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. |Thus the temperature dependence of kgg obtained from the photolysis method
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important in atmospheric chemistry.
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uously to a stream of ozonized oxygen from which chemiluminescence was observed
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cence was first order with a decay comstant of 46.1 exp[-(2000 + 300)/T] sec”l.
During the irradiation the initial relative quantym yield of the chemilumines-
cence, Qre {r} was independent of the absorbed intensity, the total pressure,
the Clz pressure, and the diluent gas (Np or 05). It increased with the N0
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pressure at 273°K, but was independent of the Noz-pressﬁre at 238 or 219°K,
The observed chemiluminescence was due to the reaction between an inter-
|mediate N20,Cl and Oj.

N904C1 + 0, -+ Products + hv (red) 43
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CIONO rather than CINOj. The upper limit for the rate coefficient of reaction
40 is'1 x 10716 cm3sec-1. Therefore, reaction 40 is too slow to compete. with
the atmospheric photolysis of ClONO. Thus, reaction 40 is not important in

atmospheric chemistry.
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ABSTRACT

The following three systems were investigated: the 012—03

system, the Cl —02-N0 system and the Clz-NOZAM system. In the

2
first system, the reaction between Cl0O and 03, the reaction between
0Cl0 and 03, and the mechanism of the 012-03 system were stﬁdied.

In the second system, the reaction between ClO0 and NO was iamvesti-
gated.. In the last system, the reactioﬂ between Cl gnd N02 was
investigated as well as the kinetics of the chemiluminescence of

the Cl-N02-03 reaction.

In the first system, 012 was photolyzed at 366 nm in the presence
of 05 within the temperature range 254-297°K. 05 was removed with
quantum yields of 5.8 * 0.5, 4.0 * 0.3, 2.9 + 0.3 and 1.9 * 0.2 at
297, 283, 273, and 252°K respectiwvely, invariant to changes in the
initial 03 or Cl2 concentration, the extent of conversioﬂ or the
absorbed intensity, Ia' The addition of nitrogen had n& effect bn
-@{03}. The 012 removal quantum yields were 0.1l * 0.02 at 297°K for

Cl, conversions of about 30%, much higher than expected from mass

2
balance considerations based on the initial quantum yield of 0.089 *
0.013 for OCl0 formation at 297°K. The fipal chlorine~con;aining
product was 81207. It was produced at least in part éhrough the
formation of OC1l0 as an intérmediate which was also Dbservéd with an
initial quantum yield of 8,{0C10} = 2.5 x 10° exp{-(3025 * 625)/T}

independent of [03] or I_. The addition of nitrogen and oxygen had no

effect on the values of ¢i{0010} and —¢{Clz}.
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The results showed that OCIO was formed by ClO radical

combination as in reaction 23c.

2G10 -+ €100 + C1 23a
> _Clz + 02 23b
+ 0C10 + Cl 23¢

The relative importance of the channels for reaction 23 at 296°K are

the following: k23a/k23 = 0.63; k23b/k23 = 0.34; k23c/k23 ="0.032.
_ 3
Also, k23c/k23b = 2.5 x 107 exp[-(3025 + 625)/T].

The rate coefficient for the reaction of 0C10 with 03 was studied

by a direct mixing method and by the photolysis method.
oclo + 03 + Products 26

The temperature dependence of k26 was studied in the temperature
range 264-297°K. However, at temperatures below 297°K, the equilibrium’

reaction 29 complicated the kineties.

€10 + 0C10 + M Z C1,0, 29, -29

Thus the temperature dependence of k26 obtained from the photolysis

method could only be evaluated from the steady state values of 0ClO.

2

The recommended value for k26 is 2.3 x 10_1 exp[-(4730 + 630)/T}

3. -1

Cm sec .

The upper limit for the rate coefficient of the reaction between

C10 and 0y was found to be less than 1 x 10—18 cmBSec"l.

Cl0 + 03 -+ Products 25
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The low values of k,. and k26 indicate that reactiom 25 and 26 are

25
probably not important in atmospheric chemistry.

In the second system, the reactions of Cl00 with NO were
studied by the photolysis of 012 in the presence of NO and O2 with
or without added NZ using steady state photolysis. Cl00 is formed

by the reversible reaction

€1 +0, + M ClOO+ M 31, -31

2

The results indicate that ClLO0 rezcts with NO via two channels:

C100 + NO ~» NO2 + C10 20a

- CINO + 02 20b

The ratio k was found to be 11.0 + 2.2. The atmospherically

20b/k20a
= (1.5 + 0.6) x 10-32 cmssev:'._1 and
31

important values k20a K3l,—31

(1.6 + 1.0) x 10 cmssechl were evaluated at 298°K.

200 ¥31,-31 =
From the results, it can be concluded that reactioﬁs 20a and 20b
are probably not important in the stratosphere.

In the third system, Cl, was photolyzed at 366 nm and 219-273°K
in the presence of N02 with added N2 or 02. The reaction mixture was
bled continuously to a stream of ozonized oxygen from which chemilum--
inescence was observed during photolysis or shortly thereafter. The
dark decay of the chemiluminescence was first order with a decay
congtant of 46.1 exp[~(2000 + 300)/T] sec_l. During the irradiation
the initial relative gquantym yield of the chemiluminescence,

{1} was independent of the absorbed intensity, the total pressure,

grel
3

the Cl2 pressure, and the diluent gas (N2 or 02). It increased with



the N02 pressure at 273°K, but was independent of the NO2 pressure

at 238 or 219°K.

The observed chemiluminescence was due to the reaction between

an intermediate N20461 and 03.

N204C1 + 03 > Produch + hv (red) 43
N20401 was formed by the following reactions:
- C1 + N02 + M ; Cl0NO + M 22a
- ClNO2 + M ) 22b
CLONO + NO2 + M +'N20401 + M 40

The formation of N20401 fequired that the major product of reaction 22

was ClONC rather than ClNOz. The upper limit for the rate coefficient

of reaction 40 is 1 x 10_16 cmBSec—l. Therefore,» reaction 40 is too

slow to compete with the atmospheric photolysis of ClLONO. Thus,

reaction 40 is not important in atmospheric chemistry.
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Chapter 1

INTRODUCTION

A, The Role of Stratospheric Ozone

One of the most important goals in the study of upper atmospheric
chemistry is to be able to determine the effect of'p;llutants oﬁ
the ozone coéntent. Ozone is one of the most iﬁportant constituents
of the earth's atmosphere because it absorbs solar radiation between
220 and 320 nm (1). It therefore provides a shield against the
harmful ultraviclet radiation for man (2) and at the same time is an.
energy source for the stratosphere and mesosphere. The depletiqn
of the stratospheric ozone concentration may have both biological
" (2,3) and climatological effects (4). Because of the thinner ozone

shield, more harmful ultraviolet radiation may reach the ground.- This

. could lead to an increase in the incidence of skin cancer. There are

quite a few catalytic cycles capable of influenciﬁg the stratospheric
ozone concentration. In this thesis, only chlorine, oxides of
chiorine, and oxides of nitrogen will be comsidered. The reactions
recently studied in this laboratory and their atmospheric im?lications

will also be discussed,

B. The Role of Cl0 in the Atmosphere

Gas-phase chlorine forms a number of different species in the
atmosphere. The most common ones are HCl, Cl, CL0, 0CLO, Cl00, and
‘012. The sum of all of these species will be defined as ClOX. The

sources of ClOx are from both matural and anthropogenic origins. At



the ground level, the natural sources of HCL and 012 are volcanic
explosion (5,6) and sea salt spray (7,8). The anthropogenic sources
are halogenated hydrocarbons used as solvents, herbicide sprays,
aerosol propellants, and refrigeiants. It ig known that chlorine
can cause plant damage. The chlorinated‘compounds are known té
attack the liver (15 and some of them are also carcinogenic.

Recentiy Rowlana and Molina (9~12) have pointed out the
possibility that the commonly used chlorofluoromethanes might
adversely affect the stratospheric ozone concentration. Two of the
most important compoun@s are\CFCl3 and CF2C12, used_grimarily as
aerosol propellants and refrigerants. Because éf chemical inertnesé,
their lifetimes in the troposphere (0-15 km) may be as long as
40-150 years {9). They seem to have no sinks in the tropoé?hére.
Their lifetimes are controlled by diffusion into the stratosphere
(15-50 km) where they can be photodissociated bf ultraviolet light
(9). The photodissociation of chlorofluoromethanes releases chlorine
atoms which can catalytically destroy stratospheric ozomne. Wofsy
et al. (13) predicted that the concentration of ozone could be reduced
by an amount as large as 3% by 1980. This estimation was based on
the 10% increasing rate of CFCl3 and CF2C12 consumption ﬁer year.

It is worthwhile to note that the production. of both CF013 and
CF,Cl, were ceased at the beéinniﬁg of this year‘(l979). According
to Cicerone et al. (14), the effect of ClOx on stratosphefic ozone

would still remain significant for several decades.



C. The Role of N0 in the Atmosphere

The common No;,constituents are NO, NOZ, N03, NZOS and hydro-
'genated‘compounds such as HNO3 and HNOZ. -0f these oxides, oqu NO
and N02 are important man-made pollutants (1). In the troposphere, .
the natural source of NOX is mainily bidlogical activity in tég
earth's surface. The major man—-made NOx sources ;re frém motor
vehicles and fuel combustion (1). It is known that oxides of
nitrogen have harmful effectg on materials, ;egetation, and animal
and human lives.

Nitrogen. oxides are also one of the potential ozone destroyers
through their catalytic cycle reactions with ozone and atomic .
oxygen. The important sources f£or stratospheric NO are ﬁhe oxidation
reaction between N20 and O(ID) (15~19), and the ioniza?ion and
dissociation of N2 following absorption of .cosmic rays (20;22).
Crutzen (23) and Johnston (2@) have done extensive work on the NOX
cycle. The ozone destruction efficiency of the NOx cétalytic cyc;e"
ié known to be less than that of the Clo_ cycle. Howevér, it is
difficult to accurately predict the effect of the catalytic cycles
) in sfratospheric ozone chemistry. This is because of the uncertainties
in the actual concentration of the species involved, the possible

heterogenéous reactions, and finally the possible interconnecting

of the catalytic cycles.



D. Reactions of NO_ and ClO_ in the Stratosphere

The reactions in the stratosphere are mainly the reactions
between the minor .constituents and ozone, Ozone coﬁcentration
reaches a maximum at the altitudes of 20-25 km. General reviews
on the stratospheric ozone reactions were made by Crutzen (25)
énd Nicolet (26). Only the reactions of ozone with the Néx and
- ClOX cycles Will‘be discussed hgre. Chapman (27) proposeq that

"ozone is produced in the upper atmosphere by the reactions:

0, + hv (<240 nm) - 20(3P) 1

3
o("P) + 02 + M- 03 + M- 2

Ozone is destroyed by

0y + BV (<310 mm) ~ 0, + O 3

o+ 03 %'202 4

The electronic states of the products in O3 photodissociation depend
on the absorbed wavelength of the solar radiation. The more
important ézone destroying reactions are those catalytic cycles
involving NOx (23,24) and ClOX {9-12).

Thg NOx cycle involve§ NO and N02 as catalysts for tﬁe
combination of ozone and atomic oxXygen through the following pair of

reactions:

NO + 03 -+ N02 + 02 -5

NO, + 0(°P) < WO + O

2 2




+ O(BP) + 20 \ net reaction

0 2

3

12

exp[~ (1450 + 50)/7] cmBSec—l (28-32). At 298°K, the rate coef-

The rate coefficient for. reaction 5 is (2.34 +:0.23) x 10

ficient for(reaction 6 is (9.1 + 0.2) x 10-12 cm3sec_l (33-33). The
major sink for NOX in the stratosphere appears to be the formation

of HN03 via the following reaction:

N02 + 0H + M > HNO3 + M

HN03 may photodissociate to give OH and N02 as major products. HNO3
can be removed from the stratosphere by its downward transport inte
the tpoposphere-where it %ill be rapidly removed by rain.

The.problem with chlorine species begins after tﬁe‘chloriqe
‘containing compounds diffuse upwaré through the troposphere into the
stratosphere. ‘Chlorine atoms are released by tﬁe photodissociation
of these chlorine containing compounds upon absorbing the ultraviolet
radiation. The photodissociation occurs mainly at 175-220 nm. The
solar radiation between 180 and 240 nm is weakly absorbeé by O2 and
O3 (1), and therefore it can penetrate all the way down to 20 kmi

The dominant photochemical processes are

CFCl3 + hv (<226 nm) - CFCl2 + Cl 8

CF,Cl1

2C1, + hv (<215 nm) -+ CF

201 + Gl 9

The quantum yieldé of both reactions 8 and 9 are unity as reported-by .
Marsh and Heicklen (36), Jayanty et al. (37), and Milstein and

Rowland (38).



