photometry at 202.6 nm (Zn* line).
A zinc hollow cathode lamp was employed as the light source for
the photometric measurement, and a quarter meter monochro-
mator was used to isolate the 202.6-nm line. The absorption cross
sections needed to convert measured absorbances into concen-
trations were determined during the course of this investigation
and were found to be 1.02 X 107'* cm? for HBr and 9.7 X 10°"?
cm? for DBr. The measured HBr cross section agrees well with
values reported by Goodeve and Taylor'* and by Huebert and
Martin'* but is ~20% higher than the value reported by Romand'®
and ~20% lower than the value of Nee et al.'” Experimental
results were found to be independent of whether the 2 m long
absorption cell was positioned upstream or downstream relative
to the reaction cell.

The gases used in this study had the following stated minimum
purities: N, 99.999%: H,, 99.999%: Cl,, 99.99%:'* CH,,
99.9995%; C,H,, 99.99%: HBr, 99.8%:'* DBr, unstated chemical
purity and 99 atom % D.'* Nitrogen, hydrogen, methane, and
ethane were used as supplied, while Cl;, HBr, and DBr were
purified by repeated freeze (77 K)-pump—thaw cycles. It is worth
noting that the HBr and DBr gas samples taken directly from their
storage cylinders contained significant (25-50%) levels of a

(14) Goodeve, C. F.; Taylor, A. W. C. Proc. R. Soc. 1938, A152, 221
(15) Huebert, B. J.; Martin, R. M. J. Phys. Chem. 1968, 72, 3046.
(16) Romand, F. Ann. Phys. (Paris) 1948. 4. 527.

(17) Nee. J. B.; Suto, M.; Lee, L. C. J. Chem. Phys 1986, 85, 4919
(18) Stated purity of liquid phase in cylinder.
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noncondensible impurity which was determined by weighing to
be H,(D,). '

The liquids used in this study had the following stated minimum
purities: CH;,l, 99.5%:; CD,l. unstated chemical purity and 99.5+
atom % D; C,Hl, 99%: 1-C,H,l, 95%. All liquid samples were
transferred under nitrogen into vials fitted with high-vacuum
stopcocks and were subjected to repeated freeze (77 K)-pump-
thaw cycles before being used to prepare gaseous RI/N; mixtures.
When not in use, the vials were stored in the dark at 278 K.

Results and Discussion

In most experiments, alkyl radicals were generated by 266-nm
laser flash photolysis of the appropriate alkyl iodide ([RI] in the
range 1~12 X 10"’ molecules cm™):

RI + h»(266 nm) = R + 1, R = CH,, CD,, C,H,, -C,H,
(8)

Reactions 1 and 4 were also studied using the following alternate
alkyl production scheme:

Cl, + hv(355 nm) — 2 CI 9)
Cl+RH—~R+HCl, R=CH,CH, ' (10

When the alternate Froduction scheme was applied. Cl; (con-
centration ~1 X 10'? molecules cm™3) was injected into the gas
flow just upstream from the reaction zone to suppress the het-
erogeneous dark reaction between Cl, and HBr.'* Also, RH was
added to the reaction mixture in sufficient quantity that (a)
production of alkyl radicals was essentially instantaneous on the
time scale for the alkyl + HBr reaction and (b) nearly all Cl
(>95%) reacted with RH rather than with HBr. Observed kinetics
were found to be independent of the choice of alkyl radical pro-
duction scheme. As will be discussed in more detail below, the
invariance of observed kinetics to the alky] radical source rules
out some potential sources of systematic error.

Reactions 1-5 are sufficiently exothermic that the bromine atom
product could be formed in the spin—orbit excited state. Br(?P, 5).
To ensure that relaxation of Br(?P,,;) was not rate-limiting in
defining observed Br appearance rates. all experiments were
carried out with 0.2-2 Torr of H, added to the reaction mixtures.
The reaction

Br{(?P, ;) + Hy(v = 0) = Br{?P, ;) + Hyw =1)  (11)
is known to be fast, with k;; ~ 6 X 107'2 cm® molecule™! 5.2

All experiments were carried out under pseudo-first-order
conditions with HBr in large excess (typically a factor of 10*) over
the alkyl radical. Concentrations of photolytically generated
radicals were typically in the range 5-10 X 10'%/cm’, although
this experimenta) parameter was varied over a wide range (factor
of 20). Observed kinetics were found to be independent of both
the alkyl iodide concentration and the concentration of photo-
lytically generated radicals.

In the absence of side reactions that remove or produce Br, the
observed temporal profile following the flash would be described
by the relationship

S, = k,Cy(kg = k)™ [exp(~k,1) = exp(-kg)]+ C; exp(-kq!)
I

In eg 1, S, is the fluorescence signal level at time ¢ (proportional
to [Br],), k, and k4 are the pseudo-first-order rate coefficients for
Br appearance (k,) and disappearance (kg), and the parameters
C, and G, are defined as follows:

C, = a[R]of (1)
C; = a[Br], (110

In the above equations [R], and [Br], are the alkyl and Br con-
centrations after photolysis and reaction 10 have gone to com-

(19) Nicovich, J. M. Wine, P. H. Imi. J. Chem Kiner 1990, 22, 379.
(20) Nesbitt, D. J.; Leone, S. R. J. Chem. Phys 1980, 73 6182.
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Figure 1. Typical Br atom temporal profiles. Reaction: C,H; + HBr.
C,H, source: (a) C,H,l + Ar(266 nm), (b) Cl,/CyHg + Ar(355 nm).
Experimental conditions: T = 298 K; P (Torr) = (a) 100, (b) 50; pho-
tolyte concentrations in units of 10'> molecules em™: (a) [C,H,l) = 6.3,
(b) [Cl;) = 1.3 and [C;H,] = 160; [C;H,], (10'° radicals cm™) = (a)
5. (b) 9: [HBr] (10'* molecules cm™) = (a) 5.45, (b) 5.64; number of
laser shots averaged = (a) 5000, (b) 2000. Solid lines are obtained from
nonlinear least-squares analyses which give the following best fit param-
eters: k, (s™') = (a) 5470. (b) 6320: k¢ (s™') = (a) 22, (b) 39: C, = (a)
5920, (b) 2950: C; = (a) 190, (b) 240.

pletion but before significant removal of alkyl radical has occurred,
Jis the fraction of alkyl radicals that are removed via a reaction
which produces Br, and a is the proportionality constant which
relates S, to [Br],. For the reaction systems of interest, we expect
that

k, = k;,[HBr(DBr)] + k,, (i=1-7) (Iv)
S = k[HBr(DBr)] /k, (i =1-7) V)
where k,, is the rate coefficient for the following reaction(s):

R — first-order loss by processes that do not produce Br
(12)

A nonlinear least-squares analysis of each experimental temporal
profile was employed to determine k,, kg4, C,, and C,. The bi-
molecular rate coefficients of interest, k,(P,T) were determined
from the slopes of k, vs [HBr(DBr)] plots. Typical data are shown
in Figures | and 2. It is worth pointing out that the accuracy
with which k, could be determined via the nonlinear least-squares
fitting technique was quite good because it was always the case
that k, > kg and C, » C,. Observation of Br temporal profiles
that are well described by eq I, a linear dependence of k, on
[HBr(DBr)), and invariance of k, to variation in laser photon
fluence and photolyte concentration suggest that the alkyl +
HBr(DBr) reaction and reaction 13 (k;; = kg) are the only

Br — first-order loss by diffusion from the detector field of
view and reaction with background impurities (13)

processes that significantly affect the Br time history (once
photolysis and Cl reaction with RH and HBr are complete). One
potential interference that is not ruled out by the above obser-
vations is reaction of alkyl radicals with impurities which are either
present in the HBr sample or produced via dark reactions of HBr
with other components in the reaction mixture; impurity reactions
are considered below when potential systematic errors are dis-
cussed.
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10

k, (10%7")
L]

0 5 10

{HBr] (10" molecules em’)

Figwre 2. Typical plots of k, vs [HBr]. Reaction: C;H, + HBr. C,H;
source: (@) C,H,l + A»(266 hm), (O) Cl,/C,H; + AA355 nm). Ex-
perimental conditions: T = 298 K: P (Torr) = (@) 100, (O) 50. Solid
and dashed lines are obtained from linear least-squares analyses of the
solid and open circle data points, respectively, and give the following
bimolecular rate coefTicients in units of 107'2 em’ molecule™ s (@) 8.24
% 0.65, (0) 7.81 £ 0.51. Arrows indicate the two points obtained from
the data shown in Figure 1.

One interesting aspect of the data in Figure 2 is the relatively
large value for k,, i.e., the relatively large intercept in the k, vs
[HBr] plot. The observed values for k; were typically larger than
expected if background removal of alkyl radicals was due only
to reaction with their photolytic precursors and to diffusion out
of the detector field of view. At low [HBr(DBr)], where k,, >
k,(HBr(DBr)] (i = 1-7), fluorescence signal levels were consid-
erably reduced; this indicates that the process responsible for
background alkyl radical removal did not result in production of
bromine atoms. The magnitude of k,, tended to increase with
decreasing temperature and with increasing complexity of the alkyl
radical, suggesting that a process responsible for significant
background removal of alkyl radicals was reaction with O,:

R+OZ+N2_’R02+ N; (l‘)

The O, levels required to account for observed k,, values are
around 0.01 Torr—significantly higher than expected O, impurity
levels in the N, buffer gas. Hence, a small leak in the slow flow
system is the probable source of O,. The presence of a reactive
impurity at the levels encountered in our experiments is not ex-
pected to introduce systematic error into the kinetic measurements.
However, when the condition &, << k,[HBr(DBr)] is not met at
least for the highest HBr(DBr) concentrations employed in a
particular rate coefficient determination, the precision of the
derived value for k{P,T) is reduced; the worst case in this regard
was the k, measurement at 7 = 415 K, wher® k;;/k,(max) =
0.28 (Table I).

Kinetic data for reactions |-7 are summarized in Table I, and
Arrhenius plots for reactions 1, 3, 4, and 6 are shown in Figure
3. The solid lines in Figure 3 are obtained from linear least-
squares analyses of the In k{P,T) vs T"' data: these analyses give
lhle following Arrhenius expressions in units of cm® molecule™
gt

k, = (1.36 & 0.10) X 10712 exp[(233 # 23)/T]
ky = (1.07 £ 0.17) X 1072 exp[(130 % 55)/7)
k, = (1.33 £ 0.33) X 107" exp[(539 £ 78)/7]
ke = (1.07 % 0.34) x 1072 exp[(963 £ 152)/T)

Errors in the above expressions are 20 and represent precision only.
As reported previously by Gutman and co-workers,*” we find
that alkyl + HBr(DBr) rate coefTicients increase with decreasing
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TABLE I: Summary of Kinetic Data*
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no. of range range
reaction (i)® T P¢ expts? of k, of kg ks k*
CH; + HBr (1) 257 100 s 994-6420 4-)2 186 £ 93 3.37 £ 0.08
297 30/ 6 757-3950 36-87 158 £ 86 3.04 £ 0.10/
297 100 16 701-7740 3-68 99 = 86 295 £ 0.12
350 100 7 5706760 9-25 55 £ 226 263%0.13
419 100 b 12404740 8-38 81 £ 338 234 £ 0.25
422 10 7 915-9920 80-152 377 £ 86 2.40 £ 0.07
CD, + HBr (2) 297 30 6 1370-6630 14-20 161 £ 71 3.33£ 005
297 300 H 1850-7320 15-25 167 = 56 338+ 004
CHy + DBr (3) 267 100 7 651-6880 34-59 393 %128 1.71 £ 0.07
298 100 18 1200-6130 35-87 440 % 195 1.68 £ 0.10
361 100 ) 967-3510 43-56 183 £ 226 1.61 £0.16
378 100 6 704-5210 32-50 191 £ 199 1.44 £ 0.09
415 100 4 604-5090 38-54 152 £ 169 1.47 £ 0.08
428 100 6 870-5100 3948 243 £ S8 1.43 £ 0.03
430 10 8 8504630 76-124 545 £ 216 1462 0.1
C;H, + HBr (4) 259 30 6 3050-12900 8-20 1240 + 420 104 £ 0.6
297 30 5 2170-9350 20-30 734 £ 206 8.69 = 0.33,
298 50 6 2710-10600 3243 - 1580 + 360 781 £ 0.51¢
298 100 14 2180-8630 -51022 1540 £ 370 8.24 £ 0.65
348 30 4 12304710 25-51 675 % 63 6.26 £ 0.15
423 30 7 11204160 26-56 273 % 231 5.06 £ 0.4]
427 10 6 1280-5670 122-193 512 £ 290 4.38 £ 0.38
CyH, + DBr (5) 298 100 5 3030-9080 56-72 1580 % 420 6.44 % 0.55
415 100 5 14004740 3648 687 % 202 372+ 0.28
1-C,Hy + HBr (6) 297 30 11 3860-17500 -48 to 58 2560 % 470 256%1.3
330 30 5 3670-15600 -321t0 32 1710 £ 390 214209
378 30 6 2560-10700 2-50 1560 £ 300 14.1 £ 0.7
428 30 7 1820-8110 38-92 1370 £ 290 10.1 £ 0.6
429 10 5 3310-11300 216-311 1160 = 140 9.60 £ 0.21
1-C,Hy + DBr (7) 298 100 14 6290-27100 54-323 4610 £ 1610 225+£30
415 100 5 3350-8140 70-99 2240 % 318 9.43 % 0.80

“Units are T (K); P (Torr); k,, kg, ki3 (s™): k, (1072 em? molecule™ s™'). RI photolysis at 266 nm employed as alkyl source except where
indicated. *(/i) refers to reaction number in text. *N, buffer gas except where indicated. “Expt ® measurement of s single Br temporal profile.
*Errors are 20 and represent precision only. /Cl,/CH, photolysis employed as CH, source; CH, used as buffer gas, ie. [CH] ~ 9.6 X 10"
molecules cm™. #Cl,/C,H, photolysis employed as C,H source: [C;H] ~ 1.6 X 10'® molecules cm’.

temperature, i.e., activation energies are negative. Pressure
variations within the range 10-300 Torr of N, revealed no evidence
of a pressure dependence for any of the reactions studied. On
the basis of observed precision and consideration of possible
systematic errors (see below), we estimate the absolute accuracy
of each measured rate coefficient, k,(T), to be £20%.

Potential Systematic Errors. As discussed briefly above, a
number of potential systematic errors in our kinetic measurements
can be ruled out on the basis of the observed invariance of Br
temporal profiles to variations in laser photon fluence, photolyte
concentrations, and flow velocity through the reactor; these include
contributions to Br kinetics from radical-radical side reactions,
from radical-R1 side reactions, or from reactions involving stable
products which build up in concentration with successive laser
flashes. In situ measurement of HBr(DBr) concentrations greatly
reduces another potential source of systematic error.

It is well-known that UV photolysis of CH,I produces vibra-
tionally hot methyl radicals,?’ and both ethyl and rerr-butyl radicals
are likely to be produce in excited vibrational states from RI
photolysis. However, it is generally thought that under our ex-
perimental conditions relaxation to a thermalized vibrational
distribution occurs much more rapidly than chemical reaction.’
Our experiments employing the Cl,/RH source provide further
evidence that we are, indeed, observing reactions of thermalized
alkyl radicals. On the basis of the best available thermochemical
data,? the CI(*P,;) + CH, reaction is slightly endothermic and

(21) Suzuki, T.: Kanamori, H.; Hirowa, E. J. Chem. Phys. 1991, 94, 6607,
and references cited therein.

(22) Donaldson, D. J.; Leone, S. R. J. Phys. Chem. 1986, 90, 936.

(23) Atkinson, R.; Baulch, D. L.: Cox. R. A.; Hampson, R. F., Jr; Kerr,
J. A Troe, J. J. Phys. Chem. Ref. Data 1989, 18, 881.
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the Cl + C,;H, reaction is only slightly exothermic; hence, these
reactions cannot produce vibrationally hot alkyl radicals.

Another potential interference could have resulted if primary
photolysis of RI or secondary photolysis of hot alky! radicals led
to generation of hydrogen atoms. The reaction

H + HBr — H,; + Br (15)

is thought to proceed with k(298 K) ~ 6 X 107'2 cm® molecule™!
s7'.2¢ Hence, if the H atom concentration was significant com-
pared to the alkyl radical concentration, we would systematically
overestimate methyl radical reaction rates and systematically
underestimate ter-butyl radical reactions rates. The experiments
employing the Cl;/RH source provide evidence that H atom
production was not a problem in our CH, + HBr study. Insig-
nificant H atom production is expected when 355-nm photolysis
is employed and the only H precursors are RH and HBr. Fur-
thermore, secondary photolysis of alkyl radicals does not seem
possible because (a) the radicals are born with little internal energy
and, therefore, cannot be excited via a single photon process at
355 nm and (b) nearly all alkyl radical formation is delayed in

“time until after the laser flash is over.

Anotber possibie interference that must be addressed is the role
of Br, impurity. Potential sources of Br, are impurity in the HBr
sample, residual Br, (from Br recombination) not swept out of
the reaction zone between laser flashes, and catalytic formation
of Br, from heterogeneous reactions of HBr (presumably on the
metal surfaces of valves and fittings). Since alkyl + Br; reactions
are about an order of magnitude faster than the corresponding
alkyl + HBr reactions, the condition [Br,] < 0.001 [HBr] must

(24) Umemoto, H.; Wada, Y.. Tsunashima, S.; Takayanagi, T.; Sato, S.
Chem. Phys. Let1. 1990, 143, 333, and references cited therein.
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TABLE II: Comparison of Owr Results with Other Direct Determinations of k, (i = 1-7)*

reaction (i) exptl method® range of T A -E/R k(298 K)* ref
CH, + HBr (1) LFP-PIMS 296-532 0.87 160 £ 110 1.49 5
i LFP-RF 257422 1.36 233+ 23 297 this work
CD, + HBr (2) LFP-IRE 298 4.7 22
LFP-RF 297 3.35 this work
CH, + DBr (3) VLPP 608-1000 0.32 0 = 500 0.32 4)
LFP-RF 267429 1.07 130 £ 55 1.66 this work
C,;H; + HBr (4) LFP-PIMS 295-532 1.0 410+ 110 396 S
LFP-RF 259427 1.33 529 £ 78 8.12 this work
C,H; + DBr (5) LFP-RF 298415 (0.92) (580) 6.44 this work
1-C,Hy + HBr (6) LFP-PIMS 296-532 0.99 700 £ 110 104 4
LFP-DLA 297 10 8
LFP-RF 298 32 9
LFP-RF 297429 1.07 963 £ 152 27:1 this work
t-C,Hy + DBr (7) VLP® 295-384 (8.3) (-1180) 0.16 10
LFP-DLA 297 8 8
LFP-RF 298415 (1.03) (919) ‘ +22.5 -this work

*Units are T, E/R, degrees K; A4, k{298 K), 1072 cm® molecule™ 5. The letter i refers to reaction numbers in the text. *LFP, laser flash
photolysis; PIMS, photoionization mass spectrometry; RF, resonance fluorescence; IRE, infrared emission; VLPP, very low pressure pyrolysis; DLA,
diode laser absorption; VLP®: very low pressure photolysis. ©Parentheses indicate Arrhenius parameters based on experiments at only two tem-
peratures. “Calculated from Arrhenius parameters when temperature-dependent data were obtained. Error limits not quoted due to inconsistencies
in methods used by different groups to arrive at uncertainties; most values of k{298 K) have absolute accuracies in the 15-30% range.

T(K)
400 350 300 250
T T T =

30

t=C,H, « H8r

k (10" cm® motecule ' ")
—a
o

w

1 L i 5= 3

2.5 3.0 3.5 4.0
1000/T(K)

M‘ 3. Arrhenius plots for the CH) + HBr(1), CD) + HBr(3), C,H,
+ HBr(4). and 1-C,H, + HBr(6) reactions. Solid lines are obtained from
linear least-squares analyses and yield the following Arrhenius expres-
sions in units of 107'? cm’ molecule™ 57 &, = 1.36 exp(233/T): ky =
1.07 exp(130/7): k, = 1.33 exp(539/T); k¢ = 1.07 exp(963/T). Error
bars represent 2o, precision only. Arrows indicate the rate coefTicients
measured using the Cl,/RH alkyl radical source.

be met before Br, interference can be considered negligible. Two
experimental observations lead us to conciude that Br, levels were
very low in our experiments. In one set of experiments the 2-m
absorption cell was positioned in the slow flow system downstream
from the reaction cell and employed to monitor Br, photometrically
(at 404.7 nm) with typical RI/HBr/H,/N, reaction mixtures
flowing and the laser firing (A = 266 nm). No absorption was
observed (i.e., //l, > 0.997) even at HBr levels as high as 10'¢

300({35) Timonen, R. S.; Seetula, J. A Gutman, D. J. Phys. Chem. 1999, 94,

molecules cm™>. Since the Br, absorption cross section at 404.7
nm is about 6 X 107'? cm?,* these experiments suggest that [Br,]
< 0.0025[HBr]. A second set of observations which confirm that
Br, levels were very low is the small values for C, obtained from
the data analysis in all experiments. The experiments employing
the Cl;/RH photolysis source are particularly important in this
regard because (a) the Br, absorption cross section at 355 nm (8.4
X 1072 ¢cm?2) is considerably larger than at 266 nm and (b) it
is known that BrCl and/or Br, can be generated from hetero-
geneous reaction between Cl, and HBr." Taking trace b in Figure
| as an example, the laser fluence was about 3.5 X 10'¢ photons
cm?, the peak signal corresponds to a Br concentration of about
9 X 10'° atoms cm™?, and the nonlinear least-squares analysis of
the temporal profile gives C,/C; ~ 12, i.e., the instantaneous
bromine atom signal corresponds to about 7.5 X 10° atoms ecm™.
The ethane and HBr concentrations were such that ~3 x 10°
atoms cm™ of the instantaneous signal are attributable to the Cl
+ HBr reaction. Assuming all other “instantaneous™ bromine
atoms were generated from Br, photolysis implies that [Br,] ~
8 X 10" molecules cm™, i.e., [Bry] < 0.0014[HBr]. We conclude
from the above arguments that reaction with Br; accounted for
no more than & few percent of observed alky! reactivity.

As discussed above, the experiments that employed the Cl,/RH
alkyl radical source were of value for assessing the importance
of several potential interferences. However, the use of Cl;/RH
photolysis for generating alkyl radicals introduces an additional
chemistry complication which requires consideration, namely the
reaction of alkyl radicals with Clj:

R+ Cl; = RCl + Cl (16)

Rate coefTicients for reaction 16 at 298 K are 2.1 X 107'? cm?
molecule™ 5! for R = CH, and 1.85 X 107"! cm™ molecule™ 5™
for R = C,Hs.¥" For [Cly] ~1 X 10" molecules cm™, as em-
ployed in our experiments, reaction with Cl, was a negligible alkyl
removal mechanism in the experiments with R = CH, but did
account for 2-7% of alkyl removal in the experiments with R =
C,H,. However, the Cl atom product of reaction 16 reacts in-
stantaneously (on the time scale for R + HBr reaction) to re-
generate R (yield >95%) or produce Br (yield <5%). We conclude
from the above discussion that reaction 16 did not significantly
alter observed Br temporal profiles.

(26) Calvert, J. G.; Pitts, J. N, Jr. Phoiochemisiry, Wiley, New York,
1966.
(27) Timonen, R. S.: Gutman, D. J. Phys. Chem. 1986, 90. 2987.
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Comparison with Previous Work. Available kinetic data for
alkyl radical reactions with HBr and DBr are summarized in Table
II.  The negative activation energies and fast rate coefficients
for alkyl + HBr reactions reported by Gutman and co-workers**’
are confirmed in our study. However, the activation energies
derived from our data are consistently a little lower, i.e., more
negative, than those reported by Gutman and co-workers, and the
298 K rate coefTicients obtained in our study are consistently more
than a factor of 2 faster than those reported by Gutman and
co-workers. We observe “normal® kinetic isotope effects (i.e., R
+ HBr is faster than R + DBr) which decrease in magnitude with
increasing complexity of the alkyl radical (and with decreasing
activation energy). The 20% kinetic isotope effect we observe for
1-CH; + HBr(DBr) at 298 K is an excellent agreement with the
isotope effect observed by Richards et al.® By far the most studied
of the alkyl + HBr(DBr) reactions are those involving the reri-
butyl radical. A majority of recent work, including our own,
suggests that k4(298 K) 2 1 X 107" ¢m? molecule™ s™' and E, 4
< -1 kcal mol™ *** The exception is the very low pressure
photolysis study of reaction 7 by Miller-Markgraf et al.;'° they
report k4(295 K) = 1.5 X 107 cm? molecule™ s~ and a significant
positive activation energy (>2 kcal mol™'). As discussed in some
detail by Gutman,? the probable source of error in the Maller-
Markgraf et al. study is neglect of heterogeneous loss of 1-C Hy
in their data analysis. The only study of reactions 6 and 7 where
kinetic data were obtained by monitoring the decay of 1-C Hy is
the work of Russell et al.,* who coupled time-resolved photoion-
ization mass spectrometry with 193-nm laser flash photolysis of
4.4-dimethyl-1-pentene or 2,2.4,4-tetramethyl-3-pentanone; they
obtained the results k(298 K) = 1.04 X 107! cm® molecule™ s~
and £, = -1.4 £ 0.2 kcal mol™'. Subseguently. Richards et al.*
also generated 1-C H, radicals by 193-nm laser flash photolysis
of 4.4-dimethyl- 1-pentene but obtained kinetic data by monitoring
the appearance of the product (CH,);CH using tunable diode laser
spectroscopy as the monitoring technique; they found k¢ = 1.0
X 107" em® molecule™ 57!, in excellent agreement with Russell
et al. We find that k(298 K) is a factor of 2.7 faster than reported
by Russell et al.* and by Richards et al.* and that E,, =-19 £
0.3 keal mol™', i.e.. 0.5 kcal mol™' lower than reported by Russell
et al. Seakins and Pilling® have measured k(298 K) using 351-nm
laser flash photolysis of azoisobutane as the 1-C,H, source and,
as in our study. employing time-resolved resonance fluorescence
monitoring of product bromine atoms as the kinetic probe; in-
terestingly, they find k(298 K) = (3.2 £ 1.0) x 107" ¢m?
molecule™ s7'. in excellent agreement with our result. Any attempt
to explain the difference between the rate coefficients reported
in this study and those reported by Gutman and co-workers*>’
and by Richards et al.! would be speculation on our part, since
the alkyl + HBr(DBr) reactions appear to have been kinetically
isolated from potential side reactions in all cases. Systematic error
in determination of the HBr(DBr) concentration is one possibility.
For example. Russell et al. report that HBr samples were not
degassed prior 1o use,* while we find that gas taken directly from
the HBr storage cylinder can contain up to 50% H; impurity;
hence. a large fraction of the gas flow that Russell et al. thought
was HBr could have been unreactive H,, thus leading to under-
estimation of the alkyl + HBr rate coefficients. Arguing against
the above explanation, however, is the fact that Richards et al.,
who report that HBr and DBr samples were repeatedly degassed
at 77 K prior to use.? also obtained relatively slow rate coefficients
for reactions 6 and 7.

Alkyl Radical Thermochemistry. Arrhenius parameters for
reactions 1, 4, and 6 determined in this study can be combined
with the best available Arrhenius parameters for the reverse (Br
+ RH) reactions to obtain entropies and enthalpies of reaction,
using the “second-law method™.

Bf+CH4-’CHJ+HBl’ ("l)
Br + CJH. e C:Hs + HBr (4)
BT + (CH’)]CH - ”C‘Hg + HBT (-6)

(28) Guiman, D. Acc. Chem. Res. 1990, 23, 375.
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TABLE III: Arrhenius Parameters for k_,, k_,, and k_ Used ia the
Thermocbemical Calculations

range
reaction (no.) A E/R¥ of T ref
Br+ CH, (-1) 171 £ 85 8888 £ 220 298-621 29,30

Br + C;H, (4) 235+ 112 6411 £ 180 476-621 29
Br + (CH;);CH (-6) 172+ 30 3458 £ 90 298-623 4,29

¢ Units are 1072 cm’ molecule™ s!'. ®Uncertainties are estimates
based on error bars reported in references. “Units are degrees Kelvin.

TABLE [V: Thermochemical Parameters for the Reactions R + HBr —
RH + Be, R = CH,, C;H,, and r-CH,
T -AH, kaal mol™! -AS, cal mol™' deg™’
R K  second law third law second law third law
CH, 356 18.12+£ 048 1756048 961 %123 79 %050
298 1797 +£0.55 17512041 905+£1.35 755=0.

£0.50

C;Hy, 403 1381£05] 1378068 1028 1.50 1021 £ 1.20
298 13712060 1370£050 992175 9914120

%

E

-CHy 375 878+£048 923120 1009%)40 J1.27%270

298 8672055 899x095 9.69x1.65 1077 %270
The second-law method employs the following relationships to
obtain thermochemical parameters for reaction i

AH, = E;- E, (VD)
AS,=Rin(4,/A.) (vin

where A, and E, are the A factor and activation energy for reaction
i. The literature values for Arrhenius parameters for reactions
-1, =4, and =6 which we have adopted are summarized in Table
111.  For k_, we adopt the recent direct determination of Seakins
and Pilling.?® For k, we take the average of recent direct
determinations by Seakins and Pilling?® and by Russell et al.4
(which are in excellent agreement). We combine the Seakins and
Pilling determination of k with the temperature-dependent ratios
k_/k\yand k_,/k,, reported by Coomber and Whittle® to obtain
an Arrhenius expression for k_;.

Br + CH,CHF, — CH,CF, + HBr (17

Thermochemical parameters for reactions 1, 4, and 6 obtained
from the second-law analysis are given in Table 1V. The tem-
perature in each case is defined as the arithmetic mean of the 7!
ranges employed in the determinations of k, (this work) and k
(Table I11). Values for AH at 298 K were computed using heat
capacity corrections obtained from Burcat (CH,;),>' Chen et al.
(C;H),*? and Manion and Golden (1-C,Hs);** the corrections
calculated by Manion and Golden are based in large part on the
experimental and theoretical studies of Pacansky and co-work-
ers. 7 Second-law values for AS at 298 K were computed from
the relationship

AGy9y = AHy9y = TAS204 = RT In Kg(298 K) =
RT In [k_{298 K)/k{(298 K)] (VIII)

Values for k{298 K) were computed from the Arrhenius ex-
pressions reported in this paper, while values for k_{298 K) were
computed from the Arrhenius expressions in Table II1.

An alternate procedure for obtaining thermochemical param-
eters is the “third-law method™ where the entropy change is

(29) Seakins, P. W. Dissertation, Oxford University, 1990. Seakins, P. W;
Pilling, M. J. Unpublished results.

(30) Coomber, J. W.; Whittle, E. Trans. Faraday Soc. 1966, 62. 1553.

(31) Burcat, A. In Combustion Chemistry; Gardiner, W. C., Jr., Ed.;
Springer-Verlag: New York, 1984, pp 455-504.

s(732) Chen, Y. Rauk, A; Tschuikow-Roux, E. J. Chem. Phys. 1990, 93,
1187,

(33) Manion, J. A.; Golden, D. M. Private communication.

(34) Pacansky, J.. Chang, J. S. J. Chem. Phys 1981, 74, 5539.

(35) Schrader, B.. Pacansky. J.. PfeifTer, U. J. Phys. Chem. 1984, 88, 4069.

(36) Pacansky. J.: Yoshimine, M. J. Phys. Chem. 1986, 90, 1980.

7(37) Pacansky, J.: Koch, W.; Miller, M. D. J. Am. Chem. Soc. 1991, 113,
n.
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TABLE V: Heats of Formation and R-H Bond Strengths*

R AH{m(R) D* s (R-H)
CH, 353%0.5 1053 % 0.6
CHy 29.1 %05 101.3 % 0.6
1-C H, 12.1 £ 0.7 96.4 0.8

¢ Units are kcal mol™'.

calculated using standard statistical mechanical methods®® and
employed in conjunction with experimental values for K (7) to
obtain AH 7 (using eq VIII). Absolute entropies as a function of
temperature were obtained from Burcat®' except in the cases of
C,H¢*** and 1-C H,,* where updated entropy calculations are
available. Third-law entropy changes for reactions 1, 4, and 6
are given in Table IV. Uncertainties in the third-law AS values
are estimated on the basis of uncertainties in key structural pa-
rameters. The uncertainties in calculated entropy changes increase
with increasing alkyl radical complexity, due in large part to
uncertainties in the magnitudes of internal rotation barriers for
C,H,* and particularly for 1-C,Hy. 2% In units of cal mol™! deg™',
the 298 K entropies of CH;, C;H,, and 1-C,H, used in our
third-law determinations are 48.06, 58.98, and 75.70, respectively.

The enthalpy changes for reactions 1, 4, and 6 determined in
this study can be combined with the accurately known heats of
formation of Br, HBr, and RH??! 1o obtain alkyl radical heats
of formation. Values for AH,°,4(R) are given in Table V along
with R-H bond strengths derived by combining the AH°4(R)
values with known heats of formation for RH and H.23' Simple
averages of the second- and third-law enthalpies of reaction have
been employed to obtain our reported values for AH(°s(R): this
approach seems reasonable since (a) estimated uncertainties in
the second- and third-law determinations are similar and (b) the
second- and third-law values for AH ws(reaction i) agree to within
a few tenths of a kilocalorie per mole in all three cases. The
relatively low activation energies for reactions 4 and 6 reported
in this study leads to heats of formation for C;H and 1-C,H, which
are 0.4 and 0.5 kcal mol™' higher than those reported by Russell
et al..*3 although our results agree with those of Russell et al.
within combined uncertainties. As discussed briefly under In-
troduction, Tsang has critically reviewed the literature and.
showing a preference for thermochemical data from bond scission
and recombination studies of simple alkanes and radicals over
thermochemical data from iodination and bromination studies,
has recommended values for the heats of formation of a number
of alkyl radicals including C,H' and 1-C,H,.? Our value for
AH°14(C3Hy) is 0.5 kecal mol™! larger than the value recom-
mended by Tsang, although in agreement within combined un-
certainties. Our value for AH ° wq(1-C,Hs) is 0.2 kcal mol™! smaller
than the value recommended by Tsang under the assumption that
all barriers to internal rotation are zero but 1.1 kcal mol™' larger
than the value recommended by Tsang under the assumption that
all internal rotation barriers are 2.4 kcal mol™'; a recent ab initio
calculation® predicts that the barriers to methyl rotation are 1.51
keal mol™'. The alkyl radical heats of formation reported in this
study are significantly higher than those recommended by
McMillen and Golden® in a critical review which showed a
preference for results from iodination and bromination studies
over those from bond scission and recombination studies; as
discussed in detail by Gutman and co-workers,*# the apparently
incorrect assumption by McMillen and Golden of small positive
activation energies for alkyl + HX reactions appears to completely
account for the discrepancy. As discussed above, Miller-Mark-
graf et al.'® observe a significant positive activation energy for

(38) See, for example: Knox, J. H. Molecular Thermodynamics, Wiley-
Intersceince: London, 1971.

(39) Brouard, M.; Lightfoot, P. D.; Pilling. M. J. J. Phys. Chem. 1986,
90. 445
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reaction 7; hence, these authors denve a value for AH° wy(1-C,Hj)
which is 2.9 kcal mol™' lower than the value reported in this study.

Mechanism for Alkyl + HX Reactions. Traditionally. hydro-
gen-transfer reactions such as R + HX — RH + X have been
thought of as “direct”™ metathesis reactions with a ba-rier along
the reaction coordinate and a single transition state located at the
potential energy maximum. Rationalization of observed negative
activation energies for R + HX reactions requires the postuiate
that reaction proceeds via formation of a weakly bound R--XH
complex.*%!2 As shown by Mozurkewich and Benson.® if the
transition state leading from reactants to complex (TS1) is loose
and the transition state leading from complex to products is both
tighter and lower in energy compared to TS1, then a negative
temperature dependence for the overall reaction should be ob-
served. McEwen and Golden'? have carried out a two-channel
RRKM calculation that models the 1-C,Hg + HI(DI) reactions
as proceeding through a weakly bound complex: they were able
to reproduce the kinetic results of Sectula et al.® for -C,H, +
HI with complex binding energies as low as 3 kcal mol™'. One
interesting aspect of McEwen and Golden's study is the fact that
models which were capable of reproducing experimentally ob-
served® k(T) values for 1-C,Hq + HI also predicted 3n inverse
kinetic isotope effect (KIE), i.e., ki < kp,: the inverse KIE results
from the fact that the transition state leading from complex to
products becomes looser with the lower vibrational frequencies
associated with deuterium substitution. Contrary to McEwen and
Golden's predictions for 1-C,Hg + HI. we observe normal KIEs
for CH,, C,H.. and 1-C H, reactions with HBr. i.e. kyp, > kpg..
Richards et al.* also observe a normal KIE for the 1-C,H; + HBr
reaction. It does appear, however, that the magnitude of the KIE
is reduced as the activation energy becomes more negative: i.e..
the observed KIE is largest for R = CH, and smallest for R =
1-C,Hg. Further experimental and theoretical studies of alkyl +
HX reaction dynamics are clearly needed before a detailed ur-
derstanding of these complex chemical reactions will be forth-
coming.
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Note Added in Proof. We have recently become aware of a
theoretical study of the CH; + HBr reaction by Chen. Tschui-
kow-Roux, and Rauk: two papers describing their study appear
in this issue. These authors have calculated a potential energy
surface for the CH, + HBr reaction at the G1 level of theory and
deduced the existence of a hydrogen-bridged complex with C,,
symmetry which is bound by 0.28 kcal mol™ and is formed without
activation energy. They have also calculated rate constants for
CH, + HBr, CH; + DBr, and CD, + HBr from RRKM theory
with corrections for tunneling evaluated using the Wigner method.
Their calculated isotope effects agree quantitatively with those
reported in this paper.
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CH,, 2229-07-4; C,H,. 2025-56-1; 1-C H,, 1605-73-8, H, 1333.74-0: D.
7782-33-0.
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Kinetics and Thermochemistry of the Br(2P,,;) + NO, Association Reaction \
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A laser flash photolysis-resonance fluorescence technique bas been employed to study the kinetics of the Br(*P, ;) + NO,
association reaction as a function of temperature (259432 K), pressure (12.5-700 Torr), and bufTer gas identity (He, Ar,
H,, N;, CO,, CF,, SF,). The reaction is found to be in the falloff regime between third and second order over the entire
range of conditions investigated. At temperatures below 350 K, the association reaction is found to be irreversible on the
time scale of the experiment (~30 ms). At higher temperatures reversible addition is observed, allowing equilibrium constants
for BrNO, formation and dissociation to be determined. Second- and third-law analyses of the equilibrium data are in only
fair agreement and lead to the following thermochemical parameters for the association reaction: AH "y = -19.6 % 1.7
kcal mol™!, AH®g = =18.6 % 2.0 kcal mol™!, AS® s = =29.3 % 4.2 cal mol™' K~'; AH,® s(BrNO,) = 17.0 % 1.8 kcal mol™
(uncertainties are 2¢ estimates of absolute accuracy). The value for AH® determined in this study has been employed to
clculate ko, the low-pressure third-order rate coefficient in the strong collision limit, by using the method of Troe; calculated
values of ko€ are inconsistent with experimental results unless AH™®, is assigned a value near the lower limit derived from
analysis of the high-temperature a ch to equilibrium data, i.c., AH®y ~ —16.6 kcal mot™. A potential source of systematic
error in the calculation of both ko™ and the absolute entropy of BrNO, results from the complete lack of knowledge of the
energies and degencracies of the electronic states of BrNO,. The procedure developed by Troe and co-workers has been
employed to extrapolate experimental fallofT curves to the low- and high-pressure limits. Derived values for ko(M,298K)
in units of 107! cm* molecule™ s™ range from 2.75 for M = He to 6.54 for M = CO,; 2¢ uncertainties are estimated to
be £20%. Values for ko(N;,T) in units of 107! cm® molecule™ s™' are 5.73 at 259 K, 4.61 at 298 K, and 3.21 at 346 K;
the observed temperature dependence for ko(N,,7) is consistent with the theoretical temperature dependence for B.ko3C.
Values for k.(7) in units of 107!! cm? molecule™ s~ are 2.86 at 259 K, 3.22 at 298 K, and 3.73 at 346 K; 20 uncertainties
are estimated to be a factor of 2. Approximate falloff parameters in a convenient format for atmospheric modeling are also

derived.

Introduction

The reactions of fluorine and chlorine atoms with NO, have
been studied extensively in cryogenic matrices'™ and in the gas
phase.*'! These studies have established the gas-phase kinetics
of the F, Cl + NO, association reactions®™!! and have demonstrated
that both the nitrite (XONO) and the nitryl halide (XNO,)
isomers are produced.'™ Under atmospheric conditions, CIONO
is the major product of the Cl + NO, reaction; the CINO, yield
is only about 0.2.4 Until very recently, the only information about
the reaction

Br(2Pyy) + NO, + M — BINO, + M (13)
—~ BrONO + M (1b)

came from cryogenic matrix studies,'*'? which demonstrated that
BrNO, is the dominant product, i.e., k,, 2 k&, this observation
has now been extended 1o the gas phase.¥ Also, gas-phase BrNO,
has recently been observed as a product of the heterogeneous
reaction of N;O, vapor with solid NaBr.'S Nitryl bromide could
act as a reservoir for BrO, in the lower stratosphere, and it has
recently been suggested'® that photolysis of BrNO, (formed via
the N;O4(g) + NaBr(s) reaction) may initiate chain reactions
that result in the recently observed ground-level arctic ozone
hole.!”!# Hence, there currently exists a great deal of interest
in understanding the reaction kinetics, photochemistry, and
thermochemistry of nitryl bromide.

The only reported kinetics study of reaction 1 is the work of
Mellouki et al.,'” who employed a discharge flow technique with
EPR and mass spectrometric analysis to measure k, at 298 K in
belium bufTer gas over the pressure range 0.6-2.1 Torr; they report
the low-pressure limit rate coefTicient k, 5(He,298K) = (3.7
0.7) X 107 cm* molecule™? 5~'.

In this paper, we report the results of an experimental study
that employed the laser flash photolysis-resonance fluorescence
technique to study the kinetics of reaction 1 over wide ranges of
temperature (259432 K), pressure (12.5-700 Torr), and buffer
gas identity (N,, He, Ar, H;, CO,, CF,, SFy). These data allow

* To whom correspondence should be addressed.

accurate values for k,(P,T) to be obtained over the pressure—
temperature regime of atmospheric interest and provide the first
data that can be used to estimate (with a rather large uncertainty)
k| o, the rate coefficient in the high-pressure limit. At temper-
atures above 350 K, bromine atom regeneration from BrNO,
decompasition occurred on the experimental time scale for reaction
1,i.e, 10°-10"2s. Analysis of the resultant double-exponential
decays has allowed the first determinations of both BrNO, uni-
molecular decomposition rate coefficients and the BrNO, beat
of formation.

3 l(l)SkaLFm,W.l.l,acm.Sx~Ckm.Commn.lﬂ4,
4

(2) Smardzewski, R. R.; Fox, W. B. J. Chem. Phys. 1974, 60, 2980.

(3) Tevaul, D. E.; Smardzewski, R. R. J. Chem. Phys. 1977, 67, 3777.

(4) Niki, H.; Maker, P. D.; Savage, D. M_; Breitenbach, L. P. Chem. Phys.
Lett. 1978, 59, 78.

(S) Fasano, D. M.; Nogar, N. S. J. Chem. Phys. 1983, 77, 6638.

(6) Clyne, M. A. A; White, I. F. Reported iz: Wa R.T.J. Phys.
Chem. Ref. Daia 1977, 6, 37.1‘.’ v 4
”7(7) Zahniser, M. S.; Chang. J. S.; Kaufman, F. J. Chem. Phys. 1977, 67,

(8) Leu, M. T. Int. J. Chem. Kiner. 1984, 16, 1311,
(9) Glavas, S.; Heicklen, J. J. Photockem. 1988, 31, 21.
(10) Mellouki, A_; Poulet, G.; LeBras, G. J. Geophys. Res. 1987, 92, 4217.

‘gl)mh.vlulhnhm A. R Smith, G. J.; Duvis, D. D. /as. J. Chem. Kinet.

(12) Tevaul, D. E. J. Phys. Chem. 1979, 83, 2217,

(13) Feuerhahn, M.; Minkwitz, R.; Engelhardt, U. J. Mol. Spectrosc.
1979, 77, 429. . e

(14) Yarwood, G.; Niki, H., private communication.

(15) Finlayson-Pitts, B. J; Livingsion, F. E; Berko, H. N. J. Phys. Chem.
1989, 93, 4397.

(16) Finlayson-Pitts, B. J.; Livingston, F. E.; Berko, H. N. Narure 1999,

(17) Barrie, L. A.; Bottenbeim, J. W.; Schnell, R. C.; Crutzen, P. J.:
Rasmussen, R. A. Narure 1988, 334, 138,

(18) Barrie, L. A den Hartog, G.; Bottenheim, J. E.; Landsberger, S. J.
Atmos. Chem. 1990, 9, 101.
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The Br(*P,/;) + NO, Association Reaction

Experimental Technique

A schematic diagram of the laser flash photolysis-resonance
fluorescence apparatus, as configured for bromine atom detection,
is shown elsewhere.® A description of the experimental meth-
odology is given below.

A Pyrex-jacketed reaction cell with an internal volume of 150
cm’® was used in al] experiments. The cell was maintained at a
constant temperature by circulating ethylene glycol or methanol
from a thermostatically controlled bath through the outer jacket.
A copper—constantan thermocouple with a stainless steel jacket
was injected into the reaction zone through a vacuum seal, thus
allowing measurement of the gas temperature under the precise
pressure and flow rate conditions of the experiment.

Bromine atoms were produced by 266-nm pulsed laser photo-
lysis of CF,Br;/NO,/M or Br,/NO,/M mixtures; a majority of
experiments employed a CF;Br; as the bromine atom precursor.
Fourth harmonic radiation from a Quanta Ray Model DCR-2
Nd:YAG laser provided the photolytic light source. The laser
could deliver up to 3 X 10'¢ photons/pulse at a repetition rate
of up to 10 Hz; the pulse width was 6 ns.

A bromine resonance lamp, situated perpendicular to the
photolysis laser, excited resonance fluorescence in the photolytically
produced atoms. The resonance lamp consisted of an electrodeless
microwave discharge through about 1 Torr of a flowing mixture
containing & trace of Br, in helium. The flows of 2 0.2% Br; in
helium mixture and pure helium into the lamp were controlled
by separate needle valves, thus allowing the total pressure and
Br, concentration to be adjusted for optimum signal-to-noise ratio.
Radiation was coupled out of the lamp through a magnesium
fluoride window and into the reaction cell through a magnesium
fluoride lens. Before entering the reaction cell, the lamp output
passed through a flowing gas filter containing 50 Torr cm of
methane in nitrogen. The methane filter prevented radiation at
wavelengths shorter than 140 nm (including impurity emissions
from excited oxygen, hydrogen, chlorine, and nitrogen atoms) from
entering the reaction cell but transmitted the strong bromine lines
in the 140-160-nm region.

Fluorescence was collected by a magnesium fluoride lens on
an axis orthogonal to both the photolysis laser beam and the
resonance lamp beam and was imaged onto the photocathode of
a solar blind photomultiplier. Signals were processed by using
photon-counting techniques in conjunction with multichannel
scaling. For each bromine atom decay measured, signals from
a large number of laser shots were averaged in order to obtain
a well-defined temporal profile over (typically) three 1 /e times
of decay.

To avoid accumulation of photolysis or reaction products, all
experiments were carried out under “slow flow™ conditions. The
linear flow rate through the reactor was in the range 1-3 cm s/,
and the laser repetition rate was varied over the range 1-10 Hz
(5 Hz typical). Hence, no volume element of the reaction mixture
was subjected to more than a few laser shots. CF,Br,, Br,, and
NO, were flowed into the reaction cell from bulbs (12-L volume)
containing dilute mixtures in buffer gas. The photolyte (CF,Br,
or Br;) mixture, NO, mixture, buffer gas, and a small amount
of hydrogen were premixed before entering the reactor. The
concentrations of each component in the reaction mixture were
determined from measurements of the appropriate mass flow rates
and the total pressure. The concentration of NO, in the reaction
mixture was also determined by in situ UV photometry at 366
am. A mercury pen-ray lamp was employed as the light source
for the photometric measurement, and an interference filter was
used to isolate the three closely spaced Hg lines around 366 nm
from other lamp emissions. For the lamp-filter combination
employed, the “effective™ NO, absorption cross section has been
previously determined to be 5.75 X 107'? cm?;?! experimental
results were found to be independent of whether the NO; ab-

(20) Nicovich, J. M.; Shackelford, C. J.; Wine, P. H. J. Photochem.
Phoiobiol. 1998, 51, 141.

(21) Wine, P. H.; Kreutter, N. M_; Ravishankara, A. R. J. Phys. Chem.
1979, 83, 3191.
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sorption cell was positioned upstream or downstream relative to
the reaction cell. i

The gases used in this study had the following stated minimum
purities: N, 99.999%; He, 99.999%; Ar, 99.999%:. H,, 99.999%;
CO0,, 99.998%; SF, 99.99%; O,, 99.99%; CF,, 99.7%; NO, 99.0%.
All gases except NO were used as supplied. The procedures
employed to purify NO and synthesize pure NO, from the NO
+ O, reaction are described elsewhere.2  The liquids used in this
study had the following stated minimum purities: CF,Br,, 99.0%;
Bry, 99.94%. Both CF,Br; and Br, were transferred under nitrogen
into vials fitted with high-vacuum stopcocks and were degassed
repeatedly at 77 K before being used to prepare gaseous photo-

lyte—-buffer gas mixtures.
Resalts and Discussion
In a vast majority of experiments, bromine atoms were gen-
erated by laser flash photolysis of CF,Br;:
CF,Br, + h»(266 nm) — CF,Br + Br(’P,) (2)

The CF,Br, absorption cross section at 266 am is 8 X 107 cm?
(T = 298 K)®* and the bromine atom yield is unity.**'In a few
experiments, the following alternative bromine atom production ~
scheme was employed:

Br, + h»(266 nm) — 2Br(?P)) )
NO, + h»(266 nm) = NO + O (4)
o + sz fog BI'O + BI’(ZPJ) (5)

Absorption cross sections for Bry and NO; at 266 nm are ~2 X
107223 and 2.7 X 1072 cm?,%* respectively. To minimize pro-
duction of NO from the side reaction

0+ NO,~ NO + 0, (6)

rather large concentrations of CF,Br; (or Br,) and low laser powers
were typically employed. Observed kinetics were independent of
laser power and photolyte concentration over wide ranges; con-
centrations of photolytically produced bromine atoms ranged from
3 X 101030 x 10" atoms cm™. Observed kinetics were also
found to be independent of whether reaction 2 or reactions 3-5
was employed as the bromine atom source.

To ensure rapid relaxation of bromine atoms in the spin—orbit
excited 2P, , state, about | Torr of H, was added to the reaction
mixture. The reaction

Br(zP,ﬁ) + HI(D-O) — Bf’(zp)/z) + Hz(D'l) (7)

is known to be fast, with k; =~ 6 X 107'? cm® molecule™ s™.7
Since the equilibrium concentration of Br(*P,,) is negligible over
the temperature range of our study, all measured bromine atom
temporal profiles should be considered as representative of removal
of ground-state atoms, Br(*P;,); in the discussion that follows
Br= Br(nglz).

All experiments were carried out under pseudo-first-order
conditions with NO, in large excess over Br. Hence, in the absence
of side reactions that remove or produce Br, the Br temporal profile
foliowing the laser flash would be described by the relationship

In {[Br]o/[Br]} = (k,[NO;] + ky)t = k't (M
where k; is the rate coefTicient for the process

Br — first-order loss by diffusion from the detector field of
view and /or reaction with background impurities (8)

(22) Daykin, E. P.; Wine, P. H. J. Phys. Chem. 1990, 94, 4528.

(23; Molina, L. T.; Molina, L. J.; Rowland, F. S. J. Phys. Chem. 1982,
86, 2672,

(24) Ravishankarz, A. R. X/th Iniernational Conference om Gas Kinetics,
Assisi, Italy, 1990; paper O-11.

(25) Calvert, J. G.; Pits, J. N_, Jr. Photochemistry, Wiley: New York,
1966, p 184.

(26) Schneider, W.; Moorigat, G. K.; Tyndall, G. S.; Burrows, J. P. J.
Photochem. Phoiobiol., A 1987, 40, 195.

(27) Nesbitt, D. J.. Leone, S. R. J. Chem. Phys. 1980, 73, 6182.
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Figere 1. Typical Br(?P,;;) temporal profiles observed at T < 350 K.
Experimental conditions: 7= 298 K; P= 100 Torr, M = N',: [CF,Br,)
= 2.0 x 10" molecules cm™; [Br], = 6 X 10'° atoms em™%; [NO,] in
units of 10'* molecules cm™ (a) 0, (b) 0.886, (c) 1.97, (d) 4.69; number
of laser shots averaged (a) 100, (b) 400, (¢) 700, (d) 2001. Solid lines
are obtained from least-squares analyses and give the following pseudo-
first-order decay rates in units of 5™': (a) 12, (b) 950, (c) 2250, (d) 5290.

T 1 e T

xts "

k=(113 £ 0.04) x W0

-1 =1

m’m ]

NG, ] (30"em’ mosecuts's ')
Figwre 2. Typical plot of k', the Br(?P, ;) pseudo-first-order decay rate,
versus NO, concentration for data obtained at 7 < 350 K. Experimental
conditions: T = 298 K; P = 100 Torr; M = N,. The solid line is obtained
from a linear least-squares analysis and gives the bimolecular rate
coefTicient shown in the figure.

The bimolecular rate coefficients of interest, k,([M],7) are de-
termined from the slopes of k’versus [NO,] plots. Observation
of Br temporal profiles that are exponential (i.c., obey eq 1), a
linear dependence of k’on [NO,], and invariance of k’to variation
in laser photon fluence and photolyte concentration strongly
suggest that reactions | and 8 are, indeed, the only processes that
significantly affect the Br time history.

Kinetics at T < 350 K. For all experiments carried out at
temperatures below 350 K, well-behaved pseudo-first-order kinetics
were observed, i.c., Br temporal profiles obeyed eq I and k' in-
creased linearly with increasing [NO,] but was independent of
laser photon fluence and photolyte concentration. Typical data
are shown in Figures 1 and 2. Measured bimolecular rate
coefTicients, k,({M],T), are summarized in Table I. Kinetics
studies were restricted to T 2 259 K because NO, dimerization
became a problem at lower temperatures.®

Parametrization of k\([N,),T) for Atmaospheric Modeling. For
purposes of atmospheric modeling, it is convenient to generate
a mathematical expression that can be used to compute k,([N,],7)
over the range of relevant temperatures and pressures (the effi-

(28) Blend, H. J. Chem. Phys. 1978, 53, 4497.
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TABLE I: Rate CoefTicients for the Reactioa Br + NO; + M —
BrNO; + M Obtained under Experimental Conditions (T < 350 K)
Where the Association Reaction Was Irreversible on the Time Scale
for Br Decay*

k,, 1071 cm’ molecule™ s~

' &
M Torr

259 K 298 K 346K
He 12.5 0.97 £ 0.02
25 1.92 £ 0.04
Ar 12.5 1.26 % 0.02
25 2422003
H, 12.5 1.92 % 0.08
25 3.23 %008
N; 12.5 236 £0.23 1.73 £ 0.15 1.07 £ 0.04
25 4832040 3.18£0.10 1.98 £ 0.04
50 824 £ 0.49 6.20 £ 0.27 366 £ 007
100 154%1.2 113204 6.72 £ 0.08
200 265%09 198+ 1.4 123+ 04
400 427 %21 316216 22810
700 629 %43 486 % 1.0 354216
co, 12.5 236 £ 0.10
25 4522015
CF, 125 . 227%047
25 ' 4.27 £ 0.08
50 7.93+£0.23
100 142£ 0.5
200 266+ 18
400 4.1 209
700 639%35
SF, 125 2.06 % 0.03
25 3.64 2 0.26
“Errors are 20 and represent precision only.
n - W T T | T 3 T T ‘r % T -
F p
= B

“'s")
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Figwre 3. Best fits of the k,(N,.7) versus pressure data to eq II. Squares,
circles, and triangles are experimental data at different temperatures.

Solid lines are calculated from eq Il with 4 = 4.24 x 107%!(T/300)"+
cm* molecule™ 5™ and B = 2.66 X 107''(7/300)*° cm’ molecule™ 5.

ciency of O, as a third body is generally very similar to that of
N,). The expression generally used for this purpose is?

k(N1 = {4/[1 + (A/B)])0.6"*Dsta/DIT"  (]])
where
A =~k 5(T)[N;] = k, 5(300K)(T/300)™
B =~ k, (T) = k, .(300K)(T/300)™

(1
(av)

In the above expressions, k, 5 and k, . are approximations to the
low- and high-pressure limit rate coefTicients for reaction 1. Fitting
our measured values of k,([N,],7) to eq 1l gives the following
parameters:

(29) See, for example: DeMore, W. B.; Sander, S. P.; Golden, D. M.;
Molina, M. J.; Hampson, R. F.; Kurylo, M. J.; Howard, C. J.; Ravishankars,
A. R. Chemical Kinetics and Photockemical Daia for Use ir Stratospheric
Modeling. Evaluation no. 9, Jet Propulsion Laboratory publication 90-1, 1990.
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A= 4.24 X 107(7/300)"** cm® molecule™? 5~
B =266X 10’”(7'/300)“ cm?® molecule™! s~

Falloff curves calculated by substituting the above parameters
into eq |1 are compared with measured rate coefTicients in Figure
3; the parametrization represents the experimental data very well.

Kinetics at T > 350 K. At temperatures above 350 K, bromine
atom regeneration due to a secondary reaction became evident.
Observed Br temporal profiles were independent of laser fluence
and CF,Br, concentration but varied as a function of [NO,] and
[M] in the manner expected if unimolecular decomposition of
BrNO, was the source of regenerated Br. Assuming that BrNO,
regencration was occurring, the relevant kinetic scheme controlling
Br removal includes not only reactions 1 and 8 but also the ad-
ditional reactions

BrNO,+ M = Br+ NO, + M (-1)

BfNOz —
first-order loss by processes that do not regenerate Br atoms
)

Assuming that all processes affecting Br and BrNO, concentra-
tions are first order, the rate equations for reactions 1, -1, 8, and
9 can be solved analytically:
[Br],/[Br]o =

[(@ + X)) exp(A7) = (@ + A7) exp(A1)] /(A) = Ay) (V)

where .
A = 0.5[(a® - 4b)'/2 - q]

(VD)

A; = =0.5[(a? - 4b)'/2 - q) (VII)
0=k, +k (vi
a=Q+ky+ k[NOy) = =\, + \y) (IX)
b = kyQ + kok | [NO,] = A\, (X)

Observed temporal profiles for Br atoms were fit to the double-
exponential eq V by using a nonlinear least-squares method to
obtain values for A, A,, and Q for each decay. The background
Br atom loss rate in the absence of NO, (k;) was directly measured
at each temperature and pressure; kg ranged from 10 to 90 5.
Rearrangement of the above equations shows that the fit param-
eters A, A, and Q can be related to the rate coefTicients of interest
as follows:

ky=~(Q+ ky+ A +1,;)/[NO;y) (XI)
ke = (\A; = k30) /k,[NO,] (XII)
k., = Q- ky (XIII)

Typical Br atom temporal profiles observed in the high-tem-
perature experiments are shown in Figure 4 along with best fits
toeq V. The results for all high-temperature experiments are
summarized in Table 11. The equilibrium constants, K, given
in Table Il are computed from the relationship

K’ - k|/k-|RT - Kg/RT (XIV)

It is worth noting that values for k,([N,],T) obtained from the
least-squares analyses are consistent with those expected based
on extrapolation of data from 7 < 350 K. We believe that
reported values for k|, even at high temperature where Br re-
generation is fast, are accurate to within £20%. Absolute un-
certainties in reported values for k_, are somewhat more difficult
to assess. Inspection of Table I shows that the precision in
multiple determinations of k_; at a particular temperature and
pressure (for varying [NO,]) is quite good, even at low T and low
P, where ky contributes about as much as k_; to the parameter
Q. Aninherent assumption in our analysis is that the only sig-
nificant BrNO, loss process that results in Br atom production
is reaction -1; as long as this assumption is correct (it almost
certainly is), we believe the absolute accuracy of our reported k.,
values is £30% over the full range of temperature and pressure
investigated.
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Figure 4. Typical Br(*P,;;) temporal profiles observed at 7 > 350 K.
Experimental conditions: 7 = 411 K; P = 50 Torr; M = N,; [CF,Br.
= (2.2-2.8) X 10" molecules cm™; [Br], = (6-8) X 10'° atoms em™;
[NO,] in units of 10'* molecules cm™ (A) 2.22, (B) 4.01, (C) 7.09;
number of laser shots averaged (A) 3000, (B) 3000, (C) 5000. Solid lines
are obtained from nonlinear least-squares fits to eq V. Best-fit param-
eters in units of s™' are =\, = (A) 83.8, (B) 107, (C) 115, =, = (A) 837,
(B) 1280, (C) 1830; Q = (A) 462, (B) 525, (C) 500. The inset shows
trace B with the signal counts displayed on a linear scale.
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Figure 5. van't Hofl plot for the reaction Br + NO; = BrNO,. The
small numbers inside the data points indicate the number of individual
experiments that were averaged to obtain the particular point. The solid
line is obtained from a weighted least-squares analysis and gives the
second-law thermochemical parameters AH,, = ~18.64 % 0.56 kcal
mol™! (slope) and AS,o, = -26.94 £ 1.40 cal moi™ deg™ (intercept). The
dotted line is obtained from a third-law analysis with X, at 401 K as-
signed the value obtained by interpolation using the second-law method;
third-law thermochemical parameters are AH,, = ~20.77 kcal mol™ and
ASe = -32.24 cal mol™' deg™'.

BrNQ, Thermochemistry. A van't HofT plot for the equilibrium
defined by reactions | and -1 is shown in Figure 5. Since

in K, = (AS/R) - (AH/RT) (XV)

the enthalpy change associated with reaction 1 is obtained from
the slope of the van't Hoff plot while the entropy change is ob-
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TABLE IT: Resalts of the Br + NO; + N, == BtNO, + N; Approach-to-Equilibrium Experiments’

concn

T P CFBr;  Bre NO, 0 -\ =X ky ky k, k., K,
374 200 30 0.10 505 273 108 694  S4 126 9.39 146 126000
30 0.09 1140 323 127 1390 54 139 9.95 184 106000
30 0.10 3290 261 769 3450 54 78 9.76 183 105000
375 50 24 0.08 346 17 432 24 39 4 2.93 7 80800
2 0.08 1560 163 85.0 ss3 39 93 2.80 70 79 500
24 0.08 2270 152 76.6 754 39 81 2.82 7 77700
8 100 16 0.09 1250 200 423 79 21 48 493 152 62400
46 0.25 2530 22 554 1450 21 60 497 162 59100
1S 0.03 2600 219 521 1480 21 56 4.96 163 58 600
s 0.03 2660 285 829 1560 21 92 5.01 193 50000
16 0.09 2740 240 636 1500 21 69 477 170 54000
16 0.08 4100 232 602 2250 21 64 5.01 169 57200
381 400 20 0.09 987 602 903 2040 40 180 153 422 69800
20 0.09 2670 s 130 4740 40 197 162 439 71200
382 28 15 0.09 1420 64 28.3 262 43 25 130 39 64000
23 0.06 3450 9% 529 598 43 54 1.48 4 67100
388 50 23 0.09 1270 168 518 47 30 59 2.60 109 45100
23 0.07 2490 204 73.3 804 30 82 . 2.58 121., 40200
38 200 29 0.09 790 556 146 110 72 194 793 362 41400
29 0.09 1720 s81 165 1980 72 191 8.68 390 42000
29 0.09 2550 s13 138 2% 12 183 8.72 389 42300
393 100 18 0.05 594 mn 62.1 s84 33 100 4.05 273 27700
213 0.07 1820 379 787 1130 33 96 4.40 283 29000
18 0.06 2370 399 854 1420 33 101 452 298 28 300
21 0.07 3340 393 822 1860 33 92 457 301 28 400
394 400 26 0.07 %8 1060 186 2300 8 251 118 805 40600
127 0.07 784 1150 180 2390 86 248 170 904 31000
" 43 0.12 1740 1050 199 3820 86 232 167 817 38000
404 50 22 0.07 1250 341 68.3 s83 33 103 222 238 17000
2 0.07 2780 337 78.2 888 33 98 2.14 239 13900
2 0.07 4380 481 144 1380 33 18] 2.30 300 16 300
41 50 22 0.07 2220 462 838 837 32 130 1.92 332 10300
22 0.06 4010 $25 107 1280 32 144 207 380 9740
28 0.08 7090 s00 115 1830 32 137 2.00 362 9840
4l 100 25 0.08 1330 866 944 1260 25 209 3.53 657 9600
26 0.0 2430 866 117 1670 25 193 3.70 673 9800
26 0.09 5150 820 132 2580 25 171 3.63 649 9980
412 200 33 0.1 1460 1770 188 2720 43 396 763 1380 9880
2 0.10 3660 1400 197 3770 43 27 690 1130 10900
33 0.12 $590 1600 281 5490 43 357 737 1250 10500
419 50 38 0.10 4050 637 119 120 47 170 1.80 467 6750
38 0.10 6620 772 166 1940 47 222 1.94 549 6180
420 200 38 0.10 4620 1960 311 4560 90 44 611 1520 7010
38 0.10 7480 2060 346 6970 90 431 689 1630 7380
38 0.10 10400 1960 356 8400 90 419 642 1540 7310
25 100 34 0.10 $370 1590 197 3130 25 336 320 1250 4420
431 50 39 0.09 4940 1060 156 1740 44 286 1.60 m 3500
39 0.09 6030 1120 172 2020 40 288 1.72 827 3540
431 100 “ 0.09 7870 1980 265 4230 34 425 315 1560 3440
“ 0.09 12200 2020 323 SS40 34 452 311 1570 3380
“ 010 16100 2030 379 6820 34 490 319 1540 3530
432 25 %) 0.09 5280 s62 129 981 19 174 0.89 388 3890
P 0.09 $960 656 142 1170 79 198 098 458 3630

¢ Units are as follows: T, K; P, Torr; concentrations, 10'3/cm?; Q, A, Ay, k., ky, ks, 57%; k), 1071 cm® molecule™ s7; K, atm™'.

tained from the intercept (solid line in Figure 5). At 401 K, the
midpoint of the experimental 1/7 range, this “second-law method™
yields the results AH,, = -18.64 £ 0.56 kcal mol™! and MQ]
= -26.94 = 1.40 cal mol™! K™, where the errors are 2¢ and
represent precision only.

In addition to the second-law analysis described above, we also
carried out a third-law analysis, where the experimental value for
K, at 401 K was employed in conjunction with a calculated entropy
change to determine AH,. To calculate the absolute entropy
of BrNO,, we employed the vibrational frequencies reported in
the above-mentioned matrix isolation studies'*" and tabulated
by Jacox.® On the basis of reported structural parameters for
FNO,, CINO,, FNO, CINO, and BrNO,» we assumed that

(30) Jacox, M. E. J. Phys. Chem. Ref. Data 1984, 13, 945.

(31) Harmony, M. D.; Laurie, V. W.; Kuczkowski, R. L.; Schwendeman,
R. H.. Ramsay, D. A.; Lovas, F. J.; LafTerty, W. J.; Maki, A. G. J. Phys.
Chem. Ref. Data 1979, 8, 619 and references therein.
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BrNO, is planar with an N-Br bond length of 2.1 A, N-O bond
Jengths of 1.2 A, and an O-N-O bond angle of 125°; these
estimates are expected to be reasonably accurate. In the absence
of information about BrNO, electronic states, we assumed that
the electronic contribution to the BrNO, entropy is zero, i.c., a
singlet ground state with no low-lying excited states. All pa-
rameters used in the calculation of the entropy change for reaction
1 are summarized in Table III.

The entropy change calculated from the third-law analysis,
ASy = ~32.24 cal mol™ K™, difTers substantially from the entropy
change obtained from the second-law analysis (see above); hence,
the value for AH, obtained from the third-law analysis, AH 4,
= -20.77 kcal mol™!, differs by 2.13 kcal mol™' from the value
obtained from the second-law analysis. The major source of
uncertainty in the calculation of AS appears to be in the electronic
contribution to the BrNO, entropy. For example, if the ground
electronic state of BrNO, were assumed to be a triplet rather than
a singlet, the difference between the second- and third-law en-
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TABLE III: Molecular Parameters Used in Calculations of AS and k,,*

The Journal of Physical Chemistry, Vol. 95, No. 10, 1991 4025

Lennard-Jones params

species », cm™ & ' E\}cm™! I, amu A? o, A ¢/k, K ref
BrNO, 402 1 - - 183.3¢ 4357 3414 30-32
196 36.3
574 219.6
784
1289
1660
NO, 757 2 2 ~ 14500 40.8 45, 46
1358 38.6
1665 2.1
Br 4 2 3685 47
He 2.55 10 43
Ar 347 114 49
H,; 2.83 60 48
N, 3.61 91.5 S0
Cco, 394 201 49
CF, 4.49 167 49
SF, 5.20 212 P

g0 8, ® degeneracies of the ground and first excited electronic states, respectively. * E, ® energy difference between the ground ,nd first excited
electronic states. ¢ BrNO, structure estimated based on information for CINO,, CINO,, and BrNO from ref 31 (see text). "Bumtd based on

parameters for CINO, and BrONO, given in ref 32.

tropies would be reduced from 5.30 to 3.12 cal mol™' K™'. Until
the source of the difference between the second- and third-law
results is better understood, it seems most prudent to report the
average of the two values and adjust error limits so as to encompass
all reasonable possibilities. Using this approach, we report AH
= ~19.7 % 1.7 kcal mol~'-and AS,, = 29.6 £ 4.2 cal mol™' K°!,
where the errors are 2¢ estimates of absolute accuracy.

The parameters in Table II] have been employed to correct the
above enthalpies and entropies to 298 and 0 K values. We obtain
the following results: AH®yy = =19.6 % 1.7 kcal mol™!, AH",
= ~]8.6 £ 2.0 kcal mol™! (=the B~NO, bond dissociation energy),
AS® 9 = =29.3 % 4.2 cal mol™' K™\ In conjunction with known
heats of formation for Br and NO,, our value for AH® .y leads
to the result of AH(°s(BrNO,;) = 17.0 £ 1.8 kcal mol™'. Un-
certainties in the above thermochemical parameters are 20 and
include both precision and estimates of systematic errors.

Comparison of Theoretical k, ¢ with Experiment. Since
reaction | appears to be a barrierless process, our experimental
value for ~AH®, can be equated with Ey, the critical energy for
BrNO, dissociation. Hence, our experimental value for AH®, can
be employed to calculate k, o5, the low-pressure limit value for
k) in the “strong collision™ limit, which is related to k, 4 via the
relationship

ko = Bk o5 (XVI)

where B, is the collisional efficiency (0 < 8. < 1). For collisions
of an energized adduct with N, at 298 K, 8. ~ 0.3 is typical.??
On the basis of analytical solutions of the master equation for an
exponential collision model, it has been shown*’ that the tem-

perature dependence of 8, can be approximated by the expression
B(1 = B.'/3)" m —(AE)(FegkT)™ (XVII)

where (AE) is the average energy removed from the energized
adduct per collision and Fg is given by the expression®?

o (s-1) ( RT

Fea I £ + o(E)E,

smo(s-1-0)!
where 5 is the number of adduct vibrational degrees of freedom,
a(E,) is the Whitten—Rabinovitch parameter,™ and E, is the
adduct zero-point energy; for BINO, s = 6, E, ~ 18.6 kcal mol™!
(as determined in this study), a(£,) = 0.949, and E, = 7.44] kcal
mol™'. We have employed eq XVII to calculate the temperature

) (XvIIn

(32) Patrick, R.; Golden, D. M. Int. J. Chem. Kinet. 1983, 15, 1189.

(33) Troe. J. J. Chem. Phys. 1971, 66, 4745,

(34) Robinson, P. J.; Holbrook, K. A. Unimolecular Reactions; Wiley:
Londoa, 1972.
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TABLE I'V: Comparison of Theoretical and Experimental
Low-Pressure Third-Order Rate CoefTicients k, o(N,, T)*

Bk %, 107! cm* molecule? 5!

259 K 298 K 346 K
E,, keal mol™
16.6 5.38 387 2.59
18.6 0.723 0.516 0.363
20.6 0.093 0.067 0.047
exptl k5 573 46) 3.21

*B.(N,,298K) assumed to be 0.3; temperature dependence of 8, cal-
culated from eq XVII with (AE) assumed to be temperature inde-
pendent.

dependence of B, under the assumption that (AE) is temperature
independent.

The methodology employed to calculate k, ,5¢ was developed
by Troe;*>* the relevant equations are summarized in a “user-
friendly” form by Patrick and Golden.3? Values for k, ,5€ have
been calculated for N, buffer gas at the three experimental tem-
peratures 259, 298, and 346 K and for three choices of AH®,
spanning the range of values consistent with our “approach to
equilibrium™ experiments, i.e., ~AH®, = 18.6 2.0 kcal mol™'.
To facilitate comparison of calculated k, o5 values with exper-
imental k, 5 values, we assume that 8. = 0.3 at 298 K and calculate
the temperature dependence of . as described above. The pro-
cedure employed to extrapolate from our experimental pressure
range to the low-pressure limit is described in the next section;
because experiments were carried out at pressures not far removed
from the low-pressure limit, this extrapolation is expected to be
Quite accurate.

Experimental and theoretical results are compared in Table IV.
The experimental temperature dependence for k, o agrees rea-
lomb’lty well with the calculated temperature dependence for
Bk, ;5. However, the magnitude of calculated values for Bk, %
is inconsistent with experiment when ~AH®, is assigned a value
of 18.6 kcal mol™', the average of our second- and third-law
determinations. Only when -AH‘? is assigned our experimental
lower limit value of 16.6 kcal mol™ does the magnitude of k, %
fall in the range expected based on eq XVI.

The above comparison of theory with experiment can be in-
terpreted as favoring our second-law determination of the enthalpy
change over our third-law determination. However, alternative
explanations also exist. For example, Smith has discussed the
potential role of electronically excited states in recombination
reactions.® In the low-pressure regime, Smith finds that the role

(35) Troe, J. J. Chem. Phys. 1977, 66, 4758.
(36) Smith, |. W. M. Ia1. J. Chem. Kine!. 1984, 16, 423.
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of bound excited states falls rapidly as the size of the system
increases due to the much steeper increase of state density with
internal energy for molecules with more degrees of freedom. For
a four-atom system such as BrNO,, reaction on an excited-state
potential energy surface could contribute to k, 5 if a bound, very
low lying excited state existed. The existence of a reaction channel
leading to formation of the BrONO isomer is another potential
complication. Only the BrNO, isomer is observed when Br and
NO, are codeposited into argon matrices at ~10 K,'*! although
near-ultraviolet photolysis of matrix isolated BrNO, does result
in isomerization to BrONO.!? Recently, Yarwood and Niki'4
carried out a study where reaction products were monitored by
FTIR spectroscopy during UV photolysis of Br;/NO,/air mix-
tures; they observed BrNO, as a reaction product but did not
observe BrONO even though (by analogy with CIONO) the
1725-cm™! band of BFONO should have a strong Q branch and,
therefore, be relatively easy to detect.'* Hence, the available
evidence argues against the existence of a significant channel for
BrONO formation.

Extrapolation of Experimental Results To Obtain k,p and k, .
Under all experimental conditions employed in this study, reaction
1 is found to be in the “falloff™ region between third and second
order. Troe and co-workers¥333™% hgve shown that bimolecular
rate coefficient versus pressure curves (i.c., falloff curves) for
addition reactions can be approximated by the three-parameter
equation

k([M].T) = k.(T) FLyF([M],T) (XIX)

where F| y is the Lindemann-Hinshelwood factor:
Flu=C/(1+ 0 (XX)
C = k(M,N[M]/ko(T) (XX1)

and F([M],7) is a parameter that characterizes the broadening
of the falloff curve due to the energy dependence of the rate
coefficient for the decomposition of the energized adduct.
F([M),T) is the product of strong collision and weak collision
broadening factors:

F([M],7) = F*<(M).T) F*¢([M],D

Both the strong collision and weak collision broadening factors
are parametrized as a pressure-independent parameter raised to
a pressure-dependent power:

FS¢([M], ) = FC(Ty=M1.D
FY([M].T) = F¥C(M, Ty IMLD
x([M),7) = {1 + [(log C - 0.12) /(N + $D)}*"!
NSC = 0,75 - 1.27 log F5¢(T)
D = 0.1+ 0.6 log F*(D
dm+1ifC>1, é=-1ifC<1
HIML.T) = {1 + [D/(N¥C - dD))
N¥C = 0.7 4+ 0.35x - 0.25 log B,
D = log C + 0.0855, - 0.17 log B,
d=-02-0.12log B,
where the parameter Sy in equation XX V1 is defined below. F®C,

can be estimated from structural information about the adduct
(Table I11),2* whereas estimation of F¥C¢ requires knowledge

(XXI1)

(XXI1I)
(XXI1V)
(XXV)

(XXVI)

(37) Troe, J. J. Phys. Chem. 1979, 83, 114.

(38) Luther, K.; Troe, J. Int. Symp. Combust. Proc. 1978, 17, $35.

(39) Troe, J. Ber. Bunsen-Ges. Phys. Chem. 1983, 87, 161.

(40)7Gilh=rl. R. G.; Luther, K., Troe, J. Ber. Bunsen-Ges. Phys. Chem.
1983, 87, 169.
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of the efficiency of energy transfer between the energized adduct
and the buffer gas.

Values for F5 have been determined by Luther and Troe™
in tabular form as a function of the reduced Kasse! integral
parameters Sy and By. Sy is given by the relationship

Sy = Sy + (E,. - E))/RT (XXVII)

where E,. is the Arrhenius activation energy for unimolecular
decomposition of the adduct in the high-pressure limit (an ill-
defined parameter) and Sy is the effective number of transi-
tion-state oscillators. Sy can be estimated from the vibrational
partition function of the adduct molecule:

S~ =T 410 /4T = L (hw/kDlesp(hn/KT) - 1]
(XXVIII)

The parameter By is approximated by
By~ B(Sx-1)/(s- 1)
where P e o G
"B’ = [Ey + a(Eg)E)(RT) (XXX)

Although the value of E,. is highly uncertain, for a barrierless
process such as reaction 1, the relationship | < Sy - Sy < 21is
usually obeyed.®** Comparison of preliminary fits of the ex-
perimenta) data to eq XIX suggest that the values of F5¢(T)
calculated with Sy — S set equal to 2 are more aggcroprinte for
modeling the fallofT behavior of reaction 1 than are F*°(T) values
calculated for lower values of Sy - Sey (FS(T) decreases with
increasing Sy - Sy and with increasing 7). Hence, our falloff
analysis assumes that Sy -~ Sy = 2.

To a good agfroxjmau'on. F¥Co(M,T) can be calculated from
the expression

F¥C(M.T) = (M, )% (XXXI)

To apply eq XXXI, we fix 8.(N,,298K) at a typical value of 0.3,2
employ eq XVII (with (AE) assumed temperature independent)
to calculate 8.(N,,7), and employ equation XXXII to calculate
B.(M,298K):

B.M,298K)  ko(M.298K)Z_(N,298K)
B.(N;298K) | ko(N;.298K)Z,(M,298K)

In eq XXXII, Z; (M,T) is the Lennard-Jones collision frequency
for BrNO,-M encounters; it was calculated from the Lennard-
Jones parameters in Table III by using a relationship given
elsewhere.’? Equation XXXII requires knowledge of ko(M,T)
in order to compute 8.(M,T), which is then used to calculate
ko(M,T). Clearly, an iterative procedure must be employed in
order to arrive at internally consistent values for 8.(M,T) and
ko(M,T). However, because the low end of our experimental
pressure range is very close to the low-pressure limit, nearly exact
initial estimates of ko(M,298K)/ko(N;,298K) could be made.

Using calculated values for FS(T) (with Sy — S set equal
to 2), we have determined the parameters &, o(M,7), &, .(7), and
F¥C(M,T) by fitting our data to eq XIX using a least-squsres
method subject to the constraints that (1) k.(7) must be inde-
pendent of buffer gas identity, (2) 8.(N;,298K) = 0.3, and (3)
eqs XVII (with (AE) assumed temperature independent), XXXI,
and XXXII must be obeyed. Falloff parameters obtained from
the analysis are given in Table V. Best-fit falloff curves for N,
buffer gas at 259 and 346 K, and for CF,, N,, and He buffer gases
at 298 K are plotted and compared with experimental rate
coefTicients in Figures 6 and 7. Because all experimental data
were obtained in the low-pressure half of the falloff curves, i.c.,
where k,5[M] < k ., and because the extrapolated value for k,
is much less sensitive to the choice of F, than is the extrapolated
value for k, o, the absolute accuracy of our k; o(M,T) values is
quite good—we estimate the uncertainties to be £20%. On the
other hand, the absolute accuracy of k; .(7) is estimated to be
no better than a factor of 2, although the derived small positive
activation energy for k, .(7) is probably correct as long as reaction

(XXIX)
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° 3 s
log,, P(Torr)

Figwre 6. Falloff curves for M = N, at 259 and 346 K. Closed circles
are 259 K data, and open circles are 346 K data. Solid lines are calcu-
lated from the parameters in Table V. Dotted lines show the low- and
high-pressure limits.

“ ) S s A1 1 i
0 3 ]
fog,, P(Torr)

Figwre 7. FallofT curves for M = He, N,, and CF, at 298 K. Closed
circles are N, data, open circles are CF, data, and open triangles are He
data. Solid lines are calculated from the parameters in Table V. Dotted
lines show the low- and high-pressure limits.

proceeds predominantly on the ground electronic state surface.
Smith has shown that recombination into even weakly bound
excited electronic states of the adduct, particularly states with
high electronic degeneracies, can grossly affect the shape of the
falloff curve near the high-pressure limit.* The fallofT analysis
described above is based on the assumption that excited electronic
states of BrNO, play no role in the association process. As
discussed above, comparison of thermochemical parameters ob-
tained from second- and third-law analyses as well as comparison
of theoretical values for k, 53 with experiment lead to the suspicion
that excited electronic states of BrNO, may indeed be important.
Rate coefTicient measurements of k, at high pressure along with
ab initio calculations that characterize all low-lying bound elec-
tronic states of BrNO, are needed before the high-pressure be-
havior of k,(7) can be considered well characterized.

Comparison with Previous Work. The only published study
of Br + NO, kinetics with which to compare our results is the
recent low-pressure study of Mellouki et al.'" These authors
employed a discharge flow technique with EPR and mass spec-
trometric diagnostics to study reaction | at 298 K in helium buffer
gas at pressures of 0.6-2.1 Torr. The bimolecular rate coefTicients
reported by Mellouki et al. are considerably faster than predicted
based on extrapolation of our results to lower pressure. Mellouki
et al. corrected their rate coefTicients downward to account for
Br removal via the fast secondary reaction

Br + BrNO, — Br, + NO, (10)
and to account for Br removal by reaction 1 with NO, as the third
body (both of these interferences were negligible under our ex-

perimental conditions) to obtain the termolecular rate coefTicient
k,p(He,298K) = (3.7 £ 0.7) X 107 cm* molecule’?s™'. We find

157

The Journal of Physical Chemistry, Vol. 95, No. 10, 1991 4027

TABLE V: FabofT Parameters

T.K
param M 259 298 346
Fc He 0.484
Ar 0.534
H, 0.485
N, 0.589 0.545 0.504
CO, 0.571
CF, 0.576
SF, 0.562
ko He 2.75 .
Ar 3.46
H, 5.20
N, 5.73 461 3.21
CO, 6.54
CF, 5.76
SF, 5.62
k. 2.86 3.22 373

*Units are 107! cm® molecule™ s™'. * Units are 107" cm® molecule™
sl

- S 0
TABLE VI: Boad Streagths of XNO, Species, X = F, O, Br |

X ~AH" 39¢.* kcal mol™! ref

F 529 32

Cl 339 29

Br 196%1.7 this work
| 191 %10 4], 44

* Enthalpy change for the reaction X + NO; = XNO,. *Estimate;
no experimental data available.

that k; o(He,298K) = (2.75 £ 0.55) X 107! cm® molecule™?s~".

Comparison of kinetic data for the homologous series of X +
NO, reactions is of limited instructional value because the F +
NO, and Cl + NO, reactions are thought to proceed primarily
via channels that iead to the XONO product,'~*4-? whereas the
Br + NO, reaction seems to form exclusively the BrNO, iso-
mer;'*"* no information is available concerning the isomer(s) that
is (are) formed from the I + NO, reaction. Reported ko(M,T)
values for the F + NO,* and Cl + NO,* ! reactions are faster
by factors of 2-5 than the corresponding k, 5(M,T) values reported
in this study and by Mellouki et al."” The I + NO, reaction follows
the same trend: i.c. reported values of ko(M,T) for I + NO,"%41-8
are slower than the corresponding Br + NO, rate coefficients.
All reported studies of F + NO, and Cl + NO, kinetics except
one relative rate study by Glavas and Heicklen® have been re-
stricted to pressures (<200 Torr of N;) where only slight deviations
from low-pressure limit behavior were observed. Estimates of
k.(298K) for both F + NO,*#32 and C| + NO,?-? have been
obtained by using very approximate extrapolation procedures; the
resulting k.(298K) values are ~3 X 107" cm? molecule™ 5™ for
F + NO; and ~1 X 107'° cm® molecule™ 57! for Cl + NO,.
Although these values for k, can be employed to compute rate
coefficients over the atmospheric pressure regime, their absolute
uncertainties are huge—probably a factor of 5 or greater. The
best known k., value in the X + NO, series is for the | + NO,
reaction. van den Bergh and Troe have studied the NO,<catalyzed
recombination of iodine atoms at 320~450 K and 1-200 atm of
belium.*' From analysis of their data they obtained k.(298K)
=~ 6.6 X 107! cm’ molecule™ 57!, about a factor of 2 faster than
our extrapolated value for k; .(298K); in van den Bergh and Troe's
experiment, the high-pressure limit was not reached even at a
pressure of 200 atm. It is worth noting that we actually obtained
slightly better fits to our data when F values somewhat smaller
than those summarized in Table V were employed; the &, . values
associated with these lower F, values are higher than those sum-
marized in Table V and in better agreement with the high-pressure
I+ NO; results of van den Bergh and Troe.! We did not employ

(41) van den Bergh, H.; Troe, J. J. Chem. Phys. 1976, 64, 736.
,1(:2; v;g den Bergh, H.; Benoit-Guyot, N.. Troe, J. Ins. J. Chem. Kinet.
1977, 9, 223.
(43) Buben, S. N.; Larin, I. K.; Messineva, N. A_; Trophimova, E. M. X7tk
Insernational Conference on Gas Kinetics, Assisi, ltaly, 1990; paper A-22.
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the lower F, values in our falloff analysis because they can only
be rationalized if Sy — Sy is assumed to be larger than the
“normal” upper limit value of 2. As mentioned above, the “true”
value for k, .(298K) remains uncertain by at least a factor of 2.

Heats of reaction for the X + NO, — XNO, reactions are
summarized in Table VI. While the X-NO, bond strengths
decrease monotonically in the order F > C1 > Br, the BrNO, bond
strength determined in this study is identical within experimental
uncertainty to the INO, dissociation energy determined by Troe
and co-workers.*!¢ It should be noted that the potential con-
tribution of an IONO species to the iodine recombination ex-
periments has yet to be adequately addressed.

Summary

The kinetics of the Br(?P, ;) + NO, association reaction have
been investigated as a function of temperature (259432 K),
pressure (12.5-700 Torr), and bath gas identity (He, Ar, H;, N,
CO,, CF,, SF¢). At temperatures below 350 K, the association
reaction is irreversible on the (~30 ms) time scale of the ex-
periment. The 21 rate coefTicients obtained with N, as the buffer
gas were fit to the expression recommended by the NASA panel
for chemical kinetics and photochemical data evaluation for use
in parametrizing the pressure and temperature dependences of
association reaction rate coefTicients for atmospheric modeling
pur;pusa:" the best-fit parameters are A = 4.24 X 1073!(T/300) 24
cm® molecule™? s™!(~k, o) and B = 2.66 X 107"!(T/300)°° cm®
molecule”™! 57! (~k,.).

At temperatures above 350 K, reversible addition has been
observed. Rate coefficients for BrNO, formation and decom-
position have been determined over the temperature range 374-432
K. Second- and third-law analyses of the data yields somewhat

1947“; l;ll%pia. H.; Luther, K_; Teitelbaum, H.; Troe, J. Int. J. Chem. Kiner.

(45) Danis, F.; Caralp, F.; Masanet, J.; Lesclaux, R. Chem. Phys. Lert.
1990, /67, 450.

(46) Herzberg, G. Molecular Spectra and Molecular Structure. Il
Electronic Spectra and Electromic Structure of Polyatomic Molecules, Van
Nostrand Reinhold: New York, 1966.

(47) Donovan, R. J.; Husain, D. Chem. Rev. 1970, 70, 489.

67(;9“) Hippler, H.; Troe, J.; Wendelken, H. J. J. Chem. Phys. 1983, 78,

(49) Mourits, F. M.; Rummens, F. H. A. Can J. Chem. 1977, 55, 3007.

(50) Reid, R. C.; Sherwood, T. K. Properties of Gases and Liguids,
McGraw-Hill: New York, 1958.
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different thermochemical parameters. The major uncertainty in
the calculated third-law entropy change appears to be the elec-
tronic entropy of BrNO,. Averaging the second- and third-law
results and choosing error limits to encompass all reasonable
possibilities, we report the following thermochemical parameters
for reaction 1: AH®y = -19.6 £ 1.7 kcal mol™!, AH®, = -18.6
% 2.0 kcal mol™!, AS®,q = =29.3 & 4.2 cal mol™' K™, AH(® 294~
(BrNO,) = 17.0 & 1.8 kcal mol™! (uncertainties are 20 estimates
of absolute accuracy).

Our exgﬁmentzl value for AH®, has been employed to cal-
culate k, 5, the low-pressure limit rate coefTicient in the strong
collision limit, using the method of Troe.?*** Calculated values
for k, ;5 are inconsistent with experimental results unless ~-AH g
is assigned a value near the lower limit derived from the high-
temperature data, i.e., 16.6 kcal mol™'. Systematic errors in the
calculations could result from the assumptions that (a) reaction
occurs entirely on the ground electronic state potential energy
surface and (b) formation of the BrONO isomer is unimportant;
experimental data are available that suggest that assumption b
is valid,'*"* but no information is available to validate assumption

a.

The procedure developed by Troe and co-workérs*-®7 has
been employed to extrapolate experimental falloff curves to the
low- and high-pressure limits. Derived values for k, o(M,298K)
in units of 107! cm® molecule™? s™! range from 2.75 for M = He
10 6.54 for M = CO,. Values for k, o(N,,T) in units of 107! cm®
molecule™? 57 are 5.73 at 259 K, 4.61 at 298 K, and 3.21 at 346
K; the temperature dependence of k, o(N,,T) is consistent with
the theoretical temperature dependence for Sk, ,5. Values for
k, (T in units of 107" cm® molecule™ s~ are 2.86 at 259 K, 3.22
at 298 K, and 3.73 at 346 K. Uncertainties in derived values for
k, o are estimated to be £20%, whereas uncertainties in derived
values of k, .(7) are considerably larger—a factor of 2 or more;
however, the derived small positive activation energy for k, .(7)
is probably correct. Experimental data up to pressures of several
hundred atmospheres and ab initio calculations that characterize
the low-lying bound electronic states of BrNO, are needed before
the magnitude of k, . can be considered well established.
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NAGW-1001.



Volume 179, number 4

CHEMICAL PHYSICS LETTERS

N L
~

ﬂ)é/—lg

) P,

26 April 1991

09 135 \,/r ‘; :

Thermochemistry and kinetics of the Cl+ O, association reaction

J.M. Nicovich, K.D. Kreutter, C.J. Shackelford and P.H. Wine

Physical Sciences Laboratory, Georgia Tech Research Insutute, Georgia Institute of Technology. Atlania, GA 30332. US4

Received 28 January 1951;1n final form & February 1991

T4 ’

Laser flash photelysis of Cly/O; mixtures has been employed in conjunction with Cl(?F;,,) detection by nme-resolved resc-
nance fuorescence spectroscopy 10 investigate equilibration kinetics for the reactions Ci+0,+0.=CI00+0O; at temperaturss
of 181-200 K and O, pressures of 15-40 Torr. The third-order rate coefTicient for the association reaction at 186.5=5.5 K is
(8.9+2.9)x 10-* cm® molecule 2 s~' and the equilibrium constant (X,) at 185.4 K 1s 18 9 atm~' (factor of [.7 uncertainty)
A third law analysis of our datz leads 1o a value for the C1-OQ bond dissociation energy of 4.76 +0.49 kcal mol~'.

1. Introduction

The existence of the CiLO radical was first pos-
tulated by Porter and Wnght [1] to explain CIO
productior. toliowing flash photolysis of Cl,/0,
mixzures.
Clo+av=2Cl.

(1)

Cl+0, +M-ClOO+M (2)
CiOO+M—-Ci+O,+M, (=-2)
C1+CiO0-2Cl0, (3a)

—-Ci,+0;. (3b)
ClIO+=ClD s procducts (4)

Subsequent flash photolysis work by Bums and
Nomsh [2] supports the above mechanism. An early
thermochem:cal estimate by Benson and Buss [3]
suggested that C1OO 1s a very weakly bound species
with a bond dissociation energy, D$(Cl-00), of
8+ 2 kcal mol ~'. The only kinetic information for
reaction (2) comes from a flash photolysis study by
Nicholas and Normrish [4]): these investigators mea-
sured 1emporal profiles for CIO appearance follow-
ing flash photolysis of Cl,/O, mixtures, and mod-
eied their results using the mechanism suggested by
Forter and Wnight [1] (see above), to ob:ain the rate
coefficient k,(298 K)=1.7x10~3* cm* molecule~?
s~'1n N,+ 0O, bath gas.

0009-2614/91/$ 03.50 © 1991 - Elsevier Science Publishers B.V. (North-Holland )
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The CIOO radical was first observed directly by
ESR spectroscopy in cryogenic matnces [3]. al-
though subsequent work [6-9] was needed 1o cor-
rect the misassigned spectrum as being due to CIOO
rather than ClO. The first infrared spectroscopic ob-
servation of CIOO was reported by Arkell and
Schwager [10], who found the fundamental vibra-
tional frequencies 10 be 1441, 407. and 373 cm~".
Arkell and Schwager produced CIOO by photoiysis
of Cl,/0, and OCIO cryogenic matrices. Direct ob-
servation of CIOO in the gas phase was first reported
by Johnston et al. [11]]; these authors empioyed mo-
lecular modulation spectroscopy to observe both the
ultravioiet and infrared spectra of CIOO, and 10 ob-
tain kinetic information about reactions (3) and (4).
More recent flash photolysis [12]. moiecular mod-
ulauon [13], and theoretical [14-i6] studies pro-
vide addiuonal information concerning the branch-
ing ratio for reaction (3) as well as ClOO
thermochemistry, structure. and excited electronic
state energies. An evaluation of all published infor-
mation leads to a recommended equilibrium con-
stan: for Cl+0,=CIO0 of 2.3 x 10~** exp(3000/7)
cm?® moiecule~', and a recommended third-order
rate coefficient for reaction (2) of 2.0x107*3x
(T/300)~"* cm® molecule=? s=' [17].

While CIOO plays an important role in laborator
studies of ClO, chemistiry, it has not been considered
an important species in atmospnenc chemistry.
However. 1nterest in the potenual role of CiCGU 1n

367
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the chemistry of the lower stratosphere has increased
dramatically in recent years with the realization that
increasing levels of ClO, in the atmosphere are largely
responsible for the antarctic ozone hole [18]. In the
wintertime antarctic lower stratosphere, heteroge-
neous reactions in polar stratospheric clouds (PSCs)
can convert the reservoir species HCl and CIONO,
into the photochemically more labile species Cl, and
HOCI [19,20]. As a result, high levels of CIO are
produced at the expense of HCl and CIONQO,, and
catalytic odd oxygen destruction cycles involving the
CIO+CIO [21] and BrO+ClO [22] rate-limiting
reactions become very rapid; both of these cycles in-
volve ClIOO as an intermediate. Also, it has recently
been suggested that OCIO photo-isomerization to
CIOO may be an important mechanism for odd ox-
ygen destruction under antarctic springtime condi-
tions [23]. although the quantum yield for photo-
isomerization may be too low for this process to be
of atmospheric importance [24]. Under the low
temperature, high pressure conditions which exist in
the springtime antarctic lower stratosphere, the cur-
rently recommended equilibrium constant [17] (see
above) suggests that equilibrium CIOO levels exceed
levels of Cl atoms. Hence, CIOO could play an im-
portant role in antarctic stratospheric chemistry if its
reactions with key species occur sufficiently rapidly.

In this study we report a series of kinetics exper-
iments aimed at directly measuring k- and k_,, and,
therefore. the equilibrium constant (=k,/k_,). Our
results suggest that both the association and disso-
ciation reactions are faster, and that the C1-OO bond
is about 1 kcal mol~' weaker, than previously
thought.

2. Experimental technique

All experiments involved coupling laser flash pho-
1olysis of Cl,/O, mixtures with C] atom detection by
time-resolved resonance fluorescence spectroscopy.
A complete description of the experimental tech-
nique can be found elsewhere [25]. Chlorine atoms
were monitored using the closely spaced ?Ds/;3/2~
2P,,, doublet at 118.9 nm; these transitions are in
accidental coincidence with a “window” in the O,
absorption spectrum.

The gases used in this study had the following
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stated minimum purities: O,, 99.99%; Cl;, 99.99%.
Oxygen was used as supplied while chlorine was de-
gased at 77 K before use.

3. Results and discussion

In all experiments, Cl(?P,) was produced by 355
nm pulsed laser photolysis of Cl,. Both theoretical
[26] and experimental [27] information suggests
that photolysis of Cl, around 355 nm produces
almost exclusively ground state chlorine atoms,
CI(?Py,;); the fraction of photolytically generated
atoms in the 2P, ,, spin~orbit excited state is prob-
ably less than the equilibrium fraction, which is only
6x 10~* at a typical experimental temperature of 190
K. Reported rate coefficients for guaenching of
CI(®P,,;) by O, in units of 10~'* cm*® molecule '
s~'are210+50[28],230£30([29],1.7£0.4 [30],
and 1.3£0.3 [31]. Based on observed reaction times
(see table 1) it appears that ClI(?P,,,) deactivation
was faster than chemical reaction of Cl(*P,) under
our experimental conditions, though only by factors
of three to six if the slower literature values for the
deactivation rate [30,31] are correct. The above dis-
cussion suggests that although the fraction of Cl at-
oms in the P, , state could have varied somewhat
over the experimental time scale for Cl decay, this
fraction was so small at all reaction times that ob-
served reactivity can be attributed entirely to
CI1(?P;,;). Furthermore, negligible systematic error
is introduced by the assumption that the observed
temporal evolution of the Cl(?P;,,) fluorescence sig-
nal is identical 10 the temporal evolution of the total
chlorine atom population.

When Cl,/0, mixtures are subjected to 355 nm
laser flash photolysis and experimental conditions
are maintained where radical-radical reactions are
unimportant, i.e. low radical concentrations and short
reaction times, the Cl atom temporal profile should
be controlled by the following reactions:

Cl+0,+0,=ClI00+0,, (2,=-2)
Cl—loss by diffusion from the detector field

of view and reaction with background

impurities , (5)
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Results of the C1+ 0, + 0,=ClO0 + O, approach-to-equilibrium experiments

T Po; Concentrations Q -1, -4 ke ky k_; K,
(K) (Torr) (10" em=?) (s7') (s7") (s7") (=1 (10~ " cm? (s=) (atm~')
molecule='s~"')
Cl, Clab
181 15 91 5.1 11800 118 18800 231 8.62 11600 30.2
182 20 140 7.0 18400 112 29600 212 10.2 18200 226
182 40 240 11 22200 154 69400 202 22.8 22000 417
183 20 330 9.9 18900 183 30300 399 10.2 18500 22.2
183 20 330 9.9 17000 175 26800 385 9.47 16600 229
183 20 330 9.9 18800 295 29800 700 10.7 18100 237
183 30 140 6.6 33400 235 58200 <479 158 32900 © 193
183 30 110 33 24000 -49 52500 —134 17.4 24200 28.9
183 40 270 8.1 25800 116 74800 151 233 25600 36.4
183 40 240 11 24900 138 59300 201 16.7 24700 27.1
185 20 1800 8.3 17100 95 24300 84 6.77 17100 15:7
185 30 350 9.7 33200 191 54600 361 13.6 32900 16.5
185 30 840 11 33900 309 52400 721 11.9 33200 14.2
187 30 1500 7.6 30100 151 55100 211 16.3 29900 214
187 30 450 13 30300 154 46900 287 10.6 30000 13.9
187 40 290 9.8 41700 171 73500 289 15.5 41400 14.7
189 20 2000 11 27000 130 34300 239 7.18 26700 10.4
189 30 1900 11 39700 175 56200 352 10.9 39300 10.7
190 40 1600 9.6 41300 157 72800 230 15.5 41100 14.6
191 20 2300 94 45500 151 58100 333 12.6 45100 10.7
191 25 950 8.6 36700 110 48100 298 9.27 36400 9.80
191 30 1300 11 35600 151 53100 255 11.6 35400 12.6
191 30 2000 10 43500 117 63400 153 13.0 43300 115
192 25 1500 9.5 49300 95 62700 261 10.8 49000 8.45
192 30 350 9.8 54630 132 74000 279 13.0 54400 9.12
192 30 2100 11 42700 215 68800 435 16.9 42300 15.3
200 30 1000 4.2 33200 -5 46800 -214 9.10 33400 9.99
200 40 1600 1.7 57500 200 86900 434 15.4 57100 9.89
ClOO—loss by processes that do not generate CI . a=Q+ks+ky[Oy]== (4, —=4,), (11)
(6) b=ksQ+keka[O;]=4,4,. (12)

The rate equations for the above scheme can be
solved analytically as long as all Cl and CIOO loss
processes are first order

[CI1./[Cllo={(Q+4,) exp(4,1)

= (Q+4;) exp(4,1)}/ (4, -4,), (7)
where
A,=0.5{(a’*~4b)""*~a}, (8)
Ay=-0.5{(a’=4b)"*+a)}, 9)
QO=k_,+ks, (10)
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A double-exponential decay is predicted. Good qual-
ity experimental data can be fit to eq. (7) to obtain
values for three parameters 4,, 4,, and Q. Values for
ks can be estimated based on measurements in N,
and O, buffer gases at temperatures (> 250 K ) where
equilibrium CIOQ levels are negligible and on low
temperature measurements in N, buffer gas; over the
range of temperatures (181-200 K) and O, pres-
sures (15-40 Torr) investigated, estimated values
for ks range from 50 to 100 s~'. The elementary rate
coefficients k5, k_,, and k¢ can be obtained from the
fit parameters using the following relationships:
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k== (4, +4:+ks+Q)/[0,], (13) expected. These differences between observed and

e expected kinetic behavior (fig. 1) made this study
kol e U (14) experimentally much more difficult than we had an-
k_2=Q~ks. (15) ticipated. An experimental problem (the viscosity of

It should be noted that the parameter Q represents
the sum of all first-order CIOO removal processes.
Therefore. eqs. (10) and (15) require the assump-
tion that the only important ClOO loss process that
regenerates Cl atoms is reaction ( —2); for the chem-
ical system of interest, this assumption should be
valid.

When mixtures containing 0.17-4.5 mTorr Cl, and
15-40 Torr O, were subjected to 355 nm laser flash
photolysis, the expected double-exponential decays
were observable, but only at very low temperatures,
i.e. 7<200 K. A typical Cl temporal profile, ob-
served at 7=182 K and p=x po, =20 Torr, is shown
in fig. 1. The solid line in fig. 1 represents the best
fit of the data to eq. (7) while the dashed line rep-
resents the Cl temporal profile expected based on an
evaluation of previously published results [17];
clearly, the approach of laser-flash generated Cl into
equilibrium with CIOO is much faster than expected
based on previous work while the equilibrium con-
centration ratio [Cl]/[CIOO] is much higher than

e 10~
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Fig. 1. Typical Cl temporal profile observed following 355 nm
pulsed laser photolysis of Cl,/O, mixtures. The laser fired at time
t=0. Experimental conditions: T=182 K, p=20 Torr, [Cl;]=
1.4% 10" molecules cm=2, [Cl]o=7X 10" atoms cm~2, 10000
laser shots averaged. The solid line is obtained from a non-linear
least squares analysis that yields the following best fit parame-
ters: Q=18400 5", A,==1125s"", and d;=-29600 s='. The
dashed line is calculated from the evaluated values for k; and K,
giveninref. [17].
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the 50% methanol-50% ethanol cooling fluid) lim-
ited the accessible temperature regime to 7> 180 K.
The requirement that relatively large O, concentra-
tions be employed in order to drive the equilibrium
to significant C100 production resulted in sensitiv-
ity problems, as did the short multichannel scaler
dwell times which were required’to observe the ‘very’
rapid equilibration process. The above probiems se-
verely limited the range of temperatures and oxygen
pressures where quantitative data could be obtained.

Summarized in table 1 are results derived from
analyses of 28 Cl atom temporal profiles obtained
under experimental conditions where double-expo-
nential decays were observed. The equilibrium con-
stants, K, given in table 1 were computed from the
relationship

K,=K./RT=k,/k_3RT. (16)

Non-linear least squares analyses were employed to
extract values for 4,, 4,, Q, and the extrapolated sig-
nal level at r=0 from the experimental temporal pro-
files. Values for k,, k_,, k¢, and K, were then cal-
culated as described above.

Values for k, obtained from the 26 experiments at
181 < T<192 K are plotted as a function of O, con-
centration in fig. 2 (although k; is expected to in-
crease with decreasing temperature, it should change
very little over the relatively narrow temperature
range 181-192 K). The spread in the data results
from the fact that, under the conditions of our ex-
periments, reaction (—~2) typically contributed sig-
nificantly to the rate of approach into equilibrium
(=k;[0;]+k_,); hence, uncertainties in individual
k, determinations are rather large. The solid line in
fig. 2 is obtained from a linear least squares analysis
of the k, versus [O,] data. As expected for a three
atom system like Cl+0O,, the data are well repre-
sented by a straight line passing through the origin
(the standard deviation of the intercept is ten times
larger than the absolute value of the intercept), thus
indicating that reaction (2) is in its low pressure ter-
molecular limit under our experimental conditions.
The termolecular rate coefficient, k"', can be eval-
uated in two different ways. From the slope of the
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Fig 2. Plot of k, versus [O,]) for all data obtained a1 tempera-
tures between 18] and 192 K. The solid line is obtained from a
linear least squares analysis and gives the termolecular rate coef-
fictent kY' + 20=(8.8+2.5)x 10~ cm® molecule=?s"".

plotin fig. 2 we obtain k' +20=(8.8+2.5)x10-%
cm® molecule~? s~'. Alternatively, by simply aver-
aging the 26 values of k,/[0O,], we obtain k%
+20=(9.0%3.3)x 10-** cm® molecule~?s~". Since
we do not prefer one method of analysis over the
other, and since we believe that systematic errors are
small compared to uncenainties resulting from pre-
cision, we report the rate coefficient

kY'=(8.912.9) % 10-3* cm® molecule=2 s~

atT7=186.5£55K,

where the uncertainty is 20 and represents absolute
accuracy.

A van 't Hoff plot for the equilibrium defined by
reactions (2) and (—2) is shown in fig. 3. Since

InK,=AS/R-AH/RT, (17)

the enthalpy change associated with reaction (2) can,
in principle, be determined from the slope of the van
"t Hoff plot while the entropy change can, in prin-
ciple, be determined from the intercept. However,
because our experiments were limited to a rather
narrow temperature range, this *‘second law™ anal-
ysis gives rather imprecise results. The solid line in
fig. 3 is obtained from a linear least squares analysis
of the In K, versus 1/T data with all data points in-

5.0 5.5
1000/T(K)

Fig. 3. Van "t HofT plot for the equilibrium Cl+0,=CIOO. The
solid line 1s obtained from a linear least squares analysis which
includes all data; it gives the result AH= —5.15% 1.4] kcal mol~'
and AS=-21.94+7.51 cal mol~' deg~' (errors are 2¢). The
dashed line is obtained from a linear Jeast squares analysis which
excludes the two data points at 7=200 K. it gives the result
AH=-7.00%1.63 kcal mol~' and AS= —31.92+8.74 cal mol~'
deg ™' (errors are 20). The error bar represents the estimated 20
uncertainty in K, at 185.4 K.

cluded: it yields the results AH 990 = —5.15% 1.41 kcal
mol =" and AS{so=—-21.94+7.51 cal mol~' deg~'.
The dashed line in fig. 3 is obtained from a similar
analysis with the two experiments at 200 K excluded
(the equilibrium constants measured at 200 K have
particularly large uncertainties); it vields the results
AHOe=~-7.00%£1.63 kcal mol~' and ASY =
—31.92£8.74 cal mol ~' deg~'. Errors in the above
thermochemical parameters are 20 and represent
precision only.

A potentially more accurate approach for obtain-
ing CIOO thermechemical parameters is the *“third
law” method, where the measured equilibrium con-
stant at a particular temperature is employed in con-
Jjunction with a calculated entropy change to deter-
mine AH. At 185.4 K, the temperature where the solid
and dashed lines in fig. 3 cross, our experiments in-
dicate that K,=18.9 atm~'; the estimated 20 uncer-
tainty in K, (185.4 K) is a factor of 1.7 (see error
bar in fig. 3). While high resolution spectroscopic
data for CIOO are not available, reasonable struc-
tural parameters can be deduced from the estimates
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of Arkell and Schwager [10] and from the SCF-MO
calculations of Hinchliffe [15]. We assume a CI-O
bond length of 1.835 A, an O-O bond length of 1.31
A. and a CI-O-O bond angle of 112.5°. The vibra-
tional frequencies for ClIOO, 373, 407, and 1441
cm~', are taken from infrared measurements in
cryogenic matrices [ 10]; only the high frequency vi-
bration, which does not contribute to the entropy ‘at
T <300 K, has been observed in the gas phase [11].
Ab initio calculations suggest that CIOO has a dou-
blet ground state with no excited doublet or quartet
states low enough in energy to contribute to the CI0OO
entropy at 7<300 K [16]. Using the above infor-
mation, we calculate S%; ((C100)=159.52+1.09 cal
mol~' deg~' and AS%,. (reaction (2))=-~23.18
+1.09 cal mol-! deg~'. The uncertainty in
S°(Cl00) is 20 and is based on the following esti-
mated uncertainties in the ClOO structural param-
eters and low frequency vibrations: O-O bond length,
+0.12 A: CI-O bond length, +0.05 A; bond angle,
+ 5°: each of the two low frequency vibrations, * 100
cm™'. It is worth noting that the value we calculate
for S%;g (Cl00), 64.50 cal mol =' deg~', is 1.50 cal
mol~' deg~' larger than the value reported by John-
ston et al. [11]. If we use the same ClOO bond angle
and bond lengths in our calculation as Johnston et
al. used in their calculation (those suggested by Ar-
kell and Schwager [10]), the two results differ by
almost exactly R In 2, i.e. the electronic contribution
to the CIOO entropy.

Using our experimental value for K, at 185.4 K
and our calculated value for ASS%s., we compute
from eq. (17) the enthalpy change AH s, (reac-
tion (2))=-5.38+0.41 kcal mol~'. Making the
appropriate heat capacity corrections, one obtains
the results AH o5 (reaction (2))=—15.56%0.47 kcal
mol~' and —AH (reaction (2))=4.76+0.49 kcal
mol ~' (=the CI-OO bond dissociation energy). In
conjunction with known heats of formation for Cl
and O, [32], our value for AH3, (reaction (2))
leads 10 a value of 23.4 £ 0.5 kcal mol ~! for the CI0O
heat of formation at 298 K; previous work has lead
to a recommended CIOO heat of formation of
22.5%1 kcal mol~' [17].

Literature data with which we can compare our
results are sparse. The only published measurement
of k, was reported over twenty years ago by Nicholas
and Norrish [4]. Their experiment involved flash
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photolysis of Cl,/O,/N, mixtures. Complex analysis
of the time-resolved production of C1O, measured by
photographic recording of absorption in the UV
region, was employed to extract a value for k..
Nicholas and Norrish reported ki'=(1.7£0.3) X
10-3? cm® molecule~?s~' at 298 K in N, + O, buffer
gas, a factor of 5.2 slower than the value for k%" de-
termined in this study at 186.5+ 5.5 K in O, buffer
gas. If both determinations of k¥ are correct, and if
N, and O, are assumed to be equally efficient at sta-
bilizing the C1OO adduct, then the activation energy
for reaction (2) is — 1.6 kcal mol~', i.e. somewha}
smaller than one:- would “guesstimate” [17] but
within the range of reasonable values. There are no
quantitative kinetic data for reaction (—2) in the
literature, though values for k", have been esti-
mated by several groups [11-13] using measured
equilibrium constants in conjunction with the value
for ki reported by Nicholas and Norrish [4]; these
estimates range from (2.55-4.67) x 10~ '% cm? mol-
ecule~'s~'a1298 K. Ourdatagive k", =1.8x10""
cm? molecule~' s~' at 185 K. Assuming that the ac-
tivation energy for reaction (2) is — 1% 1 kcal mol~'
and using our measured enthalpy of reaction of
—5.47+0.44 kcal mol~' (averaged over the range
180-300 K), we estimate the activation energy for
reaction (—2) to be 6.5+ 1.4 kcal mol~'. This leads
1o a best estimate for k", (298 K) of 1.4x 10~!' cm?
molecule~!s~', i.e. 30-55 times faster than previous
estimates [11-13]. In a recent study of ClIOOCI
photochemistry, Molina et al. also report evidence
that C10OO decomposition is faster than previously
thought [33].

Published values for X,(298 K) are based on anal-
yses of CIOO and ClO temporal behavior in molec-
ular modulation [11,13] and flash photolysis [12]
studies. In all cases, complex kinetic behavior had to
be modeled to extract rate parameters and equilib-
rium constants. Radical-radical processes such as re-
actions (3) and (4) were important in these studies
[11-13] and greatly complicated the kinetic anal-
yses. Reported values for K,(298 K) range from
0.09010 0.165 atm ™", Using the thermochemical pa-
rameters determined in this study in conjunction with
eq. (17), we calculate K,(298 K)=0.071 atm~',
somewhat lower than the literature values [11-13].

After our preliminary results were reported [34],
two other groups undertook investigations of the Cl,
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0,, ClIOO equilibrium [35,36]. Both groups em-
ployed time-resolved UV absorption to monitor
ClOO following flash photolytic generation of Cl in
the presence of O,. Neither study obtained kinetic
data for reactions (2) and (—2). However, because
O, concentrations up to 1 atm [35] or 100 atm [36]
could be employed, equilibrium constants could be
determined at temperatures up to 250 K in one study
[35] and up to 300 K in the other study [36]. Re-
ported enthalpy changes for reaction (2) are —5.1
kcal mol~' at 215 K [35] and —5.53 kcal mol~! at
240 K [36], i.e. in excellent agreement with the en-
thalpy change reported in this study. All three recent
determinations suggest that the CIOO bond strength
is weaker by 1.0-1.3 kcal mol~' than previously
thought [17].
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Kinetics and Mechanism of the Reaction of Hydroxyl Radicals with Acetonitrile under
Atmospheric Conditions

A. J. Hynes* and P. H. Wine

Physical Sciences Laboratory, Georgia Tech Research Institute, Georgia Institute of Technology, Atlania,
Georgia 30332 (Received: March 16, 1990; In Final Form: August 21, 1990)

The pulsed laser photolysis—pulsed laser induced fluorescence technique has been employed to determine absolute rate coefTicients
for the reaction OH + CH,CN (1) and its isotopic variants, OH + CD,CN (2). OD + CH,CN (3). and OD + CD,CN
(4). Rcactions | and 2 were studied as a function of pressure and temperature in N, N;/O,, and He buffer gases. In the
absence of O, all four reactions displayed well-behaved kinetics with exponential OH decays and pscudo-first-order rate
constants which were proportional 10 substrate concentration. Data obtained in N, over the range 50-700 Torr at 298 K
are consistent with &, showing a small pressure dependence. The Arrhenius expression obtained by averaging data at all
pressures is k,(7) = (1.125) X 107'? exp[(~1130 £ 90)/ 7] cm® molecule™ s™'. The kinetics of reaction 2 are found to be
pressurc dependent with k, (298 K) increasing from (1.21 £ 0.12) X 10710 (2.16 £ 0.11) X 107'* em?® molecule™' s™' over
the pressurc range S0-700 Torr of N, at 298 K. Data at pressures >600 Torr give k5(7) = (9.4%/34) X 107" exp[(-1180
% 250)/T] ecm’ molecule™ s™'. The rates of reactions 3 and 4 are found to be independent of pressure over the range 50-700
Torr of N, with 298 K rate coefficients given by k; = (3.18 £ 0.40) X 10°'* cm? molecule™ 5™ and k, = (2.25 £ 0.28) X
107" cm® molecule™ s™'. In the presence of O, each reaction shows complex (non-pseudo-first-order) kinetic behavior and /or
an apparent decrease in the observed rate constant with increasing [O,], indicating the presence of significant OH or OD
regeneration. Observation of regeneration of OH in (2) and OD in (3) is indicative of a reaction channel which proceeds
via addition followed by reaction of the adduct, or one of its decomposition products, with O,. The observed OH and OD
decay profiles have been modeled by using a simple mechanistic scheme to extract kinetic information about the adduct reactions
with O, and branching ratios for OH regeneration. A plausible mechanism for OH regeneration in (2) involves OH addition
to the nitrogen atom followed by O, addition 10 the cyano carbon atom, isomerization, and decomposition to D,CO + DOCN
+ OH. Our results suggest that the OH + CH,CN rcaction occurs via a complex mechanism involving both bimolecular
and termolecular pathways, analogous 1o the mechani$ms for the important atmospheric reactions of OH with CO and HNO,.

Introduction understanding of its atmospheric sources, emission rates, and
It is now generally accepted that acetonitrile (CH,CN) is oxidation mechanism. Acetonitrile was first proposed as a com-
present at ppt levels in the stratosphere.! Attempts to understand
the role of acetonitrile in stratospheric positive ion chemistry? and (1) Schlager, H.: Amnold, F. Planel. Space Sci. 1986, 34, 245.
its contribution to the stratospheric NO,‘ budget’ require a detailed '”(72)8Aln)|s5 E.. Nevejans, D.; Ingels, Int. J. Mass Spectrom. lon Processes
(3) *Atmospheric Ozome 1985 WMO-Report No. 16, Vol. 1, World
® Author 1o whom correspondence should be addressed. Meteorological Organization, Geneva, 1985.

0022-3654/91/2095-1232802.50/0 © 1991 American Chemical Society
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ponent of stratospheric positive cluster ions by Arnold et al.,* who
used a rocket-borne ion mass spectrometer to identify cluster ions
of the type H*X(H,0),. where X = mass 41, /= 1,2, andn =
0, 1. 2, 3. Thesc ions have been termed non-proton hydrates
(NPH)* to distinguish them from proton hydrates (PH) of the
form H*(H,0), which had been predicted to be present in the
stratospherc® and werc also observed experimentally. Subsequent
experiments using balloon-borne mass spectrometers’ determined
ion concentration profiles in the 25—40-km region and, although
the identification of X as CH,CN remained circumstantial, were
used 1o infer stratospheric mixing ratios for neutral CH,CN” and
even for the OH radical.” The first definitive identification of
X as CH,CN camc from [lield and laboratory measurements of
Schlager and Arnold,' who used electric-field-induced collisional
activation to fragment the NPH clusters and produce mass 15,
identified as CH,*, as a product. The totally unexpected ob-
servation of NPH and inferred free CH,CN mixing ratios in the
ppt range has led to a number of efforts to identify the source
of the CH,CN and model its atmospheric profiles.® While it now
appears that the only significant sources of CH,;CN involve
emission at the Earth’s surface,” modeling efforts have been
hampered by thc paucity of data on emission rates, tropospheric
concentration profiles, and atmospheric degradation processes.
Three major deficiencies identified by Arijs et al.? in a recent
review of stratospheric positive ion measurements and acetonitrile
detection are (a) accurate measurements of rate constants for the
atmospheric reactions of CH,CN, in particular with OH, (b) a
detailed study of the emission sources of CH,CN, and (c) a better
knowledge of atmospheric eddy diffusion processes.

This work addresses the first of the above-mentioned data
requircments, the rate and mechanism of reaction | under at-
mospheric conditions. Six previous studies of reaction | have

OH + CH,CN — products (1)

employed the flash photolysis-resonance fluorescence®'? and
discharge flow-EPR'* techniques. While the most recent studies
are in reasonable agreement on the 298 K rate constant at
pressures in excess of 50 Torr Ar,'®'? there are considerable
discrepancies in observed temperature and pressure dependencies.
There has been no investigation of the effects of isotopic sub-
stitution on reaction 1. Furthermore, since all studies of reaction
1 have been performed in either Ar or He buffer gases, the effects
of N, and O, on the rate constant and hence the effective value
for the rate constant under atmospheric conditions have not been
delineated.

In this work we have employed a pulsed laser photolysis—pulsed
laser induced fluorescence (PLP-PLIF) technique to study reaction
1 as a function of pressure and temperature in N,. N,/O,. and
He buffer gases. Studies of the isotopic variants, reactions 2, 3.
and 4. have been performed in an attempt to shed light on the
detailed reaction mechanism. Our results are inconsistent with

OH + CD,CN — products (2)
OD + CH,CN — products (3)
OD + CD,CN — products 4)

(4) Arnold, F.; Bohringer. H.: Henschen, G. Geophys. Res. Lert. 1978, 5,
53

(5) Arijs. E.: Ingels. J.: Nevejans, D. Nature 1978, 271, 642.

(6) Mohnen. V. A. Pure Appl. Geophys. 1971, 84, 114.

(7) Arip, E.; Nevejans, D.: Ingels, J. Marure 1983, 303, 314, and references
therein,

(8) Arijs. E.: Brasscur, G. J. Geophys. Res. 1986, 9/, 4003.

(9) Harris, G. W.: Klcindienst, T. E.; Pitts, J. N., Jr. Chem. Phys. Lert.
1981, 30, 479.

(10) Fritz. B.: Lorenz. K.: Steinert, W.: Zellner, R. In Proceedings of the
2nd European Symposium on the Physico-Chemical Behaviour of Atmos-
pheric Pollutants: Varsino. B.. Angeletti. G., Eds.; D. Reidel: Boston, MA,
1982; p 192.

(11) Zetasch, C. Bunsekolloguium; Batielle Institut: Frankfurt, 1983.

(12) Kurylo, M. J.: Knable, G. L. J. Phys. Chem. 1984, 88, 3305.

(13) Rhasa, D.; Zeliner, R. Unpublished work. Rhasa, D. Diplomarbit,
Gottingen, FRG. 1983

(14) Poulet, D.; Laverdel, G.: Jourdain, J. L.; Le Bras. G. J. Phys. Chem.
1984, 8. 6259.
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Figure 1. Experimental and simulated laser excitation spectrum of the
OD AZ*-X1(1-0) transition.

the view that reaction | is pressure independent and proceeds
exclusively via a direct hydrogen abstraction mechanism.

Experimental Section

The PLP-PLIF apparatus has been described in detail else-
where.'* Modifications and a brief review of its operation are
given below. Three different reaction cells were used. with most
of the experiments being performed in a Pyrex cell which had an
internal diameter of 4 cm and a length of 50 cm. Two side arms,
4 cm i.d. and 14 cm long, which terminated in Brewster angle
windows were attached to the center of the cell. The photolysis
laser passed through these side arms across the direction of gas
flow while the probe laser passed along the length of the cell.
Fluorescence was detected through a third side arm, 4 cm i.d. and
5 cm long, perpendicular to the photolysis and probe beams. The
central 25 cm length of the cell was jacketed to permit the flow
of heating or cooling fluid from a thermostated bath. Detailed
descriptions of the other two reaction cells, which were constructed
of Pyrex and brass, are given elsewhere.!*'* A copper—constantan
thermocouple with a stainless steel jacket was inserted into the
reaction zone through a vacuum seal, allowing measurement of
the gas temperature under the precise pressure and flow conditions
of the experiment.

OH and OD were produced by the pulsed laser photolysis of
H,0,. HNO,, or DNO, using the 193-nm (ArF) and 248-nm
(KrF) outputs from an excimer laser or the 266-nm fourth har-
monic output from a Nd:YAG laser. Pulsed laser induced
Nuorescence using a Nd:YAG lascr pumped, frequency-doubled
dye laser was used for OH(D) detection. Excitation was via the
Q,! line of the A?X*-X2[1(1-0) transition at ~282 nm for OH
and =287 nm for OD. All kinctic studies were performed with
a line-narrowing ctalon in the dyc laser cavity giving an estimated
linc width of 0.1 cm™' at 280 nm. The laser could be reproducibly
scanncd on and ofT the OH(D) linc by pressurc tuning using N,
gas. Fluorescence in the 0-0 and 1-0 bands was detccted by an
EMI 9813QB photomultiplier after passing through collection
optics and filters to discriminate against Rayleigh scattering and
Ruman scattering from N, and/or O,. The photomultiplier output

(15) Hynes, A. J.: Wine, P. H.: Semmes. D. H. J. Phys. Chem. 1986, 90,
4148,

(16) Hynes. A. J.. Wine, P. H.: Ravishankara. A. R. J. Geophys. Res.
1986, 9/, 11815.
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was appropriately terminated and fed to a 100-MHz waveform
analyser to obtain the peak voltage averaged for (typically) 100
laser shots. To ensure that we were, in fact, producing and
monitoring OD, a laser excitation spectrum of the A-X(1-0) band
was obtained by scanning the unnarrowed dye laser. In this case
the photomultiplier output was processed by a boxcar averager
and the output digitized and stored in a small computer. The
excitation spectrum was assigned by comparison with a simulated
spectrum of the six main branches calculated from the term
encrgics of Clync ct al.'” Intensities were calculated for a 300
K Boltzman population distribution by using the formula of Earls'®
and convoluting over the laser bandwidth. The experimental and
simulated spectra. shown in Figure |, are in good agreement and
confirm that we were producing and monitoring OD.

Kinetic information was obtained by varying the delay between
the photolysis and probe lasers using a digital delay generator.
Signal was collected for 15-20 delays, varying from 0 to 20 ms,
in order to map out an OH(D) decay profile over three 1 /e times.

In order to avoid the accumulation of photolysis or reaction
products all experiments were carried out under “slow flow™
conditions with the linear flow rate through the reactor varied
between | and Scms™'. In a typical experiment the flows were
set in the absence of CH,CN to give the desired pressure. A
CH,CN/N, mixture was then added incrementally to the flow
and a range of pseudo-first-order rate constants measured. The
throttle valves in the flow system were not adjusted to keep the
pressure constant during this process and hence there was some
variation in total pressure over the course of an experiment. Bulbs
containing =~5% acetonitrile in N, were prepared manometrically
and the concentration of acetonitrile in the reaction mixture was
calculated from Mow rates and reactor total pressure. The flow
ratcs and total pressurc were measured by using calibrated mass
flow meters and a capacitance manometer. The response of the
mass flow meter which measured the mixture containing CH,CN
was corrected for its presence by calibrating with CH;CN/N,
and CH;CN/Hc mixtures. Fora 5% CH;CN/N; mixture the
correction was 77 and for the 6% CH,;CN/He mixture used in
the two sets of He buffer experiments the correction was 17%.
These corrections were somewhat larger than the 5% and 12%
corrections calculuted by using a formula supplied by the man-
ufacturer.'?

In order 1o assess the possibility of complications arising from
isotopic exchange between H,O, and CD,CN the infrared spectra
of CH,CN. CD,CN. and CD,CN/H,0, mixtures were measured.
For the CD,CN/H,0, mixtures. no evidence for isotopic exchange
was observed on a time scale of 15 min.

Chemicals. The pure gases used in this study had the following
stated minimum purities: N,. 99.999%.: 0,. 99.99%. Air was zero
grade. <1 ppm total hydrocarbons. H,0, (90%) was obtained
from FMC Corp.: it was further concentrated and purified by
bubbling buffcr gas through the sample for several days before
usc in experiments. HNO; (70% in H,0) was used in a 50/50
mixture with H.SO, (95%): both were Fisher AR grade. DNO,
(99 atom % D. 70% solution in D,O) and D,SO, (99 atom % D)
were obtained from ICN Biomedicals. CH,CN, UV grade (>-
99.9%) was obtained from Burdick & Jackson. CD,CN (>99.9%
chemical purity and 99 atom % D) was obtained from Aldrich.
Acctonitrile samples were degassed and purified by trap to trap
distillation before usc.

Results and Discussion

Experiments in the Absence of Oxygen. All experiments were
performed under pseudo-first-order conditions with [CH,CN] »
[OH). Typical initial OH concentrations were | X 10'' 10 3 X
10'? molecules cm™ while CH.CN concentrations were in the
range | X 10" 10 3 X 10'” molecules cm™>. Under these conditions

(17) Clync. M. A. A.; Coxon, J. A.: Woon Fat, A. R. J. Mol. Spectrosc.
1973, 46, 146.

(18) Earls, L. T. Phys. Rev. 1935, 48, 423.

(19) MKS Instruments, Inc.. Burlinglon, MA.
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[OH)/[OH])
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Figure 2. Typicul OH temporal profiles for reaction |. Experimental
conditions: 298 K, 587-623 Torr of N, [OH], = 2 X 10'? molecules
em™. CH,CN concentrations in wnits of 10'® molecules cm™> were (a)
0. (b) 1.39, (c)-4.03, (d) 9.39. Solid lincs arc obtained from linear
least-squares analyses and give the pscudo-first-ordcr rate constants (a)
64+ 557" (b)478 £ 3957, (c) 916 % 765", (d) 2386 £ 173 5™ (errors
arc 20). The plots have been displaced vertically for clarity.

we expect the temporal profile of OH to be governed by the
following reactions (for H,O, precursor):

H,0; + hv — 20H (5)
OH + CH,CN — products (1)

OH — loss by diffusion, reaction with H,0,,
and reaction with background impurities (6)

Since [CH3CN] > [OH],., observed OH decays were expected
to follow simple first-order kinetics:

In ([OH]o/[OH])) = (k[CH,CN] + ko)t = k7 (1)

The bimolecular rate constant, k,, is determined from the slope
of a k’vs [CH,CN] plot. Observation of OH temporal profiles
which are exponential, a linear dependence of k“on [CH,CN]
and invariance of k “to variations in laser photolysis energy would
serve 1o confirm the above mechanism. Factor of 5 variations
in laser photolysis energy were carried out under a variety of
cxperimental conditions and found to have no effect on observed
kinetics; these observations confirmed that radical-radical side
rcactions had a negligible effect on OH kinetics.

OH decay profiles obtained at different CH,CN concentrations
in 600 £ 20 Torr of N, are shown in Figure 2. Some scatter and
curvature is evident in this data which results from instabilities
in the photolysis or probe laser. This scatter, which was partic-
ularly prevelent for high-pressure data where the signal to noise
ratio was low, is reflected in the rather low precision of some of
the rate constants obtained, particularly for k,. However, there
were no systematic deviations from exponential behavior for any
OH and OD decays in the absence of oxygen. Figure 6d, for
example, shows an OH decay in 450 Torr of N,; this decay, which
was measured on a day the system was particularly stable, shows
excellent linearity for greater than 4 | /e times.