When a chlorine atom is generated it reacts immediately with

stratospheric ozone as in the following sets of reactions

(9,29,39,40).
Ccl + 03 +‘ClO + 02 10
Clo + OCP) + CL + 0, 11
-03 + 0(3P) —>-202 net reaction

The rate coefficients forreactions 10 and 11 at 298°K are 1.2 x ;Oﬂll

1 cm3sec_1 (42) respectively. The result

cmdsec L (41) and 5.3 x 107
of reaction 10 is the production of chlorine monoxide, Cl0, which

in turn reacts readily with oxygen atoms in reaction 11 to regenerate
the chain carrier. The net result of this cycle is that Cl and ClO
catalyze the combination of ozone and atomic oxygen.

The chain is interrﬁpted by reactions which convert Cl to HCl

(9-12). For example:

CL + CH, - HCL + CH, 12
ClL + H, + HCL + H 13
Cl + HO, ~ HCL + 0, 14
Cl + H,0, + HC1 + HO 15

272 2

Chlorine atoms are removed from the chain reaection until HCl reacts
with OH or 0(1D) atoms to release Cl once again. The chain is
terminated when the long-~lived species such as HCI reach the
troposphere by downward diffusion. The& are presumably removed from

the atmosphere by rain in a relatively short time.



There are several other reactions affecting chlorine species

such as the presence of NO and NO, below 35 km (39). At this

2
altitude NO and N02 compete effectively with oxygen atoms for C1O

as in reaction 16 and 17 below.

Cl0 + NG » Cl1 + N02 16

cl0o + N02 + M ClONO2 + M 17

The rate coefficients of'reactions 16 and 17 at 298°K are
respectively 1.8 x-ll)“11 emSsec ™t (43,44) and 1.5 x‘10d31 emlsec ™t
f&r M= Nz (45,46),

To estiﬁate the importance of reaction 16, the three catalytic
_hycles which are the pure Cle cyele, the pure NOX cycle, and the
mixed QlOX—NOx cycle, must be-considered. The pure Cle cycle
consistg of reactions 19 and 11, and the pure NOx cycle consists
of reactions 5 and 6 as mentioned previougly. The gixed Cle—-Nb'X
cycle actually consists of two cycles, cycle A where there is no net
-qhange in the odd oxygeh [03, O(BP)], an@ cycle B wherg two odq
oxygen are destroyed. Cycles A and B consist of the following set’

reactions:

Cycle A:
CL + 04 + CL0 + 0, 10
€10 + NO + Cl + NO, 16

NO, + hv + NO + 0 18

03 + hv > 0 + 02 net reaction



Cycle B:
Cl+03+ClO+02 10
C10 + NO = Gl + NO, ' 16
NO, + O(SP) >~ NO + O 6
2 2
03 +'0(3P) -9--202 net reaction

The significance of reaction 16 is that it converts NO to NO,.
Reaction 16 also connects the Cle cycle to the NOX cyple.

Above 35 km, the rate of reaction 11'is expected to be higher
than the rate of reaction 16. Hence the pure Cle cyele is expected
to be more effective than the mixed ClOX--NOX cycle. At lower altitudes
(<55 km), the rate of reaction 16 is faster than that of reéction 11
due to the low concentration of oxygen atoms. Hence the contributioﬁ
to ozone loss by the pure Cle cycle decreases because of the existence
of the mixed ClOX—NOx cycle.

Reaction 17 is a termination reaction for both the ClOX and Néx
cycles. Birks et al. (46) and Rowland et al. (47) found that ClOl\fO2
is quite stable in the gas phase and is unreactive towards NO, NOZ
or HC1. The reaction of ClONO2 with 03 is an order of magnitude
slower than tﬁe photolysis rate of ClONO2 (46). The average
photolysis time for ClONO2 is about 4.5 hours (47). The products of
t@e photolysis are not known. However, the products are assﬁmed to
be Cl0 and NO2 for modeling calculations. The presence of ClONO2

in the stratosphere reduces the concentration of Cl0 and at the same

time ties up NO2 into an inactive form until it photodissociates.



Since ClONO2 is only significant in the lower stratosphere (15-35 km),
it is eﬁpected to affect the NOX cycle more than the ClOX cycle.
This is because the former cycle occurs mainly in the lower strato-
sphere, whereas the latter cycle occurs mainly in the upper strato-
sphere.

Another species which became of interest recently is chlorine
nitrite, CILONO. Jesson et al. (48) suggested that CLONO might be
important in the atmosphere. CLONO may be formed in the stratosphere

by the following reaction:
Cl0 + NO + M + CLONO + M 19

The third order rate of reaction 19 is quite slow because of the low
total pressure, M, in the stratosphere. Therefore, there is not
likely to be any significant amount of ClONO-produced in the strato-
sphere. Molina dnd Molina (49) recently obtained the absorption
cross section of Cloﬁo. They concluded that ClONO would be reédily
photodissociated and would not be important in the atmosphere.

The chemistry 5f ClOX stropgly depends on the concentrations
of othe£ species such as NOX and HOX. It is clear that in order to
accurately predict the effectiveness of the ClOX and NOX catalytic
cycles on the stratospheric ozone, more quantitative determinations
of stratospheric trace gases are needed. There is also a critical -
need for the rate coefficients of the reactions interconmecting the
catdlytic cyeles as well as the understanding of the rgactioné of

higher chlorine oxides.
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E. This Work

The three systems studied here were:

1. 012-03 system

2. ClZ-OZ_NO system

3. 012-N02-M system, where M is N2 or 02.

The main purposes for studying the first system were to investigate
the mechanism of this system, to estimate the rate coefficients of

the reaction between Cl0 and 03 as well as the reaction between 0ClO

and 03. In the second system, the purpose was to cbtain the rate

coefficient of the re;ctiop between C100 and NO and also estimate its
ﬁossible importance in the atmosphere. The purpose for investiéating
the third system was te study the chemiluminescent reaction of Cl
atoms with NO, and 0, and the mechanism of the reactién of Cl atoms

2 3

with NOZ' The details of previous works done in each reaction will

be discussed individually in the following sections.

E.1. The C1_—~0, System
A -

An‘understanding of the 012 photocatalytic decomposition of
ozone is of relevance to the understanding of the atmospheric ClOx
cycle. This system was extensively investigated 30 to 40 years ago
(50-59). However, the details of the mechanism remain obscure.
Davidson and Williams (60) have recently_studied the G12-03 system
by measuring the stable products. The only pro&uct observed was

01207. However, it seems that a satisfactory explanation for the
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formation of 01207 has not been reached. It is apparent that more

work should be déne,to clarify the mechanism of this system.

E.2. The Reactions of Cl0O with O,
- -

Even if the reaction of Cl0 with 03

potential importance in determining the-effec; of the ClOX on

is relatively slow, it is of

stratospheric ozone., Very little Information is available concerning
this reaction. There were two independent studies by Clyne et al.
(61) and Birks et al. (46), both using a discﬁarge flow system with

mass spectrometric detection of CI0. Clyne et al. have obtained an
15

upper limit for the rate coefficient of 5 x 10 cndsec ™ and

Birks et al. have found the value of 5 x 10—14 cmssec“l. Lin et al.
(62), usiﬁg a steady state photolysis study of the Clz—'O3 system,
reported the upper limit to be 1 x 10—18 cm3sec“1. This work intends

to resolve this discrepancy.

E.3. The Reaction of 0Cl0 with O,
-~

The kinetics of the reaction of OCLO with O, had never -
been studied directly before our work was initiated. It -is unlikely
that this reaction would be of much importance in the atmosphere.
This is because 0ClO would probably be readily photodissociated.
Nevertheless it seemed appropriate to obtain the rate coeﬁficiént
oﬁ this reaction. The rate of the reaction between 0ClO ;nd 03 can
then be compared with the photodissociation rate of 0C10. .
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E.4. The Reactions of Cl00 with NO

The assumption tha£ reactions of CLOO radicals with éther
atmospheric constituents are unimportant is probably correct for
most of the middle and upper stratosphere, The reasons fo£ the
low densities of Cl00 radicals at that altitude are the relatively
high temperature and low 02 densities. However, in the lower . |
stratosphere at altitudes between 15 and 20 km;, significant
concentrations of Cl00 may be present. The Cl00 radicals may
participate in the reactions with other atmospheric constitueﬁts
if the rate coefficieints are large enough.

C100 radicals may react with nitric oxide, NO. This is possible
because the concentration of NO is quite significant. The reacticn

between Cl00 and NO has not been considered or studied previously.

C100 + NO + C10 + NO2 20a

-+ CINQ + 02 20b

We estimate that this reaction could compete with reaction 10 if

the rate coefficient, kZO’ is 1 x 10—11 cmBSec-l.

€1+ 0, > €10 + 0, ‘ 10

"Also reaction 20 can compete with reaction 21 if k20 is 1 x 10_12.

3
cm sec .

HO2 + ¥NO - HO + NOZ 21
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. Thus a measurement of the rate coefficient for reaction 20 seems

important.

E.5. The Mechanism of Cl-NO,—-M Reactions and the Kinetic
T L

Study of the Chemiluminescence in the Cl---NOZ--Oo System

‘Chlorine atoms are known to add readily to Noé. it was
commonly assumed that the only product of the reaction is nitryl
chloride, (;lNO2 (63,64). However there is another possible channel
for this reaction, that is, the production of. chlorine nitrite,

C1ONO.

ClL -+ N02 + M- ClN02 +M 22a

+ CILONO + M 22b

ClONO is known to be a rather unstable compound. It rapidly
undergoes isomerization to form the more stable ClNO2 via hetero-
geneous processes (49). Niki et al. (65), using a Fourier transform
spectrometric method, recently observed that both ClNO2 andelONO
were the products in the photolysis of Clz—NO2 mixtures. -The
observed yield of ClONO was 280%. They suggested that Cl a@ds’to
the O atom rather than the N atom of the~N02 molecule.

Jesson et al. (48) suggegted that G1ONO might be important in
the chemistry of stratospheric chlorine. Molina and Molina (49) '
recently obtained its ultraviolet absorption cross section. They
concluded that its lifetime against photodissociation in the

atmosphere is two to threé minutes. Thus it is unlikely that CLONO
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t‘-rould play any significant roie in the stratosphere. It is never-
theless important that the mechanism of the Cl-N02 reaction be
reinvest igated.

A strong emission in the red was observed when the photo;yzed
mixtures of Clz—NOZ—M were mixed with a stream of ozonized oxygenle
Presumably an unstablé intermediate, which was formed from the
?eagtion of CL with N02, reacts with 03 in the chemiluménescent
reaction. It was of interest to investigate this chemiluminescent

reaction in the Cl—N02—03 system.
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Chapter 2

-0, SYSTEM: THE REACTIONS OF Cl0 AND 0C10 WITH O

THE C1,-04 3

A Experimental

A.l: Materials and Their Purification

All gases except 0ClQ, azomethane, and 03 were supplied. by
Matheson Gas Products. The Cl, (Matheson high purity reséar;h
grade, 99.96% purity) was first degassed at -196°C and fhen
pu?ified by. distillation from -130°C to —;6G°C.-.At -196°C, the
color of the purified éolid was yellow with no trace of white
color. Several experiments were run in which prior to distillatiom,
Cl2 was slowly passed through a giass column packed with KOH
pellets. This was. to insure that the 012 was f;ee from any HCl
impurities. The KOH treatment was stopped after it was found that
the experimental results were not influenced by this procedure.

The purified 012 was stored in the dark at room temperature.

Chloéine dioxide, 0Cl0, was prgpared from a procedure by King
and Partington (66) with some slight modifications. Purified c1,
was slowly passed over a U-shape Pyrex tube, packed with glass
beads and ﬁxy AgClO3 {K and X Laboratories)}. The thubg was submerged
at a bath kept at 80 + 10°C. The product was condensed in.another
U~tube at ~196°C and the noncondensable product (02) was discarded.
OC1l0 was separated from the excess 012 by distillation from —130?C

to -160°C and then further purified by distillation from -60°C to
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-196°C. 0C10 is a red-orange liquid at -23°C and a canary yellow
solid at -196°C. 0ClO was stored in the dark at liquid N, '
temperature.

Ozone was prepared from oxygen by the following method. A
Tesla coil was used to subject low pressure oxygen. (<12 Torr) to
an electrical discharge. The ozone produced wag collected in a
U-tube trap maintained at -196°C. The noncondensable éas was
discarded. The ozone was éurified by distillation from ~186°C
to -196°C. It was stored in the dark at liquid N2 gemperature.

Azomethane, CH3NZCH3, was prepared from a procedure described
by Renaud and Leitch (67) with some modifications. Ten grams of
sym—&imethylhydrazine dihydrochloride (Aldrich Chemical Company)
were dissolved in 30 éms of water made basic with 2 g NaOH. Thé
mixture was then added dropwise while stirring to 100 cm3 of water

containing 30 g of HgO (yvellow form). N2 gas was bubbled through

this mixture while the reaction was carried out. Water was removed
from the evolved gases by passing them through a CaCl2 trap. The
azomethane was collected in a liquid N2 tr;p and was purified by
distillation from -90°C to -130°C. It was stored in the dark at

. room “temperature.

For the distillations, only the middle fraction of the gases
was collected. The first and last fractioms were discarded. . The
.chlorine dioxide, ozone and azomethane were degassed at -196°C
immediately before use.

The 0, and N, were Matheson C.P. grade and were used without

further purification. It was observed by Jayanty (68) that the
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experimental results were not influenced by whether the 02 >500
Torr) was passed through a liquid N2 trap to remove any condensable
gases. This was also the case for high pressure N2 (>500 Torr)

under our experimental conditions.

A.2, The Vacuum Line

All experiments were carried out in a conventional mercury-free
high vacuum line utilizing Teflon stopcocks fitted with Viton "O"
rings. A-pressure of less‘than 1 mTorr was achieved by pumping
continuouély through a Welch Duo Seal Model 1402 mechanic pump in
conjunction with an oil diffuéion pump. Pressure was measured by a
Veeco thermocouple gauge Model TG-7 with a vacuum-gauge tube Model
DV-1M and an alphatron vacuum éauge (NRC 820). Pressures below
30 Torr were measured by a silicone oil manometer (70§'bow Corniag
0il). ?réssures less than 0.8 Torr were obtained by expansion.
Hiéh pressures (>30 Torr) were measured by an alphatron vacuum gauge
-calibrated with an oil manometer. A diagram of the vacuum line is

given in Figure 1.

A.3. Reaction Vessels and Radiation Source

) The reaction vessel was a cylindrical quartz cell 10 cm long
and 5 ¢cm in diameter, Th;s cell was eﬁclosed in a Styrofoam.box
which served as an insulator for low-temperature experiments. Tﬁe
Styrofoam box and the detection system were enclosed in a dark‘metal
box. This box was used to prevent room light from interfering with

the measurements. The Styrofoam box contained three evacuated double



Figure 1.

Vacuum Line for the 012-03

System
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wall quartz windows. The window perpendicular to and centered
along the reaction vessel allowed‘passage of the photolysis beam.
The other two windows centered on the ends of the reaction cell
served as access for the analysis beam and detection system. An
evacuated double wall quartz window was actually a cylindridél
Pyrex cell 5 cm long and 5 cm in diameter with a quartz window

on each end of the cylindrical Pyrex cell. This cell was evacuated
before being used to prevent condensation at low temperature.

A diagram of this arrangement is given in Figure 2,

The temperature inside the Styrofoam box was lowered by passing
nitrogen gés thr;ugh a copper coil immersed in liquid'nitrogen and
flushing this cold gas through the box, The temperature was measured
with two iron — constantan thermocouples attached to the reaction
vessel. The positions of the thermocouples were carefully chosen
to avoid being directly cooled by the bloﬁing of the cold nitrogen
gas or directly heated by the photol&sis beam. . The thermocouple
potential was measured with a precision potentiometer made by the
Rubicon Company of Philadelphia, Pennsylvania. The temperature %as,
manually controlled by changing the flow rate of the nitrogen.

The phofolysis source was a high pressure Hanovia Hg arc lamp,
200 watts (Type 202-1003). The 366 nm line was obtained by passing
the beam through a Corning filter (CS 7-37) prior to entering the
reaction cell. A diagram of the reaction cell and the radiation

system ig shown in Figure 2,


http:Hanovia.Hg

Figure 2. Reaction Cell and Radiation Source for the C12-03 System
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A.4. Product Analysis System

The ébsorption of the reaction mixturé was monitored at 400 mm
as a function of irradiation time using the dual beam spectro-
phot;meter. The 400 nm line was obtained by passing the,radia?ion
from a 3004wa?t tungsten lémp through a Corning filter (CS 7-59).
Before entering the reaction cell the analysis beam ﬁas modulated
using a PAR model 125 chopper. The chopper congisted of a chopping
wheel with 16 slots and 16 mirrors. This provided a modulaéing
freduency of 667 Hz. When the analysis beam impinged upon a slot,
the beam was allowed to pass through the reactién vessel and was
focused on ;_RCA 935 phototube. When the'ﬁéam impinged upon a
mifror, it_was reflected and focused on to the second RCA 935
phototube withbut passing through the reaction vessel. ﬁence the
‘outputs from the two phototubes were §0° out-of phase, The outputs
were then electronically added and introduced to a 1ock—in,amplifier
{PAR model 121).

Before photélysis,_the positions of the two phototubes #ere
adjusted so that both tubes received equal amounts of liggt from
the‘analysis lamp. The signal from the phototubes, before entering
the lock-in gmplifier could be finely tuned byousiné a phase/aﬁplituﬁe
adjustor. Th? circuit for the phase/amplitude adjustor is shownlin
Appendix I. The square wave, 667 Hz, from the chopper segved as.a.
fefe;ence signal té the lock-in amplifier. Any input signals other
than 667 Hz were eliminated by the lock-in amplifier. The change
in ébsorption caused by either the intermediate species or tﬂe

products Initiated by the photolysis unbalances the -outputs of the
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two phototubes. The unbalanced signal would be registered by the
lock=in amplifief and recorded as a function of time by a strip

chart recorder. The.arrangement of the analysis system is shown
in Figure 3. A schematic diagraﬁ for the circuit of thé analysis

system is given in Figure 4.
A.5. Procedure

Using the dual beam spectrometer the reaction mixture absorption
was monitored at 400 nm as a function of irradiation time. Initially
the absorption increased linearly, then leveled off and finally
reached a steady state (corresponding to several mTorr of 0Cl0).. The
steady state value slowly Increased with continued irradiation until
near the end of the reaction, i.e., when nearly all the O3 was
consumed, the absorption then increased to a sharp maximum'and
finally declined to zero upon continued irradiation. The change in
the absorption profile of 0Cl0 with the irradiation time is shown
in Figure 5. The absorption spectrum of thé photolysis mixture at
this maximum absorption was studied by Jayanty (68). The mixture was
condensed in a liquid N2 trap and the residual Cl2 was removed from
the mixture by distillation at -130°C. The greenish-yellow product
reﬁaining after distillation was identified to be OCl0 by its
absorption spectrum. .

The i;itial rates of OClO formation and its steady state
concentration were determined f&om the initial increase in absorption
and the initial steady state value, respectively. In order to obtain

absolute 0Cl0 concentrations, the effective absorption cross section



Figure 3.

Schematic Diagram of the Dual Beam Spectrophotometer
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was determined under identical conditions for the lamp-filter -

combiﬁatiqn*déécribed in Section A.4. A known -amount of OC1O ﬁaé

introduced into the reaction cell and the percentage of the ‘

analysié light tfansmitted through the reaction celllwas obtained.

The absorption-cross section of the O0ClO was calculated from

Beer's law..'The results of these meggurements are listed in Table 1.
The fate of the reaction of 0CLlO with 03 was determined By

two methods. In the first method mixtures of 012 and 03'Weré

photolysed until some 0C10 (usually the steady state value) was .

produced. The light was then turned off and the 0CLO dgcay

monitored as a function of time. This method coula be used omnly

at room temperature, because at lower temperétures 01203 éomplicated

the kinetics.

In the second method, 0Cl0 and excess 0, were mixed directly

3
in the quartz cell. The OClO decay was monitored as a function of
reaction time. With this direct technique, experiments were possible
at ;ow_temperatures because (1,0, formation could not occur. ‘Ip
order'ta obtain the "minimum" rate of the reactioﬁ at lower
temperatures; it was necessary to warm the cell to room temperatﬁrex
and pump on it for some time. Additionally, it was necessary toﬂ
periodically clean it with a HN03 solution. If this p?dcedure was_
not followed, the rate of the reaction for subsequent runs was
always higher.

‘ Chlorine removal rates were determined in the photelysis

experiments by measuring the chlorine concentration at 366 nm with

the dual beam spectrophotometer. To provide the 366 nm analysis
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Table 1

The Extinction Coefficient of 0Cl0 at 400 nm and 297°K

[0C10], % Transmittance 10130.
Torr cm
1.21 65.5 1.17
1.52' 63.6 1.14
1.33 63.3 1.15
1.36 62.5 1.15

1.56 58.9 1.16
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beam, a low-pressure Hg lamp (Phillips 93109 E) was used with a
Corning filter (CS 7-37). This lamp was used because of its stable
beam aqd also because 012 has a maximum absorption cross section at
366 nm., In order to obgerve a 30% change in the Cl2 fressu;e,
approximately one hour of irradiation was required. Because-of

. instrument baseline drif; over the long irradiation times, the change
in Clz concentration was determined by observing the change in the
signal level during the short pump out time of the cell. It was
possible that some 0Cl0 which was the intermediate of the 012—03
.Photolysis system, might interfere. To prevent this,‘03 was present
in excess for each run. Thus any O0Cl0 present was readily converted
to higher chlqrine oxides. To check this, several experiments were
run in which excess 03 was added after the end of the experiment.
The mixture was allowed to stand for some time to allow complete
;eac?ion of any 0C10 which might be present. These experiments
indi?ated that no interference from OClO was detected.

‘ The ozone removal rates were determined by photolyzing. the
Cl,~04 mixtures at 366 nm. The change in the 05 concentration with.
irradiation time was followed by 260 nm.. The 260 nm analysis light
was obtained by paésing the radiation from a Phillips Hg resonance
lamp (93109 E) through a 012 gas filter cell and a Corning filter.
(Cs 7754).

The O2 Production rates were measured Ey photolyzing of 03
and C12 in a 200 cm3 quartz cell. - The Oz,produced was measured by
condensing the reaction mixture in a trap at -196°C énd measuring

the pressure of the non-condensable 02 with an oil manometer.,
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The 0, was then removed by pumping on the reaction-mixture at -196°C.

2
The .reaction mixture was warmed to ~-189°C, and the residual O3 w;s
then measured with an oil manometer. Calibration for expansion ﬁas
done with comparable known pressures of 02.

The ‘possibility that other chlorine oxides might interfere with .
the absorption measurements in our system were considere& as followé:
01207 is completely transparent at wavelengths highe? than 320 nm

as reported by Goodeve et al. (69) gnd Iin (70). -0105, as reported
by Goodeve et al. (71), absorbed in the ultraviclet and had a
threshold at about 350 nm. Calculations using the maximum expected
ClO3 concentration, and the known absorption cross section §howed
that 0103 would not contribute significantly to the absorption in
the region 350 nm to 420 nm. As reported by Rigaud et al. (72),

the absorption cross section for Cl0 is very low at wavelengths
higher than 300 nm. Its absorption cross section is about Ewo orders
of magnitude smaller than those of 0CLO at 400 nm. Therefore, ClO
would not contribute significantly to the absorption measurements

in the system. Thus, it appears that other chlorine. oxides would not

‘dinterfere with the 0Cl0 measurements.

A.6. Acfinometrz

The absorbed light intensity was determined for each temperature
by photolysis of an optically eduivalent amount of azomethane. N2 has
been shown to be a primary product of the fhotolysié at 366 nm. The
quantum yield of this reaction is unity and is independent of

pressure, temperature, light intensity, or photolysis time (73-75).
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The amount of N2 produced was measured by a thermistor gas chroma-
tograph. The column was a 10 ft. long, 1/4 inch 0.D. copper tube
packed with 80/100 mesh 5A molecular sieves. The column_was kept at
room temperature. " Helium was used as a carrier éas. Prior to
entering the column, the carrier gas was passed through Driérite and
Ascarite to remove water and‘COé: The flow rate'waS‘l.O cm3/sec.

A Gowmac model 10-777 stainless steel block thermistor detector was
used. -The detector was képt at 0°C and operated at 15 milliamps.
The gas chromatograph was calibrated using standard N2 sample;L‘ The

retention time for N2 was approximately nine minutes. A schematic

diagraﬁ of the gas chromatograph is shown in Figure 6.
B. Results

B.1. OClO. Formation Quantum Yield

The photolysis .of 012—03 mixtures at 366 nm led to the removal

3 277
the final products of the photolysis and 0Cl0 is produced-as an

of 0, and 812; As found by Jayanty et al. (76),.02 and C1,0, are

intermediate.- Typical OCiO growth profiles during irra@iation énd
the dgéay profiles when the i¥radiation light is turned off-are
;hown in Figure 7. Initially, the OClO concentration grows

linearly and then levels off to a steady state value. When the
light is tﬁfned off and 03 is still present in excess, the 0Cl0
decays exponentially. As seen in Figure 7, at 295°K the 0C10 dec;ys
immediately in the dark. However, at lower temperatures there is a

clear induction period before the 0ClO decays.
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Figure 7. O0OCLO profiles in the Photolysis of Clp-03 Mixtures.
The points are experimental values and the solid
curves are computer simulations using the following
rate coefficients for calculation:
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The quantum yield for 0Cl0 formation was obtained from thg
inigial 0Cl0 growth rate as determined from the initial slope of
the absorption profiles. The results at 297 + 3°K are givén in'-
Table-2. The reactant pressures were varied as follows: Q3 was
varied from 5.4 to ;2.5 Torr and Cl2 was varied from 7:8 to- 13.5 Torr.
The absorbed light intensity; Ia, was cha%ged by va;ying the chlorine
pressure. Préssure and temperéture effects were also g;udied,_and
the results are presented in Tables 3 and 4.. It is apparent from
Tables 2,and 3 that the 0Cl0 formation quantum yield, ®£{OClO}, is
invariaﬁt to i;, 03 and the presence or the absence of'02 and NZ'
From Table 4; it is clear that @i{OCIO} decreasgs with decreasing
temperature. The results are also presented in Figures.B and_g.j

An Arrhenius plot of @i{0810} obtained from the initial rates
is presented in Figure 10. The plot is reasonably linear and leads
to the following Arrheniuns expression: ®£{0010} = 2.5 x 103
exp[-(3025 + 625)/T]. At 297°K and 275°K the addition of up to
600 Torr N, or 0, reduced @i{OCIO} slightly. The average value of

2

@i{0C10} as a function of temperature is given in Table 5.