All decays were analyzed for at least three | /e times; typical
20 errors in measured decay rates were <10% although at high
pressures 20 errors as large as 1 5% were obtained. Figure 3 shows
plots of k’vs acetonitrile concentration observed in studies em-
ploying N, buffer gas at high pressure. The results of all studies
in the absence of O, are summarized in Tables I-111; quoted errors
in tables are 20 and represent precision only. A plot of the 298
K ratc constants for reactions | and 2 as a function of pressure
is shown in Figure 4. To avoid congestion on the plot, the data
are shown with lo error bars. The data for k, show a clear
pressurc dependence, increasing by almost a factor of 2 over the
pressure range 40-700 Torr. The pressure dependence is con-
firmed by the results at higher temperature which show a trend
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TABLE I: Summary of Kimetic Data for OH + CH,CN

photolysis kS 1074 em?
T.K wavelength nm  press.* Torr  molecule™ s~
38y 260 40-50 594 £ 0.20
n 266 600680 6.11 £0.69
370.5 266 550-650 5.71 £ 0.52
366.5 266 45-55 507 £0.19
3525 266 4660 471 £0.24
345.5 248 120-150 540 % 0.7
3385 266 50-60 361 £009!
336 266 580660 3.68 = 0.50
318 248 660-700 315+£0.13
318 248 112-142 330 % 0.55
298 266 600-700 281 £0.28
298 193" 587-623 243 £022
298 248 5806302 215 %035
208 248 520-570 2.56 £ 0.22
298 248 246-294 264 £ 0.22
298 248 149-171 2472023
298 266 130-160 24] £ 058
298 248 78-98 237%x0.12
298 266 4660 2.17 £ 0.22
298 248 30-402 222 %£0.12
278 248 180-235 230+ 0.13
2745 24R 600-700 1.88 £ 0.24
274.5 248 100-120 1.84 £ 0.18
273 248 625-721 1.99 £ 0.13
256.5 248 550600 1.46 £ 0.09
256.5 248 100-130 1.38 £ 0.08

“Photolytic precursor was HyO, except for (1) when HNO; was
uscd. " Buffer gas was N except for (2) He. “Errors arc 2a

TABLE II: Summary of Kinetic Data for OH + CD,CN

photolysis k: 10 cem?
T.K  wavelength nm  press.* Torr  molecule™ s™'
379 266 50-66 288016
358.8 266 600-680 364 2 051
3455 248 130-170 2,182 0.11
340 266 43-55 1.82 £ 029
338 266 580676 259 £ 023
208 248 666692 2.16 £ 0.11
298 248 330-360 1.90 £ 0.09
29% 248 154-183 1.51 £ 0.14
29% 1931 137-154 1.51 £ 0.22
208 248 40-70 1.43 £ 0.07
29% 266 40-55 1.21 £ 0.12
276 248 40-60 1.11 £ 0.07
873 248 600-700 1.26 £ 0.13
275 248 100-120 1.46 £ 0.13
257 248 4060 0.95 £ 0.06
256 248 550-600 0.941 £ 0.041
256 24R S0-60 0.865 = 0.094

“ Photolytic predursor was H,0, except for (1) when HNO, was
used. *Buffer gas was N,. “Errors are 20.

TABLE I11: Summary of Kinetic Data for Reactions 3 and 4

photolysis k107 em?

wavelength.® nm press. Torr molecule™' 57!
OD + CH.CN

266 490-550 317+ 044

193 200-250 310+ 0.52

248 47-55 300£0.19

24% 45-55 346 £ 044
OD + CD,CN

266 500-560 232063

266 S00-550 2.34 £ 04)

266 5969 204 2 0.26

266 46-50 231 2006

“ Photolytic precursor was DNO,. *Buffer gas was N,. “Errom arc
20.

of increasing pressurc dependence with increasing temperature.

The situation for reaction 1 is rather less clear because the precision
of the data is not as good as for rcaction 2. The data for N, is
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Figure 3. Typical k’ vs reactant concentration plots. Experimental
conditions: 298 K. N, buffer. (a) OD +.CD,CN. 500-550.Totr. (b) OH
+ CH,CN. 587-623. Torr (c) OH + CD,CN. 666692 Torr. Solid lines
were obtained from linear least-squares analyses and give the following
bimoleccular rate constants in units of 107'* cm® molecule™ s7': (a) 2.34
+ 041, (b) 243 £ 0.22, (¢) 2.16 £ 0.11 (crrors are 2¢ and represent
precision only). The plots have been displaced vertically for clarity.
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Figure 4. Pressure dependence of reactions | and 2 at 298 K. (@) OH
+ CH,CN. N, buffer: (0) OH + CH,CN. He buffcr: (8) OH + CD,-
CN. N, buffer.

consistent with k, showing a small pressure dependence. However,
the data would also be consistent with a pressure-independent k,
value of (2.48 £ 0.38) X 10 ' cm' molecule™ s™'. The data in
Hc, which consist of onc high- and onc low-pressure series of
experiments, are pressure independent over the range 30—600 Torr.
For rcactions 3 and 4, within the precision of the limited data set
which encompasses two high- and tvo low-pressure rate constants
for each reaction, the data suggests that k, and A, are independent
of pressure over the range 50-700 Torr. The temperature de-
pendence of &, is plotted in Arrhenius form in Figure 5 along with
the temperature dependence of &, at high pressure (i.e.. P> 600
Torr). For reaction | all data were weighted equally in the
calculation of the expression

k(7 =
(1.1%9) X 1072 exp[(=1130 % 90) /7] cm® molecule™' s

For reaction 2 the data at 7 > 298 K confirm the observed
pressure dependence at 298 K; these data suggest that the high-
pressure limit is approached at progressively lower pressures as
the temperature decreases. The observed pressure dependences
suggest that. over the temperature range of our experiments. &,
is close 10 its high-pressure limit at nitrogen pressures of 600 Torr



1236 The Journal of Physical Chemistry, Vol. 95, No. 3, 1991

-12
11x10 oxp(-1130/T)

k(10 “cm’ molecute' 3 ")
»
]

2+
[ 2N
1~ S
K o
B 1 1 ! ] ]
24 3.0 3.6

1000/T(K)
Figwre 5. Arrhenius plots. (-O-) OH + CH,CN; (--@--) OH + CD;-
CN. P > 600 Torr. Solid and dashed lines are obtained from least-
squares analyses. A factors are in units of cm® molecule™ s°'.

TABLE IV: Summary of Arrhenius Parameters and 298 K Rate
Constants for Reactions 1-4°

reaction A* E/R. K k(298 K)*
Oll + CII,CN partas 1104 £ 118 248 £ 0.38
Oll + CD.CN 0.96% ¢ 1175 £243 216 £0.11¢
OD + CH.CN 3.18 £ 0.40
OD + CD,CN 2.25 % 0.28

*Units are 10 '* em® molecule™ s™'. “Units are
!. “A1 =680 Torr

“Errors are 20.
10" cm’ molecule™ s

TABLE V: On-Line and OfT-Line Signals Observed during OH
. Regeneration®

signal + background, mV

2372 £ 490
903 £ 78

background, mV

917 £ 43
918 £ 45

on OH hine
ofl Ol line

“The voltages are the means 21a of 5 X 100 shot averages

or greater. The data for P > 600 Torr give the Arrhenius ex-
pression

k(T =
(9.4%34) x 107" exp[(-1180 = 250) /7] cm?® molecule™ s~

Measured 298 K rate constants are summarized in Table 1V
together with the Arrhenius expressions for reactions | and 2. The
mechanistic implications of these results are discussed below.

Experiments in the Presence of Oxygen. Although dctermi-
nation of the effective rate constant for reaction | in air was a
central objective of the present work, initial experiments gave
indications of severe complications from secondary chemistry when
oxygen was present in the reaction mixture. This took the form
of nonexponential decays with the apparent regeneration of OH
radicals. A set of typical OH temporal profiles, with [CH,CN]
constant and varying amounts of O, present, is shown in Figure
6. To ensure that the deviations from exponential behavior were
due to OH regeneration and not to the detection of a second
species, the dye laser was pressure scanned off the OH line and
the signal monitored. Table V shows the resuits of such an
experiment for curve b of Figure 6 obtained by scanning =0.1
nm off line at a delay of 1.5 ms: the reported voltages are the
means 1o of five 100 shot averages. This and a number of
similar experiments clearly demonstrated that OH regeneration
was occurring and suggested that a product of reaction 1 was
reacting with O, to regenerate OH. Two possible routes to OH
regeneration could involve the reaction of O, with the methylcyano
radical, CH.CN, or its decomposition products, or with an OH
adduct or its decomposition products.

CH,CN + OH — CH.CN + H,0
CH,CN + OH + M — CH,CN(OH) + M

(la)
(Ib)
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[OH] (arb. units)

time (ms)
Figure 6. OH temporal profiles for reaction 1 in N, and N,/O, mixtures.
Experimental conditions: 298 K: 450 Torr total pressurcs[CH,CN] =
1.5 % 10"” molecules cm™, [OH], = § X 10" molecules em™, buffer gas:
(a) 50/50 N,/O,. (b) air, (c) 2 % O, in N,, (d) N,. Solid lines are
obtained from the simulations described in the text. The plots have been
displaced vertically for clarity.

[OH] (arb. units)

time (ms)

Figure 7. OH(D) temporal profiles in N,/O, mixtures. (a) OD +
CD,CN. 298 K. 50 Torr total pressure, 50/50 N,/O;: (b) OH + CD;-
CN, 256 K, 110 Torr total pressure, air; (¢) OD + CH,CN, 298 K, 270
Torr total pressure, 50/50 N,/O,. Solid lines are obtained from the
simulations described in the text. Dashed lines represent behavior ob-
served in N,. The plots have been displaced vertically for clarity.

In order to attempt to distinguish between regeneration from the
products of (1a) or (1b), we examined reaction 2 in the presence
of O,. Trace b in Figure 7 shows an OH temporal profile for
reaction 2 in 100 Torr of air at 256 K together with the temporal
profile which would be expected from the rate constant measured
in N,. Again the deviation from exponential behavior and the
presence of OH regeneration is clear. Similar results were obtained
in 2 number of experiments at 300 K. In this case the inter-
pretation of the data is relatively unambiguous since any CD,CN
formed in reaction 2 cannot react with O, to regenerate OH.
Either massive isotope exchange between CD,CN and H,0, must
have taken place or OH regeneration must have occurred via a
process which involves an OH adduct. The former explanation
can be rejected on two counts. First, as noted above, IR spectra
of mixtures of CD,CN and H,0, showed no indications of isotopic
exchange taking place. Second, since the concentrations of
CD,CN and H,0, were 7.1 and 0.003 X 10'* molecules cm™?,
respectively, significant isotopic exchange would have affected
only a small fraction of the CD;CN while totally depleting the
OH photolytic precursor. A very limited amount of data on
reactions 3 and 4 in the presence of O, bufTer gas was also obtained
and is discussed below.
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TABLE VI: Best-Fit Parameters in OH Regeneration Simulations*
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simulation
fRIAMEiCs measd rate in N, [CH,CN],
reaction PRI A k? 10'* molecules cm™  [0,). Torr press., Torr 7. K no. of expts
OlH+CIICNG=1) 1258 1.25 54 25 49-11.2 120 600 298 3
125 125 5%4 28 15.0 0.9-225 450 298 3
1.0 0.7 54 23 4.0-10.7 40 200 298 2
0.7 0.7 5 1.38 71 23 114 256 1
OH+CDCN(i=2) 085 065 54 1.5 1.4-73 28 140 298 3
055 035 S 0.9 7.1 22 110 256 1
OD+CH,CN(i=3) 225 085 5§ 3:2 4.6 135 270 298 I
OD+CDCN(i=4) 1.1 14 5 2.2 1.6 25 50 298 1

*Best fits were oblained by visual comparison of experimental and simulated decay profiles. Errors were estimated from the scatier in the
experimental data and simulation parameters. *Units are 107" em® molecules™ s™'. “Units are 107" cm’ molecules™ s

Modeling the Regeneration Process. In order 1o examine the
plausibility of thc above mechanism we have modeled some of
our O, data using a GEAR program? to numerically integrate the
ralc cquations.

The simulations of rcaction | in the presence of O, involved
a simplc four-rcaction kinetic scheme which consisted of two
reactive channcls, (Ic) and (1d), background losses, (6), and a
regencration step, (7), which involves the reaction of a product
of (1d) with O, to produce OH.

CH.CN+OH—A (lc)
CH,CN+OH—B (1d)
B + O, —~ OH + products (7)

In this scheme. which clearly oversimplifies the actual reaction
mechanism. A represents the unidentified products of all reactive
channcls which do not lead to OH regeneration, and k. represents
the sum of the rates of those processes. Similarly reaction 1d,
which may be a single or multistep process, produces an inter-
mediate B, which reacts with O, to regenerate OH. While A and
B may represent multiple products of (1¢) and (1d). this scheme
docs not preclude A and B in fact being the same species. For
instance, if the rcaction procceded solely by adduct formation
followed by udduct reaction with O, then A and B would both
represent the adduct. Those channels which led 1o OH regen-
eration would be represented by (1d), and those which did not
would be represented by (I¢).

Initially the sum A+ k4 was taken as the value of k, obtained
in N, buffer, k, was determined experimentally, and the branching
ratio between (1¢) and (1d) as well as the value of k, were varied
to produce the best fit to the experimental data. The fitting process
was qualitative with best fits being obtained by visual comparison
of the simulated and experimental data. While the values of the
branching ratio and &, couple to some cxtent, the fits arc very
scnsitive to the upper limit of the branching ratio k,./k 4. Figure
6 shows simulations obtained with k, .+ k4 = 1.25 X 107" cm?
molccule™ s7' and k; = 5 X 107'® cm® molecule™ s7'; these sim-
ulations arc ablc to reproduce the observed OH decay profiles at
a single [CH,CN] as the O, partial pressure is varied from 0.9
to 225 Torr at 450 Torr total pressure. Table VI shows the values
of the “best fit™ parameters for ninc cxperiments in which OH
regeneration was obscrved including one experiment at 256 K.
All of the expcrimental profiles, with the exception of two ex-
periments in 200 Torr of air at 298 K, are reproduced well with
k.= k4 = k,/2: for these two experiments the value of k4 was
reduced slightly to give the best its. For all the experiments a
valuc of k; = (5 £ 4) X 107'* cm® molecule™ s™' was able to
reproduce the observed profiles. The success of this simple kinetic
scheme indicates that our data is consistent with reaction |
proceeding by either of two channels with approximately equal
probability. One of these channels leads eventually to the re-
generation of OH and the process involves a rate-determining step
in which O, reacts with an unknown intermediate with 2 bimo-

(20) McKinncy. R. J.: Weigert, F. J. GiiAr: Gear Algorithm Integration
of Chemical Kinetics Equations: QCMP #022, Department of Chemistry,
Indiana University, Bloomington, IN.
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lecular rate coefficient of (5 £ 4) X 107'¢ cm? molecule™ 5.

As noted above, for reaction 1, either an abstraction or an
addition channel could lead to OH regeneration. An abstration
channel could lead to OH regeneration if the methyl cyano radical,
or one of its decomposition products, reacted with O,. It is not
possible, therefore, to identify thé rate constants k{. and k4 with
specific channels. For reaction 2 the situation’is less ambiguous
since any methylcyano-d; (or its decomposition products) produced
cannot react with O, to regenerate OH. Any OD produced in
such a reaction would not be observed by LIF when the laser was
tuned to an OH transition. In this case observation of OH re-
generation provides almost conclusive evidence for the presence
of an addition channel. As was noted above, OH regeneration
was observed for reaction 2 in the presence of O,. Simulations
were again performed using a kinetic scheme analogous to the
one used for reaction 1.

CD,CN+OH — A (2¢)
CD,CN + OH — B(OH) (2d)
B(OH) + O, —~ OH + products (8)

Four experiments at 298 K in 140 Torr of air and one experiment
at 256 K in 100 Torr of air were analyzed and the results are
summarized in Table V1. The fit to the 256 K experiment with
ky = 5.5 %X 1075 em® molecule™ s7', kyy = 3.5 X 107" cm?
molecule™ s7'. and k, = 5§ X 107'® cm’ molecule™ s7' is shown
in Figure 7 together with the decay profile which would be ex-
pected in N,. Again the data is consistent with the reaction
proceeding via two channels one of which leads to OH regener-
ation, and again the rate-determining step in the regeneration
process proceeds with a bimolecular rate coefficient of (5 £ 4)
X 107'% cm? molecule™! s7'.

OD regeneration was observed for reactions 3 and 4 in the
presence of O,. Two observed decay profiles along with simulated
profiles and decays which would be expected based on rates
measured in N, are shown in Figure 7: the rate constants used
in the simulation are included in Table VI.

CH,CN+OD—A (3¢)
CH,CN + OD — B(OD) (3d)
CD,CN+0OD— A (4¢)
CD,CN+0OD—B (4d)
B(OD) + O, — OD + products 9)
B + O, — OD + products (10)

Reactions 9 and 10 are the analogous OD regeneration steps.
Reaction 4 shows similar behavior to reactions 1 and 2; however,
for reaction 3 the degree of OD regeneration is less pronounced
although still evident when compared with the decay profile ex-
pected from the rate constant measured in N,.

Owerall, the above simulations indicate that the observed OH(D)
regeneration profiles obtained under a variety of conditions can
be simulated by using a simple four-step kinetic scheme. One
channel Icads 10 OH(D) rcgencration and the initial step in the
regencration process appears to involve an addition step to produce
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an OH(D)/acetonitrile adduct. The adduct, or one of its de-
composition products, reacts with O, to regenerate OH(D) at a
rate of (5 % 4) X 107'¢ cm’ molecule™' s™'. A second channel or
channels lead to the formation of products other than OH. By
themselves the simulations give no added information on this
channel since, in terms of the generated OH profiles, all of the
possible mechanisms are kinetically equivalent. The observed
kinetic isotope effects and pressure dependencies, however, have
considerable mechanistic implications for this channel and these
are discussed below.

Reversible Adduct Formation. Since the observed pressure
dependence of reaction 2 and the observation of OH regeneration
in reaction 2 and OD regeneration in reaction 3 provide strong
evidence for an addition channel, we investigated the possibility
that reversible adduct formation was occurring. Such behavior
might manifest itself in several ways. If the forward addition step
is proceeding at a rate that is faster than the overall rate of
reaction, but sufficiently slow that it is resolvable by the (=100
ns) time resolution of this experiment, then nonexponential decays
would be observed. An initial fast decay into equilibrium would
be followed by a slower decay due to chemical reaction. In cases
in which the adduct reacts with oxygen, the presence of oxygen
results in an increase in the observed rate of reaction and a
tendency toward exponential decay with increasing [O,]. At the
highest CH;CN concentrations used. we saw no deviation from
exponential behavior in N, buffer. In O,, although we saw OH
regeneration, the initial slopes of the decays were consistent with
the reaction rate measured by N,.

If reversible adduct formation took place on a very fast time
scale (i.e.. <100 ns), then although we would be unable to tem-
porally resolve the decay into equilibrium, we should be able to
detect its presence by monitoring the OH fluorescence signal
immediatcly after photolysis in the presence and absence of
CH,CN. Since decay due to reaction is negligible, any decrease
in the OH signal must be due to the fact that some OH has been
tied up in adduct formation. We performed such experiments
for reactions 1 and 2 in 600700 Torr of N, buffer. Under these
conditions the only significant deactivation processes for OH A?Z*
are fluorescence and collisional quenching by N, and CH,CN;
the rates of these processes have the following magnitudes for a
mixture of 5 Torr of CH,CN in 600 Torr of N, 22

ko(N,) =8 X 10*s”!
ko(CH,CN) = 5§ x 10" s (guesstimate)
kr = I.S x IO'" S"

The quenching rate for CH;CN does not appear to have been
determined directly so the CH,CN deviation rate was calculated
assuming kp = 3 X 107'° cm? molecule™' ™' from comparison with
known quenching rates.?? It can be seen that quenching by N,
is the dominant dcactivation process for OH AZZ* even assuming
the very [ast quenching rate for CH,CN. Under these conditions
the Stern-Volmer cquation for fluorescence quenching

I/l = ke/ (ke + ko[M]) (n
reduces 0
I{P))/IgPy) = P,/ P, (1)

where /,(P)) is the Muorescence intensity at pressure P,.

In these experiments the OH signal was measured in the absence
of CH,CN and then a CH,CN/N; mixture was added without
adjusting the throttle valve. Hence the pressure increased, but
the concentration of the OH precursor and the photolytically
generated OH remained approximately the same. In the absence
of any adduct formation we would therefore expect the OH signal
to decreasc in inverse proportion to the pressure increase. Table

(21) Burris, J.; Butler, J. J.; McGee, T. J.; Heaps, W. S. Chem. Phys.
1988, /24, 251.

(22) Copeland. R. A.: Dyer, M. J.; Crasley, D. R. J. Phys. Chem. 1985,
82. 4022.
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TABLE VII: Effects of CH,CN Addition on the Pressure Dependence of
OH Flworesceace Intensity

Pu.rcrian/ [CH.CN], Pu.ctic hin/

reaction Py, molecules cm™*  Torr Ly nicnun
OH + CH,CN 1.15 1.56 x 10" 720 1.16
OH + CD,CN 1.08 1.25 x 10" 680 1.07

V11 shows the OH signal and tota) pressure ratios for reactions
1 and 2 taken 300 ns after the photolysis pulse. The OH signal
is seen 1o be inversely proportional to the total pressure, dem-
onstrating the absence of any rapid reversible adduct formation.

Mechanistic Implications. While the consensus view of reaction
1 is that it proceeds via a direct abstraction mechanism,'*'4® three
aspects of our data are clearly inconsistent with such a mechanism
being the dominant reaction pathway. First, if the reaction
proceeded only via direct abstraction we would expect the observed
isotope dependencies to be quite different. The rates of reactions
1 and 3 would be similar, as would the rates of reactions 2 and
4, with small differences being due to a secondary isotope effect.
The primary isotope effect would result in reactions 2 and 4, which
break C-D bonds, being slower°than reactions I'and 3, which
break C-H bonds. In fact, the rates of (1) ahd (4) are similar
with those of (2) and (3) showing deviations. Second, we would
not expect 10 see a pressure dependence for any of the reactions.
Third, we would expect to see identical kinetic behavior in N; and
oxygen-containing buffer gases for reactions 2 and 4, since in these
cases any secondary chemistry involving the methylcyano radical
and O, could not regenerate the radical which is being monitored.

The observed behavior can be reconciled with a complex re-
action mechanism which proceeds via the formation of an ener-
gized intermediate, i.c.

X
A+ B == AB" 2= ¢ + 0D

R

ke

Such an energized intermediate could decompose to produce
CH,CN and H,0, decompose back to reactants, or at sufficiently
high pressures be collisionally stabilized. Hence the reaction
proceeds at a finite rate at low pressure but shows an enhancement
in the rate as the pressure is increased. Such mechanisms have
been invoked?* to explain observations on reactions such as OH
+ CO and OH + HNO,, which display complex kinetic behavior
such as negative temperature dependencies, pressure effects, and
curved Arrhenius plots.

OH + CO — products (1)
OD + CO — products (12)
OH + HNO, — products (13)
OD + DNO, — products (14)

The pressure, temperature, and isotope dependencies of the ele-
mentary sieps k,, k., Ky, and k_ interact to produce complex
behavior in the observed rate constant. For instance, reaction 11
is pressure dependent in N, at room temperature, increasing from
a low-pressure rate of 1.5 X 10" em molecule™' s 10 2.3 X 1071
cm? molecule™ s7' in 760 Torr of Ny;'* no significant rate en-
hancement is observed in He at pressures up to | atm.>* The

. rate of reaction 12 increases from the low-pressure limit of 0.5

X 107"? cm® molecule™ s' to 1.7 X 1072 ¢m? molecule™' s™' in
760 Torr of N, and a significant pressure effect is observed in
He.?® Larson, et al.?” have performed two-channel RRKM
calculations for reaction 11 and are ablc 10 reproduce the observed
pressure and temperature dependencies. Brunning et al. have

(23) Atkinson, R. J. Phys. Chem. Ref. Data Monograph 1, 1989

(24) Mozurkewich, M.; Benson, S. W. /. Chem. Phys. 1984, 88, 6429,
6435, and 6441,

(25) Paraskevopoulos, G.. Irwin, R. S. J. Chem. Phys. 1984, 80, 259.

(26) Paraskevopoulos, G.; Irwin, R.S. Chem. Phys. Leri. 1982, 93, 138.

(27) Larson. C. W.; Steward, P. H.. Golden, D. M. Inr. J. Chem. Kinel.
1988, 20, 27.



Reaction of Hydroxyl Radicals with Acetonitrile

directly measured the formation rates of the HOCO and DOCO
complexes in reactions 11 and 12.# They have constructed a
detailed model which is able to reproduce the observed pressure,
temperature, and isotope effects. Among the points noted in their
study was the importance of including angular momentum effects
since the rate of dissociation of the HOCO complex to H + CO,
decrcascs with increasing J. Calculations on reaction 13 predict
that it should show a small pressure dependence, while the rate
of reaction 14 is predicted to be faster and to show a much larger
prossurc dependence. 2 Recent careful experimental work indicates
that k,, is weakly pressure dependent.?®* Reaction 14 also
appears to show a pressure dependence at room temperature;
interestingly, &4 is found to be a factor of 14 slower than &,
in contradiction to the theorctical prediction that k,, > k.2

There arc interesting parallels in some aspects of the behavior
of rcactions 1-4 and 11-14. Perhaps the most important point
is that the behavior of reactions which proceed via such complexes
is very difTerent from third-order reactions. Detailed models with
accurate structures for the complex and the transition states
leading 10 complex and product formation are required in order
to understand obscrved pressure, temperature, and isotope de-
pendencies. While our data set is too limited to draw any firm
conclusions. the observed pressure and isotope effects are consistent
with a complex mechanism. As we noted above, a direct ab-
straction channel should exhibit a significant isotope effect and
no pressure dependence. In a study of the reaction of OH with
dimcthyl sulfide, (CH;),S, we observed this type of behavior.'
An abstraction channel is observed which is pressure independent,
shows a positive activation energy, and shows a significant isotope
effect. A reversible addition channel becomes evident when oxygen
is added to the system because the adduct reacts with oxygen
rather than decomposing back to reactants; hence, the observed
reaction rate increases. This increase shows no isotope dependence,
implying that both the addition rate and the rate of the adduct
reaction with oxygen show no isotope dependence. The similarities
between the rates of reactions 1. 4, and 2 at high pressure would
arguc against the presence of a major direct abstraction channel.
Clcarly. the definitive establishment of such a mechanism requires
much further work including studies of the rate at low pressure
and over a much wider temperature range, and also product
identification studies.

Our data provides a limited amount of information on the
mechanism of OH regeneration. As we have noted above, the
initial step must involve the formation of an adduct followed by
reaction of the adduct, or one of its decomposition products, with
O,. While it is not possible to directly distinguish between these
processes, it is possible to place a lower limit on the adduct de-
composition rate which would be necessary if reaction of an adduct
decomposition product with O, were the rate-determining step
in OH rcgencration.  This rate will be pressure dependent.
Howecver, for the 298 K. 450 Torr data for reaction 1, simulations
of the experimentally observed decay profiles indicate that the
adduct decomposition rate would have to be greater than 10*s™'
for reaction of an adduct decomposition product with O, to be
the rate-determining step. Considering the likely strength of
chemical bonds in the adduct, it seems unlikely that it would
decompose to products other than OH + CH,CN on such a fast
time scale. Hence direct reaction of the adduct with O, is probably
the rate-determining step in regeneration.

One possible reaction path (written for reaction 2) which is
energetically feasible and results in OH regeneration via an adduct
+ O, reaction is

OH + CD;CN + Oz et D3CO + DOCN + OH (15)
AH ~ =62 = AH 4 keal mol™!

(28) Brunning. J.. Derbyshire, D. W.; Smith, I. W. M.; Williams, M. D.
J. Chem. Soc., Faraday Trans. 2 1988, 84, 105.

(29) Margitan. J. J.. Watson. R. T. J. Phys. Chem. 1982, 86, 3819.
w(;g;.’Slachnik. R. A.: Molina, L. T.; Molina, L. J. J. Phys. Chem. 1986,

(31) Bossard, A. R.; Paraskevopoulos, G.; Singleton, D. L. Chem. Phys.
Ler. 1987, /34, 583.
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™ ;
OH + D,C-CEN ——> D,C-C=N-OH

D,C-CN-OH
‘0 OD

D,C=0 + DO-CZN,+ OH

Figure 8. Plausible set of elementary steps for the reaction of OH +
CD,CN + O, — D,CO + DOCN + OH. Adduct decomposition to
products is shown as a single step; in reality, it probably occurs via two
sequential steps with either D,CO or OH coming off before the other.

TABLE VIII: Summary of Reported Rate Constants for Reactioa |

A E/R. K k(298 K)* technique’ ref

0.586 755 494206 FP-RF 9
2403 FP-RF 10
1902 FP-RF 11

0.628 1031 1.94 £ 0.37 FP-RF 12
21203 DF-EPR 14

d o d 263205 FP-RF i3

1.1 1104 2.58 £ 0.38 PLP-PLIF this work

*Units arc 107'? ecm® molecule™ s™'. *Units are 107'* cm™ mole-
cule™ &', “FP. flash photolysis: RF. resonance fuorescence: DF. dis-
charge Now, EPR. electron paramagnetic resonance; PLP, pulsed laser
photolysis; PLIF, pulse laser induced Muorescence. ¢ Temperature de-
pendence given by k(7) = exp(((7.8 £ 0.9)7/1000) - (33.7 £ 0.4)).

where AH 4 is the enthalpy change for the OH + CD,CN ad-
dition reaction. A plausible set of elementary steps via which
reaction 15 could proceed is shown in Figure 8. The mechanism
assumes that OH adds to the nitrogen atom in acetonitrile, thus
creating a carbon-centered radical. Interestingly, attempts to
construct a plausible mechanism for reaction |5 based on initial
addition of OH 1o the cyano carbon atom were unsuccessful
because the regenerated hydroxyl radical was deuterated.

One set of experiments which we have not carried out is de-
termination of both the OH and OD yields for reactions 2 and
3 in the presence of O,. Such experiments would be of interest
for further constraining the reaction mechanism. Il hydrogen—
deuterium exchange within the adduct is efficient, or if OH ad-
dition to the nitrogen atom and to the cyano carbon atom occur
at similar rates, then production of both OH and OD would be
expected.

Comparison with Previous Work. Four studies of reaction 1
have been published®'%'2'* and the results of two other studies''-'?
are available and have been included in recent evaluations.*'3?
There have been no previous reported studies of reactions 2—4.
Table VIII summarizes the available data. Our results are in good
agreement with the study of Kurylo and Knable'? and with all
room temperature results with the exception of the data of Harris
ctal.’ As has been noted previously,'>2 it appears that the data
of Harris ct al. were erroneously high due to the presence of
impurities or secondary chemistry. Rhasa and Zellner'' have

(32) DeMore, W. B.; Molina. M. J.. Sander, S. P.. Golden. D. M.
Hampson, R. F.; Kurylo, M. J.. Howard, C. J.; Ravishankara, A. R.
“Chemical Kinctics and Photochemical Data for Use in Stratospheric
Modcling®; JPL publication 87-41, 1987.
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reported non-Arrhenius behavior over the range 296-520 K and
expressed their data in terms of a two-parameter fit. However,
over most of the temperature range of their study, Rhasa and
Zcliner's results agree, within the combined uncertainties, with
this work and that of Kurylo and Knable.'? Poulet et al.'
measurcd A, at room temperature and at 393 K using the dis-
charge-flow technique in 1 Torr of He; their room temperature
resulls arc in good agreement with the flash photolysis results,
excluding thosc of Harris et al.® However, their 393 K result is
in good agreement with that of Harris et al. Poulet et al.’s data,
if fit to a simple Arrhenius expression, would result in an activation
encrgy that is considcrably higher than was measured in other
studies.

Of the studies of reaction | at room temperature only Zetzsch''
has obscrved a significant pressure effect. In Ar buffer he observed
a decrease from 2 X 107'“ 10 0.8 X 107'* cm® molecule™ s™' over
the pressurc range 100-5 Torr. Rhasa and Zellner saw a small
decrease in &, at 10 Torr in He'? and Kurylo and Knable saw no
pressurc dependence over the range 20-50 Torr in Ar and SF,
buffers.'? Finally. as noted above, Poulet et al.'* measured a room
temperature value of k) in agreement with the average of the lower

“room temperature flash photolysis results and concluded that there

is no pressure dependence. In a recent evaluation of reaction 1,
Atkinson*! also concludes that the reaction proceeds mainly via
abstraction, citing the lack of a pressure dependence and the fact
that the OH + R-CN rate constant increases by a factor of 4-10
in going from acetonitrile to propionitrile.

Our results appear to be incompatible with reaction | proceeding
primarily by simple abstraction, and our analysis of the OH
regeneration data is consistent with the pressure-dependent channel
accounting for 50% of the branching ratio, in good agreement with
the results of Zetzsch. The majority of the other available data
would appear to contradict this view. However, a number of
possiblc problems can be identified in the other studies. The |
Torr discharge-flow study of Poulet et al.'* while in apparent
agreement with the room temperature high-pressure limits ob-
taincd in the Nash photolysis studies (excluding that of Harris
et al). is a factor of 1.8 greater at 393 K. Atkinson?’ cites the
increase in the rate of reaction in going from acetonitrile to
propionitrile as evidence of the reaction proceeding by abstraction,
since such an enhancement might be expected due to the presence
of morc weakly bound sccondary hydrogens. However, this rate
incrcasc is bascd on the study of Harris et al.® and, since their
mcasurement of k, appears to be too high. it seems questionable
to rcly on other data from the same study for mechanistic in-
terpretation without an independent verification. The failure of
both Kurylo and Knable and Rhasa and Zeliner to observe a
pressure dependence is rather more difficult to explain. Rhasa
and Zcllncr were attempting to reproduce the results of Zetszch
and rationalize their failure to observe a pressure effect as being
possibly duc to impurities. This would require an impurity reaction
which shows an inverse pressure dependence which exactly cancels
the pressure dependence of reaction I—an unlikely possibility.

Implications for Atmospheric Chemistry. The agreecment
between this work and that of Kurylo and Knable over an extended
temperature range greatly decrcases the uncertainty in &, over
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the temperature and pressure range appropriate for most of the
troposphere. Additionally, our results in N, and N,/O, buffer
gases indicate that while the mechanism of reaction 1 is the subject
of considerable uncertainty, its effective rate under lower at-
mospheric conditions is well established. However, the unresolved
question of the pressure dependence and reaction mechanism has
important implications for modeling the upper troposphere and
stratosphere. If reaction | proceeds via a pressure-dependent,
complex mechanism, then a simple Arrhenius expression may not
be appropriate for extrapolation to lower stratospheric tempera-
tures. The most recent modeling calculations of CH;CN profiles?
considered the effects of both the Harris et al. and Kurylo and
Knable Arrhenius expressions for the rate of reaction 1. The
Kurylo and Knable expression gives the best fit to the observed
profiles above 20 km but predicts rather lower ground level mixing
ratios than reported observations.’? The model also predicts that
the only significant loss mechanism for CH;CN below 40 km is
reaction 1. Since a large body of data on CH;CN concentration
profiles above 20 km exists, the establishment of accurate ground
level mixing ratios should place significant constraints on model
calculations: it also potentially offers an alternate approach for
calculation of OH profiles. = .~ . i

Summary

We have employed the PLP-PLIF technique to study the ki-
netics of reaction 1 over the temperature range 256-379 K and
pressure range 50-700 Torr in N,, N,/O,, Ar, and He buffer
gases. Our results, which are in good agreement with a previous
flash photolysis-resonance fluorescence study in SO Torr of Ar,'?
greatly decrease the uncertainty in the rate of reaction | for use
in atmospheric modeling calculations. Our studies of the isotopic
variants of reaction | together with the observation of complex
kinetics in the presence of O,, indicate that the reaction cannot
proceed only via a direct hydrogen abstraction mechanism. Our
results are consistent with reaction proceeding via the formation
of a complex intermediate which can dissociate to reactants or
products, or be collisionally stabilized. The thermalized adduct
does not appear to redissociate to OH: however, it, or one of its
dissociation products, reacts with O, to regenerate OH with a rate
constant of (5 £ 4) X 107'* cm’ molecule™ s™'. The unresolved
question of the pressure dependence of reaction 1 at low tem-
perature could be important for constraining models of strato-
spheric CH,CN profiles and also for using these measured profiles
to determine OH profiles.
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The relative rate technique has been used to investigate the kinetics of the reaction of Cl atoms with carbon disulfide, CS,, at
700 Torr total pressure of air at 298 K. The decay rate of CS, was measured relative to CH,, CH,Cl and CHF,Cl. For experiments
using CH, and CH,Cl references, the decay rate of CS; was dependent on the ratio of the concentration of the reference to that of
CS,. We ascribe this behavior 10 the generation of OH radicals in the system leading 10 complicated secondary chemistry. From
experiments using CHF,Cl we are able to assign an upper limit of 4x10~'* cm® molecule~' s=' for the overall reaction,

Cl+CS,;—~products.

1. Introduction

The gas-phase reaction of Cl atoms with organic
species represents an important loss process for Cl
atoms and organic compounds in the upper atmo-
sphere [1,2]. Additionally, Cl atom attack provides
a useful laboratory method for studying the kinetics
and mechanisms by which organics are oxidized (see
for example refs. [3,4]). Despite the importance of
such reactions, there are significant uncertainties and
inconsistencies in the kinetic data base for Cl atom
reactions.

Carbon disulfide, CS,, is an important biogenic
sulfur compound which has been identified as a trace
component of the atmosphere [5]. The reaction of
Cl atoms with CS, has been the subject of two recent
studies. In the first study of this reaction, Martin et
al. [6] used a relative rate technique at 150-760 Torr
total pressure of N,/O, mixtures at 293 K. In their
study, Martin et al. [6] monitored the decay of CS,
relative to CH, and CH,Cl in the presence of Cl at-
oms, and observed that the kinetics of this reaction
varied as a function of both pressure and molecular

oxygen concentration. These observations were in-
terpreted in terms of a three-step mechanism with CI
atoms adding to CS; to form a weakly bound adduct
which either dissociates to reform the reactants, or
reacts with O, to form products

Cl+CS; +M-CS,Cl+M (a)
CS,Cl1+M—=CS,;+Cl+M, (b)
CS,Cl+ 0, —products . (c)

In 760 Torr of synthetic air, Martin et al. [6] report
an effective rate constant for the reaction of Cl with
Cszr

Cl1+ CS,~products , (1)

k,=8x%10""* cm® molecule~' s~'.

In the second study of the Cl+CS, reaction,
Nicovich et al. [7] employed an absolute technique
(pulsed laser photolysis time-resolved fluorescence )
to study the kinetics of Cl atom loss in the presence
of CS,. Experiments were performed over the tem-
perature range 193-293 K and pressures up to 300
Torr of air. Nicovich et al. [7] confirmed that the
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reaction of Cl with CS, proceeds via reversible ad-
duct formation as proposed by Martin et al. [6]. Al-
though no evidence for the occurrence of reaction
(c) was observed by Nicovich et al. [7], their data
do not preclude the occurrence of reaction (1) with
an overall rate, k, =8 % 10~'* cm> molecule~' s=' in
760 Torr of air at 298 K (as reported by Martin et
al. [6]), provided that the CS,Cl+O, reaction oc-
curs via a channel which regenerates chlorine atoms.

To further our understanding of the kinetics and
mechanism of reaction (1) in particular, and of
chlorine atmospheric chemistry in general, we have
reinvestigated the kinetics of the reaction of Cl at-
oms with CS,. Experiments were conducted using the
relative rate technique at 700 Torr total pressure of
synthetic air and 295+2 K.

2. Experimental

The apparatus and experimental techniques em-
ploved in this work have been described previously
[8,9], and are only briefly discussed here. The ap-
paratus consists of a Mattson Instruments Inc. Sirius
100 FT-IR spectrometer interfaced.to a 1402, 2 m
long evacuable pyrex chamber (S/V=0.14 cm~').
The pyrex chamber was surrounded by 22 UV flu-
orescent lamps which were used to generate chlorine
atoms by the photolysis of molecular chlorine.

Cla+hv-2Cl.

White type multiple reflection optics were mounted
in the reaction chamber; the path length used in the
present study was 26.6 m. The spectrometer was op-
erated at a resolution of 0.25 cm~". Infrared spectra
were derived from 16 co-added interferograms.

Reaction mixtures consisting of CS,, a reference
organic (CH,, CH,Cl, or CHF,Cl) and chlorine, di-
luted in synthetic air, were admitted to the reaction
chamber. In the presence of atomic chlorine, CS; and
the reference organic decay via

Cl+CS,—products (1)
and
Cl+reference organic—products . (2)

Providing that the CS; and reference organic are lost
solely by reactions (1) and (2), and that neither is
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reformed in any process, it can be shown that

[CSZ]IO -
s

where [CS,], and [reference],, and [CS;], and
[reference ], are the concentrations of CS; and ref-
erence organic at times Z, and ¢, respectively, and k,
and k, are the rate constants of reactions (1) and
(2), respectively.

To test for loss processes in addition to reactions
(1) and (2), mixtures of chlorine with both organics
were prepared and allowed to stand in the dark. In
all cases, the reaction of the organic species with
chlorine, in the absence of ultraviolet light, was of
negligible importance over the time periods used in
this work. Additionally, to test for the possible pho-
tolysis of the organics used in the present work. mix-
tures of the reactants in synthetic air in the absence
of molecular chlorine were irradiated using the out-
put of all the blacklamps surrounding the chamber
for 10 min. No photolysis ( <2%) of any of the reac-
tants was observed. This observation is consistent
with the fact that CH,, CH,Cl and CHF,CI do not
absorb in the spectral region where the blacklamp
emission is most intense (350-390 nm) and CS, ab-
sorption in this region is weak [10,11].

The decay of the CS, and reference organics were
measured using their charactenistic absorptions in the
infrared over the following wavelength ranges (in
cm™'): CS,, 1500-1575; CH,, 1225-1400 and 2900-
3100; CH;Cl, 1300-1400; CHF,Cl, 1000-1200. Ini-
tial concentrations of the gas mixtures were: CS,, 1.5-
44 mTorr; CH,, 6.7-28 mTorr; CH,Cl, 14-66
mTorr; CHF,Cl, 3.4-4.4 mTorr; Cl,, 70-110 mTorr.
All reagents were purchased from commercial ven-
dors at purities of >99% and used without further
purification. Experiments were performed at room
temperature, 298 +2 K, and 700 Torr total pressure
of synthetic air.

5_. [reference],,
k, ([reference], ’

(I

3. Results

Figs. 1 and 2 show plots of In([CS;],/[CS;],)
versus In( [reference], / [reference],) for the refer-
ences CH, and CH;Cl, respectively. As seen from figs.
1 and 2, we observe nonlinear decay plots for ex-
periments using either CH, or CH;CI as references
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Ln ([CS7)o/1CS2])

0.5

Ln ([CHedo/TCH D)

1.0 15

Fig. 1. Plot of In([CS;]./[CS,;],) versus In([CH.],/[CH.),)
for initial concentrauon ratios [CH,)/(CS,): 1.7, (@);3.5, (A );
19. (&). Solid lines represent second- or third-order fit to the
data 1o aid in visual inspection of the data trend. Dotted lines
represent predicted behavior using chemical mechanism given in
1able 1. corresponding 10 each data set.

0.8

0.8

04}

La ([CS3],/1CS3]y)

0.2

os o2
La ([CR3Cl)y/[CB4CI),)

Fig. 2. Plot of In([CS;])6/[CS;]),) versus In([CH,Cl),/
[CH,C1],) for initial concentration ratios [CH,C1)/[CS,) =24,
(O) and 5.0. (@ ). Solid lines represent a second-order fit to the
data 10 aid in visual inspection of the data trend.

02 0.4 1.0 1.2

with the initial values of the slope k,/k, being
dependent upon the initial concentration ratio
[reference]/[CS,]. where [reference]=[CH,] or
[CH,CI1].

The curvature shown in figs. |1 and 2 indicates that
the assumptions implicit in the derivation of eq. (1)
are not valid, i.e. either there are processes which re-
form the reactants in our chamber, or there are loss
processes for the reactants in addition to reaction
with Cl atoms, or both. With the exception of de-
composition of the CS,Cl adduct, there are no pro-
cesses that could regenerate either CS,, CH, or CH,Cl
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in our system. Under our experimental conditions,
the lifetime of the CS,Cl adduct is less than 1 ps [7]
compared to the typical time scale of 10-100 s for
our experiments. Thus, decomposition of the CS,Cl
adduct will not affect our kinetic plots. It seems likely
that the origin of the curvature observed in figs. 1
and 2 lies in the existence of significant loss pro-
cesses for the reactants other than reaction with Cl
atoms. It is our hypothesis that these loss processes
involve reactions with OH radicals.

The reaction of Cl atoms with methane in 4ir yitlds
methyl peroxy radicals, CH;0,, which in turn are
known to undergo self reaction to produce a variety
of products (CH,0, HCHO and CH;0H ). Methoxy
radicals, CH,;0, formed from the self-reaction of
CH;0,, react with O, to produce HO, radicals which
in turn are known to react rapidly with CH,0,; rad-
icals to yield methyl hydroperoxide [12]. It has re-
cently been demonstrated that Cl atoms react rap-
idly with methyl hydroperoxide with a rate constant
of k=5.7x10~"" cm* molecule~' s~' [13]. This rate
constant is some 570 times greater than that of re-
action of Cl atoms with CH,. Hence, methyl hydro-
peroxide formed in our chamber will rapidly be con-
sumed by Cl atoms. By analogy to the reaction of OH
radicals with CH,;OOH. the reaction of Cl atoms with
CH;O0H is expected 10 lead to the generation of OH
radicals [14,15]. Hydroxyl radicals may also be pro-
duced by the reaction of Cl atoms with HO, radicals
[16].

Hydroxyl radicals, if generated in a mixture of CH,
and CS, will preferentially react with the CS, as the
rate constant for the reaction of OH with CS, is 180
times larger than that with CH,. As CS, and CH, are
consumed a number of products, such as HCHO,
SO,, and HCI, build up and compete with CS, for
the available OH radicals. The result of hydroxyl
radical formation in our chamber will be a fast initial
CS, decay rate followed by a slow CS, loss rate at
high conversions, consistent with the nonlinear de-
cay plots observed.

To test the above hypothesis, we have modelled
the chemistry occurring in the chamber following ir-
radiation of CH,/CS,/Cl,/air mixtures using the
Acuchem [17] kinetic modelling program and the
chemical mechanism given in table 1.

The results of the modelling calculations are shown
by the dotted lines in fig. 1. It should be noted that
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Table |
Reaction mechanism

CHEMICAL PHYSICS LETTERS

Reaction Rate Ref.
constant *

Cl+CH,~CH,;+HCl 1.0 x10-'* [16]

CH;+0,;+M—~CH,0,+M 1.1 x10-'? [16]

CHJO:+CH301-‘CHJO+CH30+O3 13 XlO"’ (18]
CH’O:+CHJO:"'HCHO

+CH,0H+0, 2.1 x10-"* [18)
CH;0+40,;,~HCHO+HO, 1.9 x10-'* [18]
CH,;0,+HO,~CH;00H+0, 4.5 x10-'7 [12]
Cl+HCHO-HCO+HCQC 73 %107 [16)
HCO+0,-H0,+CO 5.5 x10-'? [16]
Cl14+CH,0H—-CH,0H+HCl 4.5 x10-'"" [19)
CH,0H+0,-HCHO+HO, 9.6 x10-'* [16]
HO,+HO,~H,0,+0, 3.0 x10-'2 [16]
Cl+H,0,-HO,+HCl 4.1 x10-" [16)
CH,;00H + C1-CH,0,+HCl 2.85510-1 113 »
CH,;00H + Cl1-CH,00H + HCl 2.85%10-" [13]®
CH.OOH—-HCHO+OH I 10t )
OH+CS,~C0S+S0, 1.5 x10~'* [20]
OH +SO,—products 8.6 x10-' [16]
OH+CO-HO0,+CO0, 2.3 x10-" [16)
OH+HCHO-H,0+HCO 9.8 x10-' [21]
OH+CH,~CH;+H,0 8.4 x10°'* [21]
OH + CH;00H~CH,0,+H,0 3.7 x10='* [15]
OH +CH,00H ~CH;00H +H,0 1.8 x10-'? [15]
OH+HO,-H.,0+0, 1.0 x10-'° [16]
OH+HCI-=H,0+Cl 8.0 x10-' [16]
OH+H,0,-H,0+HO, 1.7 x20-'* [16]
Cl+HO,-HCl+0, 3.2'%107"Y 116]
Cl+HO,-0H+CIO 9.1 x10-'2 [16]
OH+ClI0-HO0,+Cl 1.7 x10='" [16])
Cl0O+HO,~HOCI+0, 5.0 x10-'2 [16)

*) Units in cm® molecule~'s~'.
%) Equal importance arbitrarily given 10 the two possible channels.
¢ Estimated. units in s~ '.

the chemical mechanism shown in table 1 does not
include any reaction of Cl with CS,. The sole loss
process of CS; in this chemical model is via reaction
with OH radicals which are produced from the re-
action of Cl atoms with methyl hydroperoxide and/
or HO, radicals as discussed above. There is no
available data concerning the branching ratio of the
reaction of Cl with CH;OOH, and thus we have ar-
bitrarily assigned equal importance to the two pos-
sible channels. The kinetic data given in table 1 has
been taken from the literature. No attempt has been
made 1o fit the experimental data points by adjust-
ment of any of the kinetic parameters. Instead, we
have simply used our starting conditions in the
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model. From fig. 1, it can be seen that the model pre-
dictions are in qualitative agreement with our ob-
servations with large initial slopes which decrease
with increasing consumption of the reactants. Quan-
titatively, the model predicts initial slopes, k,/ka,
which are within 20% of those observed. As seen from
fig. 1, at reactant conversions greater than 50%, the
model prediction deviates significantly from our ob-
servations. At such high conversions, the chemistry
in the chamber is complicated by the presence of large
amounts of products. The qualitative agreement be-
tween the model given in table 1 and our experi-
mental observations shows that it is possible to ex-
plain a large fraction, if not all, of the observed CS,
loss in the CS,/CH,/Cl,/air experiments as caused
by OH attack.

As seen from table 1, in addition to hydroxyl rad-
icals, there are a number of other transient radical
species formed following the irradiation of CS,/CH./
Cl,/air mixtures. These species include CH,, CH,0,,
CH;0, HO, and HCO. None of these radicals are ex-
pected to react significantly with either CH, or CS,.
Reaction with molecular oxygen (present at a con-
centration of 140 Torr) is the exclusive fate of CH,,
CH,0 and HCO. Neither CH;0, nor HO; radicals
react with methane. No evidence for the reaction of
HO, with CS, was observed in the recent study by
Lovejoy et al. [22] enabling calculation of an upper
limit of k<4 x 10~ ' cm> molecule~' s~! for the rate
constant of this reaction. Finally we are not aware of
any literature data to suggest that there is any re-
action between CH,0, and CS,.

The major source of OH radicals in our model was
reaction of chlorine atoms with CH;OOH. Reaction
of chlorine with HO, was of minor importance ac-
counting for less than 25% of the OH radical source.

We have not modelled the CH;Cl/CS,/Cl,/air
system as there is insufficient kinetic and mechan-
istic data available. However, in the light of the
curved plots, and dependence of the initial rate on
the CH,Cl concentration shown in fig. 2, it seems
likely that analogous effects are present in this sys-
tem also.

Given the complexity of the CH,/CS, and CH,Cl/
CS, systems, we decided to conduct relative rate ex-
periments of the reaction of Cl atoms with CS; using
a reference organic which possessed only one hydro-
gen atom thereby precluding generation of OH rad-
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icals in the system. We chose to use freon-22
(CHF,Cl) as the reference. Results are shown in fig.
3. Within our experimental uncertainties, there is no
evidence for curvature of this data plot. Linear least
squares analysis of the data given in fig. 3 yields a
value of 1.05+£0.05 for the rate constant ratio
k(C1+CS,)/k(Cl1+ CHF,Cl). Additionally, we mea-
sured the reactivity of Cl atoms towards CHF,Cl rel-
ative to CH, in 700 Torr of nitrogen diluent; these
results are also displayed in fig. 3. From these latter
experiments we are able to define an upper limit of
k(Cl1+CHF,Cl1)/k(Cl+CH,) <0.04. Using the lit-
erature value of k(Cl+CH,)=1.0%x 10" cm?® mol-
ecule=! s=' [16], we are then able to calculate an
upper limit to the rate constant of the overall reac-
tion of Cl with CS, in 700 Torr of air at 295 K of
4x%10-'% cm® molecule~' s~'.

To further compare the present work with that of
Martin et al., we conducted a study of the products
of the Cl atom initiated oxidation of CS,. In our ex-
periments, 3 mTorr of CS; together with 30 mTorr
of Cl, were admitted into the chamber and diluted
with N,/O, mixtures to a total pressure of 700 Torr.
The O, partial pressures used were 10, 150, and 700
Torr. Upon irradiation, CS, was observed to decay
slowly. The observed products were, in order of im-
portance, HCl, CO, CO,, SO,, and COS. Addition-
ally, at the lowest oxygen concentration used, COCl,
and SOCI, were detected as minor products. The
major sulfur containing product observed was SO,
with a yield (in terms of sulfur balance) of 50+ 20%
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Fig. 3. Plot of In([reactant]),/[reactant],) versus
In( [reference ], /[reference],) for experiments using CS,; as
reactant and CHF,Cl as reference (A ) and CHF,Cl as reactant
and CH, as reference (O).
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(somewhat lower than the 70-82% yield reported by
Martin et al.). Within our experimental errors, we
observed no dependence of the SO, yield on O, par-
tial pressure. Consistent with the observation of
Martin et al., we observed the COS yield to increase
by a factor of 4 on increasing the O, partial pressure
from 10 to 700 Torr.

In terms of understanding the mechanism by which
CS, is oxidized following the irradiation of CS,/Cl,/
O, mixtures, the most significant observation in our
product study was that of large amounts of HGl, CO
and CO, products. In the present work-the HCl yield
and the sum of the CO and CO, yields were larger
than the observed loss of CS, by factors of 9-15 and
3-8, respectively. Martin et al. observed HCl as a
product in their system but, in marked contrast to
our observations, did not report any CO or CO,.

The HCI product in our experiments results from
the reaction of Cl atoms with hydrogen containing
compounds present either as impurities in the di-
luent gases used or on the walls of our reactor. In
either case, a likely result of such reactions is the gen-
eration of OH radicals. Clearly, a detailed compar-
ison between our product yields and those reported
by Martin et al. is not justified at the present time.

4. Discussion

We have established an upper limit to the rate con-
stant of the overall reaction of Cl with CS, in 700
Torr of air at 295 K of k, <4 x 10~ '3 cm? molecule ™!
s~!, reaction (1).

This value is consistent with the upper limit of
k3 <5x10-"* e¢m?® molecule~' s~', reported by
Nicovich et al. [7] for 300 Torr of air, where k7 is
defined as the overall rate constant for reaction (1)
via all channels for which the adduct reaction with
O, does not regenerate chlorine atoms. In contrast,
our value is at least 20 times lower than that reported
by Martin et al. [6] who used a relative technique
almost identical to our own. As discussed above, we
observe nonlinear decay plots when using CH, or
CH;C] as references. It is interesting t0 note that
Martin et al. [6] did not also observe such nonlinear
behavior. Instead, these workers report linear be-
havior. It is of interest to compare the initial slope,
ki/k,, from our data in fig. | using initial concen-
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tration ratios, [CH,]/[CS;], of 1.7 and 3.5, i.e. those
which most closely match the ratio of approximately
2 used by Martin et al. Linear least squares analysis
of our data corresponding to CH, loss of less than
30% yields a rate constant ratio of ~0.8 which is in-
distinguishable, within the experimental errors, with
the value of 0.9 reported by Martin et al.

Under the conditions of our experiments, the
CS,Cl concentration was very small compared to the
concentrations of Cl atoms and CS;,; hence, the steady
state approximation to the mechanism consisting of
reactions (a), (b) and (c) leads to the expression

k =k, X[0,]/(1+X[0.]), (I1)
where
X=k./ks . (III)

Nicovich et al. [7] have shown that at room tem-
perature and atmospheric pressure, k,x2X 10~ em?
molecule=' s=' and ky,x~2Xx10°% s='. Substituting
these values into eq. (II) along with the value
k,<4x10~'* cm® molecule~' s~' determined in this
study leads to the following upper limit for the ad-
duct+ 0O, rate constant: k.<8X10~'7 cm*® mole-
cules! s~

From the viewpoint of atmospheric chemistry, the
present work provides an upper limit to the overall
rate constant for the reaction of Cl with CS, mea-
sured under simulated atmospheric conditions. This
upper limit is at least two orders of magnitude less
than the corresponding rate constant for OH radical
attack. As the atmospheric levels of Cl atoms are
1-2 orders of magnitude less than that of OH [23],
reaction with Cl atoms represents a negligible sink
for CS, in the earth’s atmosphere.
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Kinetics of the Reactions of 10 Radicals with NO and NO,
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A laser flash photolysis—long path absorption technique has been employed to study the kinetics of the reactions of 10 radicals
with NO and NO; as a function of temperature and pressure. The 10 + NO rate coefficient is independent of pressure
over the range 40-200 Torr of N,, and its temperature dependence over the range 242-359 K is adequately described by
the Arrhenius expression k, = (6.9 % 1.7) X 107'2 exp[(328 % 71)/T] cm® molecule™ s~ (errors are 20, precision only).
These Arrhenius parameters are similar to those determined previously for the CIO + NO and BrO + NO reactions. The
10 + NO, association reaction is found to be in the falloff regime over the temperature and pressure ranges investigated
(254-354 K and 40-750 Torr of N,). Assuming F, = 0.4 independent of temperature, a physically reasonable set of falloff
parametcrs which adequately dscnbe the data are ky = 7.7 X 107/(7/300)7%° cm* molecule™? s™ and k, = 1.55 x 107"
cm’® molecule™ 5™ independent of temperature. The 10 + NO, rate coefficients determined in this study are about a factor
of 2 faster than those reported in the only previous study of this reaction.

Introduction

The potential role of iodine in tropospheric photochemistry has
received considerable attention in recent years. It has been
suggested that 10, chemistry can result in catalytic destruction
of tropospheric ozone as well as perturbation of the tropospheric
cycles of H,0,, NO,, and sulfur.'> lodine can potentially play
a more xmportam role in tropospheric photochemistry than other
halogens for two reasons. First, unlike a majority of fluorine,
chlorine, and bromine atom precursors, most iodine atom pre-
cursors of atmospheric importance are photosensitive at wave-

* Author to whom correspondence should be addressed.

lengths (>300 nm) which penetrate to the earth's surface. Second,
reactions of hydrogen-containing species with iodine atoms to form
the reservoir species HI are, in general, endothermic and do not
occur at atmospheric temperatures. (The 1 + HO, reaction is

(1) Chameides, W. L.; Davis, D. D. J. Geophys. Res. 1980, 85, 7383.

3 (2) Jenkin, M. E.; Cox, R. A.; Candeland, D. E. J. Atmos. Chem. 1985,
, 359.

(3) Barnes, |; Becker, K. H.; Martin, D.; Carlier, P.; Mouvier, G.; Jour-
dain, J. L.; Laverdet, G.; LeBras, G. In Biogenic Sulfur in the Emironment;
Saitzman, E. S., Cooper, W. J., Eds.; ACS Symposium Series 393; American
Chemical Society: Washington, DC, 1989; pp 464-475, and references
therein.
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a potentially important exception.)

Volatilization of CH;I from the oceans is thought to be an
important source of tropospheric iodine.** The reaction of O,
with iodide in surface ocean waters may also result in volatilization
of significant fluxes of I, and HOI into the atmosphere.”® In
addition, radioactive iodine atoms, generated as a fission product
of uranium fuels, represent a potentially harmful airborne emission
from nuclear power installations.’

In the atmosphere, photodissociation of precursor molecules
such as CH,l, 1,, and HOI produces I atoms, which react with
O, on a time scale of approximately 1 s'®2 to produce the 10
radical. Hence, 10 is an important intermediate in tropospheric
10, chemistry. Recycling of 10 back to I atoms occurs primarily
by photodissociation and the reaction

10 + NO — [ + NO, (1)

Data have been presented in the literature® which suggest that
the reaction of 10 with CH,SCH; (dimethyl sulfide) may be an
important mechanism for recycling 1O back to I in the marine
boundary layer as well as an important sink for CH,SCH,.
However, recent work in our laboratory suggests that the 10 +
CH,SCH, reaction is much slower than previously thought.'?

In addition to undergoing reactions that regenerate iodine atoms,
10 radicals can react to form reservoir species:

10 + NO, + M— IONO, + M (2)
10 + HO, - HOI + O, (3a)
— HI + 0, (3b)

Reaction 2 appears to be the more important of the reservoir-
forming reactions except under conditions of extremely low NO,.!?
Depending upon the (unknown) rates at which IONO, photo-
dissociates and thermally dissociates, it is possible that IONO,
is the predominant 10, species in the atmosphere.

It is clear from the above discussion that accurate kinetic data
for reactions | and 2 are required in order to successfully model
tropospheric 10, chemistry. Two studies of the kinetics of reaction
1 have appeared in the literature,'4! both of which were restricted
to T = 298 K: the reported values for k,(298 K) differ by a factor
of 1.7. The only reported study of the kinetics of reaction 2'!
covered a limited range of temperature and pressure and was
carried out under conditions where a significant fraction of 10
removal was due to heterogeneous reaction on the reactor walls
and to the 10 self-reaction. Hence, additional studies of the
kinetics of reactions | and 2 are needed.

We have employed a laser flash photolysis—long path absorption
technique 1o investigate the kinetics of reactions 1 and 2 as a
function of temperature and pressure. Our results are reported
in this paper.

Experimental Section

The kinetics of reactions 1 and 2 were investigated by moni-
toring the temporal profile of 10 following 351-nm laser flash
photolysis of I,/NO,/NO/N; mixtures. The laser flash photo-
lysis-long path absorption apparatus was similar to one we em-
ployed recently to investigate the reactions of F and Cl atoms with

9(4) Lovelock, J. E.; Maggs, R. J.; Wade, R. J. Nature (London) 1973, 241,
4

(5) Zafiriou, O. C. J. Geophys. Res. 1974, 79, 2730.

(6) Rasmussen, R. A.; Khalil, M. A. K.; Gunawardena, R.; Hoyt, S. D.
J. Geophys. Res. 1982, 87, 3086.

(7) Garland, J. A.: Cuntis, H. J. Geophys. Res. 1981, 86, 3186.

(8) Thompson, A. M.; Zafiriou, O. C. J. Geophys. Res. 1983, 88, 6696.

(9) Chamberlain, A. C.; Eggleton, A. E. J.; Megaw, W. J.; Morris, J. B.
Discuss. Faraday Soc. 1960, 30, 1.

(10) Clyne, M. A_ A.; Cruse, H. W. Trans. Faraday Soc. 1970, 66, 2227.

(11) Jenkin, M. E; Cox, R. A. J. Phys. Chem. 1985, 89, 192.

(12) Sander, S. P. J. Phys. Chem. 1986, 90, 2194,

(13) Daykin, E. P.; Wine, P. H. Presented at the Second International
Confercqcc on Chemical Kinetics, Gaithersburg, MD, 1989; manuscript in
preparation.

(14) Ray, G. W.. Watson, R. T. J. Phys. Chem. 1981, 85, 2955.

(15) Inoue, G.; Suzuki, M.. Washida, N. J. Chem. Phys. 1983, 79, 4730.
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HNO,.'* A schematic of the apparatus and descriptions of the
reaction cell and temperature measurement techniques can be
found elsewhere.'® The major apparatus modification required
for the present study was replacement of the CW tunable dye laser
used for NO; detection'é with a broad-band 10 probe. An Osram
XBO150W /S 150-W xenon arc lamp was employed as the probe
light source. The lamp was housed in a PTI A100 housing and
powered by a PTI LPS200X power supply.

The XeF laser (Lambda Physik EMG 200) photolysis beam
was expanded by means of cylindrical lenses to be 12 cm wide
and 2 cm high as it traversed the reactor. The xenon arc lamp
beam was multipassed trough the reactor at right angles to the
photolysis beam by using modified While cell optics;'” 42-62 passes
were employed, giving absorption path lengths in the range
500-750 cm. Output radiation from the multipass cell was focused
onto the entrance slit of a 0.22-m monochromator (SPEX 1681)
adjusted to transmit radiation at 427 nm, the peak of the strong,
diffuse (due to excited-state predissociation) 4-0 band of the 10
A1 — X211 system.'™" Reflective Josses in the multipass system
were minimized by using White cell mirrors coated for high
reflectivity around 427 nm (Virgo Optics, HR-427-0) and reaction
cell windows coated for maximum transmission around 427 nm
(Virgo Optics, M-2-427-0). As a trade-off between light
throughput and resolution, the monochromator slit widths were
set at 200 um (resolution 0.72 nm fwhm). Radiation exiting the
monochromator was detected by a photomultiplier (Hamamatsu
R928), the time-dependent output from which was monitored by
a signal averager with 1.5-us time resolution and 10-bit voltage
resolution (Nicolet 370). The results of 32-512 laser shots were
averaged to obtain data with suitable signal-to-noise ratio for
quantitative kinetic analysis. Digitized voltage versus time data
were transferred to a small computer (Beltron Turbo/XT) for
storage and analysis.

In order to avoid accumulation of reaction or photolysis
products, all experiments were carried out under “slow flow”
conditions. The linear flow rate through the reaction cell was
typically 2 cm 57, and the excimer laser repetition rate was 0.15
Hz. Hence, the gas mixture in the photolysis zone was replenished
between laser shots. NO and NO, were flowed into the reaction
cell from 12-L bulbs containing dilute mixtures in nitrogen (NO)
or zero grade air (NO,). Preparation of the NO, bulb with air
as the diluent gas prevented conversion of NO, to NO during
storage. An I;/N, flow was generated by passing N, through a
tube containing iodine crystals. To prevent condensation of 10,
species on the antireflection coated reaction cell windows, a
four-port gas input/output system was employed.'®* The NO
mixture, NO, mixture, and 85~90% of the N, buffer gas entered
the reactor through an outer port while the I,/N, mixture entered
through the corresponding inner port. The remaining 10-15%
of the N, bufTer gas entered the reactor through the opposite outer
port. The concentrations of each component in the reaction
mixture were determined from measurements of the appropriate
mass flow rates and the total pressure. In addition, the concen-
trations of NO, and I, were measured in situ in the slow flow
system by UV-vis photometry using separate absorption cells
plumbed in series with the reaction cell. The three closely spaced
mercury lines around 366 nm were employed for NO, detection.
With the combination of an Hg pen-ray lamp light source and
the band-pass filter employed to isolate the 366-nm lines, the
effective NO, absorption cross section is known to be 5.75 x 107"
ecm?® Determination of the I, concentration was accomplished
using 488-nm radiation from an argon ion laser as the light source
and correcting the measured absorbance for the NO, contribution.
Absorption cross sections for I; and NO, at 488 nm were taken

222(316) Wine, P. H.: Wells, J. R.; Nicovich, J. M. J. Phys. Chem. 1988, 92,

(17) White, J. U. J. Opt. Soc. Am. 1942, 32, 285.

(18) Coleman, E. H.; Gaydon, A. G.; Vaidya, W. M. Narure (Loadon)
1948, 162, 108.

(19) Durie, R. A.; Ramsay, D. A. Can. J. Phys. 1958, 36, 35.

(20) Wine, P. H.; Kreutter, N. M.; Ravishankara, A. R. J. Phys. Chem.
1979, 83, 3191.
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tobe 1.64 X 10732 and 2.68 X 107! cm?,2 respectively. The
fraction of NO in the NO/N, bulb was checked at the end of each
set of experiments by diluting the bulb with O,, allowing sufficient
time for quantitative conversion of NO to NO,, and then
measuring the NO, photometrically.

The gases used in this study were obtained from Matheson and
had the following stated minimum purities: N,, 99.999%; O,,
99.99%; NO, 99.0%. Air was ultra zero grade with total hy-
drocarbons less than 0.1 ppm. N,, O,, and air were used as
supplied. Purification of NO involved passage over ascarite and
degassing at 77 K. NO, was prepared by mixing 1 part NO with
3 parts O, at a total pressure of 1000 Torr and allowing the
mixture to react overnight. The resulting NO,/O, mixture was
pumped through a liquid nitrogen trap where the NO, was frozen
out and the O, pumped away. The lack of any blue color in the
trapped white solid indicated complete conversion of NO to NO,.
lIodine crystals were obtained from Aldrich and had a stated
minimum purity of 99.999%; they were used without further
purification. lodine was admitted to the reactor by diverting a
small fraction of the main buffer gas flow through a flow meter
and needle valve, then through the tube containing I, crystals,
and finally into the reactor. An ice-water bath was employed
to keep the I, crystals at a constant temperature of 273 K, thus
avoiding drifts in the I, concentration during the course of ex-
periments.

Results and Discussion
The following scheme was employed to generate 10 radicals:

NO, + hv (351 nm) = NO + O @)
O+1,—~10+1 (52)
—~10* +1 (5b)

0+ NO, — NO + 0, (6)
I0*+M—10+M Q)

In the above reaction scheme, 10* represents vibrationally excited
[O: our detection method is not sensitive to 10*. In preliminary
experiments, a mixture containing 1 X 10" NO,cm™, 1 X 10*
I, em™, and 20 Torr of N, was photolyzed and the appearance
rate of 427-nm absorption was observed. Based on the literature
value for ks,' an 10 risetime of about 7 us was expected; the
observed risetime was about 30 us. However, the 10 appearance
rate increased with increasing pressure, suggesting that reaction
7 was the rate-limiting 1O production step. In all experiments
used to determine k, and k,, the 1O appearance rate was at least
a factor of 5 faster than the 1O decay rate. Reaction § is known
10 be 14 times faster than reaction 6,'“? so it was not difficult
to establish experimental conditions where most photolytically
generated oxygen atoms reacted with I, rather than with NO,.

For the optical path lengths (13-20 m) traversed by the probe
beam through the reaction cell and the NO, concentrations em-
ployed (up to 3.05 X 10" molecules cm™), a large fraction of the
probe radiation was absorbed by NO,. Hence, destruction of NO,
by reactions 4 and 6 led to a noticeable difference between the
(base line) signal levels before and after the laser fired in ex-
periments where NO, was photolyzed in the absence of 1;. In
the presence of I,, the magnitude of the rapid base-line shift upon
firing the laser was reduced somewhat due to the occurrence of
reaction 5 in competition with reaction 6. However, the 10
generated by reaction 5 decayed via processes that either generated
NO, (IO + NO) or converted NO, to IONO,, a species whose
absorption cross section at 427 nm is not known. Sander and
Watson? have shown that if an elementary reaction results in an
absorbance change due to removal of an absorbing excess reagent

(21) Tellinghuisen, J. J. Chem. Phys. 1973, 58, 2821.

(22) Schneider, W.; Moortgat, G. K.; Tyndall, G. S.; Burrows, J. P. J.
Photochem. Photobiol., A 1987, 40, 195.

(23) DeMore, W. B.; Molina, M. J.; Sander, S. P.; Golden, D. M.;
Hampson, R. F.; Kurylo, M. J.: Howard, C. J.; Ravishankara A. R. Chemical
Kinetics and Photochemical Data for Use in Stratospheric Modeling. Eval-
uation No. 8, JPL Publication No. 87-41, 1987.

(24) Sander, S. P.; Watson, R. T. J. Phys. Chem. 1980, 84, 1664.
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and/or formation of an absorbing product, the correct decay rate
is obtained from the first-order decay of the overall absorbance
by using the signal level at t — = as the base line. All of our
kinetic data were analyzed in this manner. The only potential
complication due to absorption of probe radiation by species other
then 10 which may have caused a problem in our kinetic analysis
is the reaction of iodine atoms generated via reaction S with NO,,
i.e. .

The kinetics of reaction 8 have been characterized™ and an INO,
absorption spectrum has been searched for unsuccessfully,” leading
van den Bergh and Troe? to conclude that ¢(INO;) < ¢(NO,)
over the wavelength range 250-600 nm; their results suggest that
absorption by INO, had a negligible effect on our experiments.
We did notice, however, that the difference between the base line
before the laser fired and the base line after 10 had decayed away
was typically smaller than predicted based on calculation of the
amount of NO, destroyed. Apparently, IONO; has a significant
absorption cross section at 427 nm.

To ensure that we were detecting the 10 radigal, the spectrum
of the absorbing species was mapped out over, the wavelength range
transmitted through the White cell (414—446 nm). The 50, 4-0,
3-0, and 2-0 bands of 10'%!® were observed; no transient ab-
sorption was observed at wavelengths between the 10 bands al-
though, as discussed above, small base-line shifts do occur due
to NO, removal and (probably) due to IONO, formation. The
apparent 10 absorption cross section at the peak of the 4-0 band
was estimated based on the measured laser fluence, the measured
NO, and I, concentrations, and the known rate coefficients for
reactions 5 and 6.4 A cross section of (1.8 £ 0.3) X 107" cm?
was obtained. At high resolution, the peak absorption cross section
for the 4-0 band is 3.1 X 107" em?.'*?? Qur measured cross
section is in the range expected based on the known high-resolution
cross section, the known bandwidth,?” and our monochromator
resolution of 0.72 nm.

Results obtained for reactions 1 and 2 are discussed separately
below.

The 10 + NO Reaction. Reaction mixtures employed to study
reaction 1 contained 35 mTorr of NO,, 0-14 mTorr of NO, 30-63
mTorr of I,, and 40-200 Torr of N, buffer gas. As mentioned
above, a small amount of O, (typically about 0.5 Torr) was also
present in the reaction mixture because the NO, storage bulb
contained air rather than N; as the diluent gas. Concentrations
of 10 radicals generated via reactions 4-7 were in the range
(1.7-4.3) X 10'? molecules cm™. In nearly all experiments, 10
removal was dominated by reactions 1 and 2, so the data could
be analyzed assuming pseudo-first-order kinetics:

In {[10],/[10]4 = In [In (S;/S/)/In (S,/S)]
= (k,[NO] + ky[NO,] + kg)t = k1 (I
In eg 1, ¢’ represents a time shortly after the laser fired when 10
production was complete but little or not 10 decay had occurred,
1" represents a time after 10 removal had gone to completion but
before NO,, INO,, and IONO, destroyed or produced as a result
of the laser flash diffused or flowed out of the detection volume,
S, represents the signal level at time ¢, and k, represents the
first-order rate coefficient for the process
10 ~ Joss by reaction with background impurities and
_ diffusion out of the detection zone (9)
Under the conditions of our experiments k;[NO,] > ks. The only
significant interference in the study of reaction 1 was from the
fast reaction

10 + 10 — products (10)
kjo=1.7 X 1072 exp(1020/7) cm?® molecule™ 57 12

(25) van den Bergh, H.; Troe, J. J. Chem. Phys. 1975, 64, 736.

(26) van den Bergh, H.; Benoit-Guyot, N.; Troe, J. Inr. J. Chem. Kinet.
1977, 9, 223.

(27) Stickel, R. E.. Hynes, A. J.; Bradshaw, J. D.; Chameides, W. L_;
Davis, D. D. J. Phys. Chem. 1988, 92, 1862.
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Figure 1. Typical 10 temporal profiles observed in the study of the 10
+ NO reaction. Experimental conditions: 7 = 273 K; P = 40 Torr of
N,: electronic time constant = 16 us; absorption path length ~ 552 cm;
(1) = 1.2 X 10" molecules cm™>; [NO,] = 9.5 X 10'* molecules cm™;
[NOJ in units of 10" molecules cm™ = (a) 0.028, (b) 1.30, (c) 2.47, and
(d) 4.80. Number of laser shots averaged = (a) 128, (b) 320, (c) 384,
and (d) 320. Solid lines are obtained from linear least-squares analyses
and give the following pseudo-first-order decay rates (units are s™'): (a)
992, (b) 3900, (c) 6610, (d) 11800. For the sake of clarity, temporal
profiles are shifted on the absorbance scale; peak percent absorption was
(a) 2.7, (b) 2.0, (c) 1.8, and (d) 1.7.

While the contribution of reaction 10 was negligible in most
experiments, it was significant at short times after the laser flash
in experiments where NO levels were low. Temporal profiles
measured under such conditions were corrected for the contribution
from reaction 10 as follows: The experimental temporal profile
was analyzed under the (incorrect) assumption that the decay was
exponential to obtain a best-fit first-order decay rate, k'y,. The
temporal profile was also simulated by numerical integration of
the rate equations assuming that the only important IO loss
processes were reactions 1, 2, and 10; the simulations employed
our preliminary values for k, and k, along with the literature value
for kjo. A best-fit first-order decay rate, k', was obtained by
analyzing the simulated temporal profile over the same time
interval as was employed to obtain k'y,. The “real” first-order
decay rate, k’, was then obtained from the relationship

k= K apk osm/ K um (In)
where ko, is the simulated first-order decay rate with k), set
equal 10 zero. Flash-generated NO also contributed to 10 removal
in experiments where the reaction mixture initially contained no

NO or relatively small concentrations of NO. The concentration
of flash-generated NO, [NO]y, was estimated from the relationship

[NOJ; = [10], + 2ks[NO,]/(ks[12] + k[NO,]) (I1I)

and was added to the preflash NO concentration to determine
the appropriate NO level for kinetic analysis. It should be noted
that the effects of reaction 10 and flash-generated NO on our
determinations of k,(7) are very small—values of k,(T) obtained
by using corrected decay rates and NO concentrations differ by
Jess than 2% from values obtained when the above corrections are
ignored.

To measure k,(7), pseudo-first-order IO decay rates were
measured as a function of [NO] at constant [NO,]. Typical
results are shown in Figures 1 and 2. As predicted by eq I,
observed 10 decays were exponential and plots of k' versus [NO]
were linear; the desired bimolecular rate coefficients, k,(T), were
obtained from the slopes of the k’versus [NO] plots. Measured
rate coefTicients are given along with other pertinent information
in Table I. Uncertainties given in Table I for k(1) values are
20 and represent precision only. Taking into account possible
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Figure 2. Plots of k’versus [NO] far data obtained at the tegperature
extremes of the IO + NO study. Solid lines are qbtained from linear
least-squares analyses and give the rate coefficients shown in the figure
(units are cm’ molecule™ s7!).

TABLE I: Kinetic Data for the Reaction 10 + NO — I + NO,

concentration, l_g)” 10k, em?
molecules cm molecule™
T.K P, Torr I, NO, 10, NO ks s”!
242 40 900 1130 2.1 2.2 1480
1.9 35.3 2210
)7 74.6 3440
1.8 108 4250
1.8 150 5330 2.64£0.15
273 40 1200 950 2.8 29 967¢
2.1 130 35900
1.9 247 6610
) g b ) 8400
1.7 480 11800 2.19 % 0.25
298 40 1100 940 34 36 748}
23 59.0 1960
25 106 2820
23 189 5130
2.3 280 6580 2.17 % 0.22
298 200 1500 1050 4.3 45 1780*
41 112 3830
41 213 6160
34 309 8530
34 407 10400 2.19%0.12
328 40 900 1020 3.1 34 496*
3.0 83.6 1530
29 127 2760
25 209 4930
25 313 6010 191 £0.38
359 40 1700 1100 3.2 33 475
27 988 2290
26 193 3770
23 291 5220
20 383 7000 1.68 £ 0.09

*Errors are 2¢ and represent precision only. *Corrected downward
by <2.7% to account for contribution from the 10 + 10 reaction.

. systematic errors (primarily in the determination of the NO

concentration), we estimate the absolute uncertainty in any
measured k,(7) to be £20% except at 328 K where unusually poor
precision limits the absolute accuracy to £25%.

Our results demonstrate that k,(298 K) is independent of
pressure over the range 40-200 Torr and that k,(T) increases with
decreasing temperature. An Arrhenius plot for reaction 1 is shown
in Figure 3. A weighted linear least-squares analysis of the In
k, versus T~! data gives the Arrhenius expression

k(T) =
(6.9 % 1.7) X 1072 exp[(328 & 71)/T] cm® molecule™ s~

where uncertainties are 20 and represent precision only.
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Figure 3. Arrhenius plot for the reaction 10 + NO — I + NO,. Filled
circles are our data at P = 40 Torr, and open circle is our data at P =
200 Torr. The solid line is obtained from a weighted linear least-squares
analysis and gives the Arrhenius expression shown in the figure (units
are cm’ molecule™ s™).

The kinetics of reaction ! have been studied previously only
at 298 K. For the sake of comparison, the two previous deter-
minations of k(298 K) are plotted along with our data in Figure
3. Ray and Watson'* employed the discharge flow-mass spec-
trometry technique to study reaction 1 using the O + I, reaction
as the 10 source; they obtained the result k,(298 K) = (1.67 £+
0.16) X 107" em? molecule™ s™. Inoue et al.,’* as part of a study
which reported the first observation of 10 laser-induced
fluorescence, used a laser flash photolysis—pulsed laser induced
fluorescence technique to study reaction 1 using the O('D) + HI
reaction as the 10 source; these investigators obtained the result
k(298 K) = (2.8 £ 0.2) X 107" cm® molecule™' s™'. The value
for k(298 K) determined in this study is intermediate between
those reported previously. The small negative activation energy
observed for reaction 1 (Figure 3) is consistent with the tem-
perature dependence observed previously for the CIO + NO#®
and BrO + NO%-! reactions and is typical of radical-radical
reactions that proceed on a potential energy surface with a
minimum along the reaction coordinate (corresponding in this case
to IONO which, to our knowledge, has never been observed but
should be a bound species).

The 10 + NO, Reaction. Reaction mixtures employed to study
reaction 2 contained 2268 mTorr of I;, 6~94 mTorr of NO,, and
40-750 Torr of N, buffer gas. As mentioned above, a small
amount of O, was also present in the reaction mixture because
the NO, storage bulb contained air rather than N, as the diluent
gas; typically [O,;] ~ 10[NO,]. Concentrations of 1O radicals
generated via reactions 4-7 were in the range (0.6-5.0) X 10'2
molecules cm™. The method of data analysis was similar to that
described above for the 10 + NO reaction except, in the case of
reaction 2, all measured IO temporal profiles were corrected for
contributions from 10 reaction with itself (usually very minor)
and with flash-generated NO. The magnitude of the required
corrections increased with increasing laser fluence. For a constant
laser fluence, the corrections were largest at low pressure since
the 10 + NO, reaction rate is pressure dependent while the 10
+ NO reaction rate is pressure independent. A typical 10 tem-
poral profile observed in 40 Torr of N, at 298 K is shown in Figure
4 while uncorrected and corrected k’ versus [NO,] plots for the
40 Torr (N,), 298 K data are shown in Figure 5. At 254 K, the
low-temperature extreme of our study, a small fraction of NO,
was tied up as N,O, ([NO,] 2 37[N,0,] in all experiments).

(28) Leu, M. T.; DeMore, W. B. J. Phys. Chem. 1978, 82, 2049.
(29) Lee, Y.-P.. Stimpfle, R. M.; Perry, R. A.; Mucha, J. A.; Evenson, K.
M.; Jennings, D. A.; Howard, C. J. Int. J. Chem. Kiner. 1982, 14, 711.
(30) Leu, M. T. Chem. Phys. Lent. 1979, 61, 275.
293(63') Watson, R. T.; Sander, S. P.; Yung, Y. L. J. Phys. Chem. 1979, 83,
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Figure 4. Typical 10 temporal profile observed in the study of the 10
+ NO, reaction at P = 40 Torrand T = 298 K. [NO,] = 1.59 x 10"
molecules cm™; [1;] = 1.6 X 10'* molecules cm™,; electronic time constant
= |6 us; absorption path length ~ 552 cm; 256 laser shots averaged.
Note that the base line after 10 decay is higher than the pretrigger base
line by 0.00073 V, the equivalent of 0.13% absorption. The inset is a
plot of In (absorbance) versus time for the same data with absorbances
calculated by using the base line obtained after 10 decayed away. The
solid line in the inset is obtained from a linear least-squares analysis and
gives the decay rate k’ = 1100 s™'. The dashed line in the inset is the
decay rate corrected for IO reaction with itself and with flash-generated
NO (k' = 950 s7").
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Figwre 5. Plot of k’versus [NO,] for data obtained at 298 K in 40 Torr
of N,. Open circles are uncorrected for 10 reaction with itself and with
flash-generated NO while filled circles are corrected for these processes.
Solid and dashed lines are obtained from linear least-squares analyses
and gliveilhe rate coefficients shown in the figure (units are cm® mole-
cule™! s7).

Kinetic analyses employed the reasonable assumption that N,O,
is much less reactive toward 10 than NO, is.

Measured bimolecular rate coefficients k;([M],T) are sum-
marized along with other pertinent information in Table II.
Uncertainties given in Table II for k5([M],7) values are 20 and
represent precision only. Small systematic errors are possible in
the NO, concentration determination and due to the assumption
that absorption of 427-nm radiation by INO, had a totally neg-
ligible effect on the k,([M],T) determinations. We estimate the
accuracy of any measured ky([M],T) to be £20%.

Our results demonstrate that reaction 2 is in the “fallofT” regime
between third- and second-order kinetics over the 1em?-emure
and pressure ranges investigated. Troe and co-workers3#-3$ have

(32) Lutber, K.; Troe, J. Symp. (/n1.) Combust., (Proc.) 1978, 17, 538.
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TABLE II: Summary of Kinetic Data for the Reaction 10 + NO; + N; — IONO; + N,

concentration® range of k', s™ 10"3k,,4 cm?® molecule™ s~

T.K  no. of expts® N, I, NO, [NO,)/[0], uncorrected corrected® uncorrected corrected®
254 7 3240 08 0.23-1.54 290-880 406-2700 370-2530 17.1)%:0.7 16.5 % 0.6
254 4 19400 08 0.50-1.64 310 22306900 2110-6660 405 £ 3.6 393+£34
275 6 3240 1.3 0.52-2.51 280-1200 782-3840 688-3460 152+ 08 142 £ 08
275 4 19400 13 0.58-2.15 310 2060-8050 1980-7780 37.5£28 36327
298 5 1300 1.6 0.29-2.11 340 250-1470 192-1300 6.67 £ 0.25 6.09 £ 0.22
298 < 3240 1.8 0.35-2.21 410 454-2620 392-2440 11.6 £ 0.7 110 0.7
298 6 6480 20 0.35-2.15 410-560 7194110 681-3940 186 £ 0.7 18.1 £ 0.7
298 7 13000 20 0.26-3.05 260-340 692-8080 651-7740 25805 250+ 05
298 7 19400 1.3 0.30-2.50 320-1000 921-8860 883-8580 351 £:2.3 341 %222
298 5 24300 0.7 0.35-1.89 3% 11706910 11406770 371 £ 1.0 36409
320 4 3240 1.0 0.52-1.84 440 570-1580 456-1470 8.21 £ 0.32 7.74 £ 0.30
320 4 19400 0.6 0.40-1.60 250 963-3700 901-3540 226 £25 219+£24
354 4 3240 1.7 0.45-1.74 3% 361-1180 332-1100 6.60 £ 0.95 6.22 £ 0.90
354 4 19400 0.6 0.72-2.09 390 1450-3980 1400-3830 18326 17:7°¢ 2.5

¢ Experiment ® measurement of one 10 temporal profile. *Units are 10'* molecules cm™. ¢Corrected for contributions from the 10 + 10 and 10

+ NO reactions. “Errors are 20 and represent precision only.

shown that bimolecular rate coefficient versus pressure curves (i.c.,
falloff curves) for association reactions can be approximated by
the three-parameter equation

k([M].T) = k.(DFF([M],T) (1)

where Fyy is the Lindeman-Hinshelwood factor
Fin=X/(1+X) (v)
X = ko([M],)[M]/ko(T) (VD)

In the above equations, ko([M],T) is the rate coefficient in the
low-pressure third-order limit, k.(7) is the rate coefficient in the
high-pressure second-order limit, and F([M],T) is the parameter
which characterizes the broadening of the falloff curve due to the
energy dependence of the rate coefficient for decomposition of
the energized adduct. F([M],T) can be calculated from the
spectroscopic and thermodynamic properties of the adduct. Ex-
amples of studies where detailed analyses of falloff behavior have
been carried out include our study of the OH + SOi reaction*
and Sander et al.’s study of the BrO + NO, reaction.’” The use
of theoretical and experimental information to evaluate falloff
parameters for a number of atmospherically important reactions
has been discussed by Patrick and Golden.

For the relatively low temperatures employed in our study, eq
IV can be approximated as follows:3?

k([M].T) = ko(DFLuF(TY (vViD)
y =11 + [log X/(0.75 - 1.27 log F(T))*" (V1IN

where F.(T) is the value of F([M],T) at the center of the falloff
curve, i.c., at the pressure where ko[M] = k.. As pointed out by
Jenkin and Cox'! in the only previous study of reaction 2, accurate
determination of F(T) is not possible due to a lack of spectroscopic
and thermodynamic data for IONO,. Furthermore, for a
three-parameter expression like eq VII, good fits to experimental
data can be obtained for a wide range of parameter values. For
the above reasons, Jenkin and Cox'! adopted a value of 0.4 for
F_, based on the detailed analysis of Sander et al.¥ for the related
BrO + NO, reaction. Use of F (298 K) = 0.4 in our calculations
seems physically reasonable and facilitates comparison of derived
falloff parameters with those reported by Jenkin and Cox.!"
Theoretically, F(T) is expected to increase with decreasing tem-

(33) Troe, J. J. Phys. Chem. 1979, 83, 114.

(34) Troe, J. Ber. Bunsen-Ges. Phys. Chem. 1983, 87, 161.

(35) Gilbert, R. G.; Lutber, K.; Troe, J. Ber. Bunsen-Ges. Phys. Chem.
1983, 87, 169.

(36) Wine, P. H.; Thompson, R. J.; Ravishankara, A. R.; Semmes, D. H.;
Gump, C. A.; Torabi, A.; Nicovich, J. M. J. Phys. Chem. 1984, 88, 2095.

(37) Sander, S. P.; Ray, G. W.; Wauwson, R. T. J. Phys. Chem. 1981, 85,

199.
(38) Patrick, R.; Golden, D. M. Ins. J. Chem. Kiner. 1983, 15, 1189.
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TABLE ITI: Comparison of Measured 10 + NO, + N, Rate
CoefTicients with Those Obtained from “Best Fit™ Falloff Parameters

T
:no;l;mi" 10"3k,, cm? molecule™ s~
T.K cm™ exptl* At B! (&7
254 3.24 16.5 % 0.6 18.0 189 17.8
254 194 393x 34 42.6 477 430
275 3.24 142+ 08 149 15.0 14.2
275 194 363+ 27 37 395 358
298 1.30 6.09 £ 0.22 5.91 591 5.95
298 3.24 11.0%£0.7 11.6 11.6 11.1
298 6.48 18.1 £ 0.7 17.9 17.9 16.7
298 13.0 250205 26.3 26.3 240
298 194 34.1 222 324 324 293
298 243 364209 36.3 36.3 327
320 3.24 7.74 £ 0.30 8.77 9.08 8.80
320 194 219+ 24 27.8 27.1 245
354 3.24 6.22 = 0.90 545 6.25 6.12
354 19.4 17.7% 2.5 21.1 20.8 188

“Errors are 20 and represent precision only. *F, assumed to be 0.4
independent of temperature (see text for rationale). A: k(298 K) and
k.(298 K) obtained by fitting 298 K data only, n and m obtained by
fitting data at 7 = 298 K. Results: ko = 7.3 X 107%'(7/300)%* cm*
molecule? s7'; k. = 1.78 X 107'/(7/300)*** cm® molecule™! s™'. B:
ko(298 K) and k.(298 K) obtained by fitting 298 K data only; n ob-
tained by fitting data at 7 » 298 K with m fixed at 0. Results: ko =
7.3 X 1073(7/300)™* cm* molecule™?s™'; k, = 1.78 X 107! em® mol-
ecule™' 57!, C: ko(300 K), k.. and n obtained by fitting all data with m
fixed at 0. Results: ko = 8.1 X 107/(7/300)"%! cm® molecule?s™'; k.
= 1.31 X 107" cm® molecule™ s7'.

perature.® However, the temperature dependence of F(7) is
relatively weak and is usually ignored when parametrizing the
temperature and pressure dependences of atmospheric association
reactions.3%** Hence, we take F.(T) for reaction 2 to be 0.4
independent of temperature. In keeping with the usual repre-
sentation, 4 the temperature dependences of k, and k. are
parametrized as follows:

ko(T) = ko(300 K)(T/300)™ (IX)
k.(T) = k(300 K)(T/300)™ (X)

Values for ko(300 K), k.(300 K), n, and m obtained from
various fits of our data to eq VII are summarized in Table 111
while values for k;([M],298 K) measured in this study are plotted
in Figure 6. The best fit of our 298 K data only to eq VII gives
the results ko(298 K) = 7.6 X 107! cm® molecule™? s™! and k(298
K) = 1.78 X 107" em? molecule™ s™'. The falloff curve calculated
from these parameters is shown in Figure 6 as is the “currently
recommended™ falloff curve. The current recommendation,
ko(298 K) = 3.5 X 107! cm® molecule? s™ and k. = 1.6 X 107!

(39) Atkinson, R.; Baulch, D. L; Cox, R. A.; Hampson, Jr., R. F.; Kerr,
J. A Troe, ). J. Phys. Chem. Ref Data 1989, /8, 881.
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Figure 6. Comparison of our experimental 298 K falloff curve for the
10 + NO, reaction with the current recommendation of the IUPAC
panel®® which is based on the 277 K study by Jenkin and Cox'' and
assumed temperature dependences for ko and k.. Solid circles are our
experimental data. Solid line is best fit to the data with F, fixed at 0.4;
best-fit parametes are ko = 7.6 X 107*! cm® molecule s and k., = 1.78
X 107" em? molecule™ s™!. Dotted line is obtained from the best fit to
all data over the temperature range 254-354 K with F_ fixed at 0.4 and
k. forced to be temperature independent; the best-fit parameters are k,
= 8.4 % 107! cm® molecule™® s and k. = 1.31 X 107" cm’ molecule™
s”'. Dashed line is the current IUPAC panel recommendation: ko = 3.5
X 107" cm® molecule™ s™' and k. = 1.6 X 107" cm® moleculs™' 7.

cm? molecule™! s™!, is based on the values for k,([M].277 K)
reported by Jenkin and Cox'' and the assumed temperature de-
pendence parameters n = 3 and m = 0. When k(298 K) and
k.(298 K) were fixed at the values obtained by fitting the 298
K data only and data at T = 298 K were used to obtain n and
m, a negative value for m gave the best fit. Since it does not seem
physically realistic for k. to increase with increasing temperature,
this result is probably indicative of a small systematic error in
the temperature dependence data. As an alternative fitting
procedure, we fixed m at zero and varied only n; the result was
n = 4.9. Finally, we fit the entire set of data with m fixed at zero
to obtain values for ko(300 K), k.. and n; the results were ko(300
K) = 8.1 X 107 cm® molecule™® 5™, k, = 1.31 x 107" em?
molecule™ s™!, and n = 5.1. For comparison, the falloff curve
obtained by fixing m at zero and varying k(300 K), k., and n
independently is shown in Figure 6 along with the curve obtained
as the best fit to the 298 K data only. Rate coefficients calculated
by using all sets of falloff parameters are compared with exper-
imental results in Table III.

As a good, physically reasonable representation of our data,
we take the average of the two fits with m fixed at zero, i.e., B
and C in Table 111, and report the following falloff parameters
for reaction 2:

ko = 7.7 X 107°(T/300)° cm® molecule? 5™
k.= 1.55 x 107" cm’ molecule™ s™
F.=04

The above values for ky and k. should not be considered true low-
and high-pressure-limit rate coefficients. They are physically
reasonable values which can be used to reproduce our measured
values for ky([M],7) rather well (Table 11I). Over the ranges
of temperature and pressure employed in our experiments, reaction
2 was rather far removed from both the low- and high-pressure
limits; hence, uncertainties in both k, and k. are substantial.
Variation of F, has a rather small effect on the best-fit k, but
dramatically changes the best-fit k.. For this reason, we feel that
our reported value for ko(N,,298 K) probably is within £25% of
the true value while our reported value for k.(298 K) may deviate
from the true value by as much as a factor of 2. Uncertainties
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increase at temperatures far removed from 298 K. g

The temperature dependence for kg derived from our data is
rather large. The current NASA panel evaluation,? for example,
considers 36 association reactions of atmospheric importance (but
no 10 reactions); recommended values for n range from 0 to 4.3.
Two points should be made regarding the value n = $ obtained
in this study. First, no data were obtained at pressures close to
the low-pressure limit, so the uncertainties in derived values for
ko(300 K) and n are significant. Second, 10 may be a species
which exhibits large temperature coefficients for association re-
actions. For example, the association channel for the IO self-
reaction is known to have an unusually large negative activation
energy.'?

As can be seen from examination of Figure 6, the rate coef-
ficients k,([M],T) reported in this study are about a factor of 2
faster than those reported previously by Jenkin and Cox,'’ who
employed a molecular modulation technique to study reaction 2
over the pressure ranges 35404 Torr at 277 K and 24-101 Torr
at 303 K. The study of Jenkin and Cox had two problems which
may have resulted in inaccurate values for k;([M],7). Firstly,
even at the highest NO, levels employed, cnrago!aleq background
10 removal rates (presumably due to heterogeneous processes)
were about as fast as the apparent rate of 10 removal by NO;.
Secondly, a second-order component was observed in their 10
decays which increased markedly in importance with increasing
pressure. Jenkin and Cox attributed the second-order component
to the 10 self-reaction. The recent study of the 10 self-reaction
by Sander'? found a much smaller pressure-dependent component
and much larger pressure-independent component to ko than
reported by Jenkin and Cox.!" Thus, the procedure used by Jenkin
and Cox to extract values for ky([M],T) from their observed mixed
first- and second-order decays must be considered suspect.

It is of interest to compare the IO + NO, rate coefficients
obtained in this study with reported measurements of k-
([M]'T)w-so and k”([M].D.”'“'”

ClO + NO, + M — CIONO, + M (11)
BrO + NO, + M — BrONO, + M (12)

At 298 K, the high-pressure-limit rate coefficients are roughly
equal for all three reactions, but the low-pressure-limit rate
coefficients increase in the order CIO < BrO < 10. Hence, at
atmospheric pressures ky > k)3 > k).

It is now generally accepted that the yields of products other
than CIONO, from reaction 11 are negligible.”4%*? However,
DeMore et al.2 point out that “even though isomer formation
seems to have been ruled out for the CIO + NO, reaction (i.e.
the isomer stability is too low to make a significant contribution
to the measured rate constant), this does not eliminate the pos-
sibility that BrO + NO, leads to more than one stable compound.
In fact, if the measured low pressure limit rate constant for BrO
+ NO, is accepted, it can only be theoretically reconciled with

(40) Zahniser, M. S.; Chang, J. S;; Kaufman F.J. Chem. Phys. 1977, 67,
97

(41) Birks, J. W.; Shoemaker, B.; Leck, T. J.; Borders, R. A; Hart, L. J.
J. Chem. Phys. 1977, 66, 4591.
(42) Leu, M. T; Lin, C. E; DeMore, W. B. J. Phys. Chem. 1977, 81, 190.
(43) Knauth, H. D. Ber. Bunsen-Ges. Phys. Chem. 1978, 82, 212.
((m“) Molina, M. J.; Molina, M. T ; Isiwata, T. J. Phys. Chem. 1980, 84,

3100.

264(;” Cox, R. A; Lewis, R. J. J. Chem. Soc., Faraday Trans. | 1979, 75,
(46) Dasch, W.; Sternberg, H.; Schindler, R. N. Ber. Bunsen-Ges. Phys.

Chem. 1981, 85, 611.

& (:Zg Cox, R. A.; Burrows, J. P.; Coker, G. B. Inr. J. Chem. Kinet. 1984,

‘0'5(43)'H.ndmk. V.; Zeliner, R. Ber. Bunsen-Ges. Phys. Chem. 1984, 88,

(49) Burrows, J. P.; Griffiths, D. W. T.; Moorigat, G. K.; Tyndall, G. S.
J. Phys. Chem. 1985, 89, 266. i
B (;(7); Wallington, T. J.;: Cox, R. A. J. Chem. Soc., Faraday Trans. 2 1986,
'(51).Dan'u. F.; Caralp, F.; Masanet, J.; Lesclaux, R. Chem. Phys. Lett.,

in press.
(52) Thorn, R. P.; Daykin, E. P.; Wine, P. H. To be published.
(53) Margitan, J. J. J. Geophys. Res. 1983, 88, 5416.



a single isomer, BrONO,, which would have a 6-7 kcal mole™
stronger bond than CIONO,! This would fix the heat of formation
of BrONO, to be the same as CIONO,, an unlikely possibility.”
A similar situation exists when comparing the measured low-
pressure limit rate coefficient for 10 + NO, with that for CIO
+ NO,. Clearly, the thermochemistry of XONO, (X = Br, I)
requires further investigation, as does the possible formation of
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isomers such as OXNO,, XOONO, or OXONO.
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Abstract

A laser flash photolysis-resonance fluorescence technique has been employed to study the
kinetics of the important stratospheric reactions C1(*P;) + Oy — £10 + O, and Br(*Py,) +

0; = BrO + O, as a function of temperature. The temperature dependence observed for the '

CI(*P,) + Oy reaction is nonArrhenius, but can be adequately described by the following two
Arrhenius expressions (units are cm® molecule™ 87, errors are 20 and represent precision
only): &,(T) = (1.19 = 0.21) x 10" exp [(-33 = 37)/T] for T = 189-269K and &,(T) =
(2.49 = 0.38) x 107" exp{(-233 = 46)/T) for T = 269-385 K. At temperatures below 230 K,
the rate coefficients determined in this study are faster than any reported previously. Incor-
poration of our values for k,(7) into stratospheric models would increase calculated Cl1O levels
and decrease calculated HCI levels; hence the calculated efficiency of ClO, catalyzed ozone
destruction would increase. The temperature dependence observed for the Br(*P;,) +

0, reaction is adequately described by the following Arrhenius expression (units are

cm® molecule™ 87}, errors are 20 and represent precision only): k,(T) = (1.50 = 0.16) x 10"

exp((~775 = 30)/T] for T = 195-392 K. While not in quantitative agreement with Arrhenius
parameters reported in most previous studies, our results almost exactly reproduce the aver-
age of all earlier studies and, therefore, will not affect the choice of k,(T) for use in modeling
stratospheric BrO, chemistry.

Catalytic cycles involving ClO, and BrO, species play an important role
in stratospheric chemistry [1,2]. In most catalytic destruction cycles in-
volving ClO, and BrQ,, ozone is destroyed by the reactions

(1) Cl(ZPJ) o= 03 Spm— CIO + 02
(2) Br(zpm) + 03—"’ B!‘O <+ 02-

Although recycling of halogen monoxide radicals back to halogen atoms is
rate-limiting under conditions which typically exist in the stratosphere,
quantitative characterization of the kinetics of reactions (1) and (2) is
nonetheless important because catalytic efficiencies are influenced by the
competition between reactions (1) and (2) and reservoir-forming reactions
such as

3) CI(P,) + CH,— CH, + HCI
4) Br(*Py,) + HO, — O, + HBr.

In recent years, two catalytic cycles involving ClO, and BrO, species
have been implicated in the formation of the antarctic ozone hole [3,4]:

International Journal of Chemical Kinetics, Vol. 22, 399414 (1990)
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(1) I. 2(Cl1+ 0O;—ClO + 0O,

(5) Cl0O + C1I0 + M — CIOOCl + M

(6) Cl100Cl + hv — CI100 + CI

7 COO+M—Cl+0,+ M
Net: 20, — 30,

(1) I. C1+0,—CIO+ 0,

(2) Br + 03— BrO + O,

(8) BrO + ClO— Br + C1 + O,

Net: 20, — 30,

In the wintertime antarctic lower stratosphere, heterogeneous reactions in
polar stratospheric clouds (PSCs) can convert the reservoir species HCl and
CIONO, into the photolytically labile species Cl, and HOCI [5,6], which
photolyze rapidly in springtime to generate chlorine atoms. In this manner,
high levels of ClO are produced at the expense of HCl and CIONO,. Reac-
tions on PSCs may also result in production of BrO from HBr and BrONO,
although, since BrO is thought to predominate over the reservoir species in
the “normal” stratosphere [7], the effect of heterogeneous reactions on
BrO, chemistry is expected to be much smaller than the effect on CIO
chemistry. Under the NO, free conditions typical of the antarctic ozone
hole, conversion of XO to X(X = Cl or Br) via reaction with NO ceases to
occur, so reactions (5) and (8) become the principal mechanisms for cycling
XO back to X. Hence, a photochemical steady state is established where
the rates of reactions (1) and (2) become comparable to the rates of
reactions (5) and (8).

A number of kinetics studies of both reaction (1) [8-14] and reaction (2)
[14-19] are reported in the literature. At 298 K, there is excellent agree-
ment between the various studies, such that the estimated uncertainties in
k,(298 K) and k,(298 K) are only =15% and =20%, respectively [20]). How-
ever, there is considerable scatter in reported activation energies for both
reactions, leading to substantial uncertainties in both k, and &, at tempera-
tures typical of the lower stratosphere. In this article we report the results
of temperature dependent kinetics studies of reactions (1) and (2) over the
temperature ranges 189-385 K and 195-392 K, respectively; particular at-
tention was focused on obtaining accurate kinetic data near the low tem-
perature end of the ranges studied. We find that extrapolation of previously
reported Arrhenius expressions for k,(T) to lower temperature predicts
rate coefficients in reasonable agreement with our measurements. How-
ever, the temperature dependence for k, observed in our study is quite dif-
ferent from any reported previously. Our measured value for k,(190K) is
significantly faster than would be predicted based on extrapolation of earlier
measurements of k(7).

Experimental Technique

The laser flash photolysis-resonance fluorescence apparatus used in this
study was similar to one which we have employed previously in a number

190



KINETICS OF REACTIONS 401

of studies of chlorine atom kinetics {21-25) and one study of bromine atom
kinetics [26]. Important features of the apparatus are described below.

A pyrex, jacketed reaction cell with an internal volume of 150 cm® was
used in all experiments. The cell was maintained at a constant tempera-
ture by circulating ethylene glycol or a 1:1 methanol-ethanol mixture
from a thermostated bath through the outer jacket. A copper-constantan
thermocouple with a stainless steel jacket could be injected into the reac-
tion zone through a vacuum seal, thus allowing measurement of the gas
temperature under the precise pressure and flow rate conditions of the ex-
periment. Temperature variation within the reaction volume (i.e., the vol-
ume from which fluorescence could be detected) was less than 1 K at both
the high and low temperature extremes of the study. .

In most experiments halogen atoms (X) were produced by 355 nm pulsed
laser photolysis of X,. Third harmonic radiation from either a Quanta Ray
model DCR-2 or a Quantel model 481-A Nd:YAG laser provided the pho-
tolytic light source. These lasers could deliver up to 1 x 10" photons per
pulse at a repetition rate of up to 10 Hz; pulsewidths were about 6 ns. In
some experiments chlorine atoms were produced by 193 nm pulsed laser
photolysis of CF,Cl,. A Lambda Physik model EMG-200 ArF excimer laser
was used as the photolytic light source. The excimer laser could deliver up
to 4 x 10" 193 nm photons per pulse at a repetition rate of up to 10 Hz; the
laser pulsewidth was about 15 ns.

An atomic resonance lamp, situated perpendicular to the photolysis
laser, excited resonance fluorescence in the photolytically produced atoms.
The resonance lamp consisted of an electrodeless microwave discharge
through about one torr of a flowing mixture containing a trace of X, in He.
The flows of a 0.1% X, in He mixture and pure He into the lamp were con-
trolled by separate needle valves, thus allowing the total pressure and X,
concentration to be adjusted for optimum signal-to-noise. Radiation was
coupled out of the lamp through a magnesium fluoride window and into
the reaction cell through a magnesium fluoride lens. Before entering the
reaction cell the lamp output passed through a flowing gas filter. For de-
tection of bromine atoms, the filter gas was 50 torr-cm CH, in N,; this fil-
ter prevented radiation at wavelengths shorter than 139 nm (including
impurity emissions from excited O, H, Cl, and N atoms) from entering the
reaction cell, but transmitted the strong Br lines in the 140-160 nm re-
gion. For detection of chlorine atoms, the filter gas was normally 3 torr-cm
N,O in N,; this filter blocked virtually all O atom impurity emissions at
130-131 nm while transmitting the chlorine lines in the 135-140 nm
wavelength region. In some experiments, N, or dry air were used as the
chlorine lamp filter. The only chlorine atom resonance lines transmitted
through 760 torr-cm of air are the ’Dy, 3, — Py, doublet at 118.9 nm [27).
For both chlorine and bromine, fluorescence intensities were found to vary
linearly with atom concentration up to levels several times higher than
any employed in kinetics experiments ([Br], = 6 x 10" per cm® and
[Cl], = 8 x 10" per cm® in all experiments).

Fluorescence was collected by a magnesium fluoride lens on an axis or-
thogonal to both the photolysis laser beam and the resonance lamp beam,
and imaged onto the photocathode of a solar blind photomultiplier. The re-
gion between the reaction cell and the photomultiplier was purged with
N,. For detection of chlorine atoms in conjunction with N,O/N, or pure N,
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lamp filters, a calcium fluoride window was placed between the reaction
cell and the photomultiplier to prevent detection of emissions at wave-
lengths shorter than 125 nm (Lyman-x emission, for example). Signals
were processed using photon counting techniques in conjunction with multi-
channel scaling. For each halogen atom decay measured, signals from a
large number of laser shots were averaged in order to obtain a well-defined
temporal profile over (typically) three 1/e lifetimes of decay. The multi-
channel analyzer sweep was triggered prior to the photolysis laser in order
to allow a pre-trigger baseline to be obtained.

In order to avoid the accumulation of photolysis or reaction products, all
experiments were carried out under “slow flow” conditions. The linear flow
rate through the reactor was 2-3 cm 8! while the laser repetition rate was

varied over the range 1-10 Hz. Even at the highest repetition rate em- ,

ployed, no volume element of the reaction mixture was subjected to more
than a few laser shots. Cl,, CF,Cl,, Br,, and O; were flowed into the reac-
tion cell from 12 liter bulbs containing dilute mixtures in nitrogen buffer
.gas. Hydrogen and nitrogen were flowed directly from their high pressure
storage tanks. In most experiments, all components of the reaction mix-
tures were premixed before entering the reaction cell. As a check for the
possible occurrence of heterogeneous reactions between X, and O,, some
experiments were carried out in a configuration where X, was injected into
the reaction cell through a 1/8 inch O.D. teflon tube positioned such that
X, mixed with other components in the reaction mixture about 2 cm up-
stream from the reaction zone. Concentrations of each component in the re-
action mixtures were determined from measurements of the appropriate
mass flow rates and the total pressure. The O; concentration was also mea-
sured in situ in the slow flow system by UV photometry at 253.7 nm using
a 2-meter long absorption cell; the O, absorption cross section required to
convert measured absorbances to concentrations was taken to be 1.146 X
107" cm? [28-31). In most C]1 + O, experiments the absorption cell was po-
sitioned downstream from the reaction cell. However, to check for O; loss
in the flow system, some experiments were carried out with the absorp-
tion cell positioned upstream from the reactor. The Br + O, experiments
employed two absorption cells, one upstream and one downstream from
the reactor.

The stable, pure gases used in this study had the following stated mini-
mum purities: N,, 99.999%; Cl,, 99.99%; CF,Cl,, 99.0%; O,, 99.99%; H,,
99.999%. Nitrogen, oxygen, and hydrogen were used as supplied while
chlorine and CF,Cl, were degased repeatedly at 77 K before use. Bromine
was Fisher ACS reagent grade with a maximum impurity level of 0.06%; it
was transferred into a vial fitted with a high vacuum stopcock, then de-
gased repeatedly at 77 K before use. Ozone was prepared in a commercial
ozonator using UHP oxyen. It was collected and stored on silica gel at
195 K, and degased at 77 K before use.

Results and Discussion

To study the kinetics of reactions (1) and (2) it is desirable to establish
experimental conditions where the X(*P,) temporal profile is governed en-
tirely by the following processes:
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9) RX + v— R + X(P))
(i) X(ZPJ)+03—'—’X0+02 i=1°r2
(10) X(*P,) — first order loss by diffusion from the

detector field of view or reaction
with background impurities

Then, since [0,] > [X(*P,)], simple first-order kinetics are obeyed:

(1) In{[X(P)))L/[X(P)1} = (R[O;] + Ryt = k't.

The bimolecular rate coefficients, k(7T), are determined from the slopes of &’
vs. [0,] plots. Observations of X(*°P,) temporal profiles which are exponen-
tial (i.e., obey equation 1), a linear dependence of &' on [O;], and invariance
of k' to variations in laser photon fluence and RX concentration strongly
suggests that reactions (i), (9), and (10) are the only processes which affect
the X(*P,) time history. Typical [Br(*P,)] temporal profiles and k&’ vs. (O]
plots for data from our study of reaction (2) are shown in Figures 1 and 2.
Results for reactions (1) and (2) are discussed separately below.

T L ] T T
100\\ (.T:
= \ TSN
2 N Lo
o -~ ' .
5 NN\ .
£ '\\. 'h_
5 - \o = e
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E Q'.’-. . .' L
7] N
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1 1 1 1l e
o 5
time (ms)

Figure 1. Typical halogen atom temporal profiles. Reaction: Br(*P,3) + Oy --+ BrO +
O,. Experimental conditions: T = 201 K; P = 150 torr; [Br,) =~ 3.8 x 10" molecules per
em’; laser fluence ~ 11 mjoules per cm? {O;] in units of 10* molecules per cm® = (a) 0,
(b) 1.04, (¢) 3.29, (d) 5.43; number of laser shots averaged = (a) 64, (b) 128, (c) 926,
(d) 1100. Solid lines are obtained from least squares analyses and give the following
pseudo-first order decay rates in units of 57*: (a) 25, (b) 376, (c) 979, (d) 1700.
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Figure 2. Typical plots of k', the pseudo-first order halogen atom decay rate, as a func-
tion of ozone concentration. Reaction: Br(?P;,) + O3 ——» BrO + O,. For the sake of
clarity, data points obtained with [O;] = 0 are not shown. Solid lines are obtained from
linear least squares analyses and give the following bimolecular rate coefficients in
units of 107 em® molecule™ s~} (errors are 20, precision only): 195 K, 2.89 = 0.19;
234 K, 541 = 0.18; 283 K, 8.64 = 0.93; 376 K, 18.1 = 1.2.

A.The Cl + O; Reaction

Most experiments in our study of reaction (1) employed 355 nm photoly-
sis of Cl; as the CI(*P,) source. Ozone in its ground vibrational state is to-
tally transparent at 355 nm [32]. The N, levels employed were sufficiently
high that relaxation of atoms in the ?P,, spin-orbit excited state was ex-
pected to be much more rapid than the rate of chemical removal of C1(*P,)
[33,34]. Hence, all measured chlorine atom temporal profiles should be
considered as representative of the removal of an equilibrium mixture of
Cl(*P,,) and CI(*P,,). As an experimental check on the above argument,
some experiments were carried out with CF,Cl,, a species which deacti-
vates CI(*P,,) at a gas kinetic rate (35], added to the Cl,/O,/N, photolysis
mixtures. Addition of 2 X 10'® CF,Cl, per cm® had no effect on the observed
kinetics of reaction (1). Over the temperature range investigated (189-
385 K), the equilibrium fraction of chlorine atoms in the *P,, state ranges
from 0.0012 to 0.037.

A total of about 300 CI1(*P,) temporal profiles were measured under a
wide variety of experimental conditions. The results used to obtain values
for k,(T) are summarized in Table 1. All experiments were consistent with
equation 1, i.e., all decays were exponential and, in a given set of experi-
ments, k' increased linearly with increasing ozone concentration. The ob-
served kinetics were unaffected by significant variations in laser repetition
rate, Cl, concentration, the concentration of photolytically produced atoms,
and the distance in the flow system over which Cl;, and O; were allowed to
interact before entering the reaction zone. In preliminary experiments (not
summarized in Table I) it was established that ozone was not lost during
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TaBLE I. Summary of kinetic data for the reaction C1(*P,) + O, --= ClO + O,

] Precursor ICl) 10'%k, 2 20

TR PTur  Conc 107em’ Q0em' N ks cmmolecule’s’s  Notes
1~ 0 [ 5 5 3410 966:029

14 30 Ui R 5 4 2760 9832028 d
142 50 ChG 4 5 1680 8982060

1914 30 Cl.& 3 9 4570 103204 e
194 40 Cl. 148 3 5 2980 100206

194 60 Cl.4 12 4 3981 112206

1thy 200 Clat 3 9 1600 106208 f
19~ 200 1.8 8 13 10100 992091 fg
194 150 Cly4 3 5 2600 9952016 I
204 n CF_Cl80 04-2 8 2300 101215

207 200 ClA 3 7 1560 956109 A
210 0 CF.ClLugo 14 10 2510 . 998:047 -
215 200 CLe 2 6 1960 11212 f
215 150 Cl.13 3 6 3360 104207 [4
215 200 1032 2 18 2020 103208 r
22 0 Cl1s 5 4 2260 990=020

20 n Cl,’5 5 4 2320 101201 d
22 150 Ci135 3 4 2730 103202 4
235 5t Cl,15 6 9 1690 102204 f
230 150 Cl/5 5 4 2020 100204

24~ 200 cl,2 4 5 1690 106210 f
249 200 Cl 10 3 7 1860 103207 f
251 200 Cl,258 N 7 1960 106207 f
202 50 CL. 12 ) 8 1900 106204

Al 150 Cl 11 2 8 2360 103207

294 Jon S 4 4 1430 109:=08

295 150 Cl 3 4 7 3060 114205 d
XL Y] CF 1, 90 042 8 1870 113204

=) 0 CF Ol 90 V309 7 2670 112208

2us 1o Cle2 2 6 5940 111=203 g
it 2 Cl = 48 9 1290 118208

e 200 (IR 3 7 1960 129206 f
NG 200 [ IR 4 7 1520 137206 f

* Unless otherwise indicated, the purge gas between the resonance lamp and reactor was a
dilute N;O/N, mixture and the gas flows were combined in a mixing chamber upstream from
the reactor. The linear flow rate through the reactor was 2-3 cm s™! in all experiments and
the laser repetition rate was varied over the range 1-10 Hz. Nitrogen was used as the buffer
gas in al] experiments. The background CI(*P,) decay rate was typically 35 s~}

® Photolysis wavelengths were 355 nm for Cl, and 193 nm for CF,Cl,.

‘N = number of individual pseudo-first order decay rates measured.

42 x 10" CF,Cl, per cm® added to reaction mixture to facilitate equilibration of the Cl1(*P,)
spin-orbit states.

*Volume between resonance lamp and reactor purged with dry air.

'Cl, injected into O,/N, flow just upstream from the reaction zone.

¥ Volume between resonance lamp and reactor purged with N,.

traversal through the flow system, i.e., ozone concentrations measured up-
stream and downstream from the reaction zone were identical. The ob-
served kinetics were also found to be independent of the C1(*P,) photolytic
source reaction (355 nm photolysis of Cl, or 193 nm photolysis CF,Cl,) and
independent of whether N,0/N,, N,, or dry air was purged through the
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volume between the resonance lamp and the reactor; these variations sug-
gest that reactions and/or inadvertent detection of interfering radicals,
such as O(°P,) for example, did not result in systematic errors in our
measurements.

The results in Table I show that &, is independent of pressure and only
weakly dependent on temperature. An Arrhenius plot for reaction (1) is
shown in Figure 3. Despite the rather small variation of &, as a function of
temperature, the In &, vs. T°! plot is clearly nonlinear, i.e., the activation
energy for reaction (1) is larger at higher temperature. Arrhenius parame-
ters can be used to describe the temperature dependence of k, if two sepa-
rate temperature regimes are considered:

k(T) = (1.19 = 0.21) x 107" exp[(~33 = 37)/T] 189 K T= 263 K
k(T) = (249 = 0.38) x 107" exp[(-233 + 46)/T] 262K =T =385K

Units in the above expressions are cm® molecule™ s~ and errors are 20,
precision only. The absolute uncertainty (20) in k,(T) calculated from the
above expressions is estimated to be =15% independent of temperature.
This error estimate is based on the precision of our rate coefficients (Table I),
estimates of possible systematic errors (primarily in the ozone concentra-
tion determination), and the ability of the above Arrhenius expressions to
reproduce the experimental data; the precision of the derived A-factors and
activation energies suggest uncertainties in &,(7") values which we believe
to be unrealistically high. It should be noted that data at T = 262 K and

T K
400 300 200
'J I ! 1 i i
18F
= -
= F 1.19x10 'exp(-33/T) -
3 1ol ]
S 12t -
3 |

........

3
.
4

cm m
—e—
1

-12

= | 2.49x10 exp(-233/T) 5 i
x ) -~
1 1 1 1 i
62.5 4.0 5.5
1000/T (K)

Figure 3. Arrhenius plot for the reaction C1(*P,) + Oy -—» ClO + O,. Solid lines are
obtained from unweighted least squares analyses of data over the temperature ranges
189-263 K and 262-385 K.
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263 K were used to obtain both of the above Arrhenius expressions; the val-
ues of &, (262.5 K) predicted by the two expressions differ by 2.5%. The two
expressions give exactly equal rate coefficients at T = 269 K, so this would
be the best temperature to switch from use of one expression to the other.

Our rate coefficient determinations for reaction (1) are compared with
those reported by other investigators in Table II. Error estimates are not
included in the Table because comparing reported errors from different
labs can often be misleading. For a majority of the studies summarized in
Table I, 20 error limits appear to be around 15-20% for k,(T') at any tem-
perature within the range investigated. The discharge flow-mass spec-
trometry studies of Clyne and Watson (8] and Leu and DeMore [12]
required an absolute calibration for the unstable species CI(*P,); the error
limits in these studies are about £30%. The rate coefficients reported by
Clyne and Nip [9] also have error limits of about +30% due to somewhat
larger scatter in the data than was observed in other studies. With the ex-
ception of the faster rate coefficient reported by Clyne and Watson [8] and
the somewhat slower rate coefficient reported by Kurylo and Braun [11],
reported values for k,(298 K) fall within the narrow range (1.22 = 0.08) x
10™") cm® molecule™ s7’. It is interesting to note, however, that the three
studies which employed flash photolysis techniques (this work along with
refs. [11] and [13]) obtained the three lowest reported values for k,(298 K),
suggesting the presence of a small but significant systematic error in ei-
ther the flash photolysis method or the discharge flow method. The source
of such an error is not readily identifiable, although it is possible that
some studies could have been affected by CI(*P,) or O, removal and/or re-

TaBLE II. Comparison of our results for the reaction CI(*P,) + O; —-+ ClO + O, with results
reported by other investigators.

k11012 cm3d molecule 151, B¢

Investigators Technigue & Range of TK) 298K 230K 190K
Clyne & Wauson (8) DF-MS 298 185
Clyne & Nip [9) DF-RA 221629 127 54 57
Zahniser. etal (10] DF-RF 210-360 122 103 88
Kurylo & Braun [11) FP-RF 213-298 101 T4 57
Leu & DeMore [12) DF-MS 295 13
Wauson, et al [13) FP-RF 220-350 116 87 67°
Toohey. et al [14) DF-RF 298 13
This Work LFP-RF 189-385 114 103 (]
NASA Panel [20) 121 ¥4 71
TIUPAC Papel (41]) 114 83 v

*DF: discharge flow; FP: flash photolysis; LFP: laser flash photolysis; MS: mass spec-
trometry; RA: resonance absorption; RF: resonance fluorescence.

*Where T-dependent data is reported, rate coefficients are calculated from Arrhenius
expressions.

‘Error estimates are discussed in the text.

* Obtained by extrapolation of more than a factor of 1.1 in 1/7T.
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generation resulting from reactions of the vibrationally excited C10 (C10*)
produced in reaction (1) [36]:

1) CI(*P;) + O3 — CIO* + O,
(1 Cl10* + CI(*P,) — O(’P,) + Cl,
(12a) ClO* + O, — CIO + O, + OCP,)
(12b) — CI(*P,) + 20,

(13) Clo* + M— Cl0 + M

(14) O(CP,) + CI0 — CI(’P)) + O,
(15) 0O(¢P,) + Cl,— CI(*P,) + CIO

It has been observed experimentally that reaction (1) can lead to produc-
tion of O(*P,) [37-40], and reaction (11) has been identified as a probable
OCP,) source under conditions of high [C1(*P,)] [38—40]. We have shown
previously [39] that O(°P,) production via the above chemistry is greatly
suppressed at high N, pressures, presumably because reaction (13) be-
comes dominant over reactions (11) and (12). Hence, our observation that
k,(T) is independent of pressure over the range 30-300 torr N, strongly
suggests that the above chemistry did not affect our measurements.

While reported values for k,(298 K) are in quite good agreement, the
scatter in reported and/or extrapolated rate coefficients increases with de-
creasing temperature. At temperatures below 230 K, the values for &,(T)
reported in this study are higher than any reported previously. As shown
in Table I, our measured value of 10.0 x 107** cm® molecule™ s™* for
k,(190 K) is a factor of 1.4 faster than current “recommendations” [20,41],
and agrees within combined error limits only with the (extrapolated) re-
sult of the discharge flow study of Zahniser et al. [10].

Incorporation of our results into models of stratospheric chemistry would
increase the steady state fraction of ClO, existing as ClO and reduce the
fraction existing as the unreactive reservoir HCI; hence, model calcula-
tions aimed at reproducing ClO measurement data would predict higher
ClO levels if our values for k,(T) were used in place of currently recom-
mended values [20,41). OQur values for &,(T') would increase the calculated
efficiency of chlorine catalyzed ozone destruction in modeling studies
where ClO levels are calculated from analysis of production and loss terms.
However, in some calculations of chlorine catalyzed ozone depletion, at-
tempts are made to reproduce observed ClO levels by adjusting the total
available inorganic chlorine; predictions from these models should be rela-
tively insensitive to changes in k,(T').

Toohey et al. [14] have recently shown that rate coefficients for the reac-
tions of O, with Br, Cl, F, O, and N atoms and OH radicals correlate with
the electron affinities of the radicals, a correlation which leads these au-
thors to suggest that X + O, reactions proceed through early transition
states dominated by transfer of electron density from the highest occupied
molecular orbital of ozone to the singly occupied molecular orbital of the
radical. A semi-empirical ClO, potential energy surface has been con-
structed by Farantos and Murrell [42] which also suggests an early transi-
tion state for the collinear collision (C1—O bond distance about 2.5 A).
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Farantos and Murrell [42] found no evidence for long-lived complex forma-
tion along the collinear pathway, but it does not appear that the possibility
of energetically favorable insertion pathways was examined in detail by
these authors. One possible explanation for the nonArrhenius temperature
dependence observed in our study of reaction (1) is that a weak minimum
exists in the potential energy surface for C1(*P,) insertion into an 0—0O
bond of ozone, thus permitting formation of a long-lived OCIOO* complex
whose decomposition to ClIO + O, makes a significant contribution to the
overall reaction rate at low temperatures. However, a matrix isolation
study of reaction (1) failed to observe evidence for any ClO, isomers [43].
As suggested by Toohey et al. [14]), ab-initio studies of X + O; reaction dy-
namics would certainly be a worthwhile endeavor.

B. The Br + Oy Reaction

In our study of reaction (2), 355 nm photolysis of Br, was employed as
the Br(*P,) source. Both theoretical (44] and experimental [45] information
suggest that virtually all bromine atoms are produced in the ?P;, ground
state. To insure rapid relaxation of any photolytically generated Br(*P,.,),
about 2 torr of H, was added to the reaction mixture. The reaction

(16) Br(*P,,) + H,(v = 0) — Br(*P;,) + Hy(v = 1)

is known to be fast, with ks = 6 x 107 cm® molecule™ s™* [46]. Since the
equilibrium concentration of Br(*P,,) is negligible over the temperature
regime of our study, all measured bromine atom temporal profiles should
be considered as representative of removal of ground state atoms, Br(*P;,).

A total of about 250 Br(*P;,) temporal profiles were measured under a
wide variety of experimental conditions. The results used to determine val-
ues for k, (T) are summarized in Table III. All experiments summarized in
Table III were consistent with equation I, i.e, all decays were exponential
and, in a given set of experiments, &' increased linearly with increasing
ozone concentration. The observed kinetics were unaffected by significant
variations in Br, concentration, the concentration of photolytically pro-
duced atoms, and the distance in the flow system over which Br, and O,
were allowed to interact before entering the reaction zone. In all experi-
ments summarized in Table III, ozone concentrations were measured both
upstream and downstream of the reaction cell; no evidence for ozone loss in
the flow system was observed except at 392 K where the downstream ozone
concentration was typically 10% lower than the upstream concentration,
even when O(*P,) production was minimized (see below). At 392 K, the
ozone concentration in the reaction zone was taken to be the average of the
upstream and downstream concentrations.

In preliminary experiments (not summarized in Table IIT), nonexponential
decays were observed at high temperatures and under conditions where
the ratio [0,]/[Br,] was relatively high. The observed deviation from the
prediction of equation I is attributed to Br(*P,,) regeneration via the fol-
lowing mechanism:

an 0,* + hv(355 nm) — O(°P,) + O,
(18) O(P,) + Br,— Br(*P;,) + BrO

199



410 NICOVICH, KREUTTER, AND WINE

TaBLE ITI. Summary of kinetic data for the reaction Br(*P,,) + O, --» BrO + 0,

Iu"h_:‘lc
cm

TK  RATorr [BrX10" em®) [Bri10" em*) N L PORER molecule s '
195 150 2-7 06-2 9 1830 2892019
201 150 4 12 10 1410 J152028
223 150 2-4 09-17 6 1290 4812013
224 150 4 1.0 9 1970 4822040
232 150 25 08-13 6 511 4992080
234 150 4 14 6 1350 541:018
246 150 2-6 08-2 B 999 659203
248 150 4 10 5 853 6382036
262 150 4 15 5 1170 K1l2040
283 150 3-7 09-2 8 1420 86d:08J
298 30 5 16 5 L1080 W20e
2938 100 4-14 2-6 13 2270 113207
293 150 3-1 15 9 1460 113207
298 150 2-10 08-3 6 1220 109207
298 150 4 16 8 1840 1M0=z03
298 300 4 16 6 888 113207
328 150 13-5 06-2 13 2150 144205
347 150 2.6 1-3 8 1390 145207
352 150 4-9 13.3 6 1440 178211
365 150 4 16 7 2460 180210
376 150 5 2 5 1680 181212
386 150 14 4 7 1920 208:09
392 150 13-3y 4 6 1670 226:08

*The purge gas between the resonance lamp and reactor was 5% CH, in N,. The linear flow
rate through the reactor was 2-3 cm s~' and the laser repetition rate was 1 Hz in all exper-
iments. Nitrogen was used as the buffer gas in all experiments. The background Br(’P;,) de-
cay rate was typically 30 s™'. The photolysis wavelength was 355 nm.

®N = number of individual pseudo-first order decay rates measured.

Reaction (18) is quite fast, i.e., k3 ca. 2 X 107" cm® molecule™ 57}, with
little or no temperature dependence [19,47,48]. As mentioned above, ozone
in its ground vibrational level is totally transparent at 355 nm [32]. How-
ever, near the high temperature extreme of our study (i.e.,, T > 380 K),
excited vibrational levels from which 355 nm absorption can occur [32]
become sufficiently populated to cause the above interference. To avoid
Br(*P,,) regeneration, our experiments at 386 K and 392 K employed much
higher Br, levels than normal but relatively low laser powers, such that
the concentration of photolytically generated Br(*P;,) was much greater
than the concentration of photolytically generated O(°P,). The only delete-
rious effect of these experimental conditions was to increase the back-
ground count rate due to photodissociation of Br; by the resonance lamp
and detection of the resultant Br(*Py,); this two-photon process could be
minimized by operating the resonance lamp at a relatively low power level,
though some signal counts were sacrificed in the process.