B.2. Chlorine Removal Quantum Yield

The chlorine removal quantum yield, -@{012}, was measured at

297°K under the following conditions: [0,1 = 15.4 '+ 1.6 Torr,

[C1,] = 1.16 + 0.16 Torr, and I_ = (2.82 + 0.44) x 1003 e 3sed

The measurements were made after 30% of the 012 was consumed. For

these conditions, —@{Clz} = 0.11 * 0.02, The result is-independent



Table 2

Photolysis of Cl,-0; Mixtures at 366 nm and 297 + 3°K

0,1,  [cl,], Temp, 107°1, ofocio}® e {octol’  foczol ,  10°7 kze; 1029 1,65
Torr Torr - °C cm Sgec L mTorr cmPsec - cmosec +
3.42 7.78 24.0 4,34 0.076- 0.061 3.38 2.61 2.68
3.40 6.87 25.0 3.84 0.14 0.12 4,45 2.24 3.3
3.81 12.9 23.7 7.19 0.079 0.085 5.55 © 2.81 2.52
4,08 12.8 22.0 7.12 0.083 0.087 5.69 2.22 2.39
5.91 13.4 27.0 7.47 0.13 0.12 3.61 2.28 4.17
5,95 13.4 23.1 7.47 0.11 0.13 3,30 2.82 3.93
6.38 13.1 23.0 7.30 0.085 0.095 3.67 2.93 2.49
7.90 13.0 23.4 7.28 0.12 0.14 2.71 3.14 3.84
7.94 14.3 22.4 7.99 0.087 0.095 2.78 . 2.62 2.96
8.01 13.6 26.9 7.58 0.10 0.13 2,80 3.49 3.17
8.21 13.0 22.0 7.28 0.083 0.090 2.66 2.60 2,60
8.91. 13.2  22.0 7.39 0.079 0.085 +2.35 2.62 . 2.62
9.57 13.4 27.0 L 7.47 . 0.10 "0.14 2.56 3.76 2,89
10.3 '14.0 21.7 7.84 ~  0.092 0.13 2.73 3.44 2.43
11.3 14.2 °  21.2 7.91 . 0.080 . 0.081 1.78 2.44 2.96

11.4 13.0 23.5 7.28 0:075 - 0.098 2.10 2.80 2.14

8¢



Table 2. (continued)

8from initial rate of formation.
bFrom equation XVII.
“From decay curve.

dFrom the steady state value of 0Cl0, equation XVIII.

6€



Table 3

Photolysis of Cl,~0; Mixtures at 366 nm and 297 + 3°K in the Presence of 0, or N,

[0, ([c1,1, T[0,], [N,], Temp, 1o:i3 1, od{oci0}* ¢ {ociol” TocLo] 1013 . 10%3 Ky
Toxrr Torx Torr Torr °C em Csec mTorr cm” sec cm sec
4,66  16.8 —_—— 382 23.0 9.38 0.067 0.057 4.48 3.04 2.83
5.48  13.7 625 -— . 27.1 7.67 0.070 0.075 2.43 3.35 3.78
5.95 14.1 590 -—=  27.0 7.08 0.090 0.086 4.43 3.80 2,59
5.97 14.0 640 - "27.0 7.81 0.074 0.083 3.90 3.72 2.40
6.87 13.8 - 629 27.2 7.71 0.070 0.13 2.23 3.35 3.40
7.08 13.9 629 — 27.0 7.76 0.074 0.072 3.33 2.93 2.35
7.93 13.0 589 ——— 26.7 7.45 0.068 0.11 2.39 3.66 2.54
9.41  13.2 577 — 27.1 7.39 0.063 0.16 1.76 3.48 2.64
9.61  14.9 625 —— 27.0 8.32 0.075 0.079 2.61 3.03 2,40
10.5 15.2 e 614 27.2 8.49 '0.072 0.069 2.37 3.37 2.36
10.7 16.1 584 ~—— 27,0 9.01 0.067 0.069 2.32 3.77 2.35
12.5 13,5 = 450 . 23.8 7.55 0.092 0.080 1.29 3.53 4.06
- . -

From initial rate of formatiomn.

[= PR T =2

From equation XVII.

From decay curve.

From the steady state value of 0Cl0, equation KVTII.

0%
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Table 4

-0, Mixtures at 366 nm

273

[03]{ [C1,]1, Temg, 10713 1, @i{ocm}a focio] __, ‘107° Kog
- Torr  Torr °C 'cn:[_33(=:c_1 ' mTorr cm”sec
T = 283 + 1°K
3.91 10.1  10.2  4.56 0.053 4,23 1.25
6.54 13.5 10.2 6.09 0.059 5.59 0.84
"9.14 13.0  10.3  5.86 0.077 3.98 0.98
9.45 12.8 10.0  5.77 0.071 3.71 1.00
11.3  13.5  10.5 6.09 0.057 2.56 1.03°
T = 275.5 + 1°K
3.62 13.5 3.3 5.50 0.042 6.63 0.78
4.08, 13.0 2.1 5.29 0.042 4.98 0.87
. 4.90° 13.7 1.0  5.57 0.036 . 4.88 0.67
5.41  15.3 2.0 6.24 0.043 5.92 0.67
5.84 14.4 1.4 5.86 0.048 4.69 0.84
5.94 13.7 2.2 5,58 0.049 5.45 0.69
7.55 .12.8 2.2 5.21 0.045 3.98 0.64
'7.62§ 12.9 0.0  5.25 0.040 3.34 0.66
8.56° 14.7. 0.7  5.98 0.030 3.70 0.45
8.89 13.5 2.5  5.50 0.041 3.64 0.57
9.26 12.8 2.5 5,21 0.036 3.18 0.52
10.0  14.3 2.3 5.82 0.044 2.90 0.72
11.2  13.4 2.3 5.46 0.033 2.32 0.57 .
11.4  15.1 0.0 6.14 0.033 2.97 0.48-
11.6§ 15.7 0.0  6.40 0.024 2.09 0.51
11.7°  14.2 0.0 ~ 5.76 0.034 2.32 0.58
11.9°  11.6 0.0 ° 4.74 0.037 2.82 0.42
T = 263.6 + 1°K
3.93  13.5 -9.2  5.82 0.022 7.29 0.33
4.01 -13.1 .°=9.2  5.65 0.027 8.70 0.33 "
7.20 12,6  -9.1°  5.44 0.027 4.93 0.31
9.96 '13.0 -9.7 -5.61 0.022 2.81 0.34
11.1  12.8 ~9.7  5.52 0.027 2.98 0.34

aFrom initial rate of formation.

b

With 600-660 Torr 0, also present. .
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Table 4. (continued)

®With 450-640 Torr N, also presemnt.

2
dFrom the steady state value of 0Cl0, equation XVIII.



Figure 8. Plots of 3;{0C10} vs. I, at 297 + 3°k. ©,
with No present; B, with 0, also present; x,
without 02 or N2 present.
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Figure 9.

Plots of $;{0C10} vs. [03]. At 297 + 3°k: O, with N,
present; B, with 02 also present; x, without Oy or N2
present. At 275 + 1°K: A, with Ny also present; y ,
with Oy also present; A, without 09 or Ny present.
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Figure 10. Arrhenius Plot of ®1{0610} for the Photolysis of Cl
Mixtures
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Table 5

Average Value of @i{ocm}

Temp, K o, {oc10}* @i{ocm}b
297 . 0.089 + 0.013 " 0.100 + 0.030
297 0.075 i 0.011%

297 0.073 + 0.008%%
283 0.063 + 0.010
275.5 0.041 + 0.005
275.5  0.034 + 0.009%
275.5 0.033 + 0.,003%*

263.6 0.025 + 0.03

qFrom initial rate of formation.
bFrom equation XVII.
#450-640 Torr N, also present.

#%600-660 Torr 02 also present.
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of the absence or presence of 650 Torr of Hz»or 02. The results

are presented in Table 6.

B.3. Ozone Removal Quantum Vield

Jayanfy and associates (76) used both infrared and ultraviolet

absorption spectroscopy to study the 05 removal quantﬁﬁ yield at

297 + 3°K. Our results using ultraviolet spectroscopy were éénsisteqt‘
with those obtained by Jayanty. Many experiments were done aé .-
lower temperatures, covering 3 pressﬁres froq 0.0?8 Torr.to

13 to 8.3 x 1013 cmrssec_l.

0.499 Torr and I_ values from 2.1 x 10
"To satisfy the pseudo—first order condition, 012 was always present
in excess. The results are given in Table 7. Typical decay plots of

of 03

constant rate of 03 removal indicates the decay rate is zero order in

with time at various temperatures are shown in Figure 11. The

03 pressure.. However, at high percentages of conversion (>90%5, the
rate slows indicatiﬁg the possibility of competitive process for
chlorine atoms. -

The valﬁes of -¢{O3} at 297°K are 5.9 = 0.4 and decrease with
decreasiqg temperature. " The results at room ﬁemperature égree
*qua;itafively with those of Jayaﬁty énd ésééciates (76), Nof;ish énd
Neéville (59) and Lin et al. (62). The va%ue ;f —@{03} is invariant to
changes in eithe; [03] or the Ia' The addition of 02 reaucgd the value
of —@{03} (76). It was also fouﬁd by Jayanty and associates (76) that

addition of up to 680 Torr of N, had no effect on -Q{Os}.

2

—=

B.4, 0, Formation Quantum Yield

The O2 formation quantum yield was obtained from the ratio of

02 produced to 03 lost. This ratio was measured at 296 + 1°K for
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Table 6
- Chlorine Removal Quantum Yield at 30% Couversion in

the Photolysis of 012-0 Mixtures at 366 nm and 296°K

3

10,7 [C1.] 10713 1. —o{cL}

3402 210° a’? 2

- 21

Torr . Torr cm T sec
13.8% 1.32 3.26 0.12
15.0%% 1.28 3.16 0.11
15.0 1,17 _ 2.88 0.13
15.5%% 1.24 3.06 0.11
16.7 1.28 3.16 0.09
17.1 1.01 2.49 0.09

#With 650 Torr N2 .also present.

*With 650 Torr 02 also present.
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Table 7 -

Ozone Removal Quantum Yield-in the Photolysis

0.124 3.93 2.0

of 012—03 Mixtures at 366 'pm
' : ~13
(03155 EcL,1, ~ 10 I, -2{05}
-3 7.
Torr Torr cm ~ sec
Experiments at 297 + 3°K
0.048 0.86. 3.2 5.5
0.112 3.31 1.2 5.6
0.482 11.1 4.1 6.2
0.534 10.3 3.8 6.2
Experiments at 283 + 1°K
'0.098 - '11.5 4.9 3.7
0.099 11.1 4.7 3.4
'0.106 11.6 4.9 3.8
0.114 11.1 4.7 3.8
0.146 4.90 2.1 - 4.2
0.147 11.1 4.7 4.1
0.162 17.9 8.3 3.6°
0.174 10.5 4.5 3.9
0.185 10.8 4.6 3.9
0.244 11.8 5.0 4.2
0.306 11.3 4.8 4.2
0.340 " 6.07 2.6 4.5
0.369 21.2 9.0 3.8
0.449 . 11.1 4.7 4.7
" Experiments at 273 + 1°K.
0.113 i1.1 5.7 2.4
L 2.7
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Table 7. (continued)

10415 [c1,1, 10:;3 I, ~ -ofog}
Torr Tory cm T sec
0.149 20.0 -11.3 T 2.6
0.154 . - 18.2 9.3 1 2.6
0.180 1.1 - 5.7 2.7
0.193 5.14 2.6 3.3
0.220 11.1 5.7 - 2.9
0.363 8.64 WA 2.7
0.429 20.9 10.7 3.2
0.449 6.00 3.1 3.0
0.494 10.7 5.5 3.4
0.537 11.1 5.7 3.2
0.547 1.1 5.7 2.9

Experiments at 252 + 1°K

0.131 10.6 9.2 1.9
0.155 10.7 9.3 1.7
0.188 11.4 9.9° 1.9
0.395 10.7. 9.3 1.9
0.413 3.97 3.4 1.1
0.427 10.7 . 9.3 1.8 .

0.465 14.4 15.1 2.2




54

Figure 11. Plots of [03] vs. Photolysis Time.
. The reaction conditions are as

follows:
[05),. Torr [c1,1, Tozrr T, °K
x © 0.482 11.1 296 -
@ 0.449 11.1 283 .
® 0.494 10.7. 273
o

' 0.437 10.7 . 252" -
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03 conversions ranging from 18% to 1007. The initial 03.pressure§
range from 5.76 to 12.7 Torr and the initial 612 pressure from 6.85
to 25.9 Torr. The results are presented in Table 8. The ratio of -
02 formed to O consgmed was about 1.5 as expecﬁed for a catalyzed

3
decomposition of 03; From the known value of u@{OB}, the average
value of cp{oz} at 296°K is 8.6 + 0.3 in.the absence of added 0, or
NZ' The uncertainties due to pressure measurement by the expansion’

method are less than 2Z.