An Arrhenius plot for reaction (2) is shown in Figure 4. A linear least
squares analysis of the In &, vs. T~ plot gives the following Arrhenius ex-

pression in units of cm® molecule™ 87"

ky(T) = (1.50 = 0.16) x 107" exp[-(775 = 30)/T].
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Figure 4. Arrhenius plot for the reaction Br(’P,,) + O; === BrO + O,. Solid line is
obtained from an unweighted least squares analysis.

Uncertainties in the above expression are 20 and represent precision only.
The absolute uncertainty in k,(T) calculated from the above expression is
estimated to be =15% except at 392 K where a small potential contribution
from reactions (17) and (18) along with greater uncertainty in the O; con-
centration raise the estimated uncertainty in £,(392 K) to =25%.

Our rate coefficient determinations for reaction (2) are compared with
those reported by other investigators in Table IV. As was the case for
reaction (1), 20 error limits in most previous determinations of k,(T') ap-
pear to be in the 20-30% range, although Leu and DeMore [16] report an
uncertainty of +40% for their lowest temperature (224 K) rate coefficient.
Activation energies determined from the six temperature dependent stud-
ies of reaction (2) span the range 1.20-1.94 kcal mol™’ with the discharge
flow studies of Leu and DeMore [16] and Toohey et al. [14] at the high end,
the flash photolysis and discharge flow studies of Michael and co-workers
[17,18] at the low end, and our study along with the study of Dodonov et al.
[19] in the middle. While our results are in quantitative agreement only
with those of Dodonov et al., they rather fortuitously are in almost exact
agreement with current panel recommendations for k,(T'), which are ob-
tained by averaging all previous results except the results of Dodonov et al.
[20,41)! Hence, the values for k;(T') currently being employed to model
stratospheric chemistry are in exact agreement with our measurements. It
should be noted that the excellent agreement of our Arrhenius parameters
with those reported by Dodonov et al., may be somewhat fortuitous since
our study spans a range of 1/T more than four times larger than the range
gpanned by Dodonov et al.’s study.
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TABLE IV. Comparison of our results for the reaction Br(*Py;) + Oy --» BrO + O, with
results reported by other investigators.

k2(10-13 cm3 molecule-1s:1) b.c.

Investigators Technigue & Range of T K) 298K 230K 190K

Clyne & Watson (15) DF-MS 298 12

Leu & DeMore [16) DF-MsS 224-422 125 48 19°
Michael. et al [17) FP-RF 200-360 102 56 32
Michael & Payne [18) DF-RF 234-360 104 54 29°
Dodonov. et al [19) DFL-MS 281-337 109 49° 29°
Toohey. et al {14) DF-RF 248-418 138 54 23°
This Work LFP-RF 195-392 111 52 25
NASA Panel (20) 116 52 2%
IUPAC Panel (41) 116 52 25

a DF: discharge flow; FP: flash photolysis; DFL: diffusion flame; LFP: laser flash photolysis;
MS: mass spectrometry; RF: resonance fluorescence.

®*Where T-dependent data is reported, rate coefficients are calculated from Arrhenius
expressions.

‘Error estimates are discussed in the text.

* Obtained by extrapolation of more than a factor of 1.1 in 1/T.

Examination of Table IV shows that values for k,(230 K) and &,(190 K)
calculated using various reported Arrhenius expressions agree quite well;
the differences between the results of various studies are greatest at higher
temperatures. Both studies of Michael and co-workers were carried out
under less than ideal conditions and could be subject to systematic errors.
Their flash photolysis study [17] was hampered by Br(*P;,) regeneration
which was attributed to the reaction of photolytically generated O(P,)
with BrO, while their discharge flow study [18] was hampered by a severe
wall loss problem. The studies where relatively large activation energies
were measured [14,16] are harder to find fault with, particularly the study
of Toohey et al. [14] which appears to have been done very carefully.

Summary

A laser flash photolysis-resonance fluorescence technique has been em-
ployed to study the kinetics of the reactions of Cl(*P,) and Br(*P;,) with O,
with particular emphasis on characterization of the rate coefficients at low
temperature. Qur observed temperature dependence for the C1(*P,) + O,
rate coefficient is nonArrhenius, but can be adequately described by
the following two Arrhenius expressions (units are cm® molecule™ s7'):
k(T)=1.19 x 10°" exp(-33/T) for T = 189-269 K and &,(T) = 2.49 x
107" exp(-233/T) for T = 269-385 K. At lower stratospheric tempera-
tures, the rate coefficients determined in this study are faster than any re-
ported previously. Incorporation of our results into stratospheric models
would lead to an increase in calculated ClO levels and a decrease in calcu-
lated HCI levels; hence, the calculated efficiency of ClO, catalyzed ozone

JWI/Chem. Kinetics 1902 Vol. 22(3) JW1/Chem. Kinetics 1902 Vol 22(3)
3614 c¢s Galley 584 of 68 A 3614 cs Galley 59 of 68 A
FD 12.789  Cor FD 12-18-89 FD 12789 Cor FD 12.18-89
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destruction would increase. For the Br(*P,,) + O, reaction, we obtain the
result k,(T) = 1.50 x 107" exp(—-775/T) cm® molecule™ 57! for T = 195-
392 K. While not in quantitative agreement with Arrhenius parameters
reported in most previous studies, our results almost exactly reproduce the
average of all earlier studies and, therefore, will not affect the choice of
k,(T') for use in modeling stratospheric BrO, chemistry.
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Kinetics of the Reactions of O(P) and CI(*P)
with HBr and Br,
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Alanta, Georgia 30332

Abstract

A laser flash photolysis-resonance fluorescence technique has been employed to study the
kinetics of reactions (1)—(4) as a function of temperature.

(1) O(P) + Br, — BrO + Br(*Py,)  (255-350 K)
(2) Cl(*P) + Br,— BrCl + Br(*Py;)  (298—401 K)
3) OCP) + HBr — OH + Br(*P,) (250402 K)
) Cl(’P) + HBr — HCl + Br(*P;) (257404 K)

In all cases, the concentration of the excess reagent, i.e., HBr or Br;, was measured in situ
in the slow flow system by UV-visible photometry. Heterogeneous dark reactions between
XBr (X = H or Br) and the photolytic precursors for C1(*P) and OC*P) (Cl, and Oy, respec-
tively) were avoided by injecting minimal amounts of precursor into the reaction mixture
immediately upstream from the reaction zone. The following Arrhenius expressions summa-
rize our results (errors are 2c and represent precision only, units are cm® molecule™ 57'):
k, = (1.76 = 0.80) x 10" expl(40 = 100)/T); k, = (2.40 = 1.25) x 107 exp(—(144 =
176)/T); ky = (5.11 = 2.82) x 10™'? exp[~(1450 = 160)/T); k, = (2.25 = 0.56) x
107" exp(-(400 = 80)/T). The consistency (or lack thereof) of our results with those reported
in previous kinetics and dynamics studies of reactions (1)—(4) is discussed.

Introduction

The increasing levels of anthropogenic bromine compounds in the earth’s
atmosphere has led to concerns over the contribution of these species to the
catalytic destruction of stratospheric ozone [1]. To support studies of bromine
chemistry directly relevant to the chemistry of the atmosphere, the kinetics
of reactions (1)-(4) have been studied as a function of temperature.

(1) O(P) + Br, — BrO + Br(*P,,)
@) CI(*P) + Br, —» BrCl + Br(*P,,)
3) O(P) + HBr —» OH + Br(*P))
@) CI(*P) + HBr — HCl + Br(°’P,)

While not of direct atmospheric importance, reactions (1)-(4) often occur in
laboratory systems designed to obtain kinetic data for other reactions of at-
mospheric interest. For example, reaction (1) is a commonly employed labo-
ratory source of BrO, the predominant BrO, species in the stratosphere [2].

International Journal of Chemical Kinetics, Vol. 22, 379-397 (1990)
€ 1990 John Wiley & Sons, Inc. CCC 0538-8066/90/040379-20804.00
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Interest in reactions (1)—(4) also derives from the fact that a large number
of theoretical and experimental studies of the dynamics of these reactions
have been reported [3-37], and accurate kinetic data as a function of tem-
perature provides a useful check on some of the conclusions from these
studies.

Available kinetic data for reactions (1) and (2) is rather limited [38-44]
and, in fact, reaction (2) has been studied only at 298 K [43,44]. Although
reaction (4) has been studied by several groups [33-37,45,46], the results
are somewhat contradictory. Of the four reactions, only reaction (3) has a
large, self-consistent data base [47-50]; even in this case, however, a recent
theoretical prediction of a nonArrhenius temperature dependence in the
200-500 K regime [17] requires verification.

Experimental Technique

The laser flash photolysis-resonance fluorescence apparatus used in this
study was similar to one which we have employed previously to study a
number of atom-molecule reactions of Cl [51-55] and O [56-62]. Important
features of the apparatus are described below.

A pyrex, jacketed reaction cell with an internal volume of 150 cm® was
used in all experiments. The cell was maintained at a constant tempera-
ture by circulating ethylene glycol or methanol from a thermostated bath
through the outer jacket. A copper-constantan thermocouple with a stain-
less steel jacket could be injected into the reaction zone through a vacuum
seal, thus allowing measurement of the gas temperature under the precise
pressure and flow rate conditions of the experiment.

For studies of reactions (1) and (3), ground state oxygen atoms were pro-
duced by 266 nm pulsed laser photolysis of O; in the presence of (typically)
100 torr N,.

(5(a)) O, + hv(266 nm) — O('D) + O,(a'a,)
(5(b)) — OCP) + 0,X°3))
(6) 0('D) + N,— OCP) + N,

About 88% of the photolytically produced atoms are initially in the elec-
tronically excited 'D state [63], but experimental conditions were always
such that k¢[N,] > k,[Br,] or k;[HBr] (k¢ = 2.6 x 10" em® molecule™ 57!
[56,64,65]). Fourth harmonic radiation from a Nd:YAG laser served as the
photolytic light source for oxygen atom production. The laser could deliver
up to 3 x 10’ photons per pulse at a repetition rate of up to 10 Hz; the
pulsewidth was 5 ns. The three fine structure levels of O(°P) have split-
tings which are much smaller than thermal collision energies; hence, it is
safe to assume that our kinetics experiments probed a thermally equili-
brated mixture of O(°P,), OCP,), and OCP,).

For studies of reactions (2) and (4), chloriné¢ atoms were produced by 355 nm
pulsed laser photolysis of Cl, in the presence of (typically) 100 torr N,.

7 Cl, + Av(355 nm) — nCI(*Py,) + (2 = n)CI(*P,»)
(8) Cl(zplg) <+ N2 S— Cl(zpm) o7 Nz
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Based on literature values for deactivation of spin-orbit excited CI(*P,,) by
N, (kg ca. 5 x 107" cm® molecule™ s™* [66,67)), it appears that experimental
conditions were always such that k4[N,] > k,[Br;] or £,[HBr]. Hence, all
measured chlorine atom temporal profiles should be considered as repre-
sentative of the removal of an equilibrium mixture of Cl(*P,,) and C1(*P,,).
Third harmonic radiation from a Nd:YAG laser served as the photolytic
light source for chlorine atom production. The laser could deliver up to
1 x 10" photons per pulse at a repetition rate of up to 10 Hz; the pulse-
width was 6 ns.

An atomic resonance lamp, situated perpendicular to the photolysis
laser, excited resonance fluorescence in the photolytically produced atoms.
The resonance lamp consisted of an electrodeless microwave discharge
through about one torr of a flowing mixture containing a trace of O, or Cl, -
in He. The flows of a 0.1% O, or Cl, in He mixture and pure He into the
lamp were controlled by separate needle valves, thus allowing the total
pressure and O, or Cl, concentration to be adjusted for optimum signal-to-
noise. Radiation was coupled out of the lamp through a magnesium fluo-
ride window and into the reaction cell through a magnesium fluoride lens.
Before entering the reaction cell, the lamp output passed through a flow-
ing gas filter. For O(°P) detection, the gas filter was 0.1 cm-atm O, in Ny;
this filter prevented lamp emissions in the 135-165 nm region from enter-
ing the reactor. For Cl(*P) detection, the gas filter was 0.004 cm-atm N,0
in N,; this filter absorbed all impurity emissions from the oxygen triplet at
130-131 nm while only slightly attenuating the chlorine lines in the 135-
140 nm region, and also provided some attenuation of impurity emissions
in the 140-150 nm region.

Fluorescence was collected by a magnesium fluoride lens on an axis or-
thogonal to both the photolysis laser beam and the resonance lamp beam,
and imaged onto the photocathode of solar blind photomultiplier. The re-
gion between the reaction cell and the photomultiplier was purged with
N;. A calcium fluoride window was placed between the reaction cell and
the photomultiplier to prevent detection of emissions at wavelengths
shorter than 125 nm (Lyman-a emission, for example). Signals were pro-
cessed using photon counting techniques in conjunction with multichannel
scaling. For each atom decay measured, signals from a large number of
laser shots were averaged to obtain a well-defined temporal profile over
(typically) three 1/e lifetimes of decay. The multichannel analyzer sweep
was triggered prior to the photolysis laser in order to allow a pre-trigger
baseline to be obtained.

In order to avoid accumulation of photolysis or reaction products, all ex-
periments were carried out under “slow flow” conditions. The linear flow
rate through the reactor was typically 5 cm s™* and the laser repetition
rate was <5 Hz. Hence, no volume element of the reaction mixture was
subjected to more than one or two laser shots. The photolytic precursors O,
and Cl, and the stable reactants Br, and HBr were flowed into the reaction
cell from 12 liter bulbs containing dilute mixtures in nitrogen buffer gas.
The stable reactant flow was pre-mixed with additional nitrogen before en-
tering the reaction cell. Since heterogeneous reactions of the photolytic
precursors with the stable reactants were a problem in these studies, in
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most experiments the photolytic precursors were not pre-mixed with other
components of the reaction mixture upstream from the reaction cell; in-
stead, they were injected into the reaction cell through a !/s inch O.D.
teflon tube positioned such that the photolyte mixed with other compo-
nents about 1 to 5 cm upstream from the reaction zone.

Concentrations of each component in the reaction mixtures were deter-
mined from measurements of the appropriate mass flow rates and the total
pressure. The concentrations of HBr and Br, were also measured in situ
in the slow flow system by UV photometry. The 184.9 nm emission from
an Hg pen ray lamp was employed as the light source for monitoring HBr.
Absorption cells were 20 ecm long in the study of reaction (3) and 216 cm
long in the study of reaction (4). After passing through the absorption cell,
the 184.9 nm radiation was isolated for detection using a </« meter
monochromator-bandpass filter combination. The HBr absorption cross’
section at 184.9 nm was taken to be 2.36 x 107" cm? [68,69). A multipass
White cell arrangement was employed to monitor Br,. Radiation from a
xenon arc lamp was multipassed through a 35 cm absorption cell 42 times
giving an absorption pathlength of 14.7 meters. A /4« meter monochromator
in conjunction with dielectric coated White cell mirrors and narrow-band
anti-reflection coated absorption cell windows isolated radiation at the
monitoring wavelength, 415.8 nm. The Br, absorption cross section at
415.8 nm was taken to be 5.87 x 107* ecm? [70]; measurements carried out
during the course of our study confirmed that this cross section is correct.
To ensure that the reactant concentration was not changing during transit
through the flow system, all four reactions were studied with the absorp-
tion cell positioned both upstream and downstream from the reaction cell;
in the upstream position, of course, a small correction was required for di-
lution upon injection of the photolyte into the mixture.

The gases used in this study had the following stated minimum purities:
N, 99.999%; He, 99.999%; Cl,, 99.99%; HBr, 99.8%. Nitrogen and helium
were used as.supplied while Cl, and HBr were degassed repeatedly at 77 K
before use. Bromine was Fischer ACS reagent grade with a maximum im-
purity level of 0.06%; it was transferred into a vial fitted with a high vacuum
stopcock, then degassed repeatedly at 77 K before use. Ozone was prepared
in a commercial ozonator using UHP oxygen (99.99%). It was collected and
stored on silica gel at 195 K, and degassed at 77 K before use.

Results and Discussion

All experiments were carried out under pseudo-first order conditions
with HBr or Br, in large excess over O(°P) or Cl1(*P). Hence, in the absence
of secondary reactions which enhance or deplete the atom concentration,
the atom temporal profile is dominated by the reactions

(1) A + XBr — AX + Br, i=14

€] A — loss by diffusion from the detector field of view
and/or reaction with background impurities

where A = O or Cl and X = Br or H. Integration of the rate equations for
the above scheme yields the simple relationship
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) In{[A)o/[A)} = (B[XBr] + ko)t = k't.

The bimolecular rate coefficients, k,, are determined from the slopes of &’
vs. [XBr] plots.

For all four reactions studied, atom temporal profiles were found to be
exponential (i.e., obeyed eq. (I)) and to increase linearly with increasing
XBr concentration. Observed pseudo-first order decay rates were found to
be independent of laser photon fluence and photolytic precursor concentra-
tion in all cases. The above set of observations strongly supports the con-
tention that reactions (i) and (9) are the only processes which affected the
post-flash atom time histories in our studies of reactions (1)-(4). Results
for reactions (1)-(4) are discussed separately below.

O(°P) + Br,

Results from our study of reaction (1) are summarized in Table 1. The rate
coefficient k&, is found to be virtually independent of temperature over the
range 255-350 K. Typical O(*P) temporal profiles are shown in Figure 1
while &' vs. [Br,] plots for data taken at 255 K and 350 K are shown in
Figure 2. A linear least squares analysis of the In &, vs. T ! data gives the
Arrhenius expression.

k(T) = (1.76 = 0.80) x 10™" exp[(40 = 100)/T] cm® molecule™* s7'.

The temperature independent rate coefficient k, = (2.03 = 0.12) X
107" em® molecule™ s is an equally good representation of our results.
Errors in the above expressions are 20 and represent precision only. We es-
timate the absolute uncertainty (20) in k,(T') at any temperature within
the range of our study to be =15%.

There have been a limited number of previous studies of the thermal
rate coefficient for reaction (1). In a study by Clyne and coworkers [40), k,
was measured at room temperature in a discharge flow system using reso-
nance fluorescence to follow oxygen atom loss and, in separate experiments,
bromine atom production. At lower stoichiometries these workers found

TaBLE I.  Kinetic data for the reaction of O(°P) with Br,**

T P [0,] (03P, N¢ R k¢
255 100 250 48 8 11900 2.01 = 0.07
278 100 300 5.0 6 8720 1.97 = 0.05
296 100 240 45 8 8910 2.14 = 0.10
298 30 100 2.0 7 9120 1.99 = 0.16
298 100 90-260 0.7-3.4 19 10300 2.11 = 0.07
298 300 900 10 6 10000 2.08 = 0.09
350 100 160 20 7 8550 1.91 = 0.07

*Units are as follows: T (K); P (torr); O3], [O°P)), (10" per cm?); ko, (s71); &, (107 em’®
molecule™’ 57%).

*All experiments were done with N, buffer gas. The linear flow rate was varied from
3cms ' to 15 cm s™! (5 cm 87! typical). The laser repetition rate was varied from 1 Hz (typi-
cal) to 2.5 Hz. The O(*P) loss rate in the absence of Br, was typically 100 s™'.

‘N = number of pseudo first order decays measured.

“Error is 20 and represents precision only.
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Figure 1. Typical OCP) temporal profiles obtained in our study of the OCP) + Br, re-
action. Experimental conditions: T = 298 K; P = 300 torr; [0;] = 9.0 x 10" molecules
per cm®; [OC°P)), ca. 5 x 10"’ atoms per cm®; [Br,) in units of 10" molecules per
cm’® = (a) 1.04, (b) 2.05, (c) 4.86; number of laser shots averaged = (a) 150, (b) 250,
(c) 500. Solid lines are obtained from least squares analyses and give the following
pseudo-first order decay rates in units of s7%: (a) 1930, (b) 4400, (c) 10000.

that secondary chemistry due to the BrO produced from reaction (1) (i.e.,
the BrO + O reaction) was suppressed by adding excess NO. A value of
(14 = 0.2) x 107" em® molecule™ s~ was reported; the currently recom-
mended value for &, [71] is based on this result. Clyne et al. (40] also dis-
cussed previous studies of reaction (1) carried out in Clyne’s laboratory
[38,39]. The experiments of Clyne and Cruse [38], also performed in a dis-
charge flow system with resonance fluorescence detection of O(°P), were
carried out in excess NO but with [Br,]), ca. [O],. Therefore, Clyne et al.
concluded that the reaction

(10 O(P) + NO,— 0, + NO

was a complication in the Clyne and Cruse study and proposed that the
earlier result should be lowered to (1.2 = 0.4) x 10" em® molecule™ s™*
from the originally reported 1.74 x 107" cm® molecule™ s7'. Also discussed
by Clyne et al. is the work of Cruse [39]. Using techniques similar to
Clyne et al., the study of Cruse apparently yielded a value of (2.1 = 0.4) X
107" em® molecule™® s7! for k,. This is again the composite result of both
O(°P) disappearance and Br(’P) appearance measurements. As a weighted
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Figure 2. Plots of &' vs. [Br;] for data obtained at the temperature extremes of our
OCP) + Br, study. Lines are obtained from linear least squares analyses and give the
rate coefficients 2.01 = 0.07 at 255 K and 1.91 = 0.07 at 350 K in units of 10" cm®
molecule™'s™; errors are 20 and represent precision only.

average of all three studies, Clyne et al. [40] offer &, = (1.65 = 0.30) x
107" cm® molecule™ s7! at 298 K.

There have been two studies of the temperature dependence of &, reported
in the literature. Moin et al. [41] measured &,(T) relative to &,,(T)

(11) O(P) + Cl,— CI0 + CI(*°P)

over the temperature range 306 K to 425 K. These investigators report
k,(T)/k,,(T) = (3.98275}) exp[(1300 = 45)/T)]. Using our recently re-
ported [60] Arrhenius expression for reaction (11), k,,(T) = (7.4 = 24) x
10" exp[—(1650 = 100)/T'] cm® molecule™ 87}, in conjunction with the
k,(T)/ky(T) ratios reported by Moin et al. [41] leads to the result k,(T) =
(3.027% x 10™") exp[—(350 = 150)/T] cm® molecule™ s7*. Dodonov et al.
[42], have also measured k,(T') over the temperature range 246-431 K
using a diffusional flame method. These investigators obtained the result
k(T) = 4.6 x 107" exp[-(210 = 75)/T] cm® molecule™® s7*. The results of
Dodonov et al. are in fair agreement with our results particularly at tem-
peratures below 298 K. The error limits reported by Moin et al. are so
large that quantitative comparison with their study is a pointless exercise;
their results do suggest values for ,(T') of the same order of magnitude as
do our results.
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Both experimental and theoretical studies of the dynamics of reaction (1)
have appeared in the literature. Reactive scattering experiments at low
translational energies (1-3 kcal mol™') [3,4] indicate a long lived collision
complex while higher energy (15-40 kcal mol™') scattering experiments
[5,6] are more compatible with a complex that is short lived compared to a
rotational period. An RRKM model [7] suggests that the long lived com-
plex mechanism may adequately describe the scattering experiments. The
same RRKM model has been used to calculate a thermal rate coefficient
for reaction (1) [8). Good agreement is obtained only when a barrier of ap-
proximately 1 kcal mol™! is introduced into the entrance channel. While
this activation energy is consistent with a roughly estimated value that
has appeared in the literature [72], and is reasonably close to that observed
by Moin et al. [41], it is not compatible with the lack of a significant tem-
perature dependence observed in our study.

CU*P) + Br,

In order to study reaction (2) with in situ measurement of the Br, con-
centration, it was necessary to observe pseudo-first order decay rates ap-
proaching 10° s™', i.e., more than an order of magnitude faster than is
customarily employed in flash photolysis-resonance fluorescence studies.
Typical Cl(*P) temporal profiles observed in our study of reaction (2) are
shown in Figure 3, while a summary of the data is compiled in Table II.
The rate coefficient %, is found to be virtually independent of temperature
over the range 298-401 K. A linear least squares analysis of the In k&, vs.
T ! data gives the Arrhenius expression

k,(T) = (2.40 = 1.25) x 107 exp[—(144 = 176)/T] cm® molecule ™ s

The temperature independent rate coefficient k, = (1.58 = 0.22) x 107
cm® molecule™ s7' is an equally good representation of our results. Errors
in the above expressions are 2 and represent precision only. We estimate
the absolute uncertainty (20) in k,(T) at any temperature within the
range of our study to be =20%.

There have been two previous studies of k,. Both studies were performed
in the same laboratory using a discharge flow-resonance fluorescence sys-
tem at low pressures. In the earlier study Clyne and Cruse [43] reported
k,(298 K) = (1.20 = 0.15) x 107" cm® molecule™ s7'. In the later work
Bemand and Clyne [44] measured £,(298 K) = (1.9 = 0.2) X 107" cm® mole-
cule™® s7. The average of these two studies is in good agreement with our
result. Given the rapidity of reaction (2) it is not surprising that there is no
significant activation energy.

There have been several molecular beam studies of the dynamics of reac-
tion (2). As summarized by Valentini et al. [9] the lack of a significant de-
pendence of the total cross section on collision energy indicates a lack of any
energy barrier. This conclusion is also supported by the forwardly peaked
center of mass angular distributions of the product BrCl which are indepen-
dent of total collision energy. The total cross sections quoted in the molecu-
lar beam studies, 1-20 A? for E,,,, = 2.0 kcal/mol™* [10-12], 4-33 A? for
E... = 6.8 kcal/mol™* [9), and 5-42 A? for E,,,, = 14.7 kcal/mol~* [9] are
less than an estimated hard sphere cross section (ca. 48 A?) [73]. For the
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Figure 3. Typical Cl(*P) temporal profiles obtained in our study of the Cl(*P) + Br,
reaction. Experimental conditions: T = 327 K; P = 100 torr; [Cl,] = 1.9 x 10"
molecules per cm®; [C1(%P)), ca. 3 x 10" atoms per cm®; [Br,) in units of 10™ molecules
per cm® = (a) 1.04, (b) 2.58, (c) 3.65; number of laser shots averaged = (a) 1024,
(b) 2048, (c) 8192. Solid lines are obtained from least squares analyses and give the fol-
lowing pseudo-first order decay rates in units of 57': (a) 18400, (b) 41600, (c) 59400.

sake of comparison, if our valu.e for the thermal rate coefficient is
divided by the mean relative velocity at 298 K a “cross section” of 34 A®
is derived.

O°P) + HBr

Results from our study of reaction (3) are summarized in Table III and
plots of &' vs. [HBr] at a series of temperatures are shown in Figure 4. An

TaBLE II. Kinetic data for the reaction of Cl(*P) with Br,**

T P [Cl,) [C1*P)), N¢ | 1o ko
298 100 130-630 1.3-5.3 55 66000 149 = 0.10
327 100 190 3.0 6 59200 1.60 = 0.05
349 100 200 15 5 56300 149 = 0.17
401 100 220 34 6 59900 1.92 2 011

* Units are as follows: T (K); P (torr); [Cl,), [CI(*P)), (10" per em?); kL, (87'); k; (107%° cm?®
molecule™’ 57%).

® All experiments were done with N, buffer gas at =5 cm s~! linear flow rate and 1 Hz laser
repetition rate. The loss rate of C1(?°P) in the absence of Br, was typically 120 57",

‘N = number of pseudo first order decays measured.

¢Error is 20 and represents precision only.
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TaBLE ITI. Kinetic data for the reaction of O(*P) with HBr.**

T P [05) (OCP)), N¢ ki Ryt
250 100 76-130 6.0-10 7 1410 1.65 = 0.09
272 100 38 2.0 7 1130 2.55 = 0.09
298 30 40 3.0 5 1040 3.56 = 0.15
298 100 80-230 5.0-12 11 1710 3.65 = 0.15
298 100 40 3.0 6 1040 3.51 = 0.16
298 300 340 20 6 1120 3.51 = 0.26
345 100 40-80 3.2-7.0 10 1340 7.12 = 0.53
402 100 30-130 2.0-12 17 1660 152 = 1.4

*Units are as follows: T (K); P (torr); (03], [OCP)), (10" per cm®); kp,, (87)); ky (107 cm®
molecule™ 871). 4 :

® All experiments were done with N, buffer gas at 5 cm s~’ linear flow rate. The laser repe-
tition rate was varied from 1 Hz (typical) to 5 Hz. The typical O(*P) loss rate in the absence of
HBr was 80 57",

¢N = number of pseudo first order decays measured.

Error is 20 and represents precision only.

Arrhenius plot for reaction (3) is shown in Figure 5. A linear least squares
analysis of the In k; vs. T ™' data gives the Arrhenius expression

ky(T) = (5.11 = 2.82) x 107 exp[—(1450 = 160)/T] cm® molecule™ s™".

Errors in the above expression are 20 and represent precision only. We es-
timate the absolute uncertainty (20) in k4(T') at any temperature within
the range of our study (250-402 K) to be =15%.

k' (10°s")

0 1 2 1 1 = ! ! L
0 4

[HBr] (10" molecuies per em’)

Figure 4. Plots of ' vs. [HBr) for data from our study of the O(*P) + HBr reaction at
100 torr total pressure. Lines are obtained from linear least squares analyses and give
the following rate coefficients in units of 10" cm® molecule™'s™*: 1.65 = 0.09 at 250 K,
2.55 = 0.09 at 272 K, 3.65 = 0.15 at 298 K, 7.12 = 0.53 at 345 K, and 152 = 1.4 at
402 K; errors are 20 and represent precision only.
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Figure 5. Arrhenius plot for the reaction of O°P) with HBr. Solid line is obtained
from a least squares analysis of all data. Dashed line is obtained from a least squares
analysis of all data at T = 298 K. Dotted line is obtained from a least squares analysis
of all data at T = 298 K. The data point at 298 K (open circle) actually represents the
average of four separate k;(298 K) determinations (see Table III for individual rate
coefficients).

The kinetics of reaction (3) have been studied by four other groups over
the combined temperature range 221-554 K [47-50]; their results are com-
pared with ours in Table IV. The agreement among all studies is excellent,
especially considering the diversity of experimental methods employed.
Broida et al. [17] recently reported very good agreement between the experi-

TaBLE IV. Comparison of results obtained from kinetics studies of the O(°P) + HBr reaction.

Investigators Technique*  Range of T° A° E/R®  k,(298K)*
Takacs & Glass [47] DF-ESR 289 4.4
Brown & Smith (48] DF-CL 267-430 400 1360 4.2
Singleton & Cvetanovic (49] MM-CL 298-554 1340 1810 3.52
Nava et al. [50] FP-RF 221-455 673 1540 3.37
298-455 1100 1720

Broida et al. [17] QTC 200-550 530 1410 3.9
300-550 795 1590

This Work LFP-RF 250—402 511 1450 3.55
298-402 951 1670

*DF = discharge flow; ESR = electron spin resonance; CL = chemiluminescence; MM =
molecular modulation; FP = flash photolysis; RF = resonance fluorescence; QTC = quasi-
classical trajectory calculation; LFP = laser flash photolysis.

®Units are degrees Kelvin.

¢ Units are 107 cm® molecule™' s87".
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mental results [47-50] and their own quasiclassical trajectory calculations
which were carried out on a London-Eyring-Polanyi-Sato semiempirical
potential energy surface. McKendrick et al. [15] have used the same poten-
tial energy surface to calculate the energy partitioning in the products of
reaction (4), and have obtained good agreement with their experimental
product state distributions. It is interesting to note that the theoretical re-
sults of Broida et al. predict slightly nonArrhenius behavior for reac-
tion (3) over the temperature range of our study. Both our results and the
results of Nava et al. [50] seem to show a slight trend toward increasing
activation energy with increasing temperature, as predicted by Broida
et al.’s calculations. For example, the rate coefficients we have measured at
T =< 298 K suggest an activation energy of 2.36 = 0.36 kcal mol™* while
the rate coefficients we have measured at T = 298 K suggest an activation
energy of 3.32 = 0.37 kcal mol™' (errors are 2 and represent precision
only).

Cl(’P) + HBr

Results from our study of reaction (4) are summarized in Table V and
plots of & vs. [HBr] at the temperature extremes of our study are shown
in Figure 6. An Arrhenius plot for reaction (4) is shown in Figure 7. A
linear least squares analysis of the In &, vs. T~ data gives the Arrhenius
expression

k(T) = (2.25 = 0.56) x 10" exp[-(400 = 80)/7] cm® molecule™* s’

TaBLE V. Kinetic data for the reaction of Cl(*P) with HBr*®

T P ICl,) [C1P, N R R

257 100 110-470 0.6-2.7 10 9800 5.06 = 0.35
260 100 120 12 7 8160 4.96 = 0.19
272 100 160 11 6 8290 5.15 = 0.13
294 100 100 11 11 7960 5.39 = 0.34
298 30 170 16 5 6780 5.37 = 0.31
298 100 60-230 0.3-36 13 8230 5.55 = 0.28
298 100 170 2.7 6 11400 5.64 = 0.23
298 100 200 16 7 7600 5.63 = 0.23
298 300 200 2.0 5 7850 5.84 = 0.20
304 100 100 1.0 8 8710 5.90 = 0.34
319 100 190 19 6 7280 5.94 = 0.37
320 100 90 1.0 7 7580 6.12 = 0.20
347 100 200 17 6 7760 7.14 = 0.36
372 100 180 15 6 10900 8.27 = 0.43
404 100 210 2.0 14 8720 8.56 * 0.46

* Units are as follows: T (K); P (torr); [Cl,), [C1(*P)), (10" per cm®); kL, (s7%); k, (1072 em®
molecule™’ s7}).

®All experiments were done with N, buffer gas at a flow rate of =5 cm s™'. The laser repeti-
tion rate was typically 1 Hz, although this was varied up to 5 Hz. The typical Cl(?P) loss rate
in the absence of HBr was 180 87",

‘N = number of pseudo first order decays measured.

¢Error is 20 and represents precision only.
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Figure 6. Plots of k' vs. [HBr] for data obtained at the temperature extremes of our
Cl(*P) + HBr study. Lines are obtained from linear least squares analyses and give the

rate coefficients 5.04 = 0.35 at 257 K and 8.56 = 0.47 at 404 K in units of 10°% cm’
molecule™'s™; errors are 20 and represent precision only.

Errors in the above expression are 20 and represent precision only. As we
discuss below, heterogeneous dark reaction between Cl, and HBr was a
problem in this study. For this reason, the absolute uncertainty (20) in
k(T) at any temperature within the range of our study (257-404 K) is
relatively large, and is estimated to be £25%.

Systematic variations in experimental parameters during the course of
our investigation demonstrated that it was imperative to inject the CI(*P)
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Figure 7. Arrhenius plot for the reaction of C1(*P) with HBr. The solid line is obtained
from a linear least squares analysis.
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precursor (Cl,) into the reaction mixture close to the reaction zone. As the
contact time between Cl, and HBr in the flow system was increased, the ob-
served CI(*P) decay rate increased. When relatively large Cl, concentrations
were employed, a decrease in the HBr concentration (measured down-
stream from the mixing point) was observed. This phenomenon has been
observed previously [35] and appears to be attributable to the reactions

(12) HBr + Cl,— BrCl + HCI
(13) HBr + BrCl — Br, + HCI

Wen and Noyes [74) have estimated upper limits for the homogeneous gas
phase rate coefficients k,, and k,, to be 1.3 x 107 ecm®molecule™’s™ and
2.5 x 107%° ¢cm® molecule™' s™*! respectively, but have observed that .
reactions (12) and (13) are surface catalyzed. As shown in this study, the:

reaction of Cl(*P) with Br, is very fast. The reaction

(14) Cl1(*P) + BrCl — Cl, + Br(*°P;,)

is also quite fast, with k,, ca. 1.5 x 107 ¢cm® molecule™ s™* [43].

The results reported in Table V were all obtained under experimental
conditions where we believe the interference from reactions (12) and (13)
was negligible. The following observations support this contention:

(1) For Cl, concentrations of 1~7 X 10" molecules per cm®, k' was found
to increase linearly as a function of HBr concentration (over the range 0 to
1.5 x 10" molecules per cm®) while the resonance fluorescence signal
strength was independent of the quantity [HBr]/f[Cl,], (f = laser fluence
and [Cl,), = molecular chlorine concentration calculated assuming no loss
due to dark reaction); this suggests negligible loss of Cl, via dark reaction.

(2) The average of k' values at [HBr] = 0 calculated from linear least
squares analyses of the &' vs. [HBr] data was ca. 60s™* higher than the di-
rectly measured background CI(*°P) decay rate. If the observed increase is
attributed entirely to production of Br, via reactions (12) and (13) then,
based on our measured values for k,(T), about 3 x 10" Br, per cm® are
generated (apparently) by a dark reaction which occurs when small
amounts of HBr are added to the reaction cell but “saturates” and does not
become faster with increasing [HBr]. For the range of Cl, and HBr concen-
trations used to obtain the data in Table V, production of 3 x 10" Br, per
cm® would be accompanied by a drop in [Cl,] of ca. 1% and a negligible
change in (HBr].

(3) For [Cl;) = 7 x 10" molecules per cm® and for Cl, injection into the
flow near the reaction zone, measured rate coefficients, 4 ,(7), were found
to be independent of Cl, concentration and injector position. In these exper-
iments the injector position was varied over the range 1 to 5 cm upstream
from the reaction zone, corresponding to a pre-flash contact time between
Cl, and HBr of 0.2 to 1.0 seconds.

There have been several previous investigations of the kinetics of
reaction (4). Moore and coworkers [33-35] studied reaction (4) by observ-
ing the time-resolved infrared emission from vibrationally excited HCI
product. Rubin and Persky [45] measured k,(T) relative to reaction (14) in
a discharge flow system.

(14) Cl(*P) + C,H, — HCI + C,H;
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Lamb et al. [46] studied reaction (4) using the very low pressure reactor
(VLPR) technique. Using an apparatus similar to that employed by Moore
and coworkers [33-35], Nesbitt and Leone [36] reported a value for &,
(298K) from their study of the Cl,/HBr laser initiated chain reaction. More
recently, Dolson and Leone [37], also using an infrared chemiluminescence
(IRCL) technique but with improved wavelength resolution, re-investigated
the Cl,/HBr laser-initiated chain reaction and, in the process, re-measured
k(T). Several theoretical calculations of &, are also reported in the litera-
ture [21-23,32]. Our results are compared with all previous studies of the
kinetics of reaction (4) in Table VI.

It can be seen from inspection of Table VI that significant discrepancies
exist in measured values for £,(298 K) and in measured activation ener-
gies for reaction (4). Dolson and Leone [37] suggest that jn all earlier IRCL
studies [33-36], where the infrared emission was poorly resolved, k,(T)
may have been underestimated due to vibrational cascading into the levels
being detected. Dolson and Leone demonstrated that improper accounting
for vibrational cascading could lead to the nonArrhenius temperature de-
pendence reported by Mei and Moore [35]. The relatively fast rate coeffi-
cient reported by Dolson and Leone agrees well with the competitive

TABLE VI. Comparison of results obtained from kinetics studies of the CI(*P) + HBr reaction.

Investigators Technique* Range of T° A E/R® k(298 K[
Wodarcyzk & Moore (34])  LFP-IRCL 295 7.6°
Bergmann & Moore [33] LFP-IRCL 295 7.4¢
Mei & Moore [35) LFP-IRCL 218-402 40° 460" 8.5
Nesbitt & Leone [36] LFP-IRCL 298 79
Rubin & Persky (45] DF-MS-CK 222-504 418 411°¢ 10.3
Lamb et al. [46) VLPR-MS 267-333 34 0 3.4
Dolson & Leone [37) LFP-IRCL 298 10.2
Douglas et al. [21] CTC h h 360 h
Brown et al. [23) QTC 298 50'
Smith [22] C1C 300--1000 j | 47>
Broida & Persky [32) QTC 220-500 34" 4107 8.1
This Work LFP-RF 257-404 225 400 4.9

*LFP = laser flash photolysis; IRCL = infrared chemiluminescence; DF = discharge flow;
MS = mass spectrometry; CK = competitive kinetics; VLPR = very low pressure reactor;
RF = resonance fluorescence; QTC = quasi-classical trajectory calculation; CTC = classical
trajectory calculation.

®Units are degrees Kelvin.

¢ Units are 10" cm® molecule™ s

‘T =295 K.

*For 218-298 K data only; nonArrhenius behavior observed at T > 298 K.

Calculated from Arrhenius parameters.

Calculated assuming the following Arrhenius expression for the Cl + C,H, reference reac-
tion (71,75): k = 7.7 x 107" exp(~90/T) cm® molecule™ 87"

® Activation energy reported but temperature range and absolute rate coefficients not given.

' Assuming units in ref. [23) were meant to be cm® mol ™' 57"

k(1000 K) = 8.94(300 K).

YT = 300 K.

™ Arrhenius fit to rate coefficients calculated at 220 K, 300 K, and 500 K. Slightly non-
Arrhenius behavior actually computed with 220 K and 300 K results giving E/R ca. 300 K
while 300 K and 500 K results give E/R ca. 500 K.

=1
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kinetics result of Rubin and Persky (45], when the currently recommended
Arrhenius expression for k,,(T') [71,75] is used to put the Rubin and Persky
result on an absolute scale. The VLPR study of Lamb et al. [36] employed
much different experimental conditions than all other studies of reac-
tion (4) (i.e., 5 mtorr total pressure, [C]] ca. [HBr] ca. 5 x 10" per ecm’);
these investigators report a value for k,(298 K) which is about a factor of
three lower than the values reported by Dolson and Leone and by Rubin
and Persky, and observe no temperature dependence for k, over the range
267-333 K. Lamb et al. present mass balance data which suggests no prob-
lem with wall reactions. These authors also present an entropy calculation
for reaction (4) which suggests an A-factor of 6 x 107 cm® molecule™ 57},
significantly smaller than other experimental determinations (including
ours). It is well established that a significant fraction of the HCI product of
reaction (4) is formed in the second excited vibrational level [19,37]. Under *
the conditions employed by Lamb et al., it is possible that occurrence of the
slightly exothermic back reaction

(15) Br(*P,,) + HCl(v = 2) — CI(*P;,) + HBr(v = 0)

could have resulted in underestimation of k,. All other experimental stud-
ies employed conditions where [HBr] » [C1(*P)] and, therefore, would not
have been influenced by reaction (15).

The calculated rate coefficient reported by Brown et al. [23] appears to
have been printed incorrectly in ref. [23] since the authors claim good
agreement with the early experimental work of Wodarczyk and Moore [24]
even though the value for k,(298 K) which appears in their article, 30.2 X
10* cm® molecule™ s7* [23], is absurd. Rubin and Persky [34] suggest that
Brown et al.’s rate coefficient is actually in units of cm® mol™* s7%; dividing
Brown et al.’s reported value by Avogadro’s number gives k,(298 K) =
5.0 x 10" em® molecule™ s7!, much faster than all experimental values.
Smith [22] has carried out a classical trajectory study of reaction (4) and
reports £,(300 K) = (4.7 = 0.8) x 107*? cm® molecule™ s, in excellent
agreement with our result. A quasi classical trajectory calculation of k,(T)
was recently reported by Broida and Persky [32]; their result, k£,(300 K) =
8.1 x 10™¥ e¢m® molecule™ 57, is intermediate between our experimental
value and the experimental values reported by Dolson and Leone [37] and
by Rubin and Persky [45]. Comparison of experimental and theoretical val-
ues for k&, at ambient temperature is probably not very meaningful since
the potential energy surfaces used in the trajectory calculations [22,32]
were adjusted to give reasonable agreement with experimental values
for k,(298 K).

The activation energy for reaction (4) obtained in our study, 0.8 kcal
mol™’, agrees well with the activation energy reported by Rubin and
Persky [45] and with the low temperature activation energy reported by
Mei and Moore [35], but is in poor agreement with the result E, ca. 0 re-
ported by Lamb et al. [46]). Smith [22] has calculated k, at 300 K and
1000 K and finds that &, increases by a factor of 8.9 between these two tem-
peratures. Assumption of a linear In k,(T) vs. T~ dependence between
300 K and 1000 K would lead to an activation energy of 1.9 kcal mol™* from
Smith’s calculated rate coefficients, considerably larger than all experi-
mental values (obtained from data at T < 504 K). It is possible that E,, in-
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creases with increasing T between 500 K and 1000 K. In fact, the rate
coefficients calculated by Broida and Persky [32] at 220 K, 300 K, and
500 K suggest just such a trend, increasing E,. with increasing T. Both
the magnitude and the temperature dependence of E,  calculated by
Broida and Persky are consistent with our results. However, the scatter in
our data prevents us from stating conclusively that we observe nonArrhe-
nius behavior.

Summary

The laser flash photolysis-resonance fluorescence technique has been em-
ployed along with in situ monitoring of the excess reagent to study the tem-
perature dependence of the thermal rate coefficients for reactions {1)-(4).
The rate coefficient for reaction (1) has been found to be (2.03 = 0.30) x
10" c¢m® molecule™ s™! independent of temperature over the range 255-
350 K, in reasonable though not quantitative agreement with previous
work [38-42] and about 40% faster than the currently recommended (71]
value. The first temperature dependence study of the kinetics of reaction (2)
is reported. We find that k, = (1.58 = 0.36) x 107'° em® molecule™ s7!
independent of temperature; our value for k,(298 K) agrees reasonably
well with the rate coefficients reported previously by Clyne and coworkers
(43,44]. Reaction (3) was studied over the temperature range 250 K to
402 K. As predicted by a recent theoretical study [17], our data are sugges-
tive of a slightly nonArrhenius temperature dependence; best fit activation
energies over various temperature ranges are 2.36 = 0.32 kcal mol™* for
250 K < T < 298 K, 3.32 = 0.37 kcal mol™! for 298 K < T < 402 K, and
2.88 = 0.32 kcal mol ™! for 250 K < T < 402 K. Values for k,(T') obtained
in our study agree well with those reported previously [47-50]. Our results
for reaction (4) are adequately described by the Arrhenius expression
k(T) =225 x 107" exp(—400/T) for 257 K = T = 404 K although an ac-
tivation energy which increases slightly with increasing temperature
would also be consistent with our data. Due to problems with a heteroge-
neous dark reaction between HBr and Cl, the absolute uncertainty (20) in
k,T) at any temperature within the range studied is relatively high, and
is estimated to be =25%. The values for £,(T') reported in this study are in
rather poor agreement with all previously reported experimental rate coef-
ficients [33-37,45,46].
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Kinetics and Thermochemistry of Reversible Adduct Formation in the Reactlidn of
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Reversible adduct formation in the reaction of CI(?P,) with CS, has been observed over the temperature range 193-258
K by use of time-resolved resonance fluorescence spectroscopy to follow the decay of pulsed-laser-generated CI(P,) into
equilibrium with CS,Cl. Rate coefTicients for CS,Cl formation and decomposition have been determined as a function of
temperature and pressure; hence, the equilibrium constant has been determined as a function of temperature. A second-law
analysis of the temperature dependence of K, and heat capacity corrections calculated with use of an assumed CS,Cl structure
yields the following thermodynamic parameters for the association reaction: AH e = —10.5 £ 0.5 kcal mol™, AH® = -9.5
% 0.7 kcal mol™!, AS® g = -26.8 & 2.4 cal mol™ deg™, and AH, xg(CS;Cl) = 46.4 0.6 kcal mol™’. The resonance fluorescence
detection scheme has been adapted to allow detection of CI(*P,) in the presence of large concentrations of O,, thus allowing
the CS,Cl + O, reaction to be investigated. We find that the rate coefficient for CS,Cl + O, reaction via all channels that
do not generate CI(?P,) is <2.5 X 107" cm’ molecule™ s~ at 293 K and 300-Torr total pressure and that the total rate coefficient
is <2 X 107"* cm?® molecule™ s™' at 230 K and 30-Torr total pressure. Evidence for reversible adduct formation in the reaction

of CI(*P,) with COS was sought but not observed, even at temperatures as low as 194 K.

Introduction

It is now well established that the reaction of OH radicals with
CS, in air proceeds via a complex three-step mechanism involving
formation of a weakly bound adduct that reacts with O, to form
products in competition with unimolecular decomposition back
to reactants.'™ Recently, Martin et al.® reported results from
a steady-state-photolysis—competitive-kinetics—end-product analysis
study that suggest that chlorine atoms react with CS, via a similar
mechanism

CI(P)) + CS; + M — CS,Cl + M )
CSzC‘ +M— Cl(zp‘,) + CSz + M (-])
CS;CI + 02 - products (2)

In this study, we report direct kinetic observations that test the
above mechanism and allow determination of rate coefTicients for
reactions 1, -1, and 2 as well as the CS,Cl heat of formation. A
few experiments that examine the related reactions of C1(?P,) with
COS are also reported.

Experimental Technique
The laser flash photolysis~resonance fluorescence apparatus

used in this study was similar to one we have employed ._rrevimnly
in a2 number of studies of chiorine atom kinetics. Some
modifications were required in order to facilitate CI(?P,) detection
in the presence of relatively large concentrations of O,. Important
features of the apparatus are described below.

A Pyrex, jacketed reaction cell with an internal volume of ~150
em? was used in most experiments,'® while a newly constructed
Pyrex, jacketed cell with a similar internal volume was used in
a few experiments with O, bufTer gas. The new reaction cell was
specifically designed to minimize the path of fluorescence exci-
tation radiation and emitted fluorescence through O,; a schematic
of the new cell is shown in Figure 1. Both cells could be

® Author to whom correspondence should be addressed.
Y Present address: School of Physics, Georgia Institute of Technology,
Atlanta, GA 30332.

maintained at a constant temperature by circulating ethylene
glycol or 50% methanol/50% ethanol from a thermostated bath
through the outer jacket. A copper-constantan thermocouple with
a stainless steel jacket was injected into the reaction zone through
a vacuum seal, thus allowing measurement of the gas temperature
under the precise pressure and flow rate conditions of the ex-
periment.

CI(?P,) was produced by 355-nm pulsed laser photolysis (third
harmonic, Nd:YAG laser) of Clj; the laser pulse width was 6 ns.
The laser was typically operated at a fluence of 5-10 mJ/pulse
and a repetition rate of 2 Hz, although 50 mJ/pulse at a repetition
rate of 10 Hz was attainable.

A chlorine resonance lamp, situated perpendicular to the
photolysis laser, excited resonance fluorescence in the photolytically
produced atoms. The resonance lamp consisted of an electrodeless
microwave discharge through about 1 Torr of a flowing mixture
containing a trace of Cl; in He. The flows of a 0.1% Cl, in He
mixture and pure He into the lamp were controlled by separate
needle valves, thus allowing the total pressure and Cl, concen-
tration to be adjusted for optimum signal-to-noise ratio. Radiation
was coupled out of the lamp through a magnesium fluoride window
and into the reaction cell through a magnesium fluoride lens.
Before entering the reaction cell, the lamp output passed through
a flowing gas filter. For detection of chlorine atoms in N, buffer
gas, the filter gas was normally a dilute N,O/N, mixture; the N,O
level was adjusted to attenuate virtually all oxygen atom impurity
emissions from the lamp (130-131 nm) while transmitting the

(1) Jones, B. M. R.; Burrows, J. P.; Cox, R. A.; Penkett, S. A. Chem. Phys.
Let:, 1982, 88, 372.

(2) Barnes, 1.; Becker, K. H.; Fink, E. H.; Reiner, A.; Zabel, F.; Niki, H.
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i

Figure 1. Diagram of reaction cell designed to minimize the path length
of CI(?P,) resonance radiation through an absorbing gas in the reaction
mixture. The bottom port is used for fluorescence detection.

chlorine lines in the 135-140-nm region.

Fluorescence was collected by a magnesium fluoride lens on
an axis orthogonal to both the photolysis laser beam and the
resonance lamp beam and imaged onto the photocathode of a
solar-blind photomultiplier. The region between the reaction cell
and the photomultiplier was purged with N,. For detection of
chlorine atoms in N, buffer gas, a calcium fluoride window was
placed between the reaction cell and photomultiplier to prevent
lamp emissions at wavelengths shorter than 125 nm (Lyman-a
emission for example) from reaching the photomultiplier. Signals
were processed by photon-counting techniques in conjunction with
multichannel scaling. The multichannel analyzer sweep was
triggered prior to the laser Q switch to allow a pretrigger base
line to be obtained.

In order to avoid the accumulation of photolysis or reaction
products, all experiments were carried out under “slow-flow™
conditions. The linear flow rate through the reactor was (typically)
3cms™!, and the laser repetition rate was (typically) 2 Hz. Hence,
no volume element of the reaction mixture was subjected to more
than a few laser shots. CS,, COS, O,, and Cl, were flowed into
the reaction cell from 12-L bulbs containing dilute mixtures in
nitrogen, air, or oxygen buffer gas. The reactant mixture, chlorine
mixture, and additional buffer gas were premixed before entering
the reactor. The concentrations of each component in the reaction
mixture were determined from measurements of the appropriate
mass flow rates and the total pressure. Concentrations of CS,,
COS, and O, were also measured in situ in the siow-flow system
by UV photometry. Monitoring wavelengths, light sources, ab-
sorption path lengths, and absorption cross sections relevant to
the photometric measurements are summarized in Table 1.

The pure gases used in this study had the following stated
minimum purities: N, 99.999%: O,, 99.99%; Cl,, 99.99%: COS,
97.5%. Air was ultra zero grade with total hydrocarbons less than
0.1 ppm. Nitrogen, oxygen, and air were used as supplied.
Chlorine was degassed at 77 K before use. The COS sample was
purified by degassing at 77 K after passage over ascarite.’
Carbon disulfide was Aldrich Gold Label with a stated purity of

(11) Friedl, R. R. Dissertation, Harvard University, 1984.
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TABLE I: Parameters Relevant to ia Situ Monitoring of CS,, COS,
and 03

species A, nm 10%¢, cm? path length, cm
CS, 312.6, 313.2¢ 7.08 115, 216
CS, 213.9% 340 15.1, 115
COoS 228.8¢ 27.0 115

0, 253.7¢ 1150 216

#Light source: Hg pen ray lamp. ?Light source: Zn hollow cathode
lamp. “Light source: Cd pen ray lamp.

Signal (Arb. Units)

Time (ms)

Figure 2. Typical CI(*P,) temporal profiles observed following pulsed
laser photolysis of Cl;/O, mixtures in 300 Torr of air at 293 K. In all
experiments shown in the figure, [Cl,] = 1.0 X 10'* molecules/cm? and
[CI(?P)))o = 1.0 x 10'? atoms/cm?. [O;) (10'* molecules/cm’) = (a)
0, (b) 1.81, (c) 5.19, and (d) 9.68. Number of laser shots averaged =
(a) 500, (b) 1000, (c) 1500, (d) 4000. Solid lines are obtained from
least-squares analyses and give the following pseudo-first-order decay
rates (s™'): (a) 83, (b) 336, (c) 679, and (d) 1160.

99+%. Before use, the liquid CS, sample was transferred under
nitrogen atmosphere into a vial fitted with a high-vacuum stopcock,
degassed at 77 K, and then purified by trap-to-trap distillation
(210-77 K). Ozone was prepared in a commercial ozonator with
UHP oxygen. It was collected and stored on silica gel at 195 K
and degassed at 77 K before use.

One aspect of this work that differs from all previous studies
of chlorine atom kinetics in our laboratory is the use of time-
resolved resonance fluorescence spectroscopy as a CI(?P,) detection
technique in the presence of large levels of oxygen. An accidental
overlap of the 118.9-nm chlorine doublet (*Ds); 5/,~P;; transi-
tions) with a “window” in the O, absorption spectrum makes such
an experiment feasible. A 1 atm-cm amount of air completely
absorbs all lines of the 2D-2P, 3PP, and “P—P chlorine multiplets
except the 118.9-nm doublet, which is only attenuated by about
a factor of 2."2 Use of 118.9 nm as the resonant wavelength for
CI(3P,) detection requires that all optics in the detection train be
magnesium fluoride or lithium fluoride; hence, no filter for Ly-
man-a radiation could be employed. In most experiments, the
filter cell between the resonance lamp and the reactor was flushed
with N, i.e., most of the lamp output was absorbed by O, in the
reactor (but far removed from the region where the photolysis
beam and probe beam crossed). As a check, some experiments
were carried out with N, replaced by dry air as the filter gas.
Observed kinetics were independent of this variation—only signal
strengths were affected.

To test the integrity of our scheme for studying chlorine atom
kinetics in the presence of O,, the well-studied Cl + O reaction
was investigated at 293 K in 300-Torr air. Typical pseudo-

(12) Anderson, J. G.; Grassl, H. J.; Shetter, R. E.; Margiuan, J. J. J.
Geophys. Res. 1980, 85, 2869.
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Figure 3. Plot of the pseudo-first-order chlorine atom decay rate, k', as
a function of the O, concentration. Experimental conditions: T = 293
K, P = 300 Torr of air, [Cl,] = 1.0 X 10'* molecules/cm’, (CI(?P,)] =
1.0 X 10'? (@) or 4.0 X 10'' (O) atoms/cm>. The solid line is obtained
from a linear Jeast-squares analysis and gives the bimolecular rate
coefficient (1.12 % 0.08) X 107!! cm® molecule™ ™! where the uncertainty
is 2¢ and represents precision only.

first-order CI(®P,) decays observed in the Cl + O, experiment are
shown in Figure 2; the photolytically produced chlorine atom
concentration in all four experiments shown in Figure 2 was 1.0
X 10'2 atoms/cm?. A plot of the pseudo-first-order chlorine atom
decay rate as a function of the ozone concentration is shown in
Figure 3. The slope of this plot gives a bimolecular rate coefficient
of (1.12 £ 0.08) X 107" cm® molecule™ s™' where the uncertainty
is 20 and represents precision only. Agreement with the liferature
value'3 of 1.16 X 107! cm? molecule™ s is excelient. The results
shown in Figures 2 and 3 clearly demonstrate that time-resolved
resonance fluorescence spectroscopy is a viable detection scheme
for flash photolysis studies of chlorine atom kinetics in the presence
of large levels of O,.

Results and Discussion

As mentioned above, CI(?P,) was produced by 355-nm pulsed
laser photolysis of Cl,.

Cl, + hv (355 nm) — nCI(?Py ;) + (2 - mCI(?P, ;) (3)

Reported rate coefficients for quenching of the spin—orbit excited
state, CI(*P,5), by N, and O, are in the range (4.0-6.5) X 10713
cm?® molecule™! s7! and (1.3-230) X 10713 ecm® molecule™ 577,
respectively.'*!s Hence, for the N, O,, and CS, levels employed
in this study (Table 1), relaxation of CI(?P, ;) was greater than
10 times more rapid than chemical rcmova{ of CI(?P,), and all
measured CI(?P,) temporal profiles can be considered as repre-
sentative of the removal of an equilibrium mixture of CI(*P, ;)
and CI(*P;/;). The equilibrium fraction of chlorine atoms in the
2p, , state ranges from 0.0013 at 190 K to 0.015 at 300 K.
'{'he CS, absorption cross section at 355 nm is very small (<1
X 107! ¢m?).'¢ In the presence of O, buffer gas, electronically
excited CS; can react with O, to produce CS + SO,; the quantum
yield for chemical reaction is thought to be a few percent.!’” Under
the conditions of our experiments with O, buffer gas, CS produced
via the above mechanism was about 100 times lower in concen-
tration than CI(*P,) produced via Cl, photolysis. Hence, side
reactions involving CS that produce or destroy CI(?P,) could not

(13) DeMore, W. B.; Molina, M. J.; Sander, S. P.; Goiden, D. M;
Hampson, R. F.; Kurylo, M. J.; Howard, C. J.; Ravishankara, A. R. Chemical
Kinetics and Photochemical Data for Use in Stratospheric Modeling, JPL
Publication No. 87-41; Jet Propulsion Laboratory: Pasadena, CA, 1987.

(14) Clark, R. H.; Hussain, D. J. Chem. Soc., Faraday Trans. 2 1984, 80,
97.

(15) Sotnichenko, S. A.; Bokun, V. Ch.; Nadkhin, A. I. Chem. Phys. Lert.
1988, /53, 560.

(16) Rabalais, J. W.; McDonald, J. M.; Scherr, V.; McGlynn, S. P. Chem.
Rev. 1971, 71, 73.

(17) Jones, B. M. R.: Cox, R. A_; Penkett, S. A. J. Aimos. Chem. 1983,
1, 65.
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Figure 4. Typical CI(*P,) temporal profile observed following pulsed laser
photolysis of Cl,/CS,/N, mixtures at temperatures.below 260 K. The
laser fired at time = 0. 'Experimental conditions: 7 = 222 K, P = 30
Torr, [CS,;] = 2.70 X 10'"* molecules/cm?, {Cl,] = 4.8 x 10'* mole-
cules/cm?, [CI(*P,)]o = 4.1 X 10'" atoms/cm?, 1050 laser shots averaged.
The solid line is obtained from a nonlinear least-squares analysis that
yields the following best fit parameters: Q = 2370s™', A, = -87 7', A,
= -9440 s™'. The inset shows the same data plotted on a linear rather
than a logarithmic scale.

have been a significant interference in any of oar experiments.

If the mechanism for the Cl + CS; reaction proposed by Martin
et al.’ is correct, then, in the absence of O,, the CI(*P,) temporal
profile should be controlled by the following reactions:

CI(*P,) + CS, + M = CS,Cl + M (1,-1)

CI(?P,) ~ loss by diffusion from the detector field of view
and reaction with background impurities (4)
CS,Cl — loss by processes that do not regenerate CI(?P;) (5)

There appear to be no energetically allowed bimolecular channels
for the Cl + CS, reaction. The rate equations for the above
scheme can be solved analytically as long as all CI(*P,) and CS,Cl
loss processes are first order:

[CICP)),  (Q+ \) exp(A1) = (Q + A;) exp(Ay1)

= I
[CICP)], A=A
where

A\ = 0.5((a?~ 48)'/2- a) (In
A = =0.5((a’ - 48)'% + @) (111)
O=k, +ks (1v)
a=Q+k,+ k[CS;] = (A + 1)) v)
B = kiQ + k ik [CS;] = A\, (VI

A double-exponential decay is predicted. Good-quality experi-
mental data could be fit to eq 1 to obtain values for the three
parameters A, A;, and Q. Since &, is directly measured, the other
elementary rate coefficients can be obtained as follows:

ki ==\ + A+ ko + 0)/[CS;] (VD)
ks = (\A; = ki) /k)[CS;) (VIID)
k-l = Q - k’ (IX)

It should be noted that the parameter Q represents the sum of
all first-order CS,Cl removal processes. Therefore, eqs 1V and
IX require the assumption that the only CS,Cl removal process
that regenerates chlorine atoms is reaction -1.

When Cl,/CS,/N, mixtures at 298 K were subjected to 355-nm
laser flash photolysis, the double-exponential decays predicted in
the above analysis were not observed. However, at temperatures
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Figure 5. van't Hoff plot for the equilibrium CI(?P,) + CS, == CS,Cl.
The solid line is obtained from a linear least-squares analysis; its slope
gives AH = -10.34 £ 0.23 kcal mol™, and its intercept gives AS = -25.94
% 1.02 cal mol™' deg™' where the uncertainties are 2o and represent
precision only.

below 260 K, double-exponential decays became readily observ-
able. A typical Ci(*P,) temporal profile, observed at T = 222
K, P = 30 Torr, [CS,;] = 2.70 X 10'* molecules/cm’, is shown
in Figure 4. A total of 85 temporal profiles were measured at
temperatures, pressures, and CS, levels where double-exponential
decays were observed; the results obtained from analysis of these
temporal profiles are summarized in Table II. The equilibrium
constants, Kp, given in Table II were computed from the rela-
tionship

K’. ‘/RT-k|/k-|RT (X)

Nonlinear least-squares analyses were employed to extract values
for A, A;, O, and the extrapolated signal level at 1 = 0 from the
experimental temporal profiles. Values for k,, k_,, and K, were
then calculated.

A van't Hoff plot for the equilibrium defined by reactions 1
and -1 is shown in Figure 5. Since

In K, = (AS/R) - (AH/RT) (XI)

the enthalpy change associated with reaction 1 is obtained from
the slope of the van't Hoff plot while the entropy change is ob-
tained from the intercept. At 221 K, the midpoint of the ex-
perimental 1/7 range, this “second-law method” yields the results
AH = -10.34 = 0.23 kcal mot™ and AS = -25.94 % 1.02 cal mal™
deg™!, where the errors are 20 and represent precision only.
Considering potential systematic errors (in the [CS,] and tem-
perature measurements, for example), we estimate the accuracies
of the AH and AS determinations to be £4% and £8%, respec-
tively.

Since no structural information or vibrational frequencies are
available for CS,Cl, it is not possible to accurately calculate an
entropy change for reaction 1. However, to see if our second-law
value for AS is reasonable, we have carried out an entropy cal-
culation using an assumed, reasonable structure. We assume that
ClI binds to the carbon atom to form a planar CICS, species. The
C-S bond lengths are taken to be 1.55 A (identical with that in
CS,), the C~Cl bond length is taken to be 2.0 A, and the S-C-S
bond angle is assumed to be 150°. The set of assumed vibrational
frequencies are given in Table 111. At 221 K, the calculation
gives S(CICS,) = 65.0 cal mol™! deg™ and AS = -26.0 cal mol™!
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deg™!, i.c., the calculated AS agrees with the experimental value
within 0.06 cal mol™ deg™'! While the degree of agreement is
clearly fortuitous, we can conclude that our experimental value
for AS is reasonable. Using our assumed structural parameters
and vibrational frequencies to calculate heat capacity corrections
leads to the following thermodynamic parameters: AH® ¢ =-10.5
% 0.5 kcal mol™!, AH® = =9.5 & 0.7 kcal mol™!, AS® 0y = -26.8
% 2.4 cal mol™' deg™'. In conjunction with known heats of for-
mation for CI(?P,) and CS,'?, our value for AH ™, leads to the
result AH; 24(CICS,) = 46.4 £ 0.6 kcal mol™'. Uncertainties in
the above thermodynamic parameters are 20 and include both
precision and estimates of systematic errors.

Examination of the experimental results at T = 205, 206, 229,
231, 240, 244, and 256 K (Table II) shows an apparent tendency
for K, to vary systematically as a function of pressure. One
possible explanation for such results is nonthermalization of the
energized CS,Cl adduct before dissociation. However, if adduct
decompasition occurred from highly vibrationally excited levels,
then the apparent value for k_, would be larger than the real value
and K, (=k,/k_,RT) would be underestimated. Then, if reactions
1 and -1 were in the fall-off regime such that the adduct relaxation
rate increased more rapidly with pressure than did k, and k_j,
K would appear to increase with increasing pressure. In fact,
the opposite trend is observed (Table I1). It appears, therefore,
that the tendency for measured values for K to decrease with
increasing pressure is due not to incomplete thermalization of
CS,Cl but rather to small systematic errors in the experimenta)
or data analysis procedures. At low temperature and pressure,
k., is difficult to determine accurately because reaction 5 can make
a significant contribution to CS,Cl removal. At high temperature
and pressure, the rate of decay into equilibrium becomes very fast
and difficult to measure accurately; also, a small error (less than
1 us) in defining the exact time that the laser fires can lead to
significant errors in K, under high-temperature, high-pressure
conditions. Another possible systematic error that could explain
the observed dependence of K, on pressure would be a pres-
sure-dependent error in the temperature measurement. Needless
to say, we are aware of the above-mentioned sources of error and
have tried our best to minimize them.

To assess the possible affect of pressure-dependent systematic
errors on the accuracy of our results, we have carried out two
additional second-law analyses, one on the 54 experiments carried
out at 30-Torr total pressure and another on the 31 experiments
carried out at 60—600-Torr total pressure. The 30-Torr data give
AH®, x = -10.4] £ 0.14 kcal mol™! and AS®,,, x = -26.00
0.64 cal mol™' deg™ while the high-pressure data give AH®,54 ¢
= ~10.15 = 0.26 kcal mol™' and AS®,sx = ~25.49 £ 1.14 cal
mol™' deg™' (errors are 20, precision only). We conclude that
pressure-dependent systematic errors have a virtually negligible
influence on the accuracy of reported thermodynamic parameters.

Our direct observation of equilibrium kinetics confirms that
the CI(?P,) + CS,; reaction proceeds via reversible adduct for-
mation as propased by Martin et al.> Removal of CS, in Martin
et al.’s steady-state-photolysis experiments is proposed to result
from the fact that CS,Cl can react with O, in competition with
reaction -1. To investigate this possibility, we studied the kinetics
of CI(*P,) removal as a function of CS, concentration in 300 Torr
of N, and 300 of Torr air at the same temperature (293 K) as
employed by Martin et al.* In 300 Torr of N,, nonexponential
CI(*P,) decays were observed with the decay rate at short times
after the laser flash, being faster than the decay rate at Jonger
times. In 300 Torr of air, CI(*P,) decays were nearly exponential.
A likely explanation for the nonexponential decays observed in
N, and, 10 a lesser extent, in air, is given below. Plots of k' versus
[CS,] for the data obtained in N, and air are shown in Figure
6, where &’is the fast component of the observed decays (first
5-10 ms after the laser flash). Defining the apparent rate
coefficient, k,y, to be the slope of the plot of k’versus [CS,], we
find that kg, ~1.4 X 107 cm’ molecule™ s™! in both N, and
air.

Since there are no energetically feasible bimolecular channels
for the CI(*P,) + CS, reaction. the apparent reactivity must be
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TABLE II: Results of the O(’P)) + CS, + N; — CS;Q1 + N, “Approach-to-Equilibrium™ Experiments*

Nicovich et al.

concentrations

T P Ch. . il s 0 A Ay kg k, k., K,
193 30 88 060 324 202 101 1490 104 410 97 1600
193 30 88 060 628 179 76 2890 7 433 103 1610
197 30 84 063 180 230 67 800 75 3.34 155 802
197 30 84 063 353 262 75 1350 82 3.20 180 662
197 30 84 063 371 328 85 1740 93 3.94 235 625
199 30 84 063 713 329 73 2740 7 344 252 503
201 30 8 063 103 355 65 3870 67 344 288 437
205 80 42 03s 416 1630 124 4380 158 6.75 1470 164
205 80 51 047 835 1500 120 7630 139 7.45 1360 195
205 80 2 035 992 18% 150 9520 170 7.78 1720 161
205 80 2 038 1710 1890 143 14700 154 7.55 1730 156
205 80 2 035 1920 2180 231 16800 253 7.72 1930 143
206 30 32 036 346 580 69 1550 88 291 492 211
206 30 32 036 574 604 65 2350 76 311 528 210
206 30 2 036 1260 622 57 4760 61 331 561 210
206 30 2 036 3340 669 38 12400 38 3.51 631 198
206 220 0 069 467 3540 168 11500 221 173 3320 ., 186
206 220 0 069 1430 4110 207 29500 . 233 179 3870 164
206 600 91 0.89 353 8860 251 24600 362 450 8500 189
206 600 91 0.89 1140 9330 211 54800 244 400 9080 157
206 600 91 089 2080 9340 387 94400 422 41 8920 164
212 30 3 033 356 828 73 175 110 2.73 718 132
212 30 53 033 647 954 % 2850 119 3.04 835 126
212 30 3 033 1250 970 92 4760 108 3.09 862 124
212 30 3 033 2690 1060 123 8600 138 2.84 922 107
221 30 32 029 743 3550 392 S0% 990 2.57 2540 336
221 30 32 029 1 500 2300 102 6160 146 2,63 2150 406
221 30 86 086 1720 1840 136 5870 173 2.40 1670 477
221 30 32 029 3170 2140 79 10600 94 267 2050 433
222 30 34 03] 574 2450 68 3920 131 2.62 2320 3.4
222 30 48 04l 640 2040 75 3480 126 2.31 1920 398
222 30 @8 04l 1080 2350 90 $140 132 2.64 2210 39.4
222 30 48 04 1750 2370 9 6870 126 261 2250 384
222 30 4 031 2300 2730 80 9230 102 2.85 2630 357
222 30 48 04 2700 2370 87 9440 103 2.64 2270 8.4
222 30 4 03] 3990 2350 62 12400 70 2.55 2280 369
222 30 4 03] 7470 3060 14 27200 154 3.24 2910 36.8
225 100 0 042 683 9990 116 14000 288 6.03 9700 203
225 100 50 042 1130 10200 128 16900 251 6.03 9920 198
225 100 O 042 2540 11700 160 29200 234 696 11400 19.9
25 100 0 042 5280 12500 237 47800 297 664 12200 18.1
29 300 61 062 2220 41300 228 72600 452 142 40800 1.1
229 300 67 062 5970 46800 446 148000 623  17.] 46100 11.8
231 30 17 014 1770 4470 “ 7700 59 1.83 4400 13.2
231 30 17 014 3300 5110 85 12300 122 2.19 4990 14.0
231 30 17 04 4210 $020 130 15000 178 2.40 4840 15.7
231 30 17 014 8370 5330 114 23300 137 2.16 5160 13.3
231 30 17 014 12400 $130 7 31000 86 2.09 5040 13.2
238 30 37 026 2620 8040 75 13100 141 1.96 7900 7.65
238 30 37 026 4800 8420 9 17400 154 1.87 8270 7.01
238 30 37 026 8230 9230 205 24900 303 193 8920 6.67
238 30 37 026 10800 8680 34 31500 35 2.11 8650 7.54
240 30 62 044 4040 8 580 61 15600 105 175 8480 6.30
240 30 62 044 8160 1090 269 26500 432 194 10400 5.69
40 100 $S 050 3100 32200 99 45700 220 437 32000 419
240 100 $S 050 4500 30800 71 52400 104 480 30700 47
240 100 S 050 9780 32600 35 82400 2 $10 32500 479
240 100 S5 050 12900 32500 242 96000 340 454 32100 470
241 300 160 14 13500 57400 480 194000 660 101 56800 S.44
244 30 S6 045 4250 13100 132 20800 288 183 12800 4.29
244 30 $6 045 5540 13800 156 23100 328 169 13500 3.76
244 30 $6 045 7520 1290 208 28500 343 212 12600 5.06
244 60 84 086 $210 24800 202 40000 470 295 24300 3.66
244 60 84 086 10500 24700 350 56900  s88 309 24200 3.85
244 60 84 086 14200 24200 316 66600 475 300 23800 3.80
244 120 87 080 6290 43800 287 82700 638 s42 48200 3.38
44 120 87 080 11500 49200 357 116000 587 583 48600 361
44 240 110 087 399 82800 225 112000 656 736 82100 2.0
44 240 120 098 5150 82600 291 119000 873 712 81700 262
244 0 10 087 9180 98200 333 190000 613 998 97600 3.08
246 30 33 030 2550 12400 $6 16400 117 158 12200 385
246 30 8 056 5970 14600 159 25800 295 189 14300 3.97
246 30 33 030 6220 14200 86 25500 147 183 14000 3.88
246 30 33030 9630 15100 162 32600 270 182 14800 3.66
251 30 4 025 269 14500 48 17700 108 120 14400 244

228
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concentrations

T P Cl, Clreg Cs; o =M\ -\ ks k, k. K,
251 30 44 0.25 5210 20700 139 29 500 377 1.72 20300 247
251 30 44 0.25 10300 19400 119 36600 212 1.69 19100 2.58
251 30 44 0.25 14 800 22600 430 50700 737 1.93 21 %00 2.58
256 30 54 0.50 3640 23900 44 28 700 147 1.31 23700 1.59
256 30 65 0.60 9560 24700 131 36400 354 1.24 24300 1.46
256 30 65 0.60 17 400 26 400 325 50300 650 1.39 25700 1.55
256 100 100 11 7970 105000 141 137000 536 394 105000 1.08
256 100 100 1.1 13 500 74 000 93 120000 205 341 73800 1.33
258 30 72 0.5] 8560 26100 163 37400 465 1.34 25600 1.49
258 30 72 0.51 15300 25100 128 46 300 243 1.39 24 800 1.60

“Units: T, K; P, Torr; concentrations, 10'3/cm?; Q, A, Ay k., ks, 87 k), 107'2 cm® molecule™ s7'; Kp, 10° atm™.

TABLE [Tl: Assumed Vibratiomal Frequeacies for OCS,

vibrational mode »* cm™' vibrational mode »fem™!
symmetric stretch 650 asymmetric stretch 1530
scissor 400 CS, wag (350)
C—Cl stretch (500) out-of-plane deformation  (500)

“Values in parentheses are more uncertain.
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Figure 6. Plots of pseudo-first-order chlorine atom decay rates, k', as a
function of the CS, concentration. Experimental conditions: 7 = 293
K, P =300 Torr, [Cl,] =~ 1.5 X 10" molecules/cm’, [CI(*P,)]o ~ 1.0 X
10'? atoms/cm?. The solid lines are obtained from linear least-squares
analyses and give the apparent bimolecular rate coefficients (1.40  0.33)
X 107" cm? molecule™ s™! (air) and (1.41 % 0.20) X 107" cm? molecule™
57! (N;) where the uncertainties are 20 and represent precision only.

due to an impurity in the CS, sample. Unfortunately, we were
not able to obtain an analysis of the distilled CS, sample.
However, one likely impurity whose presence would explain the
observed nonexponential CI(?P,) decays is H,S. Laser flash
phqtol);:is of Cl;/H,S mixtures is known to initiate a chain re-
action:

CI(P,) + H,S = SH + HCI (6)
SH + Cl, — HSCI + CI(*P,) )

The rate coefficients for reactions 6 and 7 at 298 K are known
to be 7.3 X 107 and 1.4 X 107'2 cm?® molecule™ 57, respectively.!
An H,S impurity level of 0.02-0.03% would completely account
for the measured k., while the occurence of reaction 7 would
account for the observation of nonexponential CI(?P,) decays (all
data shown in Figure 6 were obtained with [Cl,] = 1.5 x 10"
molecules/cm® and [Cl]o = 1 X 10'? atoms/cm’). The larger
intercept in the k’versus [CS,] plot for the data obtained in air
(Figure 6) suggests that the background chlorine atom decay rate
in air is larger than in nitrogen. The “less nonexponential” decays

observed in air reflect the fact that a larger fraction of chlorine
atoms were removed by nonchain processes in the air experiments
(due to the faster background chlorine atom decay rate in air).
It is also possible that O, or an impurity in the air sample sca-
venged SH effectively in competition with reaction 7., It should
be noted that the rate coefficient for the SH + O, reaction is
thought to be very slow.!?

If, as suggested above, reactions 6 and 7 can influence observed
CI(*P,) temporal profiles, then two assumptions made in analyzing
the “approach-to-equilibrium” data (Tabie II) need to be reev-
aluated. First, it was assumed that k, was independent of CS,
concentration. Also, the derivation of eq I assumes that radical
species other than CI(?P,) and CS,Cl (SH, for example) exert
a negligible influence on observed chlorine atom temporal profiles.
To test the validity of the above assumptions, we carried out
computer simulations of a number of typical approach-to-equi-
librium experiments with and without reactions 6 and 7 included
in the mechanism. The rate coefficient ks was assumed to be
independent of temperature while k, was assigned an A factor
of 1 X 107" cm® molecule™ 57!, leading to an assumed activation
energy of 1.16 kcal mol™'. Because Cl; concentrations in the
approach-to-equilibrium experiments were generally rather low
(Table I1), and because large CS, concentrations were employed
only in experiments where the approach to equilibrium was very
fast, the influence of reactions 6 and 7 on the approach-to-
equilibrium data was found to be negligible under all experimental
conditions employed.

The results shown in Figure 6 would seem to suggest that the
effective rate coefficient, kg, for reaction of CI(*P,) with CS; via
reactions 1, -1, and 2 in 300 Torr of air at 293 K is very slow.
However, it should be kept in mind that our experiment is “blind™
to channels for reaction 2 which result in CI(*P,) regeneration:

CS,Cl+ 0, = SOCl + COS  -AH = 102 kcal mol™!
(2a)

-AH = 8] kcal mol™! (2b)
-AH = 50 kcal mol™' (2¢)

— CI(*P,) + SO + COS

—~S+SCI+CO, -AH =38 kcalmol? (2d)
—~SO+SCl+CO -AH = 35kcal mol™  (2e)

—CI(’P,) + SO, + CS  -AH = 10 kcal mol”! (2g)

With k* defined to be the effective rate coefTicient for reaction
of CI(?P,) with CS, via reactions 1, ~1, and those channels of
reaction 2 that do not produce CI(?P,), i.e., channels 2a, 2d, 2e,
and 2f, the data in Figure 6 show that kg4®* <5 X 107" cm®
molecule™ s™!. By comparison, Martin et al.,* whose experiment
was sensitive to the total rate coefTicient for reaction 2 independent
of whether or not CI(°P,) is produced, report values for kg in units
of 107" cm® molecule™ 5™ of 49 + 16,68 & 12, and 70 % 30 in
50 Torr of O, + 710 Torr of N, 100 Torr of O, + 660 Torr of

(18) Nesbity, D. J; Leone, S. R. J. Chem. Phys. 1980, 72, 1722.
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(19) Stachnik, R. A.; Molina, M. J. J. Phys. Chem. 1987, 9/, 4603.
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Figure 7. CI(P,) temporal profile observed following pulsed laser pho-
tolysis of 4.5 X 10 Cl, molecules /cm? + 4.64 X 10' CS, molecules/cm’
in 30 Torr of O, at 230 K. [CI(*P,)]o ~ 7 X 10'" atoms/cm?, 30000
laser shots averaged. The laser fired at time = 0. The solid line is
obtained from a nonlinear least-squares analysis that yields the following
best fit parameters: K = 66305~ A\, = =242 ") \; = -181005~'. The
dashed lines are obtained from simulations that use the best fit values
for k|, k.,, and ks and assume that k, » 0, but rather that (a) k} =3
X 107" em? molecule™ 5!, ky, = 0 or (b) ky = k,, = 3 X 107> cm’
molecule™ s™'. Similarly, the dotted lines are obtained from simulations
that assume that (a) k, = | X 107'* em? molecule™ 57!, ky, = 0 or (b)
ky = kyp = 1 X 107 cm® molecule™ s7.

N,, and 150 Torr of O, + 150 Torr of N,, respectively (errors
are 20).

Clearly, one possible explanation for the fact that Martin et
al.’ report values for k. that are much larger than our value for
ken® is that reaction 2 proceeds via channels that produce CI(?P,),
i.e.. channels 2b, 2c, and/or 2g. To further investigate this
possibility, we conducted some experiments using O, buffer gas
under experimental conditions (low temperature and pressure)
where the double-exponential decays predicted by equation I would
be observable unless the CS,Cl + O, reaction was fast. A typical
CI(?P,) temporal profile observed in these experiments is shown
in Figure 7. The data were first analyzed with use of I-1X, i.e.,
assuming k; = 0. Both &, and k_, were found to be about 25%
faster at 230 K in 30 Torr of O, than at 230 K in 30 Torr of N,,
suggesting that O, is a little more efficient than N, as a third body.
However, the equilibrium constant obtained from analysis of the
O, data, K, ~ 13000 atm™, is in excellent agreement with the
equilibrium constants determined from experiments in N, at 229
and 231 K (see Table II)—a result that strongly suggests that
the CS,Cl + O, reaction is slow. If reaction 2 proceeded via a
channel that does not produce CI(?P,), the slow component in the
decay shown in Figure 7 would be much faster than was observed.
On the other hand, if reaction 2 proceeded via a channel that
regenerated CI(2P,), the steady-state CI(*P,) concentration at jong
times after the laser flash would be larger than the concentration
expected from the equilibrium between reactions 1 and ~1; hence,
the above analysis would have given an erroneously small value
for Kp.

To put a quantitative upper limit on k;, we expand the
mechanism used to derive equations I-VI to include reaction 2.
Equations I, 11, I11, and V remain unchanged while egs IV and
VI are modified as follows:

Q= k., +ks+ k[0, (1v)

B = kiQ + k [CS;)(ks + k3,[0,]) (V1)

In the above equations, k,, represents all channels of reaction 2
that do not produce CI(*P,)

koa = kyy + kg + ko + kyr = ky = kg ~ ke = kyy (X11)

The CI(*P,) temporal profiles observed in 30 Torr of O, at 230

K were simulated with equations I-111, 1V’, V, and VI’. Values

assumed for k,, k_,, and ks were those obtained from a nonlinear
least-squares analysis with k; set equal to zero (solid line in Figure
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7). The objective was to determine minimum values for k,, and
k, = ky,, which were clearly inconsistent with our data. As shown
in Figure 7, if either ky, or k; - ky, is assumed to be 1 X 1073
cm’ molecule™ s™! or greater, a noticeably different CI(?P,)
temporal profile is predicted. Further simulations showed that
it is not possible to reproduce the experimental data b)y assuming
values for ky, and/or k, - ky, larger than 1 X 107" cm® molecule™
s~' and varying k,, k_,, and/or k to optimize the fit. It appears
that the slow CI(?P,) decay rate and “correct” equilibrium CI(P,)
concentration observed at long times after the laser flash can only
be explained by postulating a very slow rate for reaction 2. We
feel that our data support an upper limit of 2 X 107'* cm? mol-
ecule™! 57! for k, at 230 K in 30 Torr of O,.

Under the conditions of Martin et al.s experiments (293 K,
760 Torr of air, S ppm CS,),’ the CS,Cl concentration was very
small compared to the concentrations of CI(?P,) and CS,; hence,
the steady-state approximation can be applied to CS,Cl. Ap-
plication of the steady-state approximation to the mechanism
consisting of reactions 1, -1, 4, 5, and 2 leads to the expression

ker = k,X10,] /(1 + X(03]) (XI11)
where ‘ ' .

X=ky/k_, (X1V)
Although long extrapolations are required, our data can be used
to estimate values for k, and k_, at 293 K and 760-Torr total
pressure, the conditions of most of Martin et al.'s competitive
kinetics experiments.® With an accuracy of about a factor of 2,
we estimate k; ~ 2 X 107! em? molecule™ s and k., ~ 2 X
10% s™! under these conditions. Substituting our estimates for k,
and k_, along with Martin et al.’s measured value for kg in 760
Torr of air (8.3 X 107'* em® molecule™ s™') into eq XIII leads
to a value of k; ~ 2 X 107'5 em® molecule™ s™'—not inconsistent
with our 230 K, 30 Torr of O, upper limit of 2 X 10°'* cm?
molecule™ s (it is, of course, possible that k, increases with
increasing temperature or pressure). Hence, although we observe
no positive evidence for a reaction between CS,Cl and O,, our
data to not preclude the occurrence of reaction 2 with a rate
coefficient (on the order of 107'* cm® molecule™ s7!) consistent
with the steady-state-kinetics observations of Martin et al.’
provided that reaction 2 occurs by a channel that regenerates
CI(*P,). As discussed above, the data in Figure 6 suggest that
ker® < 5 X 107%5 cm® molecule™ s~ at 293 K and 300-Torr total
pressure. Considering this result in conjunction with eq XIII leads
10 ky, < 2.5 X 107 cm’ molecule™' s at T=293 K and P =
300 Torr.

Direct observation of the approach to equilibrium in O, buffer
gas at temperatures below 230 K could potentially allow very slow
values for k; (i.e., <107'* cm® molecule™ s7') to be determined.
However, interpretation of such experiments is complicated by
the occurrence of another rapid equilibrium

CI(?P,) + O, + O, = CIO0 + O, (8, -8)

Recent work in our laboratory® has established that the equi-
librium concentration of CIOO in 30 Torr of O, is negligible at
temperatures of 230 K and above.

It is interesting to compare the kinetic and thermodynamic data
reported in this paper for the CS,Cl adduct with analogous results
reported elsewhere®* for the CS,0H adduct. The enthalpy
changes for the Cl + CS, and OH + CS, association reactions
at 298 K are both around 10-11 kcal mol™, but the entropy
associated with the Cl + CS; reaction, AS® ¢ = -26.8 cal mol™
deg™, appears to be somewhat larger than the entropy change
associated with the OH + CS; reaction (analysis of our K versus
1/T data’ gives AS®,g ~ 22 % 3 cal mol™' deg™! while Murrells
et al.* report AS®yq ~ 24 % 4 cal mol™! deg™'). Hence, at a given
temperature, K, is about a factor of 3 larger for the OH + CS,
equilibrium than for the Cl + CS, equilibrium. At T = 256-258

(20) Nicovich, J. M.; Kreutter, K. D.; Shackelford, C. J.: Wine, P. H. To
be published.



Reversible Adduct Formation in CI(*P,) + CS,
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Figure 8. CI(°P,) temporal profile observed following pulsed laser pho-
tolysis of 3.0 X 10" Cl, molecules/cm? + 5.5 X 105 COS molecules/cm’
in 30 Torr of Ny at 194 K. [CI(P,)}o ~ 2 X 10'! atomns/cm?, 2500 laser
shots averaged. The laser fired at time = 0.

K and P = 75 Torr of N,, a temperature and pressure regime
where experimental kinetic data are available for both the Cl +
CS, and OH + CS, reactions, we find that adduct formation
proceeds about 2.5 times more rapidly for Cl + CS, (k ~ 2.5
X 107'? em® molecule™ s7') than for OH + CS, (k ~ 1.0 X 10712
cm? molecule™! s™') while the adduct lifetime toward unimolecular
decomposition back to reactants is about 7.5 times shorter for
CS,Cl (7 ~ 16 us) than for CS,0H (7 ~ 120 us). CS,0H is
at least | order of magnitude more reactive with O, than is CS,Cl,
a reasonable finding considering that the CS,0H reaction with
O, appears to involve breaking of the O-H bond.?!

In addition to the studies of CS,Cl formation and removal
described above, we also searched for evidence of reversible adduct
formation in the Cl + COS system. As typified by the CI(*P,)
temporal profile shown in Figure 8, no evidence for formation of
a COSCI adduct was observed. Each data point in Figure 8
represents | us of time. Since the COS concentration was 5.5
X 10'S molecules/cm?, in order for a decay of CI(?P,) into
equilibrium to be too rapid for observation, the CI(*°P,) + COS
rate coefficient would have to be unrealistically fast, i.e., close
10 107'° cm? molecule™ s™ at a pressure (30 Torr of N,) expected
to be far removed from the high-pressure limit. It seems safe to
assume, therefore, that the absence of a fast component in the

(21) Lovejoy, E. R.; Murrells, T. P.; Ravishankara, A. R.; Howard, C. J.
J. Phys. Chem., in press.
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CI(?P,) decay implies that [COSCl],, < 0.1[CI(*P,)] at 194 K
and {COS] = 5.5 X 10'® molecules/cm’. Hence, K, < 1.8 X 1077
cm’/molecule and K, < 680 atm™. Our data suggest that either
(a) a significant barrier exists in the entrance channel that prevents
CI(3P,) addition to COS or (b) the species COSCI is very weakly
bound. Since no barrier to addition is observed for the similar
CI(®P,) + CS, reaction, the latter of the above possibilities seems
more reasonable. In either case, COSCI should not be an im-
portant species in atmospheric chemistry. It is worth noting that
Wahner and Ravishankara,? in a study of the similar OH + COS
reaction, also found no evidence for adduct formation.

Sammary

Reversible adduct formation in the reaction of CI(?P,) with CS,
bas been observed via direct monitoring of the decay of pulsed-
laser-generated CI(?P,) into equilibrium with time-resolved res-
onance fluorescence spectroscopy as the detection technique. Rate
coefTicients for CS,Cl formation and decomposition have been
determined as a function of temperature and pressure; hence, the
equilibrium constant has been determined as a function of tem-
perature. A second-law analysis of the temperature dependence
of K and heat capacity corrections calculated with an dssumed
CS,Cl structure yields the following thermodynamic parameters
for the association reaction: AH®,e = -10.5 £ 0.5 kcal mol™!,
AH®, = —9.5 = 0.7 kcal mol™!, AS® = -26.8 2.4 cal mol™
deg™!, and AH[244(CS,Cl) = 46.4 £ 0.6 kcal mol™'.

The resonance fluorescence detection scheme has been adapted
to allow detection of CI(*P,) in the presence of large concentrations
of O,, thus allowing the reaction of CS,Cl with O, to be inves-
tigated. Our results demonstrate that k,,, the rate coefficient
for the CS,Cl + O, reaction via all channels that do not regenerate
CI(%P,), is less than 2.5 X 1076 cm? molecule™ s~ at 293 K and
300-Torr tota) pressure. Another series of experiments places an
upper limit of 2 X 107'* cm® molecule™ s™' on the total rate
coefficient k, at 230 K and 30-Torr total pressure.

Evidence for reversible adduct formation in the reaction of
CI(?P,) with COS was sought but not observed, even at tem-
peratures as low as 194 K, suggesting either that a barrier exists
in the Cl + COS entrance channel or that COSCl is a very weakly
bound species.
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Administration.

(22) Wahner, A_; Ravishankara, A. R. J. Geophys. Res. 1987, 92, 2189.



Kinetncs and thermochemistry of CICO formation from the CI+C0 .[\

association reaction
J. M. Nicovich, K. D. Kreutter, and P. H. Wine

\ ;2 g
Molecular Sciences Branch, Georgia Tech Research Institute, Georgia Institute of Technology, Atlanta, Ol - 2
Georgia 30332
(Received 7 November 1989; accepted 19 December 1989) 07355 ]

Laser flash photolysis of Cl,/CO/M mixtures (M = N,, CO, Ar, CO,) has been employed in

conjunction with C1(?P, ) detection by time-resolved resonance fluorescence spectroscopy to
investigate equilibration kinetics in the reactions C1(*P,) + CO«+CICO as a function of

temperature (185-260 K ) and pressure (14-200 Torr). The association and dissociation
reactions are found to be in the low-pressure limit over the range of experimental conditions
investigated. In N, and/or CO buffer gases, the temperature dependences of the CICO
formation and dissociation reaction rate constants are described by the Arrhenius expressions
k, = (1.05+ 0.36) X 10~* exp[ (810 + 70)/7] cm® molecule~? s~ and
k_,=(4.1+3.1)X10""exp[( ~ 2960 + 160)/T] cm’ molecule ™' s~' (errors are 20).

Second- and third-law analyses of the temperature dependence of the equilibrium constant -

-

(k,/k_,) lead to the following thermodynamic parameters for the association reaction: AH 3, -

= — 7.7 £ 0.6 kcal mol~

L AH3 = — 6.9 + 0.7 kcal mol ™',

AS%, = —23.8+420

cal mole™' K~', AH 9,5, (CICO) = 5.2 + 0.6 kcal mol ™' (errors are 20). The results
reported in this study significantly reduce the uncertainties in all reported kinetic and

thermodynamic parameters.

INTRODUCTION

The chloroformyl radical (CICO) has been of interest to
photochemists for many years. Bodenstein, Lenher, and
Wagner' first postulated the existence of CICO as an inter-
mediate in the photocatalyzed production of phosgene
(C1,CO) from Cl,/CO mixtures. Models of the CO,-rich
atmosphere of Venus have included the chemistry of chloro-
formyl radicals.> CICO may also play a role in the chemistry
of the Earth’s atmosphere. For instance, photooxidation of
CCl, can lead to CICO production via a Cl,CO reservoir.

Information concerning the kinetics and thermoche-
mistry of the Cl + CO association reaction is rather sparse:

Cl+CO+M-CICO +M. (R1)

The only study of the kinetics of reaction (R1) was carried
out by Clark, Clyne, and Stedman* over 20 years ago. These
authors employed a discharge flow reactor to measure &, at
195 and 300 K in argon buffer gas. Reported values for the
CICO bond dissociation energy are based on indirect experi-
mental information*-* and ab initio theory,® and range from
3.5t0 7.1 kcal mol~".

In this paper we report direct observations of the decay
of pulsed-laser-generated chlorine atoms into equilibrium
with CICO. These experiments allow determination of k,
and k_, as functions of temperature and pressure, and the
equilibrium constant (k,/k _,) as a function of temperature.
Second- and third-law methods are employed to evaluate the
CICO entropy, heat of formation, and bond dissociation en-

ergy.

EXPERIMENTAL SECTION

The apparatus employed in this study was similar to
those used in this laboratory in several previous studies of
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chlorine atom kinetics.”~'? The salient features of the appa-
ratus and technique are described below.

A Pyrex reaction cell with an internal volume of 150 cm’
was used in all experiments. A 1:1 methanol/ethanol mix-
ture from a thermostated bath was circulated through an
outer jacket of the reactor to control the experimental tem-
perature. The temperature of the gas mixture under the ex-
act pressure and flow rate conditions of the experiment was
measured with a retractable copper-Constantan thermocou-
ple.

Chlorine atoms were produced by 355 nm pulsed laser
photolysis of Cl, using third-harmonic radiation from a
Quanta Ray model DCR-2 Nd:YAG laser. Cl atom fluores-
cence was excited by radiation from a cw atomic resonance
lamp, which consisted of an electrodeless, microwave-
powered discharge through a few Torr of a flowing Cl,/He
mixture. Radiation was coupled out of the lamp through a
MgF, window and into the cell through a MgF, lens. The
resonance lamp radiation intersected the photolysis laser
beam at 90° near the center of the reaction cell. A flowing gas
filter between the resonance lamp and reaction cell blocked
extraneous emissions from the lamp. The gas filter was either
3 Torr em N,0 or 150 Torr cm O,. The N, O filter blocked O
atom impurity emissions at 130~131 nm while transmitting
the 134-140 nm ClI resonance lines. The O, filter blocked
virtually all emissions from the lamp except the
’Dy/332="Py,; Cl doublet at 118.9 nm (Ref. 13) and the
hydrogen Lyman-a line at 121.6 nm.

Fluorescence was collected by a MgF, lens on an axis
orthogonal to both the photolysis laser beam and the reso-
nance lamp radiation, and imaged onto the photocathode of
a solar blind photomultiplier. The region between the reac-
tion cell and the photomultiplier was purged with N,. When-
ever N,O filtered the resonance lamp, a CaF, window was
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placed between the reaction cell and the photomultiplier to
prevent detection of radiation at wavelengths shorter than
125 nm (Lyman-a, for instance). Signals were processed
using photon counting techniques in conjunction with multi-
channel scaling. For each chlorine atom decay profile mea-
sured, between 200 and 34 000 laser shots were averaged to
obtain a well-defined temporal profile. The multichannel
scaler sweep was triggered before the laser pulse to permit
determination of the (constant) background signal level.

In order to avoid the accumulation of photolysis or reac-
tion products, all experiments were carried out under slow
flow conditions. The linear flow rate through the reactor was
typically 3 cm s~' while the laser repetition rate was varied
from 1 to 10 Hz (5 Hz typical). Hence, no volume element of
the reaction mixture was subjected to more than two or three
laser shots. Cl, was leaked from a 12 liter Pyrex bulb con-
taining a dilute (~10%) mixture of Cl, in N,, while the
other reagents flowed directly from high-pressure storage
tanks. The CO was passed through a Pyrex trap maintained
at 77 K before mixing with other gases immediately up-
stream of the reaction cell; this procedure removed reactive,
photosensitive metal carbonyls from the CO flow. The con-
centrations of each component in the reaction mixtures were
determined from measurement of individual flows using cal-
ibrated electronic mass flow meters. The reagent gases had
the following stated minimum purities: N,, 99.999%; Cl,,
99.99%; 0., 99.99%; CO., 99.99%; Ar, 99.999%,; CO,
99.99%. The Cl, we repeatedly degased at 77 K before dilu-
tion. The other gases were used as supplied.

RESULTS AND DISCUSSION

All experiments were carried out under pseudo-first-or-
der conditions with [CO] » [Cl], (the concentration of Cl
atoms immediately following the laser pulse). Reaction mix-
tures contained (1.0-18) X 10" molecules cm~2 Cl, while
[Cl), varied from (2.0-10) X 10' atoms cm™>. Experi-
ments were performed over the temperature range 185-260
K, and the total pressure was varied from 14 to 200 Torr by
diluting the gas mixture with the appropriate partial pres-
sure of an unreactive buffer gas (N,, CO,, or Ar).

In these experiments the fate of Cl atoms is controlled by
the following reactions:

Cl+CO+M~=CICO+ M,
CICO+M=Cl+CO+ M,

Cl—loss by diffusion from the detector field of
view and reaction with background impurities, (R2)

(RD)
(R-1)

CICO—loss by processes which do not regenerate

Cl atoms. (R3)

The rate equations for reactions (R1), (R-1), (R2), and
(R3) can be solved analytically:
[CI],7[Cl]o = [(Q + A))exp(4,1)

—(Q +A,)exp(A.1)1/(A, — 1), (1)

where

A, =05[(4>-4B)"2 -4, (2)

Nicovich, Kreutter, and Wine: CICO formation

A,= —~05[42—4B)'* + 4], (3)
@Q=k_, +k, (4)
A=Q+k,+ k,[CO], (5)
B = k,Q + kyk,[CO]. (6)

The observed temporal profiles for Cl atoms were fit to the
double-exponential equation (1) using a nonlinear least-
squares method to obtain values for 4,, 4., and Q for each
decay. The background Cl atom loss rate in the absence of
CO (k,) was directly measured at each temperature and
pressure. k, ranged from 10 to 40 s~ except for the experi-
ments in CO, buffer gas, where k, was approximately 600
s~ due to reaction of C1(*P) with an impurity in the CO,.
Using the identities

1|+iz= —A. (7)
A A, =B, (8)

the fit parameters 4, A,, and Q can be directly refated to the
rate coefficients of interest via ’

ky= —(Q+k,+ 4,4+ 4,)/[CO], 9
ky= (4,4, — k.Q)/k,[CO)), (10)
k_,=Q—k, (11)

Typical observed Cl atom temporal profiles are shown
in Fig. 1. The results for all experiments are presented in
Table I. The results exhibit no systematic dependence upon

CHK®) Signel (kcts)

Time (us)

FIG. 1. C1(*P) temporal profiles in the presence of varying amounts of CO
at 100 Torr total pressure (N, diluent) and 227 K. For all experiments
[C1,] = 3.1X10"" moleculescm™> and [Cl], = 5.2% 10" atoms cm~>.
The carbon monoxide concentrations for each experiment in units of 10"
molecules cm ™’ are A:1.90, B: 3.72, and C: 8.08. The number of laser shots
averaged for each experiment are A: 4000, B: 4000, and C: 10 000. The val-
ues for the biexponential parameters (see text) for A, B,and C, respectively,
are — A, =67.1, 81.9, and 107, — 4, = 5790, 9180, and 16 500; and
Q= 3110, 3470, and 3590; units are s~ '. The inset shows decay C with the
signal counts displayed on a linear scale.
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TABLE . Summary of kinetic and equilibrium measurements.

3541

T(K)/M (e [c,* [co)® M]® ki k¢ ky* K,'
260/N,,CO 150 44 18.6 111 1.86 40.2 317 13.1
150 44 111 111 203 443 126 129
150 44 201 201 2.20 82.2 247 11.9
242/N,,CO 220 5.5 79.4 79.4 311 251 101 376
1800 42 834 834 3.12 289 132 327
160 4. 120 120 3.62 26.3 497 417
160 44 159 159 37 243 181 396
160 4.1 199 199 293 228 133 39.0
227/N,,CO 310 5.2 19.0 425 3.39 7.01 129 156
310 5.2 37.2 425 3.63 7.84 123 150
310 5.2 37.2 425 363 8.01 145 147
310 5.2 80.8 425 3.7 8.14 133 151
226/N,, CO 140 38 19.2 128 3.52 8.91 78.0 128
230 37 54.2 128 4.02 11.0 84 4 119
220 31 108 128 3.82 114 534 109
216/C0O, 140 30 139 67.2 17.8 6.51 191 . 929
215/CO, 180 4.6 6.70 61.2 147 8.74 214 576
180 4.6 9.73 63.5 14.6 7.90 437 632
180 4.6 13.5 66.5 16.1 7.02 139 785
180 4.6 159 69.3 16.4 8.14 59.7 689
212/Ar 220 5.0 6.04 137 3.19 1.72 90.8 642
220 5.0 7.66 137 333 1.81 89.9 637
220 5.0 10.1 137 334 1.76 89.0 657
220 5.0 18.7 137 .57 2.04 111 606
209/N, 100 3 3.50 924 6.72 17.4 113 1350
100 31 $.27 924 593 18.5 184 1120
100 31 8.10 924 5.81 17.5 142 1170
100 31 8.24 924 6.14 177 128 1210
100 31 11.1 924 5.32 16.5 122 1130
208/N, 130 4.1 5.30 139 s.19 245 888 749
130 4] 8.54 139 5.55 2.46 894 796
130 4.] 11.2 139 5.47 2.31 73.2 836
130 4.1 18.0 139 5.54 2.82 97.0 654
206/N, 210 43 385 14) 4.86 2.15 95.6 807
210 43 6.45 141 497 2.43 70.0 730
200 5.8 15.8 141 5.87 2.09 113 1000
197/N, 140 59 334 147 6.86 1.06 64.1 2410
140 3.9 6.57 147 6.61 1.02 548 2410
140 59 9.85 147 6.43 1.19 939 2010
140 59 19.0 147 6.38 1.15 94.5 2060
187/N, 110 32 16.7 155 7.16 0.789 81.6 3560
310 29 16.9 155 7.12 0.708 73.6 3940
1000 10 17.1 155 7.07 0.712 81.2 3890
1000 29 172 155 7.23 0.726 9s.5 3910
185/N, 110 44 5.55 130 7.41 0.554 96.7 5310
110 4.0 5.34 193 9.03 0.391 98.3 9160
110 4.0 10.5 193 892 0.647 175 5470
100 4.0 10.6 261 10.0 0.561 169 7070
130 44 6.64 397 9.52 0.430 190 8780
130 44 133 397 8.53 0.570 224 $940
170 52 8.20 522 8.54 0.448 89.1 7570
110 37 547 1040 6.32 0.331 179 7570
110 37 129 1040 7.27 0411 9.5 7020

* Units are 10'' molecules (atoms) cm™>,

® Units are 10'® molecules (atoms) cm™?; [M] = total number density.

2

€ Units are 10~ cm® molecules~?s™".
¢ Units are 10~ '® cm’ molecules™'s™".

*Unitsares™".

"Units are atm ™"

variations in [CO], [Cl,], [Cl],, or laser repetition rate. It

was also found that measured values for the termolecular

rate coefficient k, and the bimolecular rate coefficient & _,

were independent of total bath gas pressure over a wide
range, indicating that reactions (R1) and (R-1) are in the
low-pressure limit up to approximately 200 Torr. An Arr-
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henius plot for reaction (R1) is shown in Fig. 2. A linear
least-squares analysis of In k, vs T ~' for all data taken in N,
and/or CO buffer gases yields

k, = (1.05+0.36) X 10~ * exp[ (810 + 70)/T]

in units of cm® molecule™? s~'. Similar analysis of the re-
sults for the reverse process (k_,) gives

k_,=(41+3.1)X10~ " exp[ — (2960 + 160)/T]

cm” molecule™'s™'. Panel recommendations of kinetic
data for use in modeling atmospheric chemistry parametrize
the temperature dependence of association rate constants
using the relationship k(7)) = k(300 K) (T /300) —"'4's
analysis of our measurements of k, in this form yields the
expression

, = (1.31 £ 0.15)x 10733(T /300) —3#=03

cm® molecule=?s~". A van’t Hoff plot for the equilibrium
defined by reactions (R1) and (R-1) is shown in Fig. 3. A
linear least-squares analysis of the In K, vs T ~' data yields
the result

InK,(atm~') = — AH/RT + AS/R
= (7830 + 420)/RT — (24.5 + 2.0)/R,

where R is the universal gas constant in units of
cal mol~' K~ '. Errors in the above expressions are 20 and
represent precision only. We believe that systematic errors
associated with, for example, the measurement of 7, P, and
[CO] are small and do not increase the above uncertainties
significantly.

At higher temperatures relatively large concentrations
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F1G. 2. The termolecular rate coefficient for the formation of CICO (4, ) as
a function of 7 ~'. Buffer gases: &, CO,; ON./CO; O, Ar; B. Ar (Ref. 3).
At each temperature the average value of &, is shown with 20 error bars,
precision only. The dashed line is a best fit of the CO and N, data to the
Arrhenius form.
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of CO were necessary to drive the system into equilibrium.
Therefore most of the experiments at 242 and 260 K were
carried out in nearly pure CO. Over the entire temperature
range studied, the fractional CO concentration (X ) var-
ied from 0.005 to 1.0. At a given temperature, the invariance
of k, and k _ , with X indicates that N, and CO have essen-
tially the same efficiencies as third-body colliders for these
reactions. The experiments carried out in CO, and Ar result
in values of K, very near the N,/CO results but with differ-
ent values for the individual rate constants. A comparison of
k, and k_, for the various buffer gases at T=214 +2 K
gives the following relative collision efficiencies for stabiliza-
tion of the energized CICO adduct:

B(CO,):B(CO/N,):B(Ar) = 3.2:1.0:0.8.

The relative collision efficiencies for two buffer gases M, and
M, are computed from the relationship'®

B(M,)/B(M,) = k,(M)Z,; (M;)/k,(M;)Z, (M,),
(12)

where Z,, is the Lennard-Jones collision frequency for
CICO-M collisions. It should be noted that the results given
in Table I and Figs. 2 and 3 for experiments performed with
CO, and Ardiluent gas have been corrected for the contribu-
tion of CO to the total bath gas concentration.

In Figs. 2 and 3 the results of this study are compared to
previous kinetics and equilibrium studies of reactions (R1)
and (R-1). From a photochemical study of the formation of
CI1,CO from Cl,/CO mixtures over the temperature range
298-328 K, Burns and Dainton™ report the following expres-
sion for the equilibrium constant: K, = 10~ *® exp(6310/
RT) liter mol~'. When extrapolated to near 300 K, our re-

10

= L =
3 ? 3
o ’ 3
" Jo ]
_ Y -
103 2‘:& E
& 7 3
- ’ -1
- ’ —
-
:§ 10? B "% -
L : 3
= L
x . 0 -
- ’ -
o 2
E ’ 3
C ’ ]
F/ -
1 C0 ] 1 1 Jd 1 1 =
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FIG. 3. The equilibrium constant (K, ) for reactions (R1) and (R-1) as a
function of 7~ '. Buffer gases: &, CO.: O, N./CO. O. Ar. At each tempera-
ture the average value of K, is shown with 2o error bars. precision only. The
dashed line is a best fit 1o the van't Hoff form. The solid line represents the
data of Burns and Dainton (Ref 4)
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sults for K, agree quite well with the Burns and Dainton
measurement. The narrow temperature range of the Burns
and Dainton study makes comparison at lower temperatures
risky. The measurements of the forward rate coefficient by
Clark, Clyne, and Stedman? were carried out at low pressure
(<3 Torr) in Ar at 195 and 300 K with Cl atoms in excess
over CO. At 195 K these authors report that the kinetics in
their discharge flow system were controlled by reaction
(R1) followed by the faster process

ch0+ Cl-°c0+ C]z.

At higher temperatures decomposition of the CICO appar-
ently was a complication, competing with reaction (R4).
Clark, Clyne, and Stedman report an activation energy for
reaction (R1) of approximately ~ 2 kcal mol~’, whichisin
reasonable agreement with our observed activation energy in
N,/CO. In argon at 214 K our result is virtually identical to
the value of k, derived by interpolation of the results of
Clark, Clyne, and Stedman.

The infrared spectrum of CICO has been observed by
Jacox and Milligan in an argon matrix at 14 K.'” These in-
vestigators assigned bands at 1880, 570, and 281 cm ™' to the
chloroformy! radical. The CICO radical has also been the
subject of two theoretical investigations. Self-consistent-
field, molecular-orbital calculations have been carried out
by Hinchcliffe.'® An optimized geometry for an sp basis set
gave a CI-C-O bond angle of 134° with r._, = 178 pm and
rc.o = 129 pm. More recently, Francisco and Goldstein®
have reported the results of ab initio molecular-orbital calcu-
lations. These workers arrived at a slightly different equilib-
rium geometry with ro_, = 179 pm, 7co = 118 pm, and
bond angle = 128.9°. The two geometries derived theoreti-
cally are quite similar to the configuration originally esti-
mated by Jacox and Milligan (rcc, =175 pm, rco = 118
pm, and 120° < bond angle < 134°). The results of Francis-
co and Goldstein's calculations indicate that the bent ?4’
electronic state is more stable than the linear *X * electronic
state by 1.0 kcal mol~'. Francisco and Goldstein's results
also allow comparison of calculated vibrational frequencies
and intensities with the experimental results of Jacox and
Milligan. The calculated frequency of the CICO bend is
much larger, 384 cm ™' compared to 281 cm ™', and the cal-
culated intensity relatively weaker than the frequency and
intensity as assigned by Jacox and Milligan. Therefore,
Francisco and Goldstein suggest reassignment of the lowest-
energy fundamental vibration to a weaker absorption ob-
served by Jacox and Milligan at 333 cm™".

Despite the above-mentioned uncertainities in the struc-
ture and properties of the CICO radical, it is possible to make
a reasonably accurate calculation of the CICO entropy. A
value for the entropy of CICO at 298 K of 63.4 + 0.3 cal-
mol ~! K~ has been derived using standard statistical me-
chanical methods.'® The vibrational frequency assignments
of Jacox and Milligan were assumed along with a low-lying
excited electronic state 1000 cal mol~' above the ground
state. The uncertainty in the entropy is based upon vanation
in the calculated value of S ? over the range of proposed geo-
metries, choice of bending frequency, and allowance for a
low-lying electronic state in the range 300-6000 cal mol~'

(R4)

3543

above the ground state. The value of AS %, for reaction (1a)
is therefore — 23.3 4+ 0.3 cal mol~' K~'. Using calculated
entropies at each experimental temperature and our mea-
sured values of K, (T), the heat of reaction (la) at each
temperature was calculated. Each value of AH - (rxn) was
then adjusted to AH 9, using calculated changes in heat ca-
pacity for the reaction. An average “third-law” value of
AH %, (rxn) = — 7.53 + 0.60 kcal mol~' was thus de-
rived. The third-law values of AH %, and AS 2,, can be com-
pared to the same quantities given by the slope and intercept
of the van't Hoff plot, i.e., the second-law method. Taking
the slope of the van’t Hoff plot (Fig. 3) and correcting to the
standard temperature gives AH %, (rxn) = — 7.95 4+ 0.45
kcal mol~". The intercept of the van't Hoff plot gives AS 3o,
=245+420 calmol™'K~'. A concensus value of
— 7.7 + 0.6 kcal mol~" is adopted for AH 3, (rxn) along
with an average value of — 23.8 + 2.0 cal mol™!K ~! for
AS %4 (rxn). Using known heats of formation for Cl and CO
(Ref. 14) leads to a value of — 5.2 + 0.6 kcal mol~' for
AH 9,6, (CICO); the currently recommended value for
AH;,5 (CICO) is — 4.1 kcal mol~"." The calculated en-
thalpy functions were used to correct to absolute zero giving
AHJ(rxn) = — 6.9 + 0.7 kcal mol~' (identically equal to
the Cl-CO bond dissociation energy) and AHJ,
(CICO) = — 5.6 + 0.7 kcal mol ~".

The previous measurement of the equilibrium constant
by Burns and Dainton* also yields an estimate of the heat of
reaction (R1). After first converting the results of these
workers from an equilibrium constant expression in concen-
tration units to K, in units of atm™', a value of AH 3,
(rxn) = — 7.1 kcal mol ™' is derived. Due to the limited
temperature range covered by Burns and Dainton’s study,
there should be a rather large error bar associated with the
enthalpy value of these researchers. Our results agree quite
well with those of Burns and Dainton but are more precise
and are based on more direct experimental information. Ad-
ditional information on the thermochemistry of CICO has
been reported by Walker and Prophet.® The heat of forma-
tion of gas phase CICO at 298 K was deduced from a mea-
surement of the heat of formation of liquid oxalyl chloride
(C,Cl1,0,, a stable dimeric form of CICO) and an estimate of
the C-C bond strength in C,Cl,0,. Our value for AH 7,4,
(CICO) agrees quite well with Walker and Prophet’s esti-
mate of — 4.0 + 3.0 kcal mol~' although the precision of
the value obtained in this study is considerably improved. In
the theoretical study by Francisco and Goldstein® a value
for the bond dissociation energy of CICO at 298 K of 3.5
kcal mol~' (approximately one-half of our experimental
value) is reported. Francisco and Goldstein’s results also
indicate that there should be no potential-energy barrier for
the formation of CICO from reaction (1). The substantial
“negative” activation energy observed in our study and in
the study of Clark, Clyne, and Stedman® confirm the lack of
an energy barrier.

SUMMARY

Using time-resolved resonance fluorescence spectrosco-
py todetect pulsed-laser-generated CI(*P) in the presence of
CO, the kinetics of the formation and decomposition of

J.Chem Phys.. Vol. 82. No. €, 15 March 1890
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CICO radicals have been directly measured over the tem-
perature range 185-260 K and the pressure range 14-200
Torr. Both second- and third-law methods have been em-
ployed to evaluate the enthalpy and entropy of reaction, with
good agreement obtained between the two methods. The re-
sults reported herein represent the first direct study of the
kinetics and equilibrium of the C1 4+ CO reaction over a wide
temperature range and, therefore, significantly improve the
quality of the database for CICO kinetics and thermoche-
mistry.
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Summary

Time-resolved resonance fluorescence spectroscopy was employed in
conjunction with laser flash photolysis of Br, to study the kinetics of the
two elementary steps in the photochemical chain reaction nBr, + nCH;CHO
+hv = nCH;CBrO + nHBr. In the temperature range 255 - 400 K, the rate
coefficient for the reaction Br(?Pj,,)+ CH;CHO = CH;CO + HBr is given
by the Arrhenius expression k¢(T)=(1.51 £0.20) X 10! exp{—(364 %
41)/T} cm® molecule™ s™'. At 298 K, the reaction CH,CO + Br, = CH,CBrO
+ Br proceeds at a near gas kinetic rate, k, (298 K) = (1.08 # 0.38) x.107!°
cm® molecule™! 571,

1. Introduction

The reaction of ground state halogen atoms with acetaldehyde is a
useful laboratory source of the acetyl radical, a precursor to the important
atmospheric species peroxyacetylnitrate (PAN)

X, + hv — 2X (1)

X + CH;CHO — CH,CO + HX 2)

CH,CO + 0, + M — CH,C(0)00 + M (3

CH,C(0)00 + NO, + M — CH,C(0)OONO, + M (4)
(PAN)

Niki et al. [1] have shown that quantitative conversion of acetaldehyde to
PAN is facilitated when bromine is employed as the initiating halogen species
instead of the more commonly used chlorine molecule. A major advantage of

tPresent address: School of Physics, Georgia Institute of Technology, Atlanta, GA
30332, U.S.A.
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the bromine system is that Br, can be photolyzed at wavelengths where
neither CH;CHO nor NO, are photochemically active, thus avoiding numer-
ous complicating side reactions involving CH3;CHO and NO, photofragments.
Another advantage of the bromine system is that only abstraction of the
aldehydic hydrogen is energetically allowed, whereas in the chlorine system
abstraction of a methyl hydrogen is also possible.

In the absence of oxygen, photolysis of Br; is known to initiate a chain
reaction [1]

Br, + hv — 2Br ) - ’ (5)
Br + CH,CHO — CH,CO + HBr (6)
CH,CO + Br, — CH;CBrO + Br (7)

Niki et al. [1] demonstrated the occurrence of reaction (7) through Fourier
transform IR (FTIR) spectroscopic observation of CH3;CBrO production.
They also measured the ratio k¢/ky at 298 K

Br + HCHO — HCO + HBr (8)

Combining their result with the literature value kg (298 K)=1.08 X 107!?
cm?® molecule™® s7! [2], Niki et al. reported kg (298 K)=23.7 X 107!? cm?
molecule™ s™!. One absolute measurement of k¢ (300 K) has also been
reported. Islam et al [3], using the very low pressure reactor (VLPR)
technique, obtained the result k¢ (300 K) = 3.5 X 107!2 cm® molecule™* s™?,
in excellent agreement with the findings of Niki et al..

We have employed pulsed laser photolysis of Br, in conjunction with
time-resolved detection of Br(?P;,,) by resonance fluorescence spectroscopy
to carry out the first temperature-dependent study of reaction (6) and the
first determination of k,. Our results are reported in this paper.

2. Experimental technique

The experimental apparatus used was similar to that employed pre-
viously in our laboratory to study chlorine atom kinetics {4 - 6]. A sche-
matic diagram of the apparatus is shown in Fig. 1 and a brief description is
given below.

A Pyrex jacketed reaction cell with an internal volume of 150 cm?® was
used in all experiments. The cell was maintained at a constant temperature
by circulating ethylene glycol or methanol from a thermostatically controlled
bath through the outer jacket. A copper-constantan thermocouple with a
stainless steel jacket was injected into the reaction zone through a vacuum
seal, thus allowing measurement of the gas temperature under the precise
pressure and flow rate conditions of the experiment.

Br(°P,) was produced by 355 nm pulsed laser photolysis of Br,. Third
harmonic radiation from a Quanta Ray mode] DCR-2 Nd:YAG laser pro-
vided the photolytic light source. The laser could deliver up to 1 X 10'” pho-
tons pulse™ at a repetition rate of up to 10 Hz; the pulse width was 6 ns.
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Fig. 1. Schematic diagram of the apparatus: AD, amplifier discriminator; BD, beam
dump; DDG, digital delay generator; F, flow meter; HV, high voltage; JRC, jacketed reac-
tion cell; MC, mixing chamber; MCS, multichannel scalar; MWPS, microwave power
supply; NV, needle valve; QS, Q switch; SBPM, solar blind photomultiplier; SV, shut-off
valve; TC, thermocouple; YL, Nd:YAG laser; 2HG, second harmonic generator; 3HG,
third harmonic generator.

A bromine resonance lamp, situated perpendicular to the photolysis
laser, excited resonance fluorescence in the photolytically produced atoms.
The resonance lamp consisted of an electrodeless microwave discharge
through about 1 Torr of a flowing mixture containing a trace of Br, in
helium. The flows of a 0.2% Br, in helium mixture and pure helium into
the lamp were controlled by separate needle valves, thus allowing the total
pressure and Br, concentration to be adjusted for optimum signal-to-noise
ratio. Radiation was coupled out of the lamp through a magnesium fluoride
window and into the reaction cell through a magnesium fluoride lens.
Before entering the reaction cell the lamp output passed through a flowing
gas filter containing 50 Torr cm of methane in nitrogen. The methane filter
prevented radiation at wavelengths shorter than 140 nm (including impurity
emissions from excited oxygen, hydrogen, chlorine and nitrogen atoms)
from entering the reaction cell, but transmitted the strong bromine lines
in the 140 - 160 nm region.

Fluorescence was collected by a magnesium fluoride lens on an axis
orthogonal to both the photolysis laser beam and resonance lamp beam
and was imaged onto the photocathode of a solar blind photomultiplier.
Signals were processed using photon counting techniques conjunction with
multichannel scaling. For each bromine atom decay measured, signals from
a large number of laser shots were averaged in order to obtain a well-defined
temporal profile over at least two 1/e times of decay.
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To avoid the accumulation of photolysis or reaction products, all
experiments were carried out under “slow flow’ conditions. The linear flow
rate through the reactor was (typically) 3 cm s~ and the laser repetition rate
was (typically) 5 Hz. Hence no volume element of the reaction mixture was
subjected to more than a few laser shots. Acetaldehyde and bromine flowed
into the reaction cell from bulbs (12 1) containing dilute mixtures in nitro-
gen. The acetaldehyde mixture, bromine mixture and additional nitrogen
were pre-mixed before entering the reactor. The concentrations of each
component in the reaction mixture were determined from measurements
of the appropriate mass flow rates and the total pressure. The fractions of.
acetaldehyde and bromine in the bulb mixtures were checked frequently by
UV photometry using atomic mercury lines as the absorption light sources.
The monitoring wavelength for acetaldehyde was 253.7 nm and the monitor-
ing wavelength for bromine was 404.7 nm. Absorption cross-sections were
measured during the course of this investigation; they were found to be
1.46 X 107%° cm? for acetaldehyde at 253.7 nm and 5.85 X 107*° cm? for
bromine at 404.7 nm, in good agreement with literature values [7].

The nitrogen used in this study had a stated minimum purity of
99.999% (UHP grade). The bromine used was Fisher ACS reagent grade with
a maximum impurity level of 0.06%. Acetaldehyde was obtained from
Aldrich and had a stated purity of 99%. Both bromine and acetaldehyde
were transferred under nitrogen into vials fitted with high vacuum stop-
cocks, and were then degassed repeatedly at 77 K before being used to
prepare reactant-nitrogen mixtures.

3. Results and discussion

All experiments were carried out under pseudo-first-order conditions
with CH;CHO and Br; in large excess over bromine atoms. Reaction mix-
tures contained 0 -0.05 Torr of CH;CHO, 1 X107%-5 X10™* Torr of Br,
and 150 Torr of N, buffer gas. The nitrogen level was sufficient to facilitate
rapid deactivation of bromine atoms in the electronically excited spin~orbit
state

Br, + hv (855 nm) — nBr(?P3,3) + (2 — n)Br(’P,,3) (5)
Br(’P,,;) + N;— Br(’P;,5) + N, 9)

The rate coefficient for reaction (9) is 2.5 X 107** cm® molecule™ s™* [8].
Both theoretical [9] and experimental [10] information suggests that the
parameter n in eqn. (5) has a value near 2, i.e. little or no Br(*P, ;) is pro-
duced when Br, is photolyzed in the near UV.

We expect the decay of Br(’P;,;) to be controlled by the following
reactions

Bl’(ng/z) + CH;CI'IO S— CH;CO + HBr (6)

N
o~
[
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CH,;CO + Br, — CH;CBrO + Br(?P,) (7)
Br(?P;,,) — removal by diffusion from the detector field of (10)
view and reaction with background impurities
CH;CO — removal by processes which do not produce bromine (11)

atoms

The rate equations for the reaction scheme (6), (7), (10) and (11) can
be solved analytically

[Br],/[Br]o= {(K + A,) exp(A;t) — (K + ;) exp(A,1)}/(A; — A3) T (12)
where

A, =0.5{(a?—4p)!"*—q} (13)
Ay =—0.5{(a®*~4p)!* + a} (14)
K = k4[Br,] + ky, (15)
a=K+k;o+ks[CH,CHO] (16)
B =k oK+ k, k[CH;CHO] (17)

The observed temporal profiles can be fitted to the predicted double-
exponential functional form (egn. (12)) to obtain values for A;, A, and K.
The rate coefficient k,, was directly measured to be 35 = 7 s™! in all experi-
ments (assuming negligible contribution to k,, from impurities in the
CH;CHO-N, mixture). Therefore recognizing that

AN+ A =—a (18)
and

AN =B (19)
we obtain the following relationships for the rate coefficients k¢, k, and k,,
ky=—A/[CH,;CHO] (20)
ko= (K —ky,)/[Br:] (21)
ki = (k)oK —AA;)/A (22)
A=K+kjo+ A+, (23)

A typical Br(?P,,,) temporal profile observed under conditions of
relatively high [Br,] is shown in Fig. 2, and the results obtained from the
analysis of a number of temporal profiles are summarized in Table 1. Un-
certainties in the parameters A;, A, and K obtained from non-linear least-
squares analyses of the observed double-exponential decays are difficult to
evaluate quantitatively. However, for data of the quality shown in Fig. 2
(which is typical of all experiments summarized in Table 1), we believe that
a reasonable estimate of the 20 uncertainties of all three parameters is +15%.
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time (ms)

Fig. 2. Typical Br(?P;,,) temporal profile observed under conditions of relatively high
{Bry]. Experimental conditions: 150 Torr Nj;; 298 K; 1.089 x 10! CH3;CHO cm™3;
8.94 x 10'? Br, em™3; 1.7 x 10!! Br atoms cm™2 at t=0; 2048 laser shots averaged.
The full line is obtained from a non-linear least-squares fit to egn. (12). Best fit param-
eters: \; = —1040s"!;\; = —543057); K = 204057 1.

When the two time constants A, and A, differ by less than a factor of five,
the uncertainties in all three parameters increase in magnitude.

A simple average of the ks (298 K) values obtained from all 17 ex-
periments summarized in Table 1 is (4.05 £ 0.76) X 1072 cm?® molecule™
s~! (error is 20, precision only), which is in good agreement with the liter-
ature values of 3.7 X107!? cm® molecule™ s™! [1] and 3.5 X107!? cm?®
molecule™ s™! [3]. It should be noted, however, that the most accurate
measurements of k¢ are expected to be obtained under conditions of very
low [Br,] since, under these conditions, the effect of reactions (7) and (11)
on the Br(’P;,,) temporal profile is minimized. The experiments at very
low Br; concentrations are discussed below.

Inspection of Table 1 shows that k;; (298 K) appears to increase with
increasing [Br,]. This result, which was unexpected, indicates that CH;CO
radicals react with Br; or an impurity in the Br, flow via a process which
does not produce bromine atoms. A plot of k,, (298 K) vs. [Br,] is shown
in Fig. 3. Although somewhat scattered, the data are reasonably well rep-
resented by a straight line with an intercept of 648 + 230 s™! and a slope
of (6.4+2.5)X107! cm® molecule™® s~ (errors are 20, precision only).
The rather large background CH3CO decay rate of 648 s™! is probably due,
in large part, to the reaction

CH,CO + 0, + M — CH,C(0)00 + M (8)

The 298 K rate coefficient for reaction (3) is known to be 2 X 1072 cm?
molecule™ s7! [11]. Hence a background O, level of 10 mTorr, i.e. 0.007%,
in the slow flow system would completely account for CH,CO removal with
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TABLE 1

Summary of results obtained at relatively high Br, concentrations*

[CH3CHO] [Br,] [Br]o K —X\j =N\ kyy ke k,
(10" molecules (10" molecules  (10'! molecules " Y s Y Y (10 "7em? (1072 cm3
cm™?) cm™3) cm?) molecule !s7!')  molecule 's ')
5230 965.1 0.65 2780 937 4360 1610 4.74 123
65160 93.6 2.2 2200 873 3480 1400 4.11 86
65060 90.1 0.19 2210 831 3860 1280 4.82 103
65270 146 0.31 2960 732 4410 1460  4.07 104
5470 150 2.6 2880 739 4270 1460 3.84 95
8290 88.1 0.16 2430 1150 4900 1650 4.32 100
10800 40.7 0.78 1190 826 5290 884 4.53 76
10700 89.4 197 2040 1040 5430 1270  4.11 86
10700 89.7 0.92 2250 1090 5720 1360 4.23 99
7330 22.3 0.79 1050 767 3200 831 3.91 98
7330 445 0.72 1150 588 3340 700 3.76 100
7280 71.6 0.26 2020 716 4140 1030 3.86 127
7320 121 0.42 2430 680 4330 1120 3.48 108
3700 449 0.68 1320 537 2190 820 3.72 111
3660 121 0.44 2850 461 3810 1190 3.80 137
3700 22.3 0.77 860 520 1710 641  3.62 97
3670 79.1 0.26 2280 502 3260 1070 3.96 153

*T = 298 K in all experiments.
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Fig. 3. Plot of k,; vs. [Br;] for the results summarized in Table 1. The full line is obtained
from an unweighted linear least-squares analysis.

the Br; flow off. The process which causes k|, to increase when Br, is added
cannot be identified with any degree of confidence.