B.5. Xinetics of the 0Cl0 + 0, Reaction

The rate of the reaction of 0Cl0 with 0, was determined in two
ways. In the first method, mixtures of 012—03 were photolyzed until
the steady state value of 0Cl0 produced. When the radiation was

terminated OCl0 decayed as shown in Figure 7. Presumably thé'decay‘

is due to the reaction with 03.

0C10 + 04 =+ Products 26

Typical first order plots of 0Cl0 deca& in éhe dark at 297°K are
shown in Figures 12, 13, and 14 for {03], pressﬁre, and temperature
'vériations ¥espective1y. Since the amount of 04 change during the
reaction was neg%igible, the vélues of k26 were.obtain;ﬁ.by dividing

the slope obtained from the first order plot with the initial 04

pressure. Figures 12 and 13 showed the deviation from linearity after
807 of 0Cl0 was consumed. This deviation might be due to the additional
loss of 0C10 through othé; processes., ‘

From Figure 14, it is apparent that the plot is linear only at
297°K. ﬁelow this temperature, .there is a éignificantly increasing

deviation from linearity with decreasing temperature. The decay data



Figure 12,

First Order Plots of OCLO Decay in the Dark after
the Photolysis of Clp—03 Mixtures at 297 + 3°K
and at Different 05 Pressures. The reaction
conditions are as follows.

[03] , Torr 012 ., Torr
B 11.40 13.0
® 8.91 13.2
© 5.95 13.4

X 4.08 12.8

(S
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Table 8

02 Formation in the Chlorine-Photosensitized

Decomposition of 0y at 366.0 nm and 296.+ 1°K

[612], 10” Ia’ A[OZIIA[OB] % Conversion

10,1, g
Toxrr Torr cm T sec of 03 .
-5.76 19.9 4,47 1.53 100
7.55  .25.9 5.83 1.46 100"
8.05 22.6 5.09 1.55 100%
8.56 .  7.39 1.66 1.49 100%
10.9 11.5 2.59 1.55 1002
11,4 6.85 1.54 1.46 100%
11.6 10.0 12.25 1.46 100®
1.6 . 11.1 2.50 1.39 86
12.7 20.3 4.57 1.44 81
78

12.7 20.3 4.57 1.45

aPhotolysis‘time is twice that caleculated to be necessary for-

1007 conversion of 03.
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Figure 13,

First Order Plots of OCl0 Decay in the Dark after
the Photolysis of Clp-0g Mixtures at 297 + 3°K
and in the Presence of 02 or Nj. The reaction
conditions are as follows.

[03}, Torr [Clz], Torr [02], Torr [N2]’ Torr
6.38 13.1 ——e —
6.87 13.8 — 629
7.08

13.9 629 e

09
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Figure 14. First Order Plots of 0C10 Decay in the Dark after
" the Photolysis of Cly-0g Mixtures at Various
Temperatures. The reaction conditions are as

follows.
[03], Torr ‘[012], Torr T, °K
x 8,91 13.2 296.1
9.45 12.8° 283.1
9,46 12.8 275.5

C o n

1 7.26 12.6 264.0

Z9



In ([oci0]/[oct0])

1.5

1.0

0.5

[ ]
[ ] d -
[ ]
296°K .’ |
283 °K
®
]
- 275°K ]
O
®
‘q ©
a,
- ® . Q264K
B e o -
= o 0
® o o
® (@)
nee}n 0 OI ] | - ]
o 10 30 50 70 90

Time, sec

£9



64

at 297°K are given in Tables 2 and 3. The average value of k26

9

at 297°K is (3.02 + 0.49) x 10-1 cm3sec_1 independent of Ia’ [03]

and the presence or absence of N2 and 02. All of the values of

k26 obtained from the decay curves are summarized in Figure 15.
The data at lower temperatures cannot be summarized in- this form.
The values of k26 were alsq computed from the steady staté
expression for 0ClO during irradiation. The results are presented
in Tab;es 2, 3, and 4.
In the second method, the pure OClO was used to study the’

kinetics of 0ClO + 0O, reaction. The 0Cl0O was directly mixed with

3

" excess 0, in the reaction cell. Excess 03 was used to satisfy the

3
pseudo-first order condition. The loss of 0Cl0O was followed at

400 nm, The 0ClO decay was observeﬁ to be first order in OCIO in
the presence of 03. fypical first order. plots of CClO decay at

four temperatures for the same 0, are shown in.?igure 16.

The rate coefficient k,. obtained from the plots are presented
in Table 9. The value of k26 is independent of the 03 pressure;
thus the reaction is first order in 03L An Arrhenius plot of7k26 is
shown in Figure 17. The best -straight line through the three data

points gives an Arrhenius expression of k26 =6.1x 10—}3

1

C g ) .
exp[-4308/T] cm"sec ~. Also shown in Figure 17 are the data points.

obtained from the steady—-state of 0C10 in the photolysis of C12-03

mixtures. . The Arrhenius expressioh which best fits these data is

11 exp{-(5360)/T] cm3se'c"'1.

2

1.9 x 10~ The average of the two Arrhenius

expressions is 2.3 x 10"'l exp[-(4730 + 630)/T] cm3sec_1; and is the

recommended value.



Figure 15.

Plots of kpg (Obtained from the OCl0 Decay Curve
after the Photolysis of Cl,y—0g3 Mixtures) vs. [03]
at 297 + 3°K. ®, with Ny also present; B, with
02 also present; x, without O2 or N2 present.
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Figure 16.

First Order Plots of OCLO Decay in the Presence of
Excess 03 (Direct Reaction of 0Cl0 with 03)
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Table 9
Reactions of 0Cl0 with 03
. : 19 '
[93}, focio], Temp, 103 kgﬁ,
Torr -mTorr °K cm sec
Temperature = 296.3 + 1.7°K
4.82 54.9 297.7 2,67
4.90 37.3 297.7 2.69
' 5.45 59.7 297.6 3.02
5.91 43.5 297.4 2.98
5.99 38.2 297.6 2.82
7.39% 40.2 295.0 3.36
7.43% 42.2 - 293.4 3.12
8.36 42.8 293.2 3,44
8.40 35.0 295.0 3.39
8.71 44.1 296.5 3.48
11.1 65:9 297.7 3.06
17.5 53.1 297.4 3.24
19.2 - 31.1 295.1 2.79
Temperature = 273.4 + 1.0°K
2.84 161:0 273.5 0.73
4.47 88.4 275.5 ' 0.89
4.75 201.0 273.0 0.92
5.41 75.1 274.5 0.73
5.52 40.9 273.0 0.62
6.02 34.9 273.0 0.73
8.48 50.3 274.0 0.92
8.79 43.5 273.5 0.74.
' 8.87 48.3 273.0 0.93
9.49 43.5 273.3 0.9
9.49 43.5 273.1 0.87

11.2 41.5 273.0 0.92
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Table 9. :(cont inued)

[0,1, [oc1o], Temp, 100 x,,,
Toxr . aTorr °K cm”sec
23.8 44,2 272.8 0.94
29,0 . 41.5 273.0 0.88
Temperatﬁre = 262.0 + 1.0°K

2.53° 131.3 262.0 0.48
4,40 49.05 263.0 . 0.48
4.59 153.7 262.0 0.41
6.42 58.75 261.4 0.46
7.70 131.3 261.7 " 0.45

#With 100 Torr N, also present.
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At room temperature both determinations give essentiaily the

same value for k26[(3.08 + 0.25) x 10'_19 cm?sec_l from direct mixing

and (2.88 + 0.59) x 10_19 cmssec"l from the steady-state value of 0C10

in the G1,-0, photolysis]. Furthermore, the value obtained in the

dark decay of 0ClO after photoly81s of Cl 3 mixtures is (3.02 +

0.49) x 10~ 19 emdsec™™ in excellent agreement with the other two

values. Lin et al. {(62) have made two independent determinations

of k26 et_reom temperature, both of which give 3.0 x 10_19 cmSSec_l

in excellent agreement with our three determinations. The wvalue for
kye = (1.20 + 0.15) x 107 cm>sec © obtained by Birks et -al. (46)
at 298°K appears to be too low.

C. ° Discussion

The major conclusions that can be drawn from the 012—03 system‘

are:

1. The photolysis of C12—03 mixtures'at 366 nm leads to the
removal of 03'and C12 and to the production of 02 and C1207 as final
?roducts. 0C10 is prdduced as an intermediate.

2. The reaction of 0C10 and 03 is first order in both 0CLO and

03. The value of the rate coefficient for this reaction is indif-

ferent to the presence or absence of 0, and N (>500 Torr).

3. The 05 removal quantum yield is approxlmately 6 at 297°K

[Pr— - Aumemam s ma e - —

and is 1nvariant to changes in [O ] and I . As it was observed by

Jayanty and associates (76), the addltlon of N, (680 Torr) has no

effect on -¢{0 1, however, the addltion of 0, reduced ®{0 }e


http:k26[(3.08

73

4., The chlorine removal quantum yield is very small (0.11 +°
0.02) énd is iﬁvariant to the presence or absence of 02 and NZ'

5. The oxygen formation quantum yield is about one and one half
times tﬁe 0, removal quantum yield.

6. @i{0810}==2.5 x'103 exp[-(3025 + 625)/T]. The OCIO fo?mation
quantum yield is invariant to -changes in [03], Ia and the presence or
absence of O2 and N2'

The fact that the values of @1{0010}.and —@{Clz}-are low, and
the fact that the ratio of 02 produced to 0g consumed is 1.5 indicates

that the photolysis of 812-0 mixtures is primarily a photocatal&tic

3

_decompositioﬁ'of 0 The mechanism of the photolysis can be discussed

30
in terms of a set of -reactions which have been shown to be important.
At 366 nm only Cl2 absorbs and it photodecomposes to give chlorine

atoms which can then react with 03.

012 + hv (366 nm) - 2c1 rate = Ia

+~ Clo + 0 10

Ci+0 )

3

The rate constant for reaction 10 is'k,, = (2.7 i:llZ) X 10-1}

1
exp[-(257 + 106)/T] cmosec ™ (77-82).
There‘are two extreme cases to be consideredéh case {a), the

" C10 radicals.produced in ;D do not react with 05 under any conditions
and case (b), the Cl0 radicals always react with 03. Thus for case’.(a)
2C10 -+ C1 + Cl00 23a

+'C12 T O2 23b

+ 0C10 +.C1 23c
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Cl00 + M + C1 + 02 + M 24

and for case (b)

€10 + 03 + 0C10 + 02 25a

+ CL + 20, 25b

In either case (a) or case (b), the subsequent reactions of 0C10 will

be

+ sym~Cl0O, + O 26

0C10 + O 3 )

3

+0 27

2Ci0 5

3 + 03 > 01207

since Clzo7 is found to be a final product of the photolysis feéction
and O0Cl0 is an intermediate (76). Reaction 26 might also give Cl0 +
202 as products, but the data of Birks et al. (46) is inconsistent
with the occurrence of this channel. We ignore this channel since
it does not significantly alter the kinetic analysis.

The C100 radical is unstable and decomposes rapidly at room temper-
ature via reaction 24 (él). Reaction 26 ig_known (55). Presumébly
the reaction leads to symmetrical ClO3 initiglly, but an unsym-
netrical form cannot be-ruled out. The subsequent fate of ClO3 ig
not entirely clear. Early workers observed both 01206 and 01207 as
produch of the Clz—photocatalytic decoﬁposition of 03 (83). The rela-
tive amounts of the oxides appeared to dePend on experimental conditions.
At higher temperatures (30°C), 01207 is favored, whereas at lower

temperatures, 01206 could be observed (83). It seems likely that

under conditions such that 0103 formation is rapid and the temperature
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is low 01206 condensation would be favored. This suggests that the

reaction of 0103 with 03 is slow and has an activation energy.
However recently, Davidson and Williams (60) could detgct only ClOa_
after hydrolysis of the réaction products indicatiﬁg that 61207

was the ‘only product even though they worked_unﬁeé conditions."in
which earlier workers detec£ed C1,04 formation.

In_thg present work C_'LO3 formation was not observed by spéctro-
scopic methods becgﬁse of the low concentration of‘(ilO3 ([0103]'< ’
20-mforr). However, the formation of 1,0, and ?he reaction of OClO_

iwith O3 requires that ClO3 must have been presen? as an intermediate.

Mechanisms (a) and (b) are mutually exclusive, becaﬁse the data
shows thaé —@{03} is invarianF to [03] and the absorbed lighﬁ-
intensity, Ia' If both mechanisms were operating simul%aneduély,
—@{03} would be dependent upon [03], because reactidh 25 involves 035
buFrr?action 23 does not, —@{03} would also be dependent on Ia"

. because réaction‘ZB is bimolecular in radicals and reactigﬁ éS‘ié not.
Therefore, our task is to decide whether mech;nism (a) and (b) is
operat;.:.ve. -

First, let us consider that ﬁgchanism (b) is operating.b Thié
mechaﬁism predicts that -@{03} = #{0,} = 7; ®{0C10} = 2 and -@{Clz} =
1. The méasured —@{03} is nearly 7, but @{02}.15 50%‘greater Eban
—@{03}. @i{OClO} =_0.089 + 0.013 and —@{Clz} = 0.11 jﬁ0.0é at 295?K;
clearly mechanism (b) is not important and need not be‘coﬁsidered any
further.

Thus, mechanism (a) can be summarized as the following set of

reactions:
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éiz 4 hv (366 nm) -+ 2C1

CL+0,>cClo+0

3

2

2C10 » C1 + €100

+Cl, +0

2 2

» 0C10 + C1

Clo0+M>CL+ 0, + M

0Clc + O

20103

3

+ 0

2

- symr0103 + 02

-+ 0120 + 02

3 7

Rate

The values of the known rate coefficients for the reactions in

mechanism (a) are summarized in Table 10.

An analysis of the above reactions leads to the following

steady-state concentration expression for the radicals in the

systen.

[Cl]ss -

2T + 4T k,q_*B + 2I -0

ky01051

[clo]_, = (21 -&)-/?

[OClO]S

Ié*a
[C10,] = {——————J
3°ss k27[93]

where o

= (k

S

k23c

23

21
“a
k61051

1/2

B
-1
e ¥ Zkygp)

=1
.Ta
10
23a
23b
23¢
24
26

27

Ii

IIT

v



The Rate doefficients for the Reactions in .the Photolysis of'Cl2

Table 10

3

—0.,, Mixtures

Rate Coefficient cmssec"l Temp, °K Reference
Ky, © (2.7 # 1.2) x 1071 exp[-(257 + 106)/T] - 205-298 77-82
kyq 2.3 x 1074 300. 90
Ky b x 1071 298 51
'k23a 1.2 x 10“12 exp[(~1179)/T] 90
Kpa 2.1 x 1071 exp[(~2201)/T] 90
Ky 1.16 x 101 exp[-(3370 + 350)/T] 41
ks <1-x 10718 This Lab

<5x107P 61

<5 x 107 46
ko 2.3 x 10712 exp[-(4730 + 630)/T] This lab
g ' 1.7 x 10733(2) 275.5  This lab
1.15 x 10733@) 264 This lab
k_yq 2.68 x 10717 275.5 ©  This lab
1.08 x 10717 264 This lab

%he unit for k,

9

ié.cmGSec—l.

LL
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Mechanism (a) leads to the following rate laws.

2
3. {oclo} = v
i L+ Zkyq [koq
~e{0,} = ¢ sl VI
37 2kygp [kyg F Kyg SRyg
-o{C1,} - (1/2)@i{dc1o}' VII
¢{02} = (3/2)[-@{05}] VIII

The mechanism predicts that @i{OClO}, —@{03} and —@{Clz}-aré
invariant to [03] and Ia; and ¢{02} is one and one_half_;f —®{03}.
These ﬁredictions are -completely consistent with the observed data.
The fact that —@{Clz} does not ‘equal oné half of.Qi{OCIQ} is discussed

later, Equation V can be fearranged to give:

-2k k
o, {oc10} = - i?;k z k23° IX
23c 23b  23b

CAf kg <§ 2Ky - ,{0C10} was determined as a function of
température (see Table 6 and Figure 10). Since @i{0C10} is nearly
k23c/k23b’ the Arrhenius expression for k23c/k23b is the same as

@i{001o}.

k23c:

= 2.5 x 10° exp[-(3025 + 625)/T] X
k3 . S '

The ratio of the three channels of reaction can be computed from

equations V and VI.
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% _ 1 - 4 -
kyq @i{oc1o} 2y + [~@{03}] -3
230 _ & 1T
k23 -2y + [—@{FJS}] -3
k)3a Kiap - Fase
i e XIII

23 23 23

[—®{03}}

Y= 3_{0C107

vhere the measured value of —@{03} = 5.8 and @i{0010} = 0.089 .at
273°K. The.values computed from equations XI, XII, and XIII are the
following: /k23 = 0.63, k

[kyq = 0.35 and k = 0.032.

X232 23b 2361%23
Since @i{OClO} and.~®{03} are pressure invariant (76), these
ratios are also invariant over the range of pressures employed in

this study.

At low temperatures, equation XTI can be rearrange& to

k. _
—i—@- e %[’-cb{o3}] XTIV
23b

The ratio of k23/k23b is obtained from the study of the temperature
dependence of —@i03}. The values of k23/k23b calculated from
equation XIV are 1.99 at 283°K, 1.45 at 273°K.and 1.0 at 252°K. This

implies that reaction 23 proceeds predominantlf through channel 23b

at low temperatures.

From the Arrhenius expression of k230/k23b (equation X), the large

value of the preexponential factor A23c/A23b suggeéts that the


http:0.089.at
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reaction channel 23b and 23c proceed through very different transition
stateé. From the large value of A23c’ it is reasonable to assume -

" that the reaction 23c¢ is an atom abstraction reaction with a linear
‘transition state. The lower value of A23b'suggests that reaction 23b
involves a tightef transition state than that to reaction 23c. It is
reasonable to assume that reaction 23b involyes a four center
transition state.

The reactions-of ClO with iﬁself, reactiou*23, have been studied
in some detail recently, but there is still controversy about the’
relative impgrtanca of the th?ee channels at higher pressure. Basco
ané Dogra (84,85) have interpreted their flash photolysis d;ta at .

high pressures (about 75 Torr argon) in terms of reactiom 23b
_exclusively. Johﬁston et al. (86) working at low 1igﬁt intensitiés
foﬁn& a pressure effect on Clb disprbﬁortionation and proposéd the

reaction

"2CLO+ M+ ClL, + 0, + M 28",

2 2

In a more recent paper, Wu and Johnston (87) have confirmed the effect
of total pressure on their resﬁlts, but now feel that the pressure
effect ‘may actually be associated with other ieactioﬁé in their
system ot that at low llght intensity the mechanism of Cl0 dlspro-
portionation dlffers from that at higher light intensity.

- At low pressures, Clyne and coworkers (61,88,89) have coﬁclusively
shoﬁn that reaction Zéa ig dominant and in their most recent paper
"(61) have shown that the dis%ribution at low pressures iﬁ the

following: 23a (95%), 23c (5%). They have also done computer
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modeling of the results of Basco and Dogra. and find thaé their

resul;s-can be reinterpreted in terms of reaction 23a as the

-dominant channel coﬁtrary to the interpretation of Basco an& Dogra.
Recently Clyne and Watszon (90) have reevaluated a}l the data

in terms only of reactions 23a and 23c and recommend the expressions

i

Ky, = 1.2 x 1012 exp[-9.8 KI/mole/RT] cm sec -
) -12
kg = 2.1 x 10

n

exp[~18.3 KJ/mole/RT] cmssecT1

though the data do not exclude reaction 23b.occurring to some éxtent

and k23a may really represent k23a + k23b'
It is not clear how all these results. can be brought.iqto
hafmony, howe;er; it seems likely to us that reac?ions'ZBa and‘23b
are important under all pressure conditions. The data of Clyne et al.
(61) are cgnsistent with a contribution from both reactions 23a.and -
23b, and in fact‘in our system reaction 23b must be the maﬁor.
termigation step. It is possible that Cliatom formétion ig the
Basco and Dogra work may havelbeen overlooﬁe&.

The upper limit for k25 may be computed by requiring that

reaction 25 be negligible compared to reaction 23. Then

k23 .[ Ia }}/2 -

25 . [03] k23b

‘where k23 = 2.3 x 10_14 cmssec—l according to Clyne and Watson (90)‘
cand 4.4 x 10_14 cm3sec*1 according to Watson (41). Even at our
highest value of {03]/(Ia)1/2 = 1.6 x 1011 (sec/cms)llz, there is .

no variation of @i{OCIO}. This means there is no contribution to
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0C10 due to reaction 25a and for this to be true k25 must be less

than 1 x 10_18 cmssechl. This upper limit of k2 is in good

5
-agreement with a conclusion reached by Lin et al. (62). The low -

value of k,. is also consistent with the upper limit of about

of kg
5 x 10712 cm3sec™t obtained by Clyne et al. (61) and 5 x 107+

4
cm3se¢_l cbtained by Birks et al. (46). However, Clyme et al. using
a discharge flow téchnique found that in the presence of 03 more
0C10 was produced than could be explained by reaction 23c alone and
considered it probable that their upper limit was the actual value
for k25.

The 0ClO profile at 298°K shown in Figure 7 may be analyzed
quantitatively for self consistency over the entire region (light
and dark) by integrating the differential equations for 0Cl0

formation and decay. The differential equation during irraaiation

is
d _ .
dt[OC]_O] = @1{0010} I k26[03][0010] XVL

Integration gives
‘{oc1o]t = (@i{0010} Ia/k26{03])(1 - exp{-kzs[OS]t}) XVII

A plot of [0Cl0] vs. exp{—k26[03]t} should be linear with a slope and
intercept of @1{0010}Ia/k26[03]. Figure 18 shows that the plots-at
297 + 3°K are reasonably linear as reéuired. Values of @i{OCIO}
obtained from the slopeg of these plots are presented in Tables 2, 3,

and 5. They are in good agreement with the values obtained from the



Figure 18. Plots of [0ClO0] vs. exp(—k26[03]t) for Selected Data at
297 + 3°K

£8



15.0

O
o

1oL
&)

10713 [OC!O], molecules/cm>

1 I | I
‘ , [03], Torr [C'z],TOfT
. x 11,40 13.03 |
% ® 89l 13.23
°N O 6.38. 13.08
= & 408 |12.76
)
)
9
2. Q
N Q
. . -1
. W
BN\
1 1 ! LS
0.20 - 040 0.60 0.80 .00

exp[~kz6[03] ]

%8



85

initial growth rates. - At lower temperatures, plots of equation XVf;
are not linear.
Equation Ii, the steady state expression for 0CL0O during
irradiation, can be rearranged to:
9, {oc10}I,

[oclo]__ = —3;——-————— XVIII
261031

Values of k26 compﬁted from eguation XVITI uéing the obsgzvéd values
of [0010}SS are also presented in Tables 2, 3, aﬁd 4. At 297°K
these values are in good agreement with those obtained frdﬁ the
decay plots (see Figure 19).

At‘Femperatures below 297°K the 0Cl0 decay profiles in the dark
show an induction period (Figure 7) and- the integrated‘grdwth curves
(équatiog XVIII) are not 1ine§r indicatiné éhat the mechanism thus
far outlined is not complete at lower temperatﬁres.~ These observations

‘can be "Interpreted in.terms of the equilibrium

Cl0-+ 0Cl0 + M 2 01263 + M 29, -29

The.ClZO acts as a reservoir of 0C10 léadigg to the slow initial

3
rate of 0CIO depletion upon the termination of light. -

As a test of this hypothesis, profilés for 0CI10 were'calculated
for all temperatures by numerically integratiﬁg the rate éqqgtions
for Cl0O.and 01203. -The oﬁly"assumption ﬁéde in this compgtation_was
that Cl has feached .its steady state value. An adaptive pattern

- search routine (91) was used to calculate the rate coefficients for

Zreactiqn‘ZQ and —-29. The details are given in Appendix ITI. This

C-2



Figure 19.

Plots of kgg vs. [03] at 297 + 3°K. x, values obtained
from the initial slope of the decay curves in the dark
after the photolysis; @, values obtained from the
steady state’ 0ClO values during the photolysis; ®,
values obtained from the direct reaction of 0CL0 with 03.
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algorithm varies the rate constants k29, k;29’ k23c’ and k26 such that
the mean square error between the calculated and the experimental
values of 0Cl0 are minimized. The OCLO growth is controlled initially
by the parameter k23c/k23b and the decay is controlled by k26'

However, absolute values for k23b and k23c are needed for the

computation. These were obtained from the values of @i{OClO},

4 cm3secml) (41).

-®{03} and the literature value for k23 (4.4 x 10—1
In order to test the walidity of this integration method, room
temperature profiles for OClO were also fitted. TYor this case the

values of k29 and k;29 used were zero. This is equivalent to

having a complete 01203 dissociation.

At 275°K and 264°K, kzg[M] was varied from 1.00 x 10_11 to
-16 3 -1 -1
1.00 x 10 cem”sec — and k_zg[M} from 10.00 to 0.01 sec ~. The
constant k was allowed to vary within +20%7 of the calculated

23c

value from @i{OClO},—@{OB} and k The constant k26 was varied

23°
within the range of values obtained from the steady state of OCl0
and from the direct mixing experiments. Typical computer profiles,
together with the experimental profiles are shown in Figure 7.