The values of k, (298 K) obtained from egn. (21) and summarized
in Table 1 do not appear to vary systematically as a function of either the
CH;CHO concentration or the Br, concentration. A simple average of the
k, (298 K) values obtained from all 17 experiments is (1.06 + 0.39) X 1071°
cm?® molecule™ s™! where the error is 20 and represents precision only.
Alternatively, k, can be evaluated from the slope of a plot of K —k,, vs.
[Br;] (Fig. 4). An unweighted linear least-squares analysis of the data
plotted in Fig. 4 gives the result k, (298 K) * 20 = (1.08 £ 0.22) X 107 % cm?
molecule™ s7!. The improved precision of the second method for determin-
ing k- results from the fact that data at high [Br,], where K — k,, is relative-
ly large and therefore more accurately determined, are effectively given a
higher weight in determining the K — ky, vs. [Br;] slope, whereas all points
are weighted equally in the simple average. Hence the ‘‘slope’” method of
analysis is preferred. We estimate the absolute accuracy of our k, (298 K)
determination to be £35% and, therefore, report the rate coefficient

k,(298 K) = (1.08 £ 0.38) X 107'° cm? molecule™! 57!

It should be noted that the only important mechanistic assumption required
to extract the above value for k(T) from the data analysis is that reaction
(7) is the only process which regenerates bromine atoms. For the chemical
system of interest here, this assumption appears to be justified.

Typical Br(?P;,,) temporal profiles observed under conditions of
relatively low [Br,] are shown in Fig. 5. The decays are exponential. How-
ever, simulations employing egn. (12) in conjunction with the rate coef-
ficients determined in the high [Br,] experiments demonstrate that, over the
range of Br, and CH;CHO concentrations employed, the observed temporal
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Fig. 4. Plot of K — k;, vs. [Br;] for the results summarized in Table 1. The full line is
obtained from an unweighted linear least-squares analysis and gives the bimolecular rate
coefficient k4.
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Fig. 5. Typical Br(?P;,,) temporal profiles observed under conditions of relatively low
[Bra] (1 x10* ecm™2 or less). P=150 Torr N3; T = 255 K. [CHsCHO] in units of 10
molecules em™3: (a) 0; (b) 2.25; (c) 3.80; (d) 6.63; (e) 13.4. Full lines are obtained from
linear least-squares analyses and give the following pseudo-first-order rate coefficients: (a)
4057;(b) 781867 %;(c) 1310467 %;(d) 226057 1; (e) 469057 1.

profiles should be slightly non-exponential due to bromine atom regenera-
tion via reaction (7). To analyze the experimental data, we obtained an
uncorrected pseudo-first-order decay rate k' by carrying out a linear least-
squares analysis of the first two 1/e times of decay (i.e. down to [Br],/
[Br]o = 0.135); we then corrected k' using the ratio of the simulated decay
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rate with the Br, concentration set equal to zero to the simulated decay rate
for the Br; concentration employed in the experiment. The simulated decay
rates were obtained from linear least-squares analyses of the simulated
In [Br], vs. t data for the first two 1/e times of decay. For simulations at
temperatures other than 298 K, it was assumed that the nearly gas kinetic
k, value was independent of temperature. Two scenarios were adopted for
the temperature dependence of k,,. One set of simulations was carried out
with k,, assumed to be independent of temperature. A second set of simula-
tions assumed that the [Br,]-independent component of k,;, which was
speculated to be due primarily to the addition reaction (3), varied according
to the expression k(T) =k (298 K) (T/298)7%; the [Br,]-dependent com-
ponent of k;,, which was very small under the conditions of the low [Br,]
experiments, was assumed to be independent of temperature.

The results of the “low [Br;]” experiments are summarized in Table 2.
The rate coefficients k¢(T) reported in Table 2 were obtained from linear
least-squares analyses of plots of k', the pseudo-first-order Br(*P;,,) decay
rate, vs. CH;CHO concentration. As can be seen from inspection of Table 2,
although correction for Br(?P;,,) regeneration raised individual k' values by
factors ranging from 1.03 to 1.21, corrected k4(T) values were only about
4% larger than the uncorrected values. The magnitudes of the corrections to
k¢(T) did not depend strongly on temperature, and were virtually indepen-
dent of the temperature dependence adopted for k,,(T). It should be noted
that the method used to obtain a corrected value for k4(T) required an
initial estimate of k¢(T). However, this estimate could be made quite ac-
curately because the required corrections were so small. For this reason, it
was not necessary to employ an iterative procedure to obtain accurate
correction factors.

The rate coefficients k¢(T) determined in this study are listed in Table
2 and plotted in Arrhenius form in Fig. 6. An unweighted linear least-squares
analysis of the In k¢ vs. T~! data gives the Arrhenius expression (255 K< T <
400 K)

ke(T) = (1.51 £0.20) X 107! exp{—(364 * 41)/T} cm? molecule™! 57!

where the errors are 20 and represent precision only. The above Arrhenius
parameters seem reasonable. The A factor is typical of that found for a
direct atom-molecule hydrogen abstraction reaction and the trend for
bromine atom reactions with formaldehyde and acetaldehyde is similar to
the trends observed for other radical-aldehyde reactions, i.e. similar A
factors but larger activation energies for the formaldehyde reaction than for
the acetaldehyde reaction [12].

From the above Arrhenius expression we obtain k, (298 K) = 4.45 X
1072 cm® molecule™ 57! — about 25% faster than the two literature values
[1, 3]. We estimate the uncertainty in our k4 (298 K) value to be *15% (20).
Niki et al. [1] report a 20 uncertainty of $6% for the ratio k¢/ks, whereas
the uncertainty in k4 is estimated to be £30% [12]. Hence our result agrees
well with that of Niki et al. considering the combined uncertainties of the
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TABLE 2

Summary of results obtained at relatively low Br; concentrations®

T [Br,] [CH,CHO] k(51 ket 20°
(K) (10! molecules (10 molecules (10712 em?
cm™3) em™3) A B ¢ molecule”!s71)
255 10.3 0 40 40 40 A:3.45%0.06
5.13 2250 781 841 820 B:3.59*0.07
10.0 3800 1310 1470 1420 C:8.59°'t0.06
6.11 4890 1660 1760 1730
10.2 6630 2260 2450 2410
10.3 12000 4100 4320 4300
9.59 13400 4690 4890 4870
298 8.72 0 34 34 34 A:4.27%0.24
4.70 2920 1230 1300 1300 B:4.4010.33
8.08 2990 1310 1440 1440 C:4.40=0.33
4.69 6040 2530 2620 2620
8.66 6100 2710 2890 2890
8.02 8020 3630 3800 3800
8.00 10500 4400 4540 4540
298 7.29 0 32 32 32 A:4.44%0.30
6.90 2070 880 968 968 B:4.61 £0.24
6.89 3530 1410 1510 1510 C:4.61 £0.24
6.52 4680 2010 2130 2130
6.51 5470 2390 2510 2510
6.51 6980 3140 3270 3270
345 9.18 0 41 41 41 A:496*0.17
8.84 1350 724 829 872 B:5.23+0.24
9.00 2250 1190 1340 1370 C:5.23*0:32
9.10 3950 1950 2120 2140
8.66 5840 2970 3140 3160
400 6.82 0 29 29 29 A:587%0.26
6.78 1050 605 675 734 B:6.08 £0.26
6.54 1620 956 1040 1090 C:6.06 £0.28
6.48 2730 1570 1680 1700
6.15 3360 2060 2170 2200
6.43 4180 2380 2490 2520
6.33 5410 3220 3350 3360

2[Br]o was in the range (1.4 - 3.5) x 10'% atoms em™2 in all experiments.

Errors represent precision only.
€A, uncorrected for bromine atom regeneration via the CH,CO + Br, reaction; B, cor-
rected for bromine atom regeneration via the CH3CO + Br; reaction assuming that k,, is
independent of temperature; C, corrected for bromine atom regeneration via the
CH3CO + Br; reaction assuming that the [Br;}-independent component of k;; has a 7%
temperature dependence (see text for rationale).
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Fig. 6. Arrhenius plot for the reaction Br(?P3,;) + CH:CHO = CH;3CO + HBr. The full line
is obtained from an unweighted linear least-squares analysis.

two studies. Islam et al [3] carried out a VLPR study of the kinetics of
reaction (6) and obtained the result k, (300 K) + 20 =(3.5+1.0) x 1072
cm?® molecule™ 57!, again in agreement with our result within the combined
uncertainties of the studies. Islam et al. observed upward curvature in their
plots of [Br]y/[Br] vs. [CH;CHO] which they considered to be insignificant
due to the relatively large uncertainty associated with the data points at high
values of [Br]y/[Br]. Islam et al generated bromine atoms by passing a Br,—
He mixture through a microwave discharge. Incomplete dissociation of Br,
in the discharge would have resulted in the observed upward curvature of the
[Br]o/[Br] vs. [CH3CHO] plot, because reaction (7) would have represented
a more important bromine atom regeneration step at low [CH3;CHO] than at
high [CH,CHO]. If Br, was present in the reactor of Islam et al, it is clear
that they would have underestimated k.

Barnes et al. [13] have recently published the results of a competitive
kinetics investigation of bromine atom reactions with a series of alkanes,
alkenes and alkynes. These workers used the reactions of bromine atoms
with CH3;CHO and 2-methylpropane as their reference reactions. The results
of Niki et al. [1] and Islam et al. [3] were used to obtain an absolute value
for k¢, and the recent results of Russell et al. [14] were used to obtain an
absolute value for the Br—2-methylpropane rate coefficient. As a consistency
check, Barnes et al. studied the Br-propyne reaction using both CH,CHO
and 2-methylpropane as competitors. Their Br—propyne rate coefficient was
33% faster when referenced to 2-methylpropane than when referenced to
CH,CHO,; if our value for k4(T) was used, this would reduce the difference to
less than 10%.
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Pulsed laser photolysis kinetics study of the O(*P) 4-CIO reaction
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A pulsed laser photolysis technique has been employed to study the kinetics of the important

ky
stratospheric reaction O + ClO—Cl + O, in N, buffer gas over the temperature and pressure

ranges 231-367 K and 25-500 Torr. 351 nm pulsed laser photolysis of Cl,/0,/N, mixtures
produced Cl atoms in excess over O,. After a delay sufficient for the reaction

Cl + 0,-ClIO + O, to go to completion, a small fraction of the ClO was photolyzed at 266 nm
to produce O(*P). The decay of O(*P) in the presence of an excess, known concentration of
ClO was then followed by time-resolved resonance fluorescence spectroscopy. We find that k,
is independent of pressure, but that k,(T) increases with decreasing temperature. Our results
suggest that the Arrhenius expression k,(7) = (1.55 + 0.33) X 10~"? exp{(263 + 60)/7}
cm® molecule ™' s~ is appropriate for modeling stratospheric chemistry. Errors in the

Arrhenius expression are 20 and represent precison only. The absolute accuracy of k, at any

v 3 ’

temperature within the range studied is estimated to be + 20%. Our results agree with other ’
recent measurements of k, at 298 K but give significantly faster rate coefficients at
stratospheric temperatures. A few measurements of the rate coefficient for the reaction

k

CIO + CIO - products were also carried out. These measurements were necessary to assess the

time dependence of [CIO].

INTRODUCTION

The reaction of ground state oxygen atoms O(*P) with
ClO radicals is the rate determining step in the dominant
catalytic cycle via which chlorine atoms destroy odd oxygen
in the middle stratosphere:

0 + ClI0-0, + C, (1
Cl+0,~Cl0+0, (2)
Net: 0 + 0,-20,

The primary source of stratospheric chlorine atoms is the
photolysis of anthropogenic chlorofluorocarbons.

Seven measurements of k,(298 K) are reported in the
literature.'”” There is agreement among the five most recent
studies that k,(298 K) lies in the range 3.54.2x10~"!
cm? molecule ="' s~'. The activation energy for reaction (1)
is known to be small,>” but its value is not as well defined as
would be desirable for such an important stratospheric reac-
tion. In fact, it is not clear if k,(T) increases or decreases
with decreasing temperature. In addition to the abovemen-
tioned studies of reaction (1) at atmospheric temperatures,
one high temperature (1250 K ) shock tube measurement of

k, has been reported,® as has one theoretical calculation of -

k,(T) over the temperature range 220-1000 K.°

Because predictions of chlorine catalyzed ozone loss are
very sensitive to the value of k,(T) used in model calcula-
tions, it is important that this rate coefficient be determined
with high precision at stratospheric temperatures. Studies

*' Author to whom correspondence should be addressed.
® Present address: Aeronomy Laboratory, National Oceanic and Atmo-
spheric Administration, 325 Broadway, Boulder, CO 80303.
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employing a variety of experimental techniques are desirable
in order to uncover possible systematic errors. All previous
studies of reaction (1) at ambient and subambient tempera-
tures'” employed discharge flow systems which were limit-
ed to total pressures of 10 Torr or less. It is interesting to note
that reaction (1) occurs on a potential energy surface with a
minimum along the reaction coordinate, i.e., the intermedi-
ate complex ClOO is a bound species whose ground state
correlates with O(’P) + ClIO(X ?m).'° Reactions which oc-
cur on potential energy surfaces of this type often exhibit
negative activation energies and pressure dependent rates.
We have recently developed a pulsed laser photolysis
method for carrying out direct kinetics studies of radical-
radical reactions at pressures up to 1 atm, and applied this
method to study the temperature and pressure dependences
of the O + HO, reaction.'"!? Using an extension of the tech-
nique employed in the O 4+ HO, investigations, we have
studied the kinetics of reaction (1) in N, buffer gas over the
temperature and pressure ranges 231-367 K and 25-200
Torr. Our results, which include observation of a significant
negative activation energy, are reported in this paper.

EXPERIMENTAL

A schematic of the apparatus appears in Fig. 1. The two
radical species were created via a scheme involving two sepa-
rate photolysis lasers. Under “slow flow™ conditions, a gas
mixture containing Cl, and O, in a large excess of N, buffer
gas was first subjected to photolysis by a XeF excimer laser,

Cl, + Av(351 nm) = 2Cl. (3)

T 1988 Amencan Institute of Phvsics
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FIG. 1. Schematic diagram of the experimental apparatus. The abbreviations used are as follows: FT—flow transducer, Hg—mercury pen-ray lamp; PM—
photomultiplier tube; HV—high voltage power supply; MWPS—microwave power supply; RL—resonance lamp, DG—delay generator, PG—pressure
gauge; MCA—multichanne! analyzer; D—doubling crystal; CE—counting electronics. For the sake of clarity, the resonance lamp and photomultiplier tube
are shown facing each other when, in fact, they were mounted at 90° 1o each other and perpendicular to the direction of the laser beams.

The combination of the excimer laser fluence and [Cl,] was
always large enough for the condition [Cl], > [0, ], to hold.
During a predetermined delay period, 7,, the reaction

Cl+0,~Cl0+0, )

was allowed to go to completion. At this time the ozone in
the reaction cell had effectively been titrated by Cl atoms and
the initial value of [O, ], could be related to [C1O],,. At the
end of this delay a second laser pulse, the fourth harmonic of
the fundamental wavelength from a Nd:YAG laser, photo-
lyzed a small fraction of the Cl10,

ClO + Av(266 nm) -Cl + O. (4)

The decay of oxygen atoms in the presence of excess ClO was
followed by monitoring the time dependence of fluorescence
signal which was continuously excited by a microwave dis-
charge resonance lamp. The lamp was operated with a low
pressure of helium ( < 1 Torr) containing a small fraction of
0,.

The ozone storage bulb contained a mixture of 1% to
2% O, in nitrogen, while the Cl, was stored neat. These
species were leaked through needle valves into the main gas
flow. Ozone in the gas flow was measured in a 35.0 cm ab-
sorption cell that was placed within a multipass optical ar-
rangement. Using modified White cell optics, 30 passes of

the 254 nm Hg line from a pen-ray lamp were sent through
the absorption cell for an effective path length of 10.50 m.
The chlorine was measured in a 216 cm absorption cell using
a single pass of the 366 nm Hg line, also from a pen-ray lamp.
Both atomic lines were isolated using suitable bandpass
filters. Typically, the absorption cells were upstream from
the reaction cells, although in a few experiments the Cl, and
O, were measured after the flow exited the reaction cell.
Because Cl, absorbance at 254 nm was not totally negligible
[0 =1.6X10"? cm? (Ref. 13) ], the reference light intensi-
ty for the [O, ] determination was always measured with Cl,
flowing. The Cl, absorption cross section at 366 nm and the
O, absorption cross section at 254 nm were taken to be
1.01x 107" cm? (Ref. 13) and 1.147Xx 107" cm? (Ref.
14), respectively.

The Pyrex reaction cell measured 16 cm along its longer
axis and had an internal diameter of 4 cm. The two laser
beams counterpropagated along the longer axis. Around the
middle of the cell were four 1.5 cm diameter side arms, each
perpendicular to the long axis of the cell and at 90° to each
other. The resonance lamp radiation entered the cell
through one of the side arms and the fluorescence signal was
collected through a neighboring arm. The central portion of
the cell was surrounded by a jacket through which thermos-
tated liquids were flowed to control the temperature of the

J Chem Phys Vol 88 No 9,1 Novemner “RES
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gas mixture inside the reactor. The gas mixture entered the
cell through several ports very near the window at one end of
the long axis and exited the cell through similar ports near
the opposite window. Because the chemistry initiated by the
excimer laser beam completely titrated one component (O,)
of the gas mixture within much of the cell volume, the cell
was designed to have minimum total volume and low dead
space, i.e., gas flowed through all volume elements of the cell
at approximately equal rates. The typical linear flow rate
through the cell was 14 cm s~ and the repetition rate of the
two laser sequence was usually 0.4 Hz. Therefore, the gas
mixture within the entire volume of the reaction cell was
replenished between excimer laser pulses. The temperature
of the gas mixture was measured by replacing one of the end
windows with an acrylic flange through which a copper-
constantan thermocouple could be inserted. The errors in
the reported temperatures are estimated to be no more than
+ 1.0K at the extreme temperatures and less at intermedi-
ate temperatures.

Oxygen resonance lamp radiation was focused into the
reaction zone by a 2 in. focal length MgF, lens. The reaction
zone was viewed by a solar blind photomultiplier tube
through a similar lens. The volumes between the resonance
lamp and the reaction cell, and between the reaction cell and
the photomultiplier tube were purged with a mixture of 1%
O, in nitrogen. This excluded room air and also acted as a
filter of extraneous emissions from the resonance lamp. A
CaF, window between the cell and the photomultiplier tube
eliminated the possibility of hydrogen atom detection. Flu-
orescence signals were accumulated using photon counting
techniques in conjunction with multichannel scaling. Each
sweep of the analyzer was triggered simultaneously with the
excimer laser. From 50 to 500 flashes were averaged to ob-
tain sufficient signal-to-noise ratio for quantitative kinetic
analysis.

The total pressure in the flow system was measured with
a capacitance manometer. Due to the necessarily fast flow
rate and the small (4.0 mm i.d.) tubing connecting the var-
ious components of the flow system, there were measurable
pressure gradients between the absorption cells and the reac-
tion cell. Quantitative adjustments were made for these gra-
dients in the calculation of the Cl, and O, concentrations in
the reaction cell under each set of conditions. The magnitude
of the adjustment was largest at the lowest pressure (15% at
25 Torr) and negligible at the highest (1% at 200 Torr). The
nitrogen buffer gas comprised at least 94% of the mixture for
all experiments and its flow rate was monitored using a cali-
brated electronic mass flowmeter.

The concentration of ClO, the excess species in this
technique, was derived from the concentration of ozone as
measured *“in situ.” Therefore, it was not necessary to have
an absolute calibration of the photolysis laser fluences. How-
ever, it was important to know that following the excimer
laser pulse the condition [Cl] > [O,] held throughout the
reaction zone. Therefore, the excimer laser fluence was mea-
sured in each experiment. As will be discussed below, it was
also important to monitor the 266 nm laser fluence. Both of
these quantities were determined using a photodiode-based
calibrated radiometer. With the front optic of the excimer

Nicovich, Wine, and Ravishankara: Kinetics of the O(*#) + CIO reaction

laser approximately 2 m from the center of the reaction cell,
the beam was rectangular in cross section and measured 2.0
by 4.0 cm. When measured through a 0.5 cm diameter aper-
ture, the fluence peaked at the center of the beam and
dropped off by 10% per 0.5 cm distance from the center in
both the vertical and horizontal directions. The beam from
the Nd:YAG laser was aligned at the center of the volume
irradiated by the excimer laser. It was estimated to be
0.4 4+ 0.1 cm in diameter.

The reagent purities and sources were as follows: N,
(99.999%, Spectra Gases, Inc.); Cl, (99.9%, Matheson Gas
Products, Inc.); O, (99.99%, Spectra Gases, Inc.). Ozone
was prepared in a commercial ozonator using UHP oxygen.
It was stored at 195 K on silica gel and degassed at 77 K
before use. The other gases were used without further purifi-
cation.

RESULTS

In the absence of competing reactions that either deplete
or enhance the ground state oxygen atom [O(*P)] concen-
tration, the temporal behavior of [O(°P) ] following the 266
nm laser pulse can be described by the relationship

- 3 ’

In{{OC*P)],/[0CP)],} = — (k,[CIO] + k) (1 —1,)
= —k'(t—1,), (I
where
kg =ks[Cl,] + k. (In

In Eq. (II), k, and k are the rate coefficients for the follow-
ing processes:

O(*P) + Cl,—products, (5)

O(*P) —loss by diffusion from the viewing (6)
zone and reaction with background
impurities.

A typical experimental O (*P) temporal profile is shown
in Fig. 2. Unexpectedly, a significant buildup and decay of
O(*P) occurred before the 266 nm laser fired; possible
sources of this O(*P) and its implications for our study of
reaction (1) are discussed below. It should be noted that the
vertical axis in Fig. 2 has units of concentration. To con-
struct Fig. 2, the fluorescence signal before the 266 nm laser
fired was scaled to account for the fact that the 351 nm laser
photolyzed the entire field of view of the detection system,
while the 266 nm laser photolyzed only 15% of the detector
viewing zone. The size of the viewing zone was estimated by
placing a series of apertures in front of the 351 nm beam and
noting the variation of fluorescence signal strength with
beam size.

Typical decays of O(*P) generated by the 266 nm laser
pulse are shown in Fig. 3. At each temperature and pressure
a minimum of five and an average of eight experiments were
performed at various values of (O, ],. Because the Nd:YAG
laser fluence was measured in each experiment, the amount
of ClO lost via 266 nm photolysis could be quantified. The
expression

[C]O]l, - [03]0_ [O(BP)L, (III)

was used to calculate the ClO concentration under the as-
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FIG. 2. An experimental O atom temporal profile obtained under the fol-
lowing conditions: [C1,]) = 1.40%x 10" molecules cm~?;
[05)o=7.27%10" moleculescm™?; [Cl],= 1.82%10'* molecules
em ™7, Total pressure =25 Torr; temperature = 298 K; MCA dwell
time = 25 us.

sumption that no loss of ClO occurred during the delay
between photolysis laser pulses. The ratio [O(°P)]/[ClO]
immediately following the 266 nm laser pulse was deter-
mined for each experiment, and was typically in the range
0.01-0.04. Hence, it was appropriate to correct each mea-
sured decay rate for slight deviations from pseudo-first-or-
der conditions. These corrections were derived from com-
puter simulations of reactions (1), (5), and (6) under the
range of experimental conditions employed. Best fit values
for each decay rate (k ') were obtained from linear regression
analyses of the experimental data over at least 2 1/e times.
Each value of k' was then increased by 2% or less using the
appropriate non-pseudo-first-order correction. Representa-
tive plots of [ClO] vs k " are shown in Fig. 4. These data were
subjected to linear least squares analyses to give values for
k,. The results are presented in Table I. Note the separate
columns for k,(uncorrected) and k,(corrected). The for-
mer represents the best fit to the data when k ' was not cor-
rected for non-pseudo-first-order behavior and [ClO] was
set equal to [O,], less the amount photolyzed to produce
[O(*P)]. The latter k, values include the small non-pseudo-
first-order correction to k' and additional corrections to
[C10] discussed below.

The absorption cross section used to calculate the
amount of ClO photolyzed by the Nd:YAG laser was esti-
mated experimentally. The signal level immediately after the
Nd:YAG laser fired was directly proportional to the concen-
tration of oxygen atoms. If the Nd:YAG laser was not pre-
ceded by a pulse from the excimer laser, then the photolyte
was O,. If all the O, had been converted to CIO via reaction
with Cl atoms created in the 351 nm excimer pulse, then the
signal was due to ClO photolysis. Therefore, in back-to-back
experiments with constant [Cl,], [O;] and 266 nm fluence,
the ratio of O(*P) signal with and without 351 nm photolysis
should be identical to the ratio of the C1O and O, absorption

. ol Ot R o
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FIG. 3. Typical O atom temporal profiles. These experiments were carried
out under the following conditions (all concentrations expressed in mole-
culescm™?): 25 Torr total pressure; 7=298 K; [Cl.] =98x10'%;
[05]0=1.73x10" (A), 5.15x10' (B). 876%10" (C); and
(Cl]o=1.10Xx 10" (A); 1.66x 10'* (B), 2.29x 10'* (C).
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FIG.4. A k' vs [C10] plot of typical data taken at 25 Torr total pressure of
N, and at three temperatures. Note that the 298 and 23] K data have been
displaced upward by 1000 and 2000 s~ ', respectively. Solid lines are ob-
tained from linear least squares analyses and give the following rate coeffi-
cients (in unitsof 10~ "' em* molecule™'s~'): 4 99a1231 K.4.07at 298 K.
3.44 a1 367 K.
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TABLE 1. Summary of &, determinations.*

Nicovich, Wine, and Ravishankara: Kinetics of the O(*P) + CIO reaction

Temperature Pressure k,x 10" (uncorrected)® k,x 10" (corrected)
(K) (Torr) (cm’ molecule™’s ') (cm® molecule™'s™")
231 25 4.64 +0.16 499+0.17
238 25 4.25+ 043 447 + 043
252 200 3.10 % 0.22 3.97 + 0.30
258 25 4.15+0.20 442 + 020
255 200 3.25+0.20 3954032
257 25 3.86 + 0.15 410+ 0.11
257 25 430+ 0.15 447+ 0.19
275 25 394 4+0.17 4,10+ 0.16
298 25 3.55+0.21 384 +0.14
298 25 3.47 4025 3.59 + 0.25
208 25 3514014 3.62 +£0.13
298 25 3.87 4+ 0.36 393 +0.36
298 25 3.89 1 0.15 4.07+0.17
298 50 3914023 407 + 0.24
298 50 3.6240.15 398 +0.18
298 50 3.70+0.12 391 +0.11°
298 50 3.5340.19 376 £ 0.14 : o R 2
298 50 3.76 + 0.16 398 +0.14 ) :
298 100 373 4+ 0.68 3.97 £ 0.67
298 200 3394027 3734024
298 200 3394028 3714032
298 200 3.55+0.12 3.76 £ 0.13
298 500 318+ 0.16 4.03 +0.20
338 25 3.16 + 0.60 3.26+0.12
359 200 299 4 0.14 3.09+0.15
360 25 2.89+0.13 296 +0.12
367 25 335+ 0.13 3.44 + 0.13

*Errors are 20 and represent precision only.

® Uncorrected values have not been adjusted for non-pseudo-first-order conditions and {ClO] loss by reaction

(5). See the text for details.

 Carmed out with 283 nm photolysis of ClO, under “'reversed™ and “‘normal™ flow conditions.

cross sections at the Nd:YAG laser wavelength [the O('D)
product of O photolysis is rapidly quenched to O(*P) by
N.]. Thisexperiment resulted in a value of 0.35 for the signal
ratio. If 0,4,(0;) is taken to be 9.0x 107 '8 cm? (Ref. 13)
then 0, (Cl10) is ~3.1 X 10~ ' cm®. This is somewhat low-
er than the low resolution cross section at this wavelength
that is reported in the literature.'® However, we carried out
the identical signal level comparison near 283 nm, a2 wave-
length where the high resolution cross section has been char-
acterized.'® Using a frequency doubled, Nd:YAG pumped
tunable dye laser the rotational structure in the ClO spec-
trum was reproduced by observing t-e resonance fluores-
cence signal as the wavelength was scanncd. At 282.95 nm,
the peaks of the R(19.5) and P(16.5) lines of the A 7y, -
X *;,, 9-0 band, we observed a factor of 1.65 + 0.20 more
fluorescence signal when the excimer laser photolyzed Cl,
than when the excimer laser beam was blocked. Based on the
dye laser linewidth employed and the literature values for
the ozone and ClO cross sections, we expected a ratio of
1.80 + 0.40. This result confirms our value for g, (ClO).
As mentioned above, the delay between the two laser
pulses 7., was adjusted to be long enough for reaction (2) to
go to completion. The value of the Cl + O, rate constant is
reasonably well known' so an appropriate delay time could
be calculated. As a check the delay time was varied until a
constant signal and decay rate were observed, indicating that

-

255

all the O, had been converted to ClO. The majority of experi-
ments were carried out with delay periods of either 3.4 or 6.4
ms.

The temporal behavior of ClO could be monitored by
following both the O(*P) signal level produced by 266 nm
photolysis and the measured value of k'. For some condi-
tions (lower temperature, higher pressures) it was observed
that ClO was decreasing on the time scale of the delay
between the two lasers. The disappearance of ClO is prob-
ably due to self-reaction, a process that has not been com-
pletely characterized.'” In order to make a correction for the
amount of ClO lost during the delay between laser pulses and
also during the O atom decay, a series of experiments were
carried out in which the delay time was varied at fixed [O,],
[Cl,], and laser fluences.

For the process

ClO + ClO - products (@)
the time dependence of [ClO] is described by the relation-
ship

2k,t=[ClO), ' = [CIO)5 .
If we define &, to be the second-order rate coefficient for
ClO removal under our experimental conditions, then plot-

ting [ClO],~' vs 1 should yield a straight line of slope 2k ,.
and intercept equivalent to [CIO]s '. The absolute concen-

(Iv)
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FIG. 5. A plot of [C1O] ~' vs delay time. The open circles are based on CIO
concentrations calculated from the O atom decay at each delay and the
closed circles are based upon the fluorescence signal immediately following
the 266 nm laser pulse. The triangular point on the abscissa represents
[O,]s '- Experimental conditions: T= 252 K; £ = 200 Torr.

tration of ClO needed to determine k, was deduced in two
manners. In the first method, Eq. (I) was rearranged to cal-
culate [ClO]. Here k, was taken from fixed delay experi-
ments at the same experimental temperature and pressure.
k, was determined from Eq. (IV). Then the values for
[CIO] in the fixed delay experiments were adjusted to ac-
count for the loss of ClO during the delay. This procedure
was iterated until constant values of &, and k, were ob-
tained. The second method involved relating the signal level
immediately following the 266 nm laser pulse to the value of
[CIO]. The signal calibration could be arrived at by two
procedures. When enough data was available under the same
experimental conditions, a [ C1O] vs signal calibration curve
was constructed. Otherwise, signal vs delay time was plotted
and extrapolated to time zero and that signal level normal-
ized to [O,],. This normalization factor was then used to put

TABLE I1. Summary of k, determinations.
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the signal level at each delay time on an absolute concentra-
tion scale. Because of the reciprocal relation in Eq. (IV), the
value of k, is quite sensitive to the scaling factor used in
setting the value of [ClO]. Also the signal level is quite de-
pendent on the operating conditions of the resonance lamp.
Therefore, the values of k,. determined from the first meth-
od are more precise. However, when using k ' as a measure of
[C10], we assume that O atoms are removed only by reac-
tion with ClO and Cl,; this assumption appears to be justi-
fied. A typical plot of [C1O] ~' vs 7 appears in Fig. 5. The end
results of a number of such experiments appear in Table II.
These results are presented only as a measure of the phenom-
enological loss rate of ClO in our system, not as & definitive
measurement of k,.

Hayman et al.'” report 298 K values for k, which are
substantially faster than the values for k,. (298 K,P) we have
determined. However, our 255 K results appear to agree rea-
sonably well with Hayman ez al.’s low temperature values
for k,. According to Hayman er al.,'” reaction (7) has an
important branch to form a weakly bound dimer which can
either decompose or react rapidly with chlorine atoms. The
relevant reaction scheme is given below:

ClO + CI0 + M—(ClO), + M, (7a, — 7a)
Cl0O + CI0-0CIO + (], (7o)
ClO + CIO —other products, (7¢)
Cl + (C10),~Cl, + CIOO, (8)
ClIO0O + M~=Cl+ 0, + M, 9
Cl + CI00-Cl, + O, (major), (10a)
Cl + C100 —-2CIO (minor), (10b)
Cl + OCl0-2CI0. (11)

Hayman et al.'” obtained their kinetic data from a molecular
modulation study. They observed much smaller apparent
values for k, during the lights-off cycle (no chlorine atoms
present) than during the lights-on cycle (large concentra-
tion of chlorine atoms present). Hence, a plausible explana-
tion for the difference between our k, (298 K) determina-
tions and the &, (298 K ) values reported by Hayman et al.!’

No. of Range of
T(K) P(Torr) 107"(C1),* 10-"°[0,]* experiments 1, (ms) 10%, ™
252 200 4048 10.4 6 1.5-45 2274018
255 25 4.0-5.1 9.8 6 3.0-45 0.47 +0.19
255 200 3447 12.2 8 3.0-50 247 +0.18
298 16 1.7-2.5 7.3 7 1.5-60 0.17+0.12
298 50 4378 13.0 6 5.0~60 0.40 + 0.09
298 50 2.2-5.2 8.3 8 1.5-60 0.36 + 0.09
298 200 1.94.6 9.7 12 1.5-60 1.12+0.11
298 200 2.6-39 6.15 6 1.5-60 0.92+0.18
298 500 3.2-34 11.8 6 2.0-45 1.63+0.17
298 500 3.740 5.9 5 1.5-35 2.94 +0.63
359 200 2.0-2.5 9.3 5 3.0-45 0.38+0.15

* Units are molecules per cm”.
® Units are cm* molecule™'s™".
“Errors are 20, precision only.

J Chem Phys Vol 88 No ¢
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TABLE III. Correction factors for loss of ClO via reaction (7) as a function of temperature, pressure, [O,], and [Cl1],/(O;],.

235K 298K 363K
[0s]0 [QA)/[05)0" 25 Torr 200 Torr 25 Torr® 200Torr 500 Torr 25 Torr 200 Torr
2.0x10" 10 0.993 0.970 0.996 0.986 0.970 0.997 0.994
20x10" S 0.961 0.943 0.976 0.968 0.956 0.987 0.984
6.0x 107 6 0.983 0918 0.990 0.962 0.919 0.992 0.985
6.0x 10" 2 0.930 0.887 0.952 0.933 0.901 0.969 0.964
1.2x10" ~) 0.965 0.845 0.979 0.926 0.849 0.984 0.970
1L.2x 10" 2 0.964 0.864 0.979 0.934 0.877 0.985 0.973

* Typical range of values for [Cl],/[O,], employed in k, determinations.
k., determined by interpolation to be 3 X 10~ '* cmm® molecule =" s~ ",

is that kK _,, (298 K) was substantially faster than k; [Cl]
under our experimental conditions, thus facilitating ClO re-
generation by dimer decomposition; this is, of course, a fa-
vorable situation for measurement of k, but would result in
systematic underestimation of k,. No clear variation of &,
with [Cl] is evident in our data, although our experiments
spanned a rather narrow range of chlorine atom concentra-
tions (Table II).

In order to make appropriate corrections for the loss of
ClO during the delay between laser pulses, a reaction system
consisting of reactions (2) and (7) was modeled under a
variety of initial conditions using literature values for
k,(T)'"*and setting k, = k,.. From these calculations a set of
correction factors (F) could be derived:

£, =[C0],/(0s]0 (V)

Values of F,_ at 1, = 3.4 ms are given in Table III as a func-
tion of temperature, pressure, [O,],,and [Cl],/[O,],. Note
that the maximum correction is made for the highest value of
[ClIO] for a given experiment; also, the longer the delay used
in an experiment the larger the correction applied. For a few
experimental conditions where &, was great enough (i.e.,
high pressure, low temperature) a correction was made to
the observed &’ for loss of ClO during the decay itself; this
correction never exceeded 1.4%.

As a further check on the consistency of our experi-
ments, the rate coefficient for reaction (1) was determined
at 298 K in 50 Torr N, using 283 nm photolysis of ClO rather
than 266 nm photolysis. The additional photolysis wave-
length was provided by the frequency doubled, Nd:YAG
pumped tunable dye laser. Also, to ensure that neither O,
nor Cl, were being lost in the flow system, 8 measurement of
k,(298 K) was carried out with the two absorption cells
plumbed downstream from the reaction cell rather than in
the “normal” upstream position. Neither of these variations
in experimental parameters affected the observed kinetics.

As mentioned above, a significant O atom signal was
generated subsequent to the excimer laser pulse (Fig. 2).
Leu* and Vanderzanden and Birks'® have observed O atoms
from the reaction of chlorine atoms with ozone. The follow-
ing chemistry was proposed to explain their observations:

Cl+0,-ClO + 0,(b'E;), 2)
0,(b'3S?) + 0,=0 +20,. (12)

Subsequently, Choo and Leu'? monitored O,(b 'Z,") di-
rectly by observing its near infrared emission and put an
upper limit of ~0.05% on the O,(b 'Z,* ) yield from reac-
tion (2). Such a yield is much too small to account for the
observed levels of O(’P) produced in the Cl 4+ O, stud-
ies.*'® Choo and Leu have suggested that the O atoms may
be generated by reactions of vibrationally excited ClO
formed in reaction (2), i.e.,

Cl+ 0,-ClO*(v'<18) + O,,
followed by

ClO*(v'>12) + 0,—~0, + O + CIO

(2%)

(13)
or

Cl10*(v'>3) + C1-Cl, + O. (14)

In our system CIl atoms are in excess over O, and, therefore,
in excess over the ClO created in reaction (2). Also, the
occurence of reaction (14) results in loss of two ClO mole-
cules which otherwise would have been present at 7, while
the occurence of reaction (13) results in loss of only one CIO
molecule. Hence, reaction (14) would potentially have the
larger effect on the ClO concentration in our experiments.
To examine the potential role of reaction (14) in consuming
ClO, we simulated the system chemistry using a Gear rou-
tine to solve the rate equations numerically. The following
scheme was modeled:

Cl + 0;~CIO* + O,, (27)
Cl + Cl0*~Cl, + O, (14)
ClO* + M=CIO + M(M =N,), (15)
O+ Cl0-0, + ], (1)
ClO + ClO - products, (7)
0+ C1,-Cl0 + Cl (5a)

Although reactions (2”) and (14) may have other channels,
this scheme was devised to have the greatest impact on the
[C1O] at the end of the reaction period; therefore, only the
branches that deplete C1O were used. It should be noted that
a large dependence of the extraneous O(*P) signal on the
total] pressure in the system was observed. This observation
would be consistent with quenching of either CIO* or
0,(b'Z;) by N,. k, and k are known, and the other rate
coefficients were adjusted to reproduce the magnitude and

J Chem. Phvs Vol 89 No 8, 1 November 1988
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(0] (10 * atoms per cm?)
F -

time (ms)

F1G. 6. Comparison of oxygen atom temporal profile immediately follow-
ing 351 nm laser pulse to computer simulation of reaction scheme discussed
in the text. Experimental conditions are as follows: T=298 K;
[05]o = 1.65x 10" molecules em ™2, [C1,] = 1.42 X 10"* molecules cm ~>;
[C1], = 1.81 X 10" molecules cm ™ ?; pressure = 25 Torr. The reaction rate
coefficients used in the simulation are: k,=3.66x10""";
ki = 118x107",; ky=291X107" ky, =3.0x107
kyy=2.0x10""; k,, = 58x10""2. All rate coefficients are in units of
cm’ molecule ™' s~

temporal behavior of the O atom signal observed. Typical
results are shown in Fig. 6. It was found that the above reac-
tion scheme lead to no more than a 2% perturbation in the
concentration of C10. Of course there is no direct proof that
the assumed reaction scheme is correct. However, it is the
worst case of the suggested possibilities and any corrections
would be quite small. Since the mechanism for O atom for-
mation following the excimer laser pulse is not well under-
stood, the effect of this chemistry on the ClO concentration
was not taken into account in the determination of “‘correct-
ed” values for k, (Table I).

The combination of Cl, photolysis, Cl 4+ O, reaction,
and ClO photolysis could result in some heating of the gas in
the reaction zone. Calculations which assume worst case
conditions, i.e., P = 25 Torr N,, [Cl], = 6 X 10’* molecules
per cm’, [O;]o=1X10" molecules per cm’, [O],

= 2x 10'? atoms per cm®, and all excess energy dissipated

as heat show that laser heating of the reaction zone could not
have exceeded 2 K in any experiment. This potential system-
atic error is negligibly small so it was not incorporated into
the data analysis.

As discussed above, several corrections were made to
either the observed & ' values or in the calculation of [ClO]
from [O,],. For clarity this set of corrections is reiterated:

(a) A quantitative correction was made in k' for non-
pseudo-first-order conditions during the O atom decay. In
only a few cases did this exceed a 1% adjustment.
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(b) [ClO] was corrected for the amount of ClO lost to
photolysis at 266 nm. This correction was dependent upon
knowledge of the laser fluence, which was monitored in ev-
ery experiment using a calibrated radiometer, and on our
estimated value of 0,.,(Cl0). Because there was only a
small adjustment to [CIO] (on the average 3%) the final
results were not very sensitive to this correction. For exam-
ple, in an experiment where the fraction of ClO photolyzed
was above the average, an increase in 0,4 (ClO) of a factor
of 2 was found to change the final value of k, by only 4%.

(c) Using the loss rate of ClO determined in the same
system, a correction was made to [ClO] for the CIO that
undergoes self-reaction (or other loss processes) during the
delay time between laser firings. The largest corrections
were made at higher pressures, lower temperatures, and in
long delay experiments. Because the simulation of the pro-
duction and loss of ClO was sensitive to the errors in our
measurements of k,., this correction has a rather large un-
certainty. | . o e )

(d) A few decays were corrected for ClO loss during thé
decay itself; however, this correction was insignificant under
most experimental conditions.

(e) It was concluded that of the known possibilities for
the source of O atoms prior to ClO photolysis, none could
have had more than a 2% effect on [ClO] > DO corrections
were made for this chemistry.

Even though there were several corrections made in or-
der to reach a final value for k, at each temperature and
pressure, the magnitudes of the corrections were small in
most cases (see Table I), the corrections could be quantita-
tively applied, and in general, the results are self-consistent.
An Arrhenius plot of our data appears in Fig. 7. An un-
weighted least squares analysis of all data yields the expres-
sion

k,(T) = (1.68 + 0.31) x 10~ " exp{ (241 + 53)/1}

cm® molecule ™' s, (VI)

lJlJJ,Lll‘l‘LlllL

I o |

3.0 3.5 4.0
1000/T(K)

FIG. 7. Arrhenius plot of our results for k,( T.P). The dashed line repre-
sents an unweighted least squares analysis of the 25 Torr data only while the
solid line includes all data.
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where the errors represent 20, precision only, and
o, =Ao,, ,. For the 25 Torr data only, the expression

ki (T) = (1.55 +0.33) x 10~ "' exp{ (263 + 60)/T)}
! (VII)

is obtained from an unweighted least squares analysis. The
difference between the Arrhenius expression obtained from
the 25 Torr data and that obtained from the complete data
. set is primarily due to the slightly lower rate coefficients
obtained at high pressure (200 Torr) and low temperature
(252-255 K). These rate coefficients required rather large
corrections for contributions from reaction (7) and, there-
fore, are more likely to be in error than rate coefficients ob-
tained at higher temperatures and/or lower pressures. For
this reason, we believe the Arrhenius expression obtained
from the 25 Torr data only should be preferred. The absolute
accuracy of k, at any temperature within the range studied is
estimated to be + 20%.

cm® molecule™' s~

DISCUSSION

In all prior investigations, reaction (1) was studied by
flow tube techniques at pressures less than 10 Torr. The re-
sults of all studies are summarized in Table I'V. In the earliest
study Bemand er al.,’ measured k,(298 K ) using resonance
fluorescence to monitor O(*P) in excess C10. The ClO was
produced by the reaction

Cl + OC10-2CI0 (1)

assuming a stoichiometric factor of 2. These workers report-
ed k,(298 K) = (5.3 +0.8) X 10™"" cm® molecule™'s~".
They also measured the rate coefficient by following the de-
cay of ClO mass spectrometrically in excess oxygen atoms
and obtained the result (5.7 +2.3) X10™"" cm? mole-
cule™'s™'. In a subsequent study in the same laboratory
Clyne and Nip® measured the temperature dependence of k.
Again, O(*P) was monitored by resonance fluorescence in

TABLE IV. Comparison of measurements of k,.

Nicovich, Wine, and Ravishankara: Kinetics of the O(*P) + CIO reaction

excess ClO, the latter species being generated via reaction
(2). The room temperature rate coefficient was in good
agreement with their previous study. They report a signifi-
cant activation energy and quote the Arrhenius expression
k,(T) = (1.07 £ 0.30) X 10~ " exp{ ~ (224 £ 76)/T}
cm’® molecule~'s™".

Zahniser and Kaufman® measured the temperature de-
pendence of the ratio k,/k,. Using a value of k, measured
directly in the same system these workers report
k,(T) = (3.38 +0.50) X 10~ "" exp{ (75 + 40)/T}
cm’ molecule™'s™!

The next reported investigation of k, (T") was performed
by Leu* using resonance fluorescence detection of O(*P) in
excess ClO. CIO radicals were produced using three differ-
ent source reactions in order to validate stoichiometric as-
sumptions necessary to arrive at ClO concentration levels.
Reactions (2), (11), and

Cl+ClL0=ClO+Cl, =~ . . st 16
were the three sources used at room temperature. Reaction
(2) was used at all other temperatures. Leu’s value for %,
(298) is lower than the previously reported values and he
measured a small positive activation energy with
k,(T) = (50+1.0)x10"" exp{ — (96 + 20)/T}
cm® molecule ™' s~ '. The use of reaction (2) as the only C1O
source in all experiments at 7 # 298 K could result in a sys-
tematic error in Leu's reported temperature dependence. At
the low pressures employed in Leu’s study, the Cl10* + Cl
reaction may have competed favorably with CIO* deactiva-
tion, thus leading to overestimation of [ C1O]. Since the ratio
of k,,/k,s may be temperature dependent, such an effect
could have been more important at one end of the investigat-
ed temperature range than at the other end. It should be
emphasized that while the abovementioned systematic error
in Leu’s [ClIO] determination is possible, there currently
exists insufficient information concerning ClO* chemistry
to prove or disprove this conjecture.

k (10~" e’ molecule™'s~')¢

Experimental Temperture Pressure
Investigators Reference method*® range (K) range (Torr) 210K 250K 298 K
Bemand, Clyne, 1 DF-RF(0) 298 ~1.0 53408
and Watson 1 DF-MS(C10) 298 0.75 was $7423
Clyne and Nip 2 DF-RF(0) 220426 0.90 3.68 4.37 5.05
Zahniser and 3 DF-RF(C1)* 220-298 2.0-4.0 483 4.56 4.35
Kaufman
Leu 4 DF-RF(O) . 236422 1.0-3.5 317 341 362
Schwab, Toohey, S DF-LMR(CIO) 252-347 0.8-2.0 3.50 3.50 3.50
Brune, and Anderson DF-RF(0)
Ongstad and Birks 6 DF-CL(O)* 220-387 23 414 3.85 3.61
Margitan ? DF-LFP-RF(O) 241-298 10 420 4.20 420
Nicovich, Wine, This LFP-RF(O) 231-367 25-500 5.29 4.4) mn
and Ravishankara work 28 5.42 4.44 375

* DF—discharge flow; RF—resonance fluorescence; MS—mass spectrometry; LMR—laser magnetic resonance; CL—chemiluminescence; LFP—laser

flash photolysis.
* The monitored species is given in parentheses.
“Calculated from reported Arrhenius expressions.
¢k(O + CIO) measured relative to k(Cl + O,).

“NO added to produce chemiluminescence via O + NO + M<NO? ~Av + NO,.

¢ Cnam Phys, Vo: B2 No @ Y Nove—oor 1C6PE
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Schwab er al.® employed an experimental apparatus in
which both reactants [ ClO by laser magnetic resonance and
O(’P) by resonance fluorescence] and one product (Cl
atoms by resonance fluorescence) could be monitored. [In-
terestingly, this is the only O + ClO study where ClO was
directly measured in the reaction zone.] Again, a somewhat
lower value was measured [k,(298 K) = (3.5+0.5)
x 107" cm® molecule ™' s~') and these workers observed
essentially no temperature dependence for k,.

Ongstad and Birks® measured &, (7) in a discharge flow
system using the same three sources of ClO as Leu.* O(*P)
was followed via the chemiluminescence from NO? genera-
ted by reacting the oxygen atoms with NO added to the de-
tection region of their flow tube. These workers measured
k,(T) directly and also relative to the reaction

0 + NO,~NO + 0,. 1n

In a successive measurement scheme k,,(7T) was also mea-
sured. The relative measurements yielded somewhat higher
values, presumably due to nonpure source gases (Cl,0,
ClO,, O,) or other channels for the source reactions. Ong-
stad and Birks measured a value for k,(298 K) that agrees
with the other more recent studies and a small *“negative
activation energy.” They reported the expression
k,(T) = (2.61 + 0.60) X 10~ " exp{(97 + 64)/T)

cm’ molecule™’ s~

The only other study of &, at or near room temperature
reported in the literature was by Margitan.” C1O radicals
were generated in a flow tube via reaction (16). Down-
stream from this source O (*P) was created by laser photoly-
sis of the ClO and followed by resonance fluorescence. The
ClO concentration was measured directly in the flow by ab-
sorption. However, large corrections (up to 20% ) had to be
made for ClO loss between the ClO detection region and the
O(?P) detection region. Margitan used literature values for
k, to make these corrections. Given the recent advances in
our understanding of reaction (7),'” a large uncertainty
must be associated with the magnitude of Margitan’s correc-
tion for ClO loss via the self-reaction. His results are also
very dependent on the value chosen for the ClO absorption
cross section. Margitan reports that £/R lies within the
range +200 K and k,(298 K) = (4.2 +0.8)x10~ "
cm? molecule ™' s~ .

As seen by the comparison in Table IV, there is very
little difference between the value of k,(298 K) from our
experiments and from any of the other recent studies. How-
ever, at the lower temperatures typical of the middle strato-
sphere our results indicate significantly faster values for
k,(T) than any of the other recent investigations (see Table

260
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IV). Hence, model calculations which employ our expres-
sion for k,(7T) would predict somewhat larger ozone deple-
tion due to chlorofluorocarbon injection than calculations
which take k(T from previously available data.

SUMMARY

We have measured k, as a function of temperature and
pressure. Our results indicate a lack of any pressure depen-
dence at 298 K over the range 25 to 500 Torr. Although our
298 K rate coefficient agrees well with previous studies, our
observation of an activation energy that is more negative
than any previously reported leads to a significant difference
between our result and other recent measurements at tem-
peratures relevant to stratospheric chemistry.
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Kinetics of the Reactions of F(?P) and CI(?*P) with HNO,
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Molecular Sciences Branch, Georgia Tech Research Institute, Georgia Institute of Technology, Atlanta,
Georgia 30332 (Received: August 10, 1987, In Final Form: November 19, 1987)

The kinetics of the reactions of HNO, with fluorine (k;) and chlorine (k,) atoms have been studied by using a time-resolved
long-path laser absorption technique to monitor the appearance of product NO, radicals following 351-nm pulsed laser photolysis
of X,/HNO;/He mixtures (X = F, Cl). Absolute rate coefficients for the F(*P) + HNO, reaction have been determined
over the temperature range 260-373 K. Between 260 and 320 K, the data are adequately represented by the Arrhenius
expression k,(T) = (6.0 = 2.6) X 10712 exp[(400 £ 120)/7] cm?® molecule™ 5. Between 335 and 373 K. the rate coefficient
is found to be (2.0 £ 0.3) X 107" em® molecule™ 5! independent of temperature. The observed temperature dependence
suggests that reaction proceeds via competing direct abstraction and complex pathways. No NO, production was observed
in the experiments with X = CI, thus establishing that k,(298K) < 2 X 107" cm’ molecule™ s™'. The CI(*P) + HNO, reaction
was also investigated by using a pulsed laser photolysis—resonance fluorescence technique to monitor the decay of CI(?P).
Upper limit values for k, obtained from these experiments, in units of 107'¢ cm® molecule™ 57!, are 13 at 298 K and 10 at

400 K.

Introduction

The nitrate radical (NO,) is a key reactive intermediate in the
atmosphere. Motivated primarily by the need to quantitatively
understand its role in atmospheric chemistry, numerous studies
of NO; kinetics, photochemistry, and spectroscopy have been
reported in the literature. A number of these studies employed
the reaction

F(°P) + HNO,; — HF + NO, (9]

as the nitrate radical source.""’? Despite its widespread use as
an NO, source in both fast flow!™ and flash photolysis'®'2 studies,
the first room temperature measurement of k; has only recently
been reported.® and the temperature dependence of k, has not been
investigated. In this paper we report a determination of the
absolute rate coefficient for reaction 1 as a function of temperature
over the range 260-373 K. We also report new results on the
related reaction

CI(*P) + HNO, — HCl + NO, )
There have been several previous studies of reaction 2, but reported

® Author to whom correspondence should be addressed.
! Present address: Department of Chemistry, Northwestern University,
Evanston, IL 60201.

values for k;(298K) span a range of more than 3 orders of
magnitude.'>'
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Figure 1. Schematic of the pulsed laser photolysis~long-path laser ab-
sorption apparatus: A, amplifier; AC, absorption cell; AIL, argon ion
laser; BPF, band-pass filter; CL, cylindrical lenses; D, diffuser; EL,
excimer laser; F, flowmeter; L, lens; PA, picoammeter; PD, photodiode;
PG, pressure gauge: PM, photomultiplier; RC, reaction cell; RDL, ring
dye laser; TD, transient digitizer; WCM, White cell mirror; ZaL, zinc
bollow cathode lamp; 1/4 M, '/,-m monochromator; 3/4 M, */¢m
monochromator; X, needle vaive; @, shut-off vaive.

Experimental Section

The kinetics of reactions ] and 2 were investigated by moni-
toring the temporal profile of the product NO, following 351-nm
pulsed laser photolysis of X; (X = F, Cl). The pulsed laser
photolysis—long-path laser absorption (PLP-LPLA) apparatus
employed for these measurements was a modified version of one
which we used previously to study NO, production from the
reaction of bhydroxyl radicals with nitric acid;'® the modified
apparatus is described below. Reaction 2 was also investigated
by monitoring the decay of CI(*P) by using time-resotved resonance
fluorescence detection. The pulsed laser photolysis-resonance
fluorescence apparatus was virtually identical with one we have
employed previously to study the kinetics of several chlorine atom
reactions;® 2 details of its operation can be found elsewhere ®-2

A drawing of the reaction cell used in the PLP-LPLA ex-
periments is shown in Figure 1. The main body of the cell was
black anodized aluminum; its outside dimensions were 18 cm X
10 cm X 8 cm and its internal volume was 560 cm®. To minimize
beterogeneous reactions, all internal surfaces were overcoated with
balocarbon wax. The main body could be heated or cooled by
flowing a suitable fluid through a series of channels in its top and
bottom. PVDF [poly(vinylidene fluoride)] extensions were fitted
to either end of the cell's main body. Gases were flowed in and
out through these extensions. The total length of the cell, i i
extensions, was 33 cm, and the total internal volume was 920

A schematic of the PLP-LPLA apparatus is shown in Figure
1. Thbe excimer laser photolysis beam was expanded by using two
cylindrical lenses to be 13 cm wide and 2.5 cm high as it traversed
the reactor. A CW ring dye laser beam, tuned to the peak of the
strong NO, absorption band at 662 nm, was multipassed through
the reactor at right angles to the photolysis beam by using modified
White cell optics;®® 140 passes were typically employed, giving
an absorption path length of 1820 cm. The dye laser line width

”(;7Z‘oz‘uoﬁnni. H.; Mellouki, A.; Poulet, G. C. R. Acad. Sci., Ser. 2
1987, 304, 573,

(18) Cantrell, C. A; Davidson, J. A_; Sbherter, R. E.; Anderson, B. A.;
Caivert, J. G. J. Phys. Chem. 1987, 91, 6017.
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(0.2 A) was narrow compared to the width of the totally diffuse
absorption band. Reflective losses were minimized in the multipass
system by using dielectric coated White cell mirrors and antire-
flection (AR) coated reaction cell windows. The output beam
from the multipass system was reflected through two apertures,
a narrow band-pass filter, and a diffuser onto the photocathode
of a red-sensitive pbotomultiplier. The time-dependent photo-
multiplier output was amplified and then monitored by a transient
digitizer-signa) averager with 8-bit voltage resolution. The results
of 16-256 photolysis laser shots were averaged to obtain data with
suitable signal-to-noise ratio for quantitative kinetic analysis.
Digitized voltage versus time data were transferred to a small
computer for storage and analysis. The time resolution of the
detection system was limited by the transit time of the multipass
beam and was ~0.25 us. To minimize noise in the long-path
absorption monitoring system, all components were mounted on
8 vibrationally isolated optical table.

In order to avoid accumulation of reaction or photolysis
products, all experiments were carried out under “slow flow”
conditions. The linear flow rate through the reaction cell was
typically 2 cm 5™, and the excimer laser repetition rate'was 0.15
Hz. Hence, the gas mixture in the photolysis zone was replenished
every 1-2 laser shots. The fraction of nitric acid in the reaction
mixture was determined directly in the slow flow system by UV
phbotometry at either 202.6 nm (Zn* line) or 213.9 nm (Zn line).
Absorption cross sections used to convert measured absorbances
to HNO; concentrations were 4.16 X 107 cm? at 202.6 nm and
4.70 X 107" cm? at 213.9 nm; these cross sections were measured
during the course of the investigation and are in good agreement
with literature values 27’ The reaction mixture flowed through
the 150-cm absorption cell after exiting the reactor.

Because nitric acid vapor can damage the antireflection coating
on the reactor windows, a four-port gas input/output system was
employed (Figure 1). X, and 85-90% of the He buffer gas entered
the reactor through an outer port while a dilute HNO,/He mixture
entered through the corresponding inner port. The remaining
10-15% of the He buffer gas entered the reactor through the
opposite outer port, and the gas mixture exited the reactor through
the corresponding inner port. UV absorption measurements (A
= 185.0 nm, ¢ = 1.63 X 10°'7 cm??) along the path traversed
by the excimer laser beam, i.c., across the direction of flow,
demonstrated that (1) the nitric acid concentration was uniform
across the reaction zone and (2) the HNO, dilution factor between
the reaction zone and the 150-cm absorption cell (typically a factor
of 1.1) agreed with the dilution factor obtained from mass-flow
measurements.

Measurement of the temperature in the reaction zone was
achieved by replacing one of the AR coated probe beam entrance
windows with a Plexiglass plate fitted with a cajon fitting through
which a jacketed copper—constantan thermocouple could be in-
serted. Hence, the temperature could be measured under the
precise pressure and flow conditions of the experiment. Prelim-
inary tests at both low and high temperatures showed that the
measured temperature was constant within £0.5 *C throughout
bth; volume of intersection of the probe beam with the photolysis

m.

The gases used in this study had the following stated minimum
purities: He, 99.999%; Cl,, 99.9%; F,, 98.0%. Heliumand s 5%
F, in He mixture were used without purification. Cl, was degassed
repeatedly at 77 K; dilute Cl,/He mixtures were then prepared
manometrically in 12-L bulbs for use in experiments. Anhydrous
HNO, was admitted to the reactor by diverting a small fraction
of the main buffer gas flow through a needle valve, then through
8 bubbler containing a mixture of 1 part reagent grade HNO,
(70% in H,0) and 2 parts reagent grade H,SO,, and then to the
reactor. A temperature-controlled bath maintained the bubbler
temperature at 250 K during storage and at ~280 K during

(24) Marinelli, W. J.; Swanson, D. M.; Johnston, H. S. J. Chem. Phys.
1982, 76, 1984,

(25) Molina, L. T.; Molina, M. J. J. Photochem. 1981, 15, 97.

(26) Bisume, F. J. Photochem. 1973, 2, 139.

(27) Johnston, H. S.; Grabam. R. J. Phys. Chem. 1973, 77, 62.
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TABLE L: Kinetic Duta for the F + HNO, Reaction
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00, of concn, molecules/cm’ 10k, em?
T.K expt* F, x 10" NO,(max) x 10'¥ HNO, x 10 range of k', 10 5™ molecule™! 57!
260 5 1.5-6.3 1.5~7.2 0.75-5.03 1.93-14.3 286 £0.17
273 6 3.2-38 2.0-26 0.98-13.1 2.43-32.0 2452 0.06
275 5 29 4.0-5.0 0.83-6.79 2.20-17.0 262 £ 034
296 4 28 2.7-3.0 1.12-6.60 2.64-15.3 230+ 0.19
298 6 1.0-3.4 0.8-4.5 0.44—4.28 1.48-10.7 236 £ 0.10
320 4 2.6-28 2.3-3.2 1.21-10.4 297-22.3 2.08 £ 0.06
335 8 1.7-3.5 1.2-3.1 0.75-5.13 2.15-10.8 1.94 £ 0.22
350 7 2.5-2.7 1.8-2.3 0.69-11.6 1.60-24.1 2.00 £ 0.08
3713 4 2.8-4.0 1.7-2.5 0.65-5.45 1.34-11.1 2.01 £ 0.07

¢ Experiment = determination of one pseudo-first-order NO, appearance rate. *Caiculated based on an assumed absorption cross section of 1.8 X
1077 em?, independent of temperature. ©Errors are 2o and refer to precision only.

experiments. The use of anhydrous HNO, eliminates the potential
side reactions

F(*P) + H,0 — HF + OH 3)
Results and Discussion
The F + HNO; Reaction. Reaction mixtures employed to study

reaction 1 contained 0.3-1.7 Torr of F, 0.009-0.37 Torr of HNO;,
and 150 Torr of helium. The relevant reaction schemeTs

F; + hv (351 nm) — 2F(°P) (5)
F(*P) + HNO, — HF(vS3) + NO,* + other products(?)
(1)
NO,* + He — NO, + He (6)
NO3 loss by ditfusion or fiow from the (7

cetector field of view and by reaction

F(zP) with background impurities (8)

In the above reaction scheme NO,* represents vibrationally excited
NOj; our detection method is not sensitive to NO,*. In a recent
study® we showed that NO,* produced from 248-nm photolysis
of N,Oy is deactivated by helium with an effective rate coefficient
of 2.7 X 107"? cm® molecule™ s™'. Hence, under our experimental
conditions, reaction 6 proceeds with a pseudo-first-order rate
coefficient (k¢ ® ko[He]) of 1.3 X 10% s~!. Measured pseudo-
first-order NO, appearance rate coefficients (k,) ranged from 4
to 100 times slower than k,". We conclude that cascade from
undetected excited vibrational levels into the ground vibrational
level did not interfere with our determination of k;,. Another
potential interference is the fast secondary reaction

To avoid this potential complication, all experiments were carried
out under conditions where [HNO,] /[F], was greater than 150.
Variation of the F, concentration by a factor of 4 at constant laser
fluence did not affect the observed kinetics nor did variation of
the laser fluence by a factor of 3 at constant [F,).

Under our experimental conditions, the NO, appearance rate
was always more than 2500 times faster than the background NO,
decay rate (k; ~ $37'). Hence, the appearance of NO,; could
be analyzed as a single exponential rise:

[NO;),/[NOjlpus = 1 - exp(-k,1) m

where
k, = k,[HNO;,] + k, an
and [NO;] .. ® the NO, concentration after all fluorine atoms

had reacted away, but before any significant decay of NO; had
occurred. Assuming NO, absorption obeys Beer's law, the above

(28) Ravishankars, A. R.; Wine, P. H.; Smith, C. A_; Barbone, P. E.;
Torabi, A. J. Geophys. Res. 1986, 91, 5355.
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Figure 2. Typical NO, appearance tempora! profile observed following
351-nm pulsed laser photolysis of F,/HNO,/He mixtures. Experimental
conditions: T = 350 K, P = 150 Torr, [HNO;] = 5.95 x 10'* mole-
cules/em?, [F,) = 2.7 X 10'* molecules/cm’, laser photon fluence = 3.0
mJ/cm?, 64 laser shots averaged. The solid line is obtained from a linear
least-squares analysis and gives the pseudo-first-order NO, appearance
rate k, = (1.26 & 0.06) X 10° 5~' (error is 20, precision only).

equations predict that a plot of In [ln (Jo//ne,) ~ In (Jy/1)] versus
¢ should be linear with slope = —k,, and that a plot of k, versus
[HNO,] should be linear with slope = k, (/, ® the probe beam
intensity before the photolysis laser fired and /o, ® the probe beam
intensity in the presence of [NO,;]..,). Typical experimental
results are shown in Figures 2 and 3. The predicted linear
dependences were observed in all cases. These observations, along
with the above-mentioned invariance of the observed kinetics to
variations in [F,] and laser photon fluence, strongly suggest that
the NO, temporal profile was governed entirely by reactions 1
and 5-7. Reaction of F(°P) with NO, impurity in the nitric acid
sample could not have been important unless impurity levels
reached several percent; UV photometry at 366 nm confirmed
that NO, levels in the nitric acid samples were always less than
0.5%.

Our experimental data for reaction 1 are summarized in Table
I. Errors quoted for individual k, determinations are 2¢ and refer
only to the precision of the k, versus [HNO,] data. The absolute
accuracy of the results is limited by precision, uncertainties in the
determination of the nitric acid concentration, and other un-
identified systematic errors which we believe to be negligible. We
estimate that the absolute accuracy of a typical k, determination
is £15%.

Our experimental results are plotted in Arrhenius form in Figure
4. Theln k, versus 1/7 piot is nonlinear. Over the temperature
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Figure 3. Typical plots of k, versus [HNO,] observed in the F(°P) +
HNO, study. Solid lines are obtained from linear least-squares analyses
and give the bimolecular rate coefficients listed in Table 1.
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Figure 4. Arrhenius plot for the reaction F(*P) + HNO, — products.
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range 260-320 K, the data are well represented by the expression
(units are cm® molecule™ s7')

k(T) = (6.0 % 2.6) X 1072 exp[(400 % 120)/T), 260K <
T < 320K (III)

Uncertainties in the above expression are 2¢ and represent only
the precision of the In k, versus 1/T fit. Over the temperature
range 335-373 K, our data support the temperature-independent
rate coefficient (in units of cm® molecule™ s7!)

k(T)=(20£03)x 10", 335KsTs373K (Iv)

The quoted error in expression IV represents our estimate of the
20 absolute uncertainty in k(7).