The overall errors of the computed profiles were within +20% of

the experimental profiles. The average value of kzg[M] is

1 16

(1.2 + 0.4) x 10-15 cm3sec_ at 275.5°K, and (5.5 + 1.5) x 10
cmBSec_l at 264°K. The average value of k;zg[M] is (0.19 + 0.08)

sec ® at 275.5°K and (0.08 + 0.03) sec ! at 264°K. The results are
the average of six runs at 275.5°K and four rums at 264°K. At both

temperatures, the average pressures for the runs used to determine

k29[M] and k;zg[M] were 20.2 + 3,2 Torr. When converted to third
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3

and second order rate coefficients, we obtain k29 = 1.70 x 10“3 and

1.15 x 10_33 cmssecml at 275.5 and 264°K, respectively, and
K_,q = 2.68 x 107" and 1.08 x 107" ci’sec™" at 275.5 and 264°K
respectively. .

We estimate that these values are accurate to within a factor

of two. Of course, at 296°K, Cl O3 formation is not important

2
because of the rapid reverse reaction, and below 264°K the reactions
are too slow to obtain meaningful results. The values of k29 show

a slight positive activation energy, though this may just reflect

the error in the measurements. The rate coefficients for k_29 are
consistent with a bond dissociation enthalpy of about 12 kcal/mole
for 01203.

So far a discussion of —Q{Clz} was neglected in interpreting the
data. ‘Mass balance considerations require that in the initial part
of the experiment —@{Clz} = @i{0C10}/2. In our experiments, —@{Clz}
was measured, by necessity, for large conversions, and it was found
to be much greater than @i{OClO}/Z . Possibly secondary reactions
may be involved in which the higher oxides of chlorine (ClOB, 0104,
and possibly 01205 or C1206) react whether with 012 or Cl0 to produce
01207. This may be a surface reaction. The details of such a
reaction cannot be determined from our data.

If the reaction removing additional Cl2 does not involve OClO
as an intermediate, then the 0ClO concentration is not affected by
it. However, if additional 0ClO is produced, as seems likely, then

the steady state concentration of 0Cl0 should show an accelerated

rise as the reaction proceeds toward completion. The steady state
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value of 0CI0O is inversely proportional to {03] even if OClO is not
an interﬁediate in the secondary reaction. We attempted to monitor
[0C10] for long conversions, but the uncertainty in the measurements
caused by instrument drift made it difficult to determine if [0CLO]

increased more than would be expected due to the depletion of 03.

D. Atmosphexic Tmplications

To estimate the importance of reaction 25 in the stratosphere,
the reaction rate was compared with the following:
1. The photodissociation rate of ClO,
2. The rate that CLO reacts with other species present in the
stratosphere such as O(3P) and NO.
The photodissoeciation rate, J, of any species can be ecalculated

using the following equation,

J = solar flux intensity x the absorption cross section

of thar species XIX

Thus for the ClO-O3 system the ratioc of the photolysis rate of Cl0

vs. the rate of reaction with O3 is

Photolysis Rate _ J{c1l0}
Ras K510

XX

Assuming the solar flux intensity to be 1 x 10‘?L5 cm_zsec_l (1), the

8

absorption cross sectiom of ClO at 303.45 nm = 0.7 x 10_l cm2 (41)

and [03] at 20 Im to be 4 x 1012 cm"3 (1), the result from equation
XX shows that the photolysis process is at least 175 times faster than

reaction 25.
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The rate of reaction 25 was also compared with the rate of

reactions 11 and 16.

c10 + 0(°p) » ci + N0, 11

Cl0 + NO -+ Cl1 + NO 16

11

where kll = 5,3 x 10'-ll cmBSec—l at 298°K (42) and k.. = 1.8 x 10~

16
(:1!135ec_l at 298°K (43,44). The reaction ratios for these equations

are.

Ry1/Rys = k7 101/ky5104] X1

Rls/st = klﬁ[NO]/k25[O3} XXII

The pertinent concentrations at 20 km were taken to be (1):
O(BP) =1x 106 cm?B, O3 =4 % 1012cm—3, and NO = 2 x 108 cm—s. The
results show that at 20 km reactions 11 and 16 are at least 13 and
900 times respectively more important than reaction 25.

The importance of reaction 26 in the stratosphere was evéluated
in a similar manner. Using the absorption cross section for 0ClO at

/ cm2 (41), the photolysis rate is approximately

351.2 om, 1.1 x 10 *
1lx 104 times faster than reaction 26. It can be concluded that the
values of the rate coefficients for reactions 25 and 26 are tooc low

to make these reactions of any significance in the earth's atmosphere.
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Chapter 3

THE 012—02—N0 SYSTEM: THE REACTION OF C100 WITH NO

A, Experimental

A.1. Materials and Their Purification

All gases were supplied by Matheson gas products. The Cl2 was
purified by distillation from -130°C to -160°C as described in
Chapter 2 Section A.l. NO was purified by distillation from -186°C
to -196°C and stored at room temperature.

Before use, Né was slowly plassed through two U-tube traps
maintained at -196°C. Chromatographic analysis of N2 showed that less
than 2.5 ppm of CH4 was present. There were ne detectable levels of
other hydrocarbon impurities. The 0, was freed of hydrocarbon
impurities by the following method: A mixture of approximately
2 Torr Cl,, 20 mTorr NO and 750 Torr O2 was photolyzed in a 5-liter
Pyrex bulb with a medium-pressure mercury arc lamp (Hanovia 404101).
After irradiation the mixture was purified by distillation from -186°C
to -196°C and stored. Chromatographic analysis of the purified
oxygen indicated less than 0.8 ppm CH4 and less than 0.1 ppm C2H6'
There were no detectable levels of the heavier hydrocarbons.

The quantitative analysis of the hydrocarbon impurities present
in O2 and N2 was done using a gas chromatograph equipped with a
flame ionization detector. A four-foot seven mm 0.D. glass column
packed with either 80/100 mesh Chromosorb 101 or 80/100 mesh 5A.

molecular sieves was used for the analysis. The column was kept at
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room temperature. Helium was used as a carrier gas with a flow
rate of 72 cmB/min. The retention times of methane and ethane,
using the 80/100 mesh Chromosorb 10l column are approximately

0.5 and 2.0 min respectively. The retention time using the 54
molecular sieve glass column is approximately 0.4 min for CH4. A
schematic diagram of the flame ionization gas chromatograph is

shown in Figure 20,
A.2. Vacuum Line

The vacuum line was divided into four parts. Two parts of
the line were for 012 and 02/1\12 purification. These parts were
always isolated from the whole system when they were not in use.
This was done because the 012—02—N0 system was sensitive to
residudl surface as well as gaseous impurities. The other two
parts of the vacuum line were for handling Cl2 and NO. Two separéte
silicone o0il manometers were used to measure Cl2 and NO pressures.
A 0-800 Torr Wallace and Tiernan vacuum gauge was added to the system

to measure the absolute pressure of O2 and N2. A diagram of the

vacuum line is given in Figure 21.

A.3. Reaction Vessel and Photolysis Source

The reaction cell was a 200 cm3 cylindrical quartz cell, 10 cm
long and 5 cm in diameter. It was enclosed in a Styrofoam box
with-an access for cold‘N2 gas to pass through. fhe temperature of
the reaction cell was measured using an iron-constantan thermocouple

as described in Chapter 2, Section A.3.
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The photolysis source was a high pressure Hanovia Hg arc
lamp, 200 watts (type 202-1003). The 366 nm line was isolated
by passing the photolysis beam through a Corning filter (€S 7-37)
before entering the reaction cell. A diagram of the reaction

vessel is given in Figure 22.

A.4. The Analysis System

The chemiluminescence analysis system was similar to that
described by Stedman et al. (92). Tt consisted of a 100 cm3
cylindrical quartz cell with two inlets, one for the ozonized 02
and the other for the reactants. The 03 and the sample inlet
tubes were concentrically arranged for efficient mixing. The
ozonized O2 was prepared by passing the stream of 02 (130 ce/min)
through a high voltage discharge. The reactant mixture was leaked
out of the reaction cell through a capillary tube and to the
chemiluminescence cell either continuously or intermittently. The
capillary was placed right in the center of the reaction cell as
shown in Figure 22. The diameter of the capillary tube was chosen
such that the pressure drop in the reaction vessel was approximately
1% per minute. The pressure in the chemiluminescence cell was kept
between 1-3 Torr by continuously pumping with a Welch high velocity
mechanical pump.

The red emission due to the chemiluminescent reaction between
03 and NO was passed through a Corhing cut off filter (CS 2-62) and

was viewed with a photomultiplier (EMI 9785B). The chemiluminescence

cell and the photomultiplier were kept in the dark at room
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temperature. The photomultiplier was operated at a cathede to
anode voltage of 1 KV. The photocurrent was amplified using a
Kiethly electrometer 601 with a d.c. zero offset and displayed on
a strip chart recorder. A schematic diagram of this system is

shown in Figure 23,

A.5. Chemiluminescent Reaction

The reaction between NO and 03 has been extensively investigated
by Stedman et al. (92}, Clough and Thrush (93), Fontijn et al. (94),
and Clyne et al. (95). It is known that the reaction between NO
and 03 results in light emission. This chemiluminescence is due to

the following reactions.

*
NO + 03 +-N02 + 02 5a
> NO2 (electronic ground state) + 02 5b
NOZ* > N0, + hv  (red) 30

The relative intemsity distribution of the emission spectrum (93)

shows that no light is emitted below about 600 nm. The use of a 600 nm
cut-off filter (CS 2-62) and the upper limit of our photomultiplier
system (800 mm) limited our measurements to the region between 600 and
750 nm. The emission intensity is linearly proportional to [NO] and
{03]. It is inversely proportional to the total pressure in the
chemiluminescence cell (94). Since the stream of the ozonized oxygen

and the pumping speed were kept constant, it was observed that the
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emission intensity was linearly proportional to [NO] throughout our

experimental conditions.
A.b. Procedure

Mixtures of Clz, 02, and NO with or without added N2 were
irradiated at 366 nm and 298°K. The photolysis leads to the removal
of NO. The NO concentration was monitored continuously during the
irradiation using the chemiluminescent reaction with 03. The cell
contents were bled into a chemiluminescence chamber through a sampling
capillary tube attached to the reaction cell as shown in Figure 22.

02 or N2 served as a carrier gas. The reactant samples were then
mixed with the ozonized oxygen. To obtain the absolute concentration

of NO, the emission intensity of the chemiluminescent reaction was

calibrated with known NO samples.

A.7. Actinometry

The absorbed light intemnsity, Ia’ was determined by photolysis
of optically equivalent amounts of azomethane in the presence of NO.
At 366 nm, azomethane photodissociates to yield two methyl radicals
(73,96) which in turn react with NO. The NO removal quantum yield
for this system is 2.0. The NO concentration was monitored

continuously using the chemiluminescent reaction with 03.

B. Results

The photolysis of Cl2 in the presence of O2 at 366 nm and

298°K leads to the formation of €100 radicals. The photolysis leads
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to the removal of NO if there are small amounts present in the
012—02 mixture. Initially the rate of NO removal is rapid, but it
decreases as the reaction proceeds. A typical profile is shown in
Figure 24.

Initial NO removal quantum yields, _Qi{NO}’ were evaluated from
the initial slopes of the NO loss profiles. The initial rate of NO
removal was corxrected for the pressure drop in the reaction cell as
well as for the electronic time constant of the measurement system.
The pump out rate through the sampling capillary was 1.58 x 10“2
min—l, leading to a corre;tion of less than 10%7 for the initial rate.
The measurement time constant ranged between 3 and 6 sec leading to
a typical correction of 10-15%Z.