The only published value of k; with which to compare our
results is the very recent 298 K measurement of Mellouki et al.?
These authors employed the discharge flow-EPR technique with
HNO, in about 10-fold excess over F atoms and obtained the result
k,(298K) = (2.7 % 0.5) x 107! cm’ molecule™ 57!, in excellent
agreement with our 298 K value of (2.3 £ 0.3) X 107! em’®
molecule™ s7'. The non-Arrhenius temperature dependence we
have observed is similar to the temperature dependence
by a number of investigators®? for the related (although much
siower) reaction

OH + HNO,; —~ H,0 + NO, (4)

A plausible explanation for the observed temperature dependence
is that the overall reaction proceeds via two distinct pathways:

o (;g; 1xm-ylo. M. J,; Cornett, K. D.; Murphy, J. L. J. Geophys. Res. 1982,
'(30) Margitan, J. J.; Wauson, R. T. J. Phys. Chem. 1982, 86, 3819.
(31) Devolder, P.; Carlier, M.; Pauwels, J. F; Sochet, L. R. Chem. Phys.

Ler: 1984 ') 94,

(B2 o P S.. Howard, C. J. Int. J. Chem. Kiner. 1988, 17, 17.
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Figure 5. Typical 662-nm absorbance temporal profile observed following
pulsed laser photolysis of Cl;/HNO,/He mixtures. Experimental con-
ditions: 7 = 298 K, P = 80 Torr, [HNO;] = 5.3 X 10'* molecules/cm’,
[Cl;) = 9.1 X 10"* molecules/cm’, laser photon fluence = 1.2 mJ/cm?,
256 laser shots averaged. Solid lines are obtained from computer simu-
lations as described in the text. Each simulation employed 2 different
value for ky; values for k; in units of 107'® cm® molecule™ s™' are given
in the figure.

a direct abstraction route with the zero or positive activation energy
and a route involving formation of an intermediate complex
followed by rearrangement and dissociation to products. The
complex route would be expected to show a negative activation
energy.

In addition to channel la, two other sets of products are
energetically accessible via a complex reaction pathway:

F(*P) + HNO, — NO, + HF AH = -35 kcal/mol (la)
— FNO, + OH AH = —4 kcal/mol (1b)
— FNO + HO, AH = +] kcal/mol (lc)

Comparison of [F], (calculated from measurements of [F,] and
laser fluence, and the known F, absorption cross section at the
photolysis wavelength®’) with [NO,].,, (calculated from the
estimated path length and an assumed absorption cross section
of 1.8 X 107'7 cm? at 662 nm) indicates that reaction la is the
major channel over the entire temperature range of our study.
However, uncertainties in the magnitude of the NO, cross section’
and the temperature dependences of both the NO,%7!% and F, cross
sections prevent quantitative determination of the NO, yield.

The occurrence of reaction 1b as a minor channel represents
a potential kinetic complication in our study because reaction 4
would result in conversion of OH to NO,. However, since k-
(298K) is about 200 times slower than k,(298K),” the occurrence
of reactions 1b and 4 would lead to readily observable nonexpo-
nential NO, appearance temporal profiles; such nonexponential
temporal profiles were not observed. As a further check for the
possible occurrence of reaction 1b, a few experiments were carried
out where sufficient CO was added to the reaction mixture to
scavenge more than 90% of any OH produced. In back-to-back
experiments with and without added CO, no change in [NO;] .
was observed. On the basis of the above observations, we are able
to conclude that, at 298 K, k;,/k, < 0.02.

The Cl + HNO; Reaction. Reaction 2 was studied by two
different experimental methods. The first was identical with the

(33) Steunenberg, R. K.; Vogel, R. C. J. Am. Chem. Soc. 1956, 78, 901.

(34) Deleted in proof.

(35) DeMore, W. B.; Margitan, J. J.; Molina, M. J.; Wawson, R. T;
Golden, D. M.; Hampson, R. F.; Kurylo, M. J,; Howard, C. J.; Ravishankara,
A. R. Chemical Kinetics and Photochemical Data for Use in Strataspheric
Modeling, JPL Publication 85-37; Jet Propuision Laboratory: Pasadena, CA,
1985,
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approach used to study reaction 1 but with Cl, replacing F, as
the photolyte (PLP-LPLA technique). In the other experimental
approach, the decay of CI(*P) was monitored by time-resolved
resonance fluorescence following 355-nm pulsed laser photolysis
of Cl;/HNO;/He mixtures (PLP-RF technique).

The PLP-LPLA study of reaction 2 employed reaction mixtures
containing 0.6-2.5 Torr of HNO,, 0.2-1.5 Torr of Cl,, and 80
Torr of helium. No evidence for NO, production was observed.
Typical data are shown in Figure 5. Also shown in Figure 5 are
the results of a series of numerical simulations of the NO, ab-
sorbance temporal profile. The following mechanism was assumed
for the simulations:

Cl; + k» (351 nm) — 2CI(*°P) (10)

CI(*P) + HNO, — HCl + NO, )

CI(?°P) + NO; — CIO + NO, (11)

CI(?°P) + NO, + He — CINO, + He (12)

NO,; + NO; + He — N,0, + He (13)

NOg loss by diffusion or flow from the (¢4)

detector field of view and by reaction

cii®p with background impurities (14)

Values for k;,, k;3, and k,; were taken from the literature.?*3
In units of cm? molecule™ 57/, the rate coefficients used in the
simulations were k,, = 5.5 X 107", k;, = 2.0 X 1072, and k,
= 6.2 X 107, The CI(*P) concentration was calculated from the
measured laser photon fluence and Cl, concentration by assuming
a quantum yield of 2 for C1(*P) production; for the data shown
in Figure 5, [CI(?P)], = 7.1 X 10'? molecules/cm®. The back-
ground CI(?P) loss rate was set at 100 s™!, an upper limit value
based on PLP-RF measurements of CI(°P) decay rates and the
geometry of the PLP~LPLA reactor—a geometry that minimizes
the rate of diffusion and/or flow out of the detector field of view.
The NO, decay rate was determined by photolyzing the reaction
mixture at 248 nm, a wavelength where HNO; rather than Cl,
is the dominant absorber:

HNO; + h» (248 nm) — OH + NO, (15)
OH + HNO; -’ NO; + H;O (‘)
NO; — loss (7’)

For the reaction mixture used to obtain the data shown in Figure
S5, we obtained the result k, = 8.0 = 0.7 5. The value for k,
was used in conjunction with the literature value for k;, to establish
an upper limit NO, concentration (for the reaction mixture used
to obtain the data shown in Figure 5, [NO,] < 1.8 X 10'* mol-
ecules/cm?). Since the upper limit NO, concentrations were used
in the simulations, k, was set equal to zero. The results of the
simulations are very insensitive to k,, and k, as long as k;;[NO;)
+ k'[ <2537, ®

The results shown in Figure S support the conclusion that
k,(298K) < 2 X 107! cm’ molecule™ s™'. Experiments over a
range of values of [HNO,], [Cl,], and lastr fluence all showed
no evidence for NO, production from reaction 2, and simulations
led to upper limit values for k, similar to that obtained from Figure
5. We feel that the reported upper limit is conservative because
(1) values for k;, and [NO,] used in the simulations are upper
limits and (2) even the simulation with k; equal to 1 X 1076 cm?®
molecule™ s~ predicts more absorbance than was actually observed
(Figure 5).

The PLP-RF experiments employed reaction mixtures con-
taining 0.1-1 mTorr of Cl,, 0—0.41 Torr of HNO,, and 25 Torr
of helium. The relatively low total pressure served to minimize

(36) Cox, R. A_; Fowles, M.; Moulton, D.; Wayne, R. P. J. Phys. Chem.
1987, 91, 3361.
(37) Leu, M.-T. Int. J. Chem. Kiner. 1984, 16, 131].
2 (38) Kircher, C. C.; Margitan, J. J.; Sander, S. P. J. Phys. Chem. 1984,
8, 4370. ’
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Figure 6. Typical CI(’P) temporal profiles observed following 355-nm
pulsed laser photolysis of Cl;/HNO,/He mixtures. Experimental con-
ditions: 7 = 298 K; P = 25 Torr; [HNO,] in units of 10'* molecules/cm?
= (2) 0, (b) 12.5; [Cl,] = 1.0 X 10" molecules/cm” in both experiments;
[Cl]o = 8 X 10'° molecules/cm? in botb experiments; number of laser
shots averaged = (a) 16, (b) 1536. Solid lines are obtained from least-
squares analyses and give the following pseudo-first-order decay rates:
(a) 822 257 and (b) 91 & 3 s7'; errors are 2¢ and represent precision
only.

K (8"

[HNO 4] (0" molecules per em’)

Figwre 7. Plot of the pseudo-first-order CI(°P) decay rate versus nitric
acid concentration. O: [Cl}, = 4 X 10'° molecules/cm®; @: [Cl], = 8
X 10'° molecules/cm’. The solid line is obtained from a linear least-
squares analysis and gives the bimolecular rate coefficient (8.3 = 4.5)
X 107'¢ cm’ molecule™ s~', where the uncertainty is 2 and represents

precision oaly.

the interference from reaction 12. Initial chlorine atom con-
centrations were always less than 1 X 10'! per cm?, so radical-
radical side reactions were relatively unimportant. Some typical
CI(*P) temporal profiles observed in 298 K experiments are shown
in Figure 6. A plot of the pseudo-first-order CI(*°P) decay rate
as a function of the HNO, concentration is shown in Figure 7.
A linear least-squares analysis of the data in Figure 7 gives the
bimolecular rate coefficient & % 20 = (8.3 & 4.5) X 107'¢ cm?
molecule™ 57!, This rate coefficient can only be considered an
upper limit for k, since, for example, an NO, impurity level of
0.1% in the nitric acid sample would account for the entire ob-
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TABLE II: Comparisoa of Owr Kisetic Data for the Q + HNO,
Reaction with Those Reported by Other Iwvestigators

investiga- monitored
tors expt! tech.® species k;(298K)*  ky(400K)* ref
Leu and DF-MS HNO)* 68 & 34 13
DeMore
Poulet et al. DF-MS HNO* <0.2¢ 2.6° 14
Ciark et al. FP-RA Cl 340 % 160 15
Kuryloet  FP-RF Cl 16733 16
al.
Zagogianni DF-EPR C <$ 17
et al.
Cantrellet CK HNO,, CH, <33 18
al.
FTIR CINO, <1.¢
this work PLP-LPLA NO, <2
PLP-RF Cl <]3 <10

*DF, discharge flow; MS, mass spectrometry; FP, flash photolysis;
RA, resonance absorption; RF, resonance fluorescence; EPR, electron
paramagnetic resonance; CK, competitive kinetics; FTIR, Fourier
transform infrared |pectruccp{. PLP, pulsed laser pbotolysis; LPLA,
long-path laser absorption. *Units are 107 cm’ molecule™ s7'.
¢Monitored HNO, with Cl in excess; [Cl] obtained via titration with
NOC|. “Estimated by authors based on extrapolation of data obtained
over the temperature range 439633 K. *Calculated from Arrhenius
expression obtained from dats at 439 K < 7 < 633 K. /Based on
measured upper limit for the NO, + HCI rate coefficient and thermo-
dynamic data. #Least-squares slope of k’versus [HNO,] plot plus 2.

served increase in k' with added nitric acid.

In addition to the 298 K experiments discussed above, we also
investigated reaction 2 at 7 = 400 K using the PLP-RF technique.
At 400 K, background CI(®°P) decays were found to be nonex-
ponential. Over the first half-life the measured decay rate was
~150 5!, while at Jonger time after the laser pulse the decay rate
dropped to ~115 5. The reason for the observed nonexponentia!
behavior is not clear. However, experiments with 3, 5, 7, and 9
X 10'* HNO,/cm® added to the reaction mixture demonstrated
that neither the fast component nor the slow component of the
CI(°P) decay was affected by addition of HNO, to the reaction
mixture. On the basis of uncertainties in the individual decay
rates, we conservatively estimate that k, must be slower than 1
X 107"* em? molecule™! 57! at 400 K.

In Table II our rate data for reaction 2 are compared with
results reported by other investigators. The earliest measurement
of k, was reported by Leu and DeMore.!* These authors employed
the discharge flow—mass spectrometry (DF-MS) technique at total
pressures of 1.2 Torr to monitor the decay of HNO, in excess Cl
atoms. Cl atom concentrations were always Jess than 10'3/em?,
80 the decay of HNO, could only be followed down to [HNO,)
~ 0.8[HNO,],; bence, the results are subject to rather large
uncertainties. Poulet et al. also studied reaction 2 using the
DF-MS technique with Cl in excess over HNO,, their experiments
employed total pressures of 0.24-1.75 Torr and were done at the
elevated temperatures of 439633 K. Poulet et al. obtained the
Arrhenius expression k, = 1.5 X 107! exp(~4400/7). Extrapo-
lation of Poulet et al.’s Arrhenius expression to 298 K gives the
extremely low rate coefficient 7 X 107" cm® molecule™! s\,
However, Poulet et al., upon consideration of potential errors in
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the long extrapolation, suggested 2 X 1077 cm® molecule™ 57! as
an upper limit for k,(298K). Recently, Poulet and co-workers
employed s discharge flow system with EPR detection of CI(?P)
to study reaction 2 at 293 K and obtained an urper limit value
of 5 X 107'¢ cm’ molecule™! 57! for &,(293K).!

Clark et al.'* and Kurylo et al.'* employed flash photolysis
methods to study the kinetics of reaction 2. These authors
monitored the decay of CI(*P) by resonance absorption'® or
resonance fluorescence'® in the presence of excess HNO;. The
flash photolysis experiments were carried out at total pressures
1-2 orders of magnitude larger than the discharge flow experi-
ments. Both Clark et al. and Kurylo et al. obtained very large
values for k,(298K)—3.6 X 1074 and 1.7 X 107 cm’® molecule™’
s”!, respectively. Neither of these investigators employed HNO;
concentrations above 3 X 10'* molecules/cm® due to attenuation
of the chlorine resonance lines by HNO,;. [While we also observed
reduction in resonance radiation intensity with added HNO;, we
were able 1o obtain pood quality data even at HNO; concentrations
above 1 X 10'¢ molecules/cm® (Figure 6).] Potential experimental
problems that are specific to flash photolysis experiments include
reaction of CI(?P) with impurities in the HNO, sample (partic-
ularly NO,) and reaction of CI(*P) with flash generated radicals,
Although both Clark et al. and Kurylo et al.. pecogpized these
potential problems and took measures to minimize them, it appears
possible that NO,, generated via nitric acid photolysis followed
by reaction 4, was responsible for a significant fraction of CI(’P)
removal in both earlier flash photolysis studies.!*'

The most recent study of the kinetics of reaction 2 has been
reported by Cantrell et al.'* These authors measured the rate of
reaction 2 relative to that for the reaction.

CI(*P) + CH, — CH, + HCI (16)

They obtained the result k,/k,¢ < 0.033. Since kj ~ 1 X 1013
em’ molecule™ 57!,* their result implies that k, < 3.3 X 107 em?
molecule™ 5™, Cantrell et al. also investigated the kinetics of the
reverse reaction

NO, + HCl — CI(*®P) + HNO, (-2)

They observed that HCI reactions with NO; and /or N,0; led to
production of CINO,, but they attributed CINO, production
primarily to beterogeneous pathways. They were able to place
an upper limit of 7 X 107"* cm® molecule™ 5™ on the bomogeneous
gas-phase value for k_,(298K). On the basis of thermodynamic
considerations, this result suggests'® that k,(298K) is slower than
1.6 X 107'¢ cm® molecule™ 5™, Our observation of minimal NO,
production following 351-nm pulsed laser photolysis of Cl,/
HNO,;/He mixtures is in agreement with the low upper limits for
k;(298K) reported by Cantrell et al.'* and Poulet and co-work-
ers'*!” but in conflict with the faster rate coefficients reported
by Leu and DeMore,!? Kurylo et al.,'* and Clark et al.'¢
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Temperature-Dependent Absorption Cross Sections
for Hydrogen Peroxide Vapor

J. M. NicovicH AND P. H. WINE

Molecular Sciences Branch, Georgia Tech Research Institute, Georgia Institute of Technology, Atlanta

Relative absorption cross sections for hydrogen peroxide vapor were measured over the temperature
ranges 285-381 K for 230 nm < 4 < 295 nm and 300-381 K for 193 nm < A < 350 nm. The well-
established 298 K cross sections at 202.6 and 228.8 nm were used as an absolute calibration. A significant
temperature dependence was observed at the important tropospheric photolysis wavelengths, 4 > 300
nm. Measured cross sections were extrapolated to Jower temperatures, using a simple model which
attributes the observed temperature dependence to enhanced absorption by molecules possessing one
quantum of O-O stretch vibrational excitation. Upper tropospheric photodissociation rates calculated
using the extrapolated cross sections are about 25% lower than those calculated using currently recom-

mended 298 K cross sections.

INTRODUCTION

Hydrogen peroxide (H,0,) is an important trace constit-
uent of the atmosphere. H,0, is formed primarily via the
HO, self reactions,

(Rla) HO, + HO,— H,0, + O,
M
(R1b) HO, + HO, — H,0, + O,

and is removed from the atmosphere by three processes which
occur at similar rates:

(R2) H,0, + hv—2 OH
(R3) OH + H,0,— HO, + H,0
(R4) H,0, — rainout

Reaction (R2) regenerates the HO, radicals which were lost in
(R1): hence when removed by photolysis, H,O, has acted as
an HO, reservoir. On the other hand, (R1), followed by (R3)
and (R4), represents a sink for gas phase HO,. Both the over-
all H,0, lifetime and the branching ratios for loss via (R2),
(R3), and (R4) must be known quantitatively in order to accu-
rately model atmospheric HO, chemistry.

Most calculations of the atmospheric H,0, photolysis rate,
Juj0, employ absorption cross sections recommended by the
NASA panel for chemical kinetics and photochemical data
evaluation [DeMore et al., 1985]. The recommended cross sec-
tions are the average of those reported by Lin et al. [1978]
and by Molina and Molina [1981]. Both studies were carried
out at 298 K, with cross sections reported in 5-nm increments
over the range 190-350 nm; they agree very well, except at
wavelengths longer than 325 nm, where Molina and Molina
report somewhat lower cross sections than Lin et al. In the
troposphere and lower stratosphere most H,O, photolysis
occurs at wavelengths longer than 310 nm. Hence the differ-
ences between the two previous studies do result in small but
significant differences in calculated values for jy o,

Since photolysis of H,0, in the troposphere occurs exclu-
sively in the long-wavelength tail of the absorption spectrum,
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there is a strong possibility that “hot bands,” i.c., absorptions
originating from excited vibrational levels of the ground elec-
tronic state, are responsible for much of the atmospheric pho-
tolysis. If atmospheric photodissociation of H,O, does involve
hot bands, then jy,0, will be temperature dependent.

With the above considerations in mind, we have measured
absorption cross sections for H,O, over the wavelength range
193-350 nm as a function of temperature. Our results are
reported in this paper. Extrapolation of our results to upper
tropospheric temperatures leads to significantly lower values
for jy,0, at 5 and 10 km than would be calculated from cur-
rently recommended cross sections.

EXPERIMENTAL TECHNIQUE

Cross-section measurements were carried out using the
well-established 298 K cross sections at 202.6 and 228.8 nm
for absolute calibration [Lin et al., 1978; Molina and Molina,
1981]. A schematic of the experimental apparatus is shown in
Figure 1. The measurements were performed in a slow flow
system consisting of three absorption cells in tandem. The
temperature in the middle cell was varied by circulating ther-
mostated liquid through an outer jacket. A broadband UV
light source (deuterium lamp) was used and the wavelength
was resolved with a 0.22-m monochromator. The temperature-
controlled cell was 244 cm in length. All experiments em-
ployed a spectral band pass of 0.6 nm full width at half maxi-
mum. The first and last absorption cells were maintained at
room temperature, 298 + 1 K. A cadmium pen-ray lamp was
used as the light source for the first cell, and a narrow band-
pass filter was employed to isolate the 228.8-nm Cd resonance
line. A zinc hollow cathode lamp was used as a light source
for the last absorption cell, and a 0.25-m monochromator was
employed to isolate the 202.6-nm Zn™ line. The first and last
absorption cells were 216 and 111 cm in length, respectively.
The assumed 298 K cross sections were 4.32 x 107'% cm? at
202.6 nm and 1.86 x 10~ ' cm? at 228.8 nm.

H,0, was added to the gas flow by diverting some of the
N, buffer gas through a Pyrex bubbler containing 90% (by
weight) H,0, solution. The total pressure was maintained at
100 torr in all experiments. Measurement of the H,0, con-
centration in the gas flow at both the inlet and outlet from the
temperature-controlled cell not only allowed determination of
the absolute H,0. concentration. but also allowed potential
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Schematic of the apparatus. AC, absorption cell; BP, bypass valve; BPF, band-pass filter; CdL. cadmium pen

ray lamp: FM. flowmeter: M. monochromator; PA, picoammeter; PG, pressure gauge: PM, photomultiplier; T, throttle
valve: TCAC. temperature-controlled absorption cell; TCC, temperature-controlled circulator; ZnL, zinc hollow cathode

lamp; D,L, deuterium lamp.

systematic errors from H,0, loss by decomposition or con-
densation to be assessed quantitatively. The difference in
H,0, concentrations measured at the inlet and outlet of the
temperature-controlled cell did not exceed 5% in any of the
experiments used to obtain H,0, cross sections. The H,0,
concentration in the temperature-controlled cell was always
taken to be the temperature-corrected average of the con-
centrations measured at the inlet and outlet. At temperatures
above 381 K, H,0, decomposition became a problem, while
the relatively low vapor pressure of H,0, prevented meaning-
ful data from being obtained at temperatures below 285 K.

In preliminary experiments, instead of using a single-pass
temperature-controlled absorption cell, 2 multipass White cell
setup was employed. Using a xenon arc lamp light source, a
pathlength of 25 m could readily be obtained (70 passes
through a 36-cm cell). However, at longer wavelengths, i..,
4 > 300 nm, a systematic error was uncovered in the multipass
absorption measurements. The cross section measured at a
given wavelength was found to depend upon the antirefiection
coating wavelength (of maximum transmission) of the White
cell windows. We believe that this effect resulted from a
change in refractive index at the gas-window interface due to
adsorption of H,0, and/or H,O to the cell windows. Under
certain conditions an improvement in the index match was
obtained with H,0, flowing; this resulted in measurement of
an apparent negative absorbance! At long wavelengths, where
gas phase absorption was very weak, the magnitude of the
artifact became intolerable.

Use of a single-pass temperature-controlled absorption cell
seemed to overcome this problem. While the pathlength was a
factor of 10 shorter than in the White cell arrangement, system
stability was somewhat improved. Hence meaningful measure-
ments could be made for 4 < 350 nm. To ensure that “window
effects” were totally absent, at each temperature and wave-
length the absorbance was also measured in a second shorter
cell (20.0-cm pathlength) using the same windows as in the
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longer cell. Cross sections were then determined using the
difference in absorbances and the difference in pathlengths
between the long and short cells. Care was taken to collimate
the light from the deuterium lamp in such a manner that no
reflections from the walls of the absorption cells reached the
detector.

RESULTS

Measured H,0, absorption cross sections as a function of
temperature and wavelength are tabulated in Table 1. Our 300
K cross sections are in good agreement with current rec-
ommendations [Demore et al., 1985] throughout the 193- to
350-nm wavelength range. However, a distinct temperature
dependence is observed, which is most pronounced in the at-
mospherically important 310- to 350-nm wavelength region.

EXTRAPOLATION OF MEASURED CROSS SECTIONS
TO LOWER TEMPERATURES

Experimental measurements of H,0, absorption cross sec-
tions at temperatures typical of the upper troposphere and
lower stratosphere are unavailable and will be extremely diffi-
cult to obtain at any time in the future. In the abserce of
experimental data, we have empioyed a simple model to ex-
trapolate our results to lower temperatures. The basic assump-
tion in the model is that the observed temperature dependence
in the H,0O, absorption cross section results from the fact that
ground electronic state H,0, with one quantum of O-O
stretch excitation absorbs more strongly at longer wavelengths
than does unexcited H,0,. Semiempirical and ab initio calcu-
lations of ground- and excited-state H,0, potential energy
surfaces [Evleth, 1976; Rank and Barriel, 1977; Evleth and
Kassab, 1978; Chevaldonner er al., 1986; Gericke et al., 1986]
strongly support this assumption, i.e., the lowest energy spin
allowed transition is from the relatively anharmonic X'A
ground state to the steeply repulsive A'A excited state. The
O-O stretching frequency is 877 cm ™' [Giguére, 1950]. Hence
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TABLE 1. Measured Hydrogen Peroxide Absorption Cross
Sections as a Function of Wavelength and Temperature
g, {053 em?

/. nm 285 K 300 K 327K 355K 381K
193 589 : 582 585
230 182 180 183 182 183
235 152 149 152 151 153
240 124 123 126 125 127
245 102 101 106 103 103
250 83.0 82.1 84.8 844 86.7
255 66.8 65.8 68.2 68.1 71.0
260 533 525 54.8 547 57.1
265 423 420 437 4.1 46.3
270 333 331 347 35.0 371
275 25.6 254 270 276 290
280 200 19.8 209 21.6 223
285 15.0 153 16.2 16.8 17.4
290 11.8 11.8 124 13.1 134
295 8.79 8.85 9.39 9.98 10.2
300 6.58 7.21 7.69 7.81
305 4.97 5.44 Syl 5.90
310 3.66 413 4.29 446
315 2.65 3.09 329 3.36
320 1.99 231 247 2.59
325 1.43 1.79 1.85 193
330 1.10 1.18 1.40 1.57
335 0.82 0.94 1.07 1.18
340 0.54 0.67 0.78 0.92
343 0.51 0.64 0.66 0.74
350 043 048 0.50 0.60

for T < 400 K. the fraction of H,0, molecules with one quan-
tum of O-0O stretch excitation is <0.04 and the fraction with
more than one quantum of O-O stretch excitation is negligi-
ble.

According to our simple model. the absorption cross section
at a particular wavelength and temperature is given by the
expression

(.. T) = Xo(T)ao‘;) * XI(T)Gl(;-) (1)

where the subscripts refer to the number of quanta of O-O
stretch excitation. The mole fractions X, and X, are readily
computed from the following equations:

Q =1+ exp(—AE/RT) 2)
Xo=1/Q (3)
X,=1-Xo=(Q-1/Q 4)

where AE is the energy of one quantum of O-O stretch, ie.,
877 em ™. It should be noted that (2) is a simplified form for
the vibrational partition function which ignores the low-
frequency torsional mode. Inclusion of torsional frequencies
[Hunrt et al., 1965; Helminger et al., 1981; Ticich et al., 1986]
has a negligible effect on computed values for X, and X,.

The data analysis involved least squares fitting the
temperature-dependent cross sections at each wavelength to
obtain best fit values for 4(4) and ¢,(4). The resuits are piot-
ted in Figure 2. “Recommended™ values for ,(4) and o,(4) are
obtained from the smoothed results (solid lines in Figure 2);
they are tabulated in Table 2. The smooth curve drawn
through the ¢,(%) data assumes that o,(4) is wavelength inde-
pendent for . < 260 nm (obviously a rather gross approxi-
mation). However. since nearly all absorption at 4 < 260 nm is
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Fig. 2. Best fit values for o, and o, as a function of wavelength.

from vibrationally unexcited H,O,. this approximation has
little effect on the calculated cross sections (o).
“Recommended™ values for ¢ as a function of wavelength
and temperature can be calculated from the recommended
oo(~) and o,(/) using (1}44). Some representative results are
shown in Figure 3, plotted in the form ¢ versus 1,/Q, which,

TABLE 2. Values for o, and o, Used to Calculate “Recommended™
H,0, Absorption Cross Sections as a Function of Wavelength and

Temperature

/. nm a,. 1072 em? 0,, 10" cm?
193 591 250
230 181 250
235 150 250
240 122 250
245 99.0 249
250 80.0 244
255 64.0 233
260 50.8 215
265 40.0 189
270 309 167
275 238 146
280 184 127
285 139 109
290 11.0 94.5
. 295 8.00 80.5
300 5.80 68.5
305 4.25 58.5
310 3.08 493
315 223 413
320 1.60 343
325 1.1§ 28.3
330 0.815 230
335 0.595 184
340 0428 14.0
345 0.310 10.5
350 0.220 8.0
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Open and closed circles are expenimental data. Dashed lines are best
fit of the experimental data at each particular wavelength. Solid lines
are computed from “recommended” (i.e.. smoothed) values of g,(4)
and o,(~).

according to (1)44). should be linear. The open and solid
circles in Figure 3 represent experimentally measured cross
sections, while the dashed lines are calculated using best fit
0,(+) and o,(%) values at each individual wavelength (i.c., the
data points in Figure 2) and the solid lines are calculated
using “recommended™ values for g4(4) and o,(4) (ie., solid
lines in Figure 2).

PHOTODISSOCIATION AND OTHER ATMOSPHERIC H,0,
Loss PROCESSES

The temperature-dependent absorption cross sections ob-
tained in this study have been employed to calculate atmo-
spheric H,0, photodissociation rates at altitudes of 0, 5, and
10 km, ie., at temperatures of 288, 257, and 224 K. Solar
fluxes were obtained from W. L. Chameides (private com-
munication, 1987) and are appropriate for a zenith angle of
60° (close to the global daytime average zenith angle). The
results are summarized in Table 3. One interesting aspect of
the results in Table 3 is that about 20% of H,O, photolysis
appears to occur at wavelengths Jonger than 350 nm, where
no cross-section data is available. Values for o at wavelengths
longer than 350 nm were obtained by extrapolation (assuming
a linear In o versus 4 dependence) and are therefore subject to
considerable uncertainty. However, the error in j,.o, which
results from using extrapolated cross sections is much smaller
than the error which would result from ignoring all photolysis
at wavelengths longer than 350 nm. Since average daytime
solar fluxes were used in the calculations, diurnally averaged
photolysis rates are a factor of 2 smaller than those given in
Table 3. Hence the lifetime of H,0, toward photodissociation
is 5.2 days at 0 km. 3.9 days at S km, and 3.6 days at 10 km.
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TABLE 3. H,0, Photolysis Rates Versus Altitude at a Solar
Zenith Angle of 60°

107130, a, Qa,
Z,km T.K inm em 3s™! 1073 cm? 107%s™!  js™!

0 288 300-310 33 486 16.1

310-320 310 267 828

320-330 734 145 106

330-340 109.1 80.6 88.0

340-350 126.5 449 56.8

350-360 1394 26.0 36.3

360-370 1610 151 243

370-380 1745 88 154

380-390 1785 53 9.5

390400 2284 33 74 443 x 107
S 257 300-310 59 462 273

310-320 50.7 250 127

320-330 1124 133 149

330-340 160.4 722 116, "

340-350 178.7 ‘390 . 69.7 °

350-360 1899 220 41.7

360-370 2129 124 26.3

370-380 2252 7.0 187

380-390 2251 40 9.1

390400 281.3 24 67 589 x10"¢
10 224 300-310 79 4 352

310-320 64.1 237 152

320-330 1373 123 170

330-340 192.6 66.0 127

340-350 2117 347 734

350-360 2214 19.0 421

360-370 2444 104 253

370-380 256.3 5.6 144

380-390 2539 34 7.8

390400 3135 1.7 55 653 x10°*

Q is equal 1o the total photon flux in the given wavelength range:
is equivalent to the average cross section in the given wavelength
range: for 4z > 350 nm, cross sections are estimated by extrapolation;
Jjis equivalent to ZQd, the first-order atmospheric photolysis rate.

In Table 4 we compare H,0, photodissociation rates ob-
tained in this work with those calculated using currently rec-
ommended absorption cross sections [DeMore et al., 1985]
and with estimated rates of H,0, removal by reaction with
OH and by rainout. The first-order rate of reaction with OH
was calculated using the currently recommended rate coef-
ficient for (R3) [DeMore et al., 1985] and a diurnally averaged
OH concentration obtained by interpolating the OH altitude
profiles calculated by Logan et al. [1981] at 15° and 45°N to a
latitude of 41°N; Chameides and Tan [1981] have argued that

TABLE 4. Comparison of Diurnally Averaged H,O, Removal
Rates Under Atmospheric Conditions Typical of 41°N Latitude

5307 g7}

z This k,(OH], k.
km NASA* Work 10~ s~ 305 Lt
0 23 22 9.0 440
5 35 29 14 2-20
10 42 33 95 0.5-1.5

*Based on recommendations of DeMore et al. [1985).

’High values are predicted when cycling between wet and dry
periods is rapid: low values are predicted when storm cycle is long
[Giorgi and Chameides. 1985).
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41°N is the latitude at which the average daytime solar zenith
angle is 60°, as assumed in the j-value calculations. A range of
values is given in Table 4 for the H,0, rainout rate. It has
been argued that for a highly soluble species such as H,0,,
the time-averaged rainout rate depends not only on the
average rainfall, but also on the period of the storm cycle
[Thompson and Cicerone, 1982; Giorgi and Chameides, 1985].
The upper limit values for k, were calculated assuming infi-
nitely rapid cycling between wet and dry periods, while the
lower limits are representative of a boundary layer storm cycle
of about 1 month [Giorgi and Chameides, 1985].

Values for jy o, calculated using currently recommended
cross sections are higher than those calculated using our
temperature-dependent cross sections by a factor of 1.2 at §
km and a factor of 1.3 at 10 km. Photodissociation appears to
be the single most important H,0, removal mechanism at
these altitudes, though both reaction with OH and rainout are
important, particularly at 5 km. Incorporation of our results
into models of free tropospheric chemistry should result in a
small but significant decrease in calculated HO, levels.
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A pulsed laser photolysis technique has been employed to investigate the kinetics of the radical-radical reaction O(’P) +
HO, 2= OH + O, over the temperature range 266-391 K in 80 Torr of N, diluent gas. O(*P) was produced by 248.5-nm
KrF laser photolysis of O, followed by rapid quenching of O('D) to O(*P), while HO, was produced by simultaneous photolysis
of H,0; to create OH radicals which, in turn, reacted with H,0; to yield HO,. The O(°P) tempora) profile was monitored
by using time-resolved resonance fluorescence spectroscopy. The HO, concentration was calculated based on experimentally
measured parameters. The following Arrhenius expression describes our experimental results: & (7) = (2.91 & 0.70) X
107" exp[(228 £ 75)/T) where the errors are 20 and represent precision only. The absolute uncertainty in k, at any temperature
within the range 266-391 K is estimated to be £22%. Our results are in excellent agreement with a discharge flow study
of the temperature dependence of k, in 1 Torr of He diluent reported by Keyser, and significantly reduce the uncertainty
in the rate of this important stratospheric reaction at subambient temperatures.

Introduction
The reaction of ground-state oxygen atoms with hydroperoxyl
radicals
OCP) + HO, -~ OH + O, (1)

is a major odd oxygen destruction pathway in the upper strato-
sphere and mesosphere. Along with the reactions

OCP)+ OH—~H + 0, ()
H+0,+M—HO, + M 3)

® Author to whom correspondence should be addressed.

reaction | plays a major role in controlling the partitioning among
H, OH, and HO, radicals in the upper atmosphere. Hence,
accurate kinetic data for reaction 1 are needed in order to model
upper atmospheric chemistry.

Several kinetics studies of reaction 1 are reported in the lit-
erature.'”” Four recent direct measurements of k; at 298 K are

(1) Burrows, J. P.; Cliff, D. 1.; Harris, G. N_; Thrush, B. A.; Wilkinson,
J.P.T. Proc. R. Soc. London, A 1979, 368, 463.

(2) Hack, W.; Preuss, A. W.; Temps, F.; Wagner, H Gg. Ber. Bunsenges.
Phys. Chem. 1979, 83, 1275.

(3) Lii, R. R.; Sauer, M. C., Jr.; Gordon, S. J. Phys. Chem. 1980, 84, 817.

(4) Sridharan, U. C.; Qiy, L. X.; Kaufman, F. J. Phys. Chem. 1982, 86,
4469.

0022-3654/87/2091-5118801.50/0 © 1987 American Chemical Society
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NS 0 he
L — L ] R

Figure 1. Schematic of the apparatus: AC, absorption cell; BPF,
band-pass filter; CdL, cadmium lamp; CE, counting eiectronics; CI,
coolant inlet; DG, delay generator; F, flow meter; M, monochromator;
MCA, multichannel analyzer; yWPS, microwave power supply; PG,
pulse generator; PA, picoammeter; P, pressure gauge; PL, photolysis
laser; PM, photomultiplier; R, radiometer; RC, reaction cell; SAOI,
segmented aperture optical integrator; SBPM, solar blind photomulti-
plier; ZnL, zinc lamp. For the sake of clarity, the solar blind photo-
multiplier and resonance lamp are shown at 180°. In reality, the SBPM,
resonance lamp, and laser beam were at right angies 1o each other.

in excellent agreement,*” with reported rate coefficients all within
the range (5.2—6.2) X 107! cm® molecule™! s™!. However, there
has been only one investigation of the temperature dependence
of k,. Keyser® studied reaction 1 over the temperature range
229-372 K in a discharge flow system at 1-Torr total pressure
and observed that k(7)) increased with decreasing temperature;
his reported “negative activation energy” was ~0.4 kcal mol™'.
Although Keyser's study of reaction 1 was a high-quality ex-
periment which appears to be free of significant systematic errors,
the uncertainty in his reported activation energy will remain
undesirably high® until independent confirmation is reported.

Several years ago, we developed a pulsed laser photolysis
technique for studying the kinetics of radical-radical reactions
at pressures up to 1 atm. We first applied this technique to
investigate reaction 1 at 298 K over the pressure range 10-500
Torr.® In this paper, we report the results of a pulsed laser
photolysis—resonance fluorescence study of the temperature de-
pendence of k;. Qur results, obtained by using a much different
experimental approach than that employed by Keyser,* confirm
his reported temperature dependence and also demonstrate that
k, is independent of pressure at subambient temperatures.

Experimental Section

With a few modifications, the experiments were carried out in
the same manner as our previous room-temperature study.® A
review of the experimental approach, along with details pertinent
to this investigation, is given below. A schematic of the apparatus
is shown in Figure 1.

All experiments were carried out under slow-flow conditions
using a jacketed Pyrex reactor with an internal volume of 320
cm®. The cell was maintained at a constant temperature by
circulating ethylene glycol from a thermostated bath through the
outer jacket. A copper—constantan thermocouple with a stainless
steel jacket was inserted into the reaction zone through a vacuum
seal, thus allowing measurement of the gas temperature under
the precise pressure and flow conditions of the experiment.

Reactants were produced with HO, in excess by 248.5-nm
pulsed laser photolysis of H,0,/0;/N, mixtures:

H,0, + h» (248.5 nm) ~ 20H )

(5) Keyser, L. F. J. Phys. Chem. 1982, 86, 3439.

(6) Ravishankara, A. R.; Wine, P. H.. Nicovich, J. M. J. Chem. Phys.
1983, 78, 6629.
p (7) Brune, Wm. H.; Schwab, J. J.; Anderson, J. G. J. Phys. Chem. 1983,

. 4503.

(8) DeMore, W. B.. Margitan, J. J.; Molina, M. J.; Watson, R. T.; Golden,
D. M.; Hampson. R. F.; Kurylo, M. J.. Howard, C. J.; Ravishankara. A. R.
“Chemical Kinetics and Photochemical Data for Use in Stratospheric
Modeling™, Evaluation No. 7, JPL Publication 85-37, 1985.
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o'D) + Oa'ayy  tem
O3 + Av (2485 nm)

o’y + 0,x°zy) (8D
OH + HzOz o H02 + Hzo (7)
O('D) + N, =~ O(P) + N, (8)

A Lambda Physik Model 200E KrF excimer laser was used as
the photolysis light source. Kinetic data were obtained by
time-resolved resonance fluorescence detection of O(’P). The laser
pulse width was 20 ns while, under our experimental conditions,
reactions 7 and 8 proceeded at rates of (3-10) X 10° and 7 X 10’
7!, respectively. O(’P) decay rates were typically in the range
30-500 s7.

As in our previous study, the concentration of the excess
reactant, HO,, was not directly measured but was caiculated based
on experimentally measured and other known parameters. To
obtain [HO,], one must determine [OH],, the initial concentration
of photolytically produced OH, and the yield of HO, from peaction
7 and competing side reactions. The chemistry of conversion of
OH to HO, is discussed in detail in a later section. Since the
concentrations of H,0, and O; were such that the system was
optically thin at 248.5 nm, [OH], could be calculated from the
following relationship

(OH]O = QOHU(H202,248.5 nm,T)[H;OI]F (I)

where $qy, is the quantum yield for OH production from 248.5-nm
photolysis of H,0,, ¢(H,0,,248.5 nm,T) is the absorption cross
section for H,0, at 248.5 nm and temperature T, and F is the
laser photon fluence. The determination of each factor in eq |
is discussed in detail below.

@on: It is known™!! that $oy =~ 2.

o(H,0,,248.5 nm,T): The absorption cross section for H,0,
at 248.5 nm is known to be 8.8 X 10 cm? at 298 K.* We have
recently measured temperature-dependent absorption cross sections
for bydrogen peroxide over the wavelength range 193-350 nm.*?
At 248.5 nm, the following expression describes the observed
temperature dependence (units are cm? molecule™):

o(H,0,,248.5 nm,T) = 1.023 X 107! exp{(~4$ % 20)/ T}
(In

[H,0,]: Hydrogen peroxide can be lost in the slow-flow system
either by decomposition (particularly at higher temperatures) or
by condensation (at lower temperatures). To ensure that the H,0,
concentration in the reactor was known, we monitored H,0, by
UV photometry before the gas mixture entered the reactor and
after the gas mixture exited the reactor. The absorption cells were
216.2 and 90.0 cm in length. The monitoring wavelengths were
228.8 nm in the longer cell (Cd line) and 202.6 nm in the shorter
cell (Zn* line). Both cells were kept at ambient temperature, and
the absorption cross sections needed to convert absorbance data
to H,0, concentration were obtained by interpolation from current
NASA recommendations:® 1.86 X 107'° cm? at 228.8 nm and
4.31 X 107" cm? at 202.6 nm. When the reactor temperature
was 350 K or below, the difference in H,0, concentration mea-
sured in the two absorption cells was never more than a few
percent. At 391 K, the highest temperature at which experiments
were performed, 15-20% of the H,0, was lost upon traversal of
the reactor. The H,0, concentration in the reaction zone was
always taken to be the temperature-corrected average of the
concentrations measured in the two absorption cells. Under our
experimental conditions, absorption by ozone was negligible
compared to absorption by H,0, at 202.6 nm. At 228.8 nm, ozone
made a small but significant contribution to the total absorbance.
Care was taken to ensure that [O,] was constant during the / and
Jy measurements required for the [H,0,] determination.

(9) VYolman, D. H. Adu. Phoiochem. 1963, |, 43.

(10) Greiner, N. R. J. Chem. Phys. 1966, 45, 99

(11) Vaghjiani. G. L.; Ravishankara, A. R., private communication.
(12) Nicovich, J. M.; Wine, P. H., to be submitted for publication.
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F: The photolysis laser beam was made spatially uniform
through use of a segmented aperture optical integrator.®!3
Virtually the whole cross-sectional area of the cell was irradiated,
and the depth of focus of the integrated beam was such that radical
concentrations were nearly uniform down the entire length of the
cell. The laser beam fluence was measured as the beam exited
the reactor by using an EG&G photodiode based radiometer
capable of measuring individual pulses. Pulse-to-pulse stability,
a requirement for signal averaging in this type of experiment, was
found to be very good. Only an occasional pulse energy deviated
from the average by more than £5%. In order to avoid having
to correct the measured fluence for reflection off the back window,
an antireflection coated window with >99.5% transmission at 248.5
nm was employed. The radiometer was calibrated by using a novel
ozone actinometry method which has been described in detail
previously.®

As mentioned above, all experiments were carried out under
slow-flow conditions. The linear flow velocity through the reactor
was typically 12 cm 57!, and the laser repetition rate was typically
0.4 Hz. The reactor was 23 cm in length, so the reactor volume
was completely replenished with a fresh gas mixture between laser
pulses. All experiments employed nitrogen as the buffer gas at
a total pressure of 80 Torr. Data were obtained over the tem-
perature range 266-391 K. The temperature range was limited
at the low end by the vapor pressure of H,O, and at the high end
by the thermal instability of H,0,.

The gases used in this study had the following stated minimum
purities: N,, 99.999%; O,, 99.99%. Hydrogen peroxide was 90
wt % in water. It was concentrated further by bubbling N,
through the sample for several days before experiments were
undertaken and continuously during the course of the experiments.
To prevent significant decomposition of H,0,, all components
traversed by H,0, between the bubbler and the exit from the last
absorption cell were Pyrex or Teflon with the exception of a few
stainless steel fittings. The needle valve and flowmeter in the H,0,
line were positioned so that N, flowed through these components
before entering the bubbler. Ozone was prepared by passing O,
through a commercial ozonator and was stored on silica gel at
197 K. Before use it was degased at 77 K to remove O,. Dilute
O;/N, mixtures were prepared in 12-L Pyrex bulbs for use in
experiments.

A typical experiment was initiated by flowing (3-10) X 10'?
O, molecules cm™ in 80 Torr of N, through the reactor and
absorption cells. J, and J,, the intensities of 228.8- and 202.6-nm
light transmitted through the absorption cells, were measured.
Next, H,0, was introduced into the gas flow, the N, flow was
reduced so the total flow rate and total pressure were the same
after addition of H,0, as before addition of H,0,, and 7/ and J,
the reduced intensities of 228.8- and 202.6-nm light transmitted
through the reactor, were measured. Using the measured values
of I, Iy, J, and J,,, we calculated the concentration of H,0; in the
gas stream entering and exiting the reactor; it ranged from (2-6)
X 10" molecules cm™. 7 and J were continuously monitored
during the course of an experiment. The multichannel analyzer
was pretriggered before the photolysis laser fired to obtain the
background count rate. The concentration of O(’P) was monitored
as a function of time after the photolysis pulse. A total of 50-200
laser shots were averaged to obtain one pseudo-first-order kinetic
decay. The fluence of each laser pulse was measured by using
the radiometer and a calibrated aperture. The laser fluence was
varied at constant [O,] and [H,0,] to obtain pseudo-first-order
decays as a function of [HO;]. Five to ten fluence values were
employed to determine each bimolecular rate constant, k,, from
the slope of a k’vs. [HO,] plot (k’= the O(°P) pseudo-first-order
decay rate). After the fluence variations were completed, the H,0,
flow was turned off, the total pressure and total flow rate were
readjusted, and /p and J, were remeasured. All HO, concen-
trations employed in the k, determinations were in the range
(0.15-8.5) X 10'? molecules cm™. It should be noted that, in a
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Figure 2. Typical O(’P) temporal profiles observed following 248.5-nm
pulsed laser photolysis of O,/H,0,;/N, mixtures.* Expetimental condi-
tions: 7 = 28] K, P = 80 Torr, [H,0,] = 39 x 10'* molecules cm™,
[O;] = 6 X 10'? molecules cm™?, laser fluence (in units of mJ cm™?) =
(a) 1.95, (b) 4.55, and (c) 6.31. Solid lines are obtained from least-
squares analyses of the first two | /e times of O(*P) decay and give the
following pseudo-first-order decay rates (k'up): (2) 11157, (b) 21057,
(c) 303 57",

series of runs involving variation of the laser fluence at constant
[0,] and [H,0,), the ratio [OH]},/[O(°P)], is not altered: to
change this ratio, the composition of the reaction mixture must
be varied.

Results and Discussion

In the absence of competing side reactions which affect the HO,
concentration, the kinetic system is inherently pseudo-first-order;
i.e., all HO, lost via reaction 1 is rapidly regenerated via reaction
7. However, as will be discussed in detail below, the importance
of certain side reactions is suppressed when [HO,) >» [O(°P)).
Most of our experiments were carried out under experimental
conditions where [HO,] = 10[O(°P)],, although this ratio was
varied as a check on the kinetic model used to extract k,. At low
temperature, where relatively low H,0, concentrations had to be
employed, the HO, to O(*P) ratio was typically somewhat lower
than that employed at higher temperatures.

Photolytically produced O(’P) can be lost via the following
(pseudo) first-order processes:

O(’P) + HO, = OH + O, (1)
O(’P) + H,0, — OH + HO, ©)

O(’P) — loss by diffusion from the detector field of
view and reaction with background impurities (11)

Under our experimental conditions, reaction 1 dominated O(*P)
removal except at very low HO, levels. Reaction 10 was of
negligible importance while reaction 9 was minor but not negli-
gible.'* k;, was directly measured to be ~$ s™'—1-2 orders of
magnitude slower than k;[HO,] under most experimental con-
ditions.

In the absence of competing side reactions which affect the
concentrations of O(°P) or HO,, removal of O(*P) should obey
first-order kinetics

In {{OCP)]o/[OCP)I] = (k,[HO,] + ko)t = ket am

where

ks ® ks[H;0,) + kio[O;]) + k), (1v)

(13) Ravishankara, A. R.; Eisele, F. L; Kruetter, N. M.; Wine, P. H. J.
Chem. Phys. 1981, 74. 2267.
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Figure 3. Typical plots of k'g vs. [OH], (open circles) and k' vs.
[HO, ] a: (closed circies). Experimental conditions: 7 = 281 K, P = 80
Torr, [H,0,] = 3.9 X 10'* molecules cm™, [O;] = 6 X 10'? molecules
cm™. The dashed line is obtained from a linear least-squares analysis
of the k' vs. [OH], data and gives the “uncorrected” rate coefficient
(5.24 £ 0.38) x 107" em® molecule™ s™. The solid line is obtained from
a linear least-squares analysis of the k’vs. [HO,] ., data and gives the
“corrected” rate coefficient (6.15 % 0.54) X 107" em’ molecule™ s7'.

TABLE I: Reaction Set for Computer Simulations
rate coefficient*?

k, =3 x 107" exp(200/T)

O+O0OH—=H+0, ky= 2.2 % 107" exp(117/7)

H+0,—~0OH + 0O, ko= 1.4 X% 107'° exp(—470/7)

OH + H,0, ~ HO, + H,0 &, = 3.1 X 107 exp(-187/7)

O+ H,0,—~ OH + HO; kg = 1.4 X 107'2 exp(-2000/T)

0 + 0, — 20, ki = 8 X 1077 exp(-2060/T)

O — loss k), =5s"

OH + HO: = O, + H;0 Ky = 1.7 X 107 exp(416/7) + 3 X

107%'[M] exp(500/T)

HO, + HO, ~ H,0, + O, k;; = 2.3 X 1077 exp(590/7) + 1.7 X
10-2[M] exp(1000/ T)

ki =5s"

reaction
O+ HO,—-OH + O,

HO,; — loss
HO, + O, — OH + 20, kys = 1.4 X 107 exp(-580/T)
H + HO, — 20H ki = 6.4 X 107" exp(0/T)

“All rate coefficients are taken from ref 9 except k;, which was
measured and k,, which was set equal to k,,. *All rate coefficients
except k, and k,, are in units of cm® molecule™ 57\

Figure 2 shows typical plots of In [O(*P)] vs. 1. Equation IT] does
indeed appear to be obeyed. If side reactions were unimportant,
the bimolecular rate coefficient would be obtained from the slope
of @ k'pp vs. [OH], plot, such as shown in Figure 3.

Secondary Chemistry. In the paper describing our 298 K study
of reaction 1, possible side reactions were considered in detail.®
It was concluded that two reactions could significantly affect the
HO, temporal profile:

OH + HO, — O, + H,0 12)
Ho; + HOz = HzOz + 01 (13)

To quantify the roles of reactions 12 and 13 in our kinetics ex-
periments, a series of computer simulations were carried out where
the temporal profiles of key species were calculated under a variety
of experimental conditions by numerical integration of the ap-
propriate rate equations. For completeness, a number of reactions
which were expected to play very minor roles in the O(*P) and
HO, kinetics were included in the mechanism. The complete sets
of reactions and rate coefficients used in the simulations are given
in Table L.

Reaction 12 competes with reaction 7 during the period im-
mediately after the laser pulse when OH is being converted to
HO,. Each time reaction 12 occurs, two HO, radicals are lost
which otherwise would have been present to react with OCP).
Reaction 12 is most important at high laser fluence (i.e., high
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4. Typical correction curves (obtained from computer simula-
tions) which relate [HO;] ., to [OH],. All curves shown in the figure
are from simulations with [H,0,] = 4 X 10'* molecules cm™. Tem-
perature: 1, 400 K; I1, 300 K; III, 260 K. [OH]o/[OCP)]o: &, 104 b,
10; ¢, 4.
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Figure 5. Typical correction curves (obtained from computer simula-
tions) which relate k oy to k' via eg VI. All curves shown in the figure
are from simulations with [H,0,] = 4 X 10'* molecules cm™. Tem-
perature: 1, 400 K: I1, 300 K; 111, 260 K. [OH]o/[OCP)]o: a, 10% b,
10; ¢, 4.

[OH]o/[H,0,]) and at low temperature. From the computer
simulations, a set of curves were constructed which relate
[HO,)] s, the peak amount of HO, present after all photolytically
produced OH bhas reacted away but before appreciable HO, loss
via processes such as reaction 13 has occurred, to [OH],. Rep-
resentative correction curves are plotted in Figure 4. For the 101
experiments used in the k,(7) determinations, the average value
for [HO,) mas/[OH ], was 0.947 while the minimum value under
any set of experimental conditions was 0.845.

As pointed out above, loss of O(*P) via reactions 1 and 9~11
occurs on a time scale which is long compared to the time scale
for HO, formation. Hence, if the concentration of HO; were
constant over the time period of O(°P) removal, k, could be
obtained from the slope of a k'qp vs. [HO; ], plot. Unfortu-
nately, small but significant time variation of {HO,] can result
from the occurrence of reactions 9, 13, and 14. Reactions 9 and

HO, — loss by diffusion from the reaction zone and
reaction with background impurities (14)

14 are most important at low laser fluences, i.e., low [HO,).
Reaction 9 is strongly temperature dependent and increases in
importance at high temperature. Reaction 9 is also a more im-
portant source of HO, when [OH]o/[O(°P)], is relatively low.
Reaction 13 becomes an important HO, removal mechanism at
relatively high HO, concentrations. To avoid large corrections
for HO, loss via reaction 13, all experiments were carried out with
[HO;) s < 9 X 10'? molecules cm™ and all data analyses were
restricted to two 1/e times of O(*P) decay; i.c., no data where
[O(C’P)]/{O(°P)], < 0.13 were used in the data analysis. Com-
puter simulations were carried out under a variety of experimental
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TABLE [I: Summary of Our O + HO, Kiwetic Dat2

Nicovich and Wine

no. of [H;0;),

range of

k,, 107" cm® molecule’ 57!, % 2¢*

T.K expts* 10" em™ [OH]0/[0]e k', s uncorrected® corrected?
266 6 298 5.0 100-268 5.22 £ 0.51 7.00+ 070
266 6 2.37 6.8 28-209 5§92+ 0.39 7.14 £ 0.52
275 6 5.61 12 57-608 558 £ 0.54 6.60 £ 0.75
281 6 390 11 33-327 524 £ 0.38 6.15 £ 0.54
298 5 4.22 10 56-558 5.29 £ 0.65 6.30 £ 0.91
300 10 3.57 7.1~-17 51487 5.16 £ 0.30 6.16 £ 0.73
300 6 2.05 6.8 32-293 §21 2073 6.34 £ 0.73
300 7 381 6.9 66-358 481 £0.52 $.69 £ 0.56
318 6 5.46 13 73-547 548 £ 0.13 6.28 £ 0.09
328 8 3.07 8.0 66-326 544 £ 0.24 6.24 £ 0.28
354 6 39 16 55418 5.14 £ 0.45 586 £ 0.54
359 5 4.63 15 92-368 452 £ 0.69 5.11 £0.70
374 8 4.62 15 75-361 440 = 0.40 487 £ 043
380 7 4.71 19 72466 5.11 £ 0.39 563 %040
391 9 454 11 111438 487 £ 0.32 5.28 £ 0.38

* Experiment ® determination of one pseudo-first-order rate coefficient. ® Errors represent precision only. Obtained from the siopes of &’ gpq V8.
[OH], plots. “Obtained from the slopes of k’vs. [HO,] u, plots.

TABLE ITI: Comparison of Owr Results with Those of Otber Investigators

i ’

range of range of
7. K P, Torr M exptl method* exptl conditions A E/R. K  k (298 K)* ref
298 1.0 He DF-LMR relative to k, 2.7 £3.0¢ 1
relative to k, 6.3 % 2.0
298 0.8-23 He DF-LMR/ESR [O(°P)) » [HO,] 37%£1.1 2
2.8-3.4 [HO;] » [OCP)) 4215
3.7-5.5 relative to k, 30209
298 1200 Ar/H,;/0, PR-UVA k, extracted by modeling T+£2 3
complex chemistry
296 % 2 2.5 He DF-RF/LIF [HO,] » [O(’P)) 54209 4
229-372 1.0 He DF-RF [HO;] » [O(°P)) 31203 200+28 6104 5
298 10-500 N, PLP-RF [HO,) » [O(’P)) 61114 6
300 1.0-4.0 He DF-LMR/RF/RA  [O(°P)] » [HO,) 5208 7
[HO,) » (OCP)]
266391 80 N, PLP-RF [HO,;) » [O(*P)) 29207 22875 62%1.0 this work.

*DF, discharge flow: LMR, laser magnetic resonance; ESR; electron spin resonance; PR, pulsed radiolysis; UVA, ultraviolet absorption; RF,
resonance fluorescence; LIF, laser-induced fluorescence; PLP, pulsed laser pbotolysis; RA, resonance absorption. * Units are 107" em?® molecule™ s7.
k, recalculated with presently recommended (ref 9) values for the reference reactions. “Corrected downward from reported value by 1.5% to
account for small change in recommended H,0, absorption cross section.

conditions. The first two 1 /e times of the slightly nonexponential
computer generated O(°P) temporal profiles were least squares
fit to an exponential decay to obtain k', the simulated decay
rate. The simulated decay rates were then compared to the “real”
decay rates, k', to obtain a set of correction curves, some of which

k'y ® ki [HOy mas + ks[H 0,] + kyo[O3] + k), (V)

are shown in Figure 5. The first two 1 /e times of each exper-
imental O(’P) temporal profile were least squares fit to eq I1I to
obtain k'np. A corrected value of k’ was then computed from
the expression

k' = k(K / K 'um) « (VD
One source of uncertainty in the computer simulations concerns
the fact that k,, was not measured; it was estimated that k,, =
k;; = 557 Lack of knowledge of the exact value of k, increases
the uncertainty in the k’,/k’;,, factors at low concentrations of
HO,. The low [HO,] data are relatively unimportant in defining
k,, so the uncertainty in k,, makes only a minor contribution to
the overall uncertainty in k,. For the 101 experiments used in
the k(7)) determinations, the average value of k',/k 5, was 1.06
and the maximum value under any set of experimental conditions
was 1.18.

As discussed above, k; values corrected for secondary chemistry
were obtained from the slopes of plots of k’vs. [HO;] e, Typical
data are shown in Figure 3. For all 15 rate coefficients measured,
the corrected k, values were larger than the values which would
have been obtained from plots of k', vs. [OH], (see Figure 3,
for example). The magnitude of the secondary chemistry cor-
rections was largest at the lowest temperatures. For the 15 rate
coefficients reported. the average difference between the corrected
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and uncorrected bimolecular rate coefficients was 16% while the
largest difference was 26%.

Summary of Results. The experimental results are summarized
in Table I1. Errors quoted for individual “corrected™ &, deter-
minations are 2¢ and refer only to the precision of the k’ vs.
{HO;] ., data. The absolute accuracy of our k, determinations
is limited not only by precision but also by uncertainties in
measurement of the laser photon fluences (F), the H,0, con-
centration, the correction factor used to obtain [HO,]p,, from
[OH],, the correction factor used to obtain k' from k ‘g (i-e.,
k', /k '), and unidentified systematic errors. We estimate the
pertinent 20 uncertainties to be as follows: F, 10%; [H,0], 5%;
[HO,] pas/[OH]Jn 5%; k',/k 'y, 10% at 266 K and 5% at 298 K
and above; unidentified systematic errors, 5%. Precision did not
appear to be temperature dependent and averaged 9%. Hence,
the absolute accuracy of an individual k, determination is esti-
mated to be £23% at 266 K and £21% at 298 K and above.

An Arrhenius plot of our results is shown in Figure 6. An
unweighted linear least-squares analysis of the In k, vs. 1/T data
gives the following expression (units are cm® molecule™! s°!):

k(T) = (291 % 0.70) X 10" exp[(228 % 75)/7]  (VII)

The uncertainties quoted in the above expression are 2¢ and
represent precision only.

Comparison with Previous Work. Our results are compared
with those reported by other investigators in Table 111. The 298
K value reported in this paper is identical with our previously
reported value® and at the upper end of the group of recent direct
determinations*” which span the range (5.2-6.2) X 107! cm?®
molecule™' s™'. Other than our studies, the other recent direct
measurements all emploved low-pressure discharge flow systems,
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Figure 6. Arrhenius plot for the O + HO, reaction.

all measured not only O(’P) but also HO, (either directly or
indirectly by conversion to OH), and all carefully considered the
role of competing side reactions. Hence, there is no obvious reason
to prefer one value over another. The early work of Burrows et
al." and Hack et al.? give k,(298 K) values which are considerably
lower than those reported in ref 4-7. Possible reasons for the
apparently erroneous results reported in ref 1 and 2 are discussed
elsewhere.® Lii et al.? obtained a value for k, by comparing
computer simulations with HO, and O, concentration profiles
observed following pulsed radiolysis of O,-H,~Ar mixtures. Their
reported rate coefficient agrees well with our results. However,
as pointed out by Keyser,’ the experimenta) data of Lii et al. are
very insensitive to the value of k;; hence, their error limits should
be ~500% rather than the reported 30%.

Very little temperature-dependent data are available for reaction
1. Values for k, of 8 X 107! em® molecule™ 57! at 1600 K'* and
6 X 107! em?® molecule™ s7! at 1050 K'¢ have been inferred from
flame studies. The only previous temperature dependence study
in the atmospheric temperature regime is that of Keyser.> As seen
from the comparisons in Table 111 and Figure 6, our results are
in excellent agreement with those of Keyser. Since our experi-
ments were very different in methodology from Keyser’s and are
subject to different sources of systematic errors, the uncertainty
of k\(T) for atmospheric modeling purposes is now greatly reduced.
Keyser's study employed helium buffer gas at a pressure of 1.0
Torr while our study employed nitrogen buffer gas at a pressure
of 80 Torr. Thus, agreement between the two studies strongly
suggests that k, is independent of pressure over the relevant upper
atmospheric temperature and pressure ranges.

Reaction 1 could proceed via a hydrogen abstraction mechanism
(la) or via formation of an energized HOOO “pseudo-
intermediate” (1b):

O+ HOZ = O"'HOz — OH + 01 (la)
O+ O,H—~ 0-00H — 0, + OH (1b)

(15) Peeters, J.; Mahnen, G. Symp. (/m.) Combust., [Proc.) 1972, 14, 133.
(16) Day, M. J.; Thompson, K.; Dixon-Lewis, G. Symp. (In1.) Combust.,
[Proc.] 1972, 14, 47.
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Sridharan et al.'” recently reported an elegant experiment in which
'$OH and '*OH products from the reaction of '*O with HO, were
monitored in a discharge flow system. They found that only '*OH
was produced, implying that O reacts with HO, via channel 1b.
Thermochemical estimates suggest that HOOO is bound relative
to O + HO, but is ~12 kcal mol™ less stable than the OH + O,
products.'*!®  Mozurkewich?® points out that since HOOO is
bound relative to O + HO,, we might expect to find a Jong-range
interaction that would produce a transition state for reaction 1
very similar to that expected for formation of HOOO. Mo-
zurkewich’s RRKM calculations yield a rate constant for for-
mation of HOOO of 5.5 X 107! cm® molecule™ 5!, independent
of temperature.?® The observed negative activation energy for
reaction 1 could probably be reproduced if a small barrier were
assumed in the HOOO — OH + O, reaction path.?
Implications for Atmospheric Chemmry Model calculations
of OH and HO, concentration profiles in the upper stratosphere
are very sensitive to the choice of k,(7). Kaye and Jackman,??
considering both sensitivity of their model to various parameters
and uncertainties in these parameters, have concJudeq that the
uncertainty of k; contributes more to the uncertainty in [OH]
and [HO,] at 35° N, 40-km altitude than any parameter in their .
model except k5. The currently recommended value® for k,(T)
is
k,(T) = 3.0 X 10°"" exp[(200 = 200) /T] cm® molecule™' s~
(VII)

The results reported in this paper will have little effect on the
recommended A factor and activation energy but will substantially
reduce the uncertainty in the above expression; this will, in turn,
significantly reduce the overall uncertainty in model calculations
of upper stratospheric OH and HO, concentrations and facilitate
meaningful comparisons of stratospheric measurements with
photochemical models.

Jackman et al.** have recently compared O, concentrations at
5° N and 43-km altitude measured by LIMS (limb infrared
monitor of the stratosphere) with those calculated from a pho-
tochemical model using LIMS measurements of H,0, HNO;, and
NO, and temperature and SAMS (stratospheric and mesospheric
sounder) measurements of CH, as input. The model predicted
lower O, levels than those actually observed. A sensitivity analysis
showed that the overall uncertainty in the model calculation was
a factor of 1.7, about the same magnitude as the discrepancy
between model and measurement. Of the many parameters used
in the model, the uncertainty of k, was found to make the sixth
largest contribution to the overall uncertainty of the calculation.
Our results will therefore result in a small but significant reduction
in the model uncertainty.
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