Experiments were done covering a wide range of experimental
conditions: [Clz] from 1.44 to 5.33 Torr, [NO] from 3.8 to 38.1
mTorr, [02] from 222 to 642 Torr, [Nz] from 278 to 609 Torr, and
Ia from 0.65 x 1013 to 6.06 x 1013 cm“3éec—l. Whén WO is present
at more than 36 mTorr, the reaction with 012 in the dark becomes
significant. To avoid any complications due to the dark reaction
between 012 and NO, the maximum NO used 'for the —@i{NO} deter-—
minations was limited to 31.9 mTorxr. The results for Ia’ [NO],
[02], and [N2] variations are presented ir Tables 11, 12, 13, and
14 respectively. The results are éiso shown in Figures 25, 26, and
27. It is apparent th;t the initial NO removal quantum yields are
independent of Ia’ {NO], and [02]. The average value of —@i{NO} is
0.11 + 0.02 at 298°K. However, if [02] is reduced while the total

pressure is maintained constant with added N2’ —@i{NO} decreases.
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Table 11
NO Removal Quantum Yield in the Photolysis

of Clz—OZ—NO Mixtures at Various Ia Values

[c1,1, [NO], 0,1, 10_'313 I, -8, {N0}
Torr mTorr Torr - cm Tsec

1.44 19.8 564 0.65 0.13
1.98 10.5 564 0.90 0.10
2.82 11.1 567 1.28 0.13
3.54 9.1 562 1.60 0.12
4.74 10.4 593 2.14 0.12
2.52 7.3 585 3.50 0.13
3.50 13.2 541 4.87 0.13
3.61 10.4 584 5.02 0.14
4.02 9.4 554 5.59 0.12

4.36 9.7 584 6.06 0.10
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Table 12
NG Removal Quantum Yield in the Photolysis

of 012—02—N0 Mixtures at Various NO Pressures

-13
[c1,], [vol, (0,1, 107 71,, ~¢, {NO}

-3 -1
Torr mTory Torr cm T sec

a) Experiments Done at Low I

3.11 5.4 561 1.41 0.13
3.85 6.3 555 1.45 6.10
3.54 9.1 562 1.60 0.12
2.37 25.1 ° 567 I.07 0.12
2,50 25.4 642 l.lll 0.11

b) Experiments Done at High Ia

3.07 3.8 566 4,27 0.12
2.46 5.6 579 3.42 0.11
2.94 6.2 586 4.08 0.12
3.70 6.9 530 5.15 0.11
2.50 9.7 581 3.52 0.11
2.45 10.8 545 3.41 C0.11
2.78 11.1 588 3.87 0.11
2.37 16.9 564 3.29 0.10
2.68 18.0 559 3.73 0.08
2.53 18.6 583 3.52 0.08
2.84 19.3 548 3.95 0.11
2.92 20.2 538 4.05 0.09
2.10 28.2 507 2.92 0.10
2.14 29.1 591 2.97 0.09

2.49 31.9 585 3.46 0.11
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Table 13
NO Removal Quantum Yield in the Photolysis

of 012—02~N0 Mixtures at Various 02 Pressures

[c1,1, [No], 0,1, 10713 1, -2 {NO}
Torr mTorr Torr Cm._BSEC_l
3.85 25.2 222 1.46 0.10
3,97 26.4 240 1.78 0.13
4.28 13.6 273 1.94 . 0.10
4.08 38.1 287 1.85 0.12

© 4.16 12.3 316 1.88 0.11

5.33 i3.5 422 2.41 0.13




Table 14
NO Removal Quantum Yield in the Photolysis

of Clz—NO Mixtures at Various 02 and N2 Pressures

13

[N,1/10,] [cL,1, [wo], (0,1, [N,], 10:3 Tas -9, {NoO}
Torr mTorx Torr Torr em Tsec

% 3.35 18.6 m— 609 1.51 0.015
o? 1.05 18.6 —— 525 1.46 0.033
7.06 3,66 16.0 72.8 514 1,66 0.043
6.522 4.15 16.2 72.2 471 1.87 0.066
4.97% 4.05 16.4 88.3 439 1.83 0.071
4.02 - 3,73 19.5 117.0 470 1.69 © 0.059
3.362 1.52 23.3 125.3 421 2.12 0.079
3.36 .1.59 24.5 126.9 426 2.21 0.068
2.00 3.42 16.9 218.0 437 1.55 0.071
1.85 4.16 25.2 250.0 462 1.88 0.065
4 0.077

0.98 ' 2,22 24, 282.8 278 3.08

a . .
These data were obtained in a later set of measurements and 4¢i{NO} values are
systematically somewhat higher.

L0T
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This effect is shown in Table 14. Note that the limiting value of
—@i{NO} with no O2 present is small but not zero. Table 14 also
shows that m@i{NO} is reduced if the total pressure is increased

while maintaining a constant 02 pressure.
c. Discussion

On the basis of the experimental results, the following
mechanism for the photolysis of chlorine in the presence of 02 and

small amounts of NO at 298°K is proposed.

012 + hv (366 nm) -+ 2C1 Rate = Ia
ClL + 0, + M Z CLOO + M ‘ 31, -31
CL00 + NO ~+ CLO + NO, 20a
+ CINO + 0, ‘ 20b
C10 + NO + NO, + C1 .16
CL + NO + M - CINO + M 32
ClL + GLNO + Cl, + NO 33

Reactions 31, -31, 16, 32, and 33 are well known, having been
reported previously by Watson (41) and Hampson and Garvin (97).
Reaction 20a is proposed to account for the observed N0 removal, and
reaction 20b is a possibility which must be considered. An analysis
of the above mechanism leads to the following steady state expression

for the radicals in the system.

[€100] = Xy; _410[0,110C1] XXITI
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 Kyp 31k9041% 0

= v
[ClO]SS k16 XX

I
a

[0,TINOT + K, [NO} 1]

[c]__ =
ss Ky _31%0p

The initial NO removal quantum yield under steady state conditions

is expressed in equation XXVT.

2K3; ~31590a10!
K

XNVT
31,-31%20p 02 * K3, [M]

-3 {NO} =
1

where [M] = [02] + [NZ]’ and K31’_31 is the equilibrium constant for
reaction 31.

In deriving equatioﬁ XXVI, Cl, Cl00, C10, and CINO were assumed
to be in their steady states. The Cl, Cl00, and Cl0 radicals reach
their steady state values almost instantaneously. The lifetime of

CINO can be calculated from equation XXVII.
TClNO = l/k33[Cl] XXVIT

From equation XXV, the steady state value of Cl atoms is inversely
proportional to [NOj. To calculate the longest possible lifetime
of CINO, the highest NO value was used. The result shows that the
lifetime of CINO can be as long as 2 sec. The minimum time interval
over which the initial rates were measured was at least 30 sec, thus
the assumption of the steady state for CINO is a good approximation.
Equation XXVI predicts that —@i{NO} should be independent of
I_, [¥0], and [02] when [M] = E02]. Due to the addition of N2, the

a

value of —@i{NU} should decrease as [M] increases. These predictions
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:are completely consistent with the observed data (see Figures 25, 26,
and 27). Equation XXVF also preﬁicts that the value of —@i{NO}
should approach zero as [02] approaches zero. Although the ~<Di{N0}
‘in the absence of 02,is low, it is not zero. As shown in Table 14,
—@i{NO} ranges from 0.01l5 to 0.033. The residual NO removal process
may be attributed to hydrocarbon impurities in the N2 and the small

amount of 02 present in the‘Nz. The mechanism for this residual NO

removal process is as follows:

Cl + RH + HC1 + R 34
R + 0, + RO, 35
RO, + NO ~ RO + NO, 36
RO + NO + RONO 37
Cl + NO + M ~ CINO + M‘ 32
Cl + CINO = Cl, + NO 33

The expression for the residual NO removal quantum yield u@O{NO} is:

o} Gk, [RH]
-& {NOI = XXVITX
0 RBAIRH] + 2k32[NO][M]
. ° . -13 3 -1 X
If RH is CH4, then at 300°K k34 is 1.1 x 10 o sec and k32 is

1.1 x 10“31 cmssec as reported by Hampson and Garvin (97). This

\

reaction sequence could account for ~®O{NO} = 0.11 when CH4 present

in the N, is 2.5 ppm. This is the level of CH, detected in the

chromatographic analysis of Nz. This problem does not occur when 02

is used in place of N2 since the O2 was made free of all hydrocarbons
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as described in Section A.1l. Equation XXVIII predicts that ~@i{N0}
is [NO] dependent because the hydrocarbons are competing with NO

for Cl atoms. However in the absence of hydrocarbon impurities, that
is when the 02 was used in place of the NZ’ the NO removal quantum
yield would be independent of [NO] as predicted by equation XXVI.

When N, was used as a carrier gas, the measured quantum yields were

2
corrected by subtracting the residual quantum yield, —-@0{1\10} as in

equation XXTX.
—@c{No} = [-—@i{NO}] - [—@O{NO}] XXIX

An alternative possibility for consuming MO in this system is

the sequence:

€l + €100 = €1, + 0, 38a
+ 2C10 38b
€10 + NO > NO, + Gl 16
CL + NO + M + CINO + M 32
€1 + CINO + CL, + NO 33

This mechanism assumes that all €100 radicals react with Cl atoms
through reaction 38. and reaction 16 is the only reaction xesponsible
for NO ggmsumption. If reactions 38a and 38b were important undex
these %?T?itioﬂﬁg then @i{NO} would depend on Ia due to the radicals
recombiQiﬁé iﬂxkgéction 38. The NO removal quantum yield would also

depend on [NO] because the Cl00 radicals were competing with NO for

Cl atoms. These predict%dﬁs are contrary to the observations. The
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rate of NO consumption due to reaction 16 alone can be calculated

from equation XXX.

-d[No] _ 2 -3 -1
e 2k38bK31,_31[02][Cl] cm ~sec _ XXX
where k = 1.4 % 10_12 cmssec_l 97), k,, = 5.6 x 10“33 cmssec_l
38b i 31
(41), and k_y; = 1.14 % 10 or 1.15 x 107> an’sec™ (41). The

results show tHat the rate of NO consumption due to reaction 16,
alone is 50-100 times slower than the observed rate.
The competition between reaction 33 and the photodissociation

of CINO as in reaction 39 was also considered.
CINO + hv (366 nm) = C1L + NO 3%

The ratic of the photodissociation rate and the rate of reaction 33

js given in equation XXXI.

339 U'I:a:..jz’

Ryg  KgqlCl]

XEXI

where the absorption cross section for CINO at 366 nm, 0 = 4 x 10—20

c.m3 (41), the photolysis path, £, = 10 cm, and k

3
-ll 3 "'1 o a
10 em sec — at 298°K (41). The result shows that the photolysis

3= (3.0 % 0.5 x

rate of CINO is at least three orders of magnitude less than the rate

of CINO with Cl atoms. Equation XXVI may be rearranged to!

" K kg, [N,]
[-@;{NO}] ' 2k20b * 5% 1?2 * o 1?2 - 0.1 RXHII
20a 20aX31,-31 20a¥31,-311%

1

3

A plot of [—@i{NO}}_l vs [NZ]/[OZ] should be linear with a slope of
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k32/2k and an intercept of k20b/2k20a + k32/2k203K31’_31.

20a¥31,-31

Figure 28 shows that the plot is reasonably linear and gives °

ko, /R

20b 7.2 4+ 1.6, In

= 11.0 + 2.1 and k32/k20aK31’_31 = 7.2 +

20a

evaluating k we have implicitly assumed that for reaction 32,

20b”¥20a

the efficiency of 0, and N, are equal as third bodies. It was found

2

B -32 6 -1
20aK31,-31 = (1.5 + 0.6) x 10 cm sec — and k

(1.6 + 1.0) x 107°1

that k 206531,-31 ©
6 -1 o . -31
cm sec — at 298°K, using k32 = (1.1 +0.2) x 10

cmesec_l (M Nz) (97).

The total third order rate coefficient for the combination of
Cl and NO with 02 as the third body can be obtained by coﬁsidering
two mechanisms. In the first mechanism, the termolecular process
may be divided into two steps: the combination of ClL and NO and
the subsequent stabilization by a third body, 02. The presence of

the third body provides a means to remove the energy released and

stabilize the molecule formed from the combination of Cl and NO.

C1 + NO + CINO#*

CINO#* + M - CINO + M

Cl+NO+ M-+ CINO + M 32

where M = 02.
In the second mechanism, the net reaction 32 ceccurs via the

Cl00 intermediate as the following:



Figure 28.

Plot of [—@ {NO}] vs. [N,1/10,]. The p01nt at
[N21/[09] =10 is the average -92 1IN0} of all the runs in
the absence of Nz.

£1T
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Cl + 02 + M > CIOO + M 31, -31
cloc + NO - CINO + 02 20b
Cl +NO+ M-+ CINO + M 32

where M = 0O, . The third order rate coefficient for the second

2
3l cmﬁsec_l from our

mechanism, k 12 is (1.6 +1.0) x 10~

20b%31,~3

results. The total third order rate coefficient for the combination

of C1i and NO with 02 as a third body is the sum of k32 from the

which is (2.7 + 1.0) x 10_31 cmﬁsec_l.
31

first mechanism and k20bK31,—31
The value of k,, used for this calculation is (1.1 + 0.2) x 10
cmesec-l for M = NZ (97), assuming the efficiency of 02 and Nz are

the same. The value of the total third order rate coefficient is

31 1

a factor of 2.1 larger than the value (1.3 + 0.3) x 10 cmﬁsec_
determined by Clark et al. (98), using a low pressure flow discharge
system. However, within the stated error limits the two values

nearly ovérlap.

The ratio of [CINO]SS/[NO] was calculated from equation XXXIII.

[CINOT o KogpXaq,_3q[0p] + kgplH]
[NO] = % R XKXITL
33
. _ -31 6 -1 _ -11
Using the walues of kZObK31,—3l =1.6 x 10 cm sec k33 =3 x 10
S (41), and k32 =1.1x 10*31 cm6sec"l (97), the ratio of

[CINO]__/[NO] was calculated to be 0.15. Since the lifetime of CINO
is approximately 2 sec, the NO profile should have a rapid drop by

15% of the initial [NO] within 2 sec. This is because NO is tied up
in CINO due to reaction 32 for approximately 2 sec before CINO reacts

further with Cl atoms to regenerate NO as in reaction 33. This drop



119

is not observed in the NO profiles (see Figure 24). The 15% drop in
NO may be‘too,small for us to have detected, or else the‘reported
value for k33 may be in error by aboﬁt a factor of two.

Figure 24 shows that the reaction rate decreases as the reaction
proceeds. Presumably this inhibition is due to the reaction of N02

produced in reaction 20a with (1 atoms by way of the known reaction

Cl + N02 + M -+ ClONO + M 22a

- ClNO2 +M 22b

which has a third order rate coefficient of 7.2 x 10-31 9m6sec
reported by Watson (41). Apalysis of the fall in the rate indicates
that under our conditions, reaction 22 is too slow to influence the

initial rate measurements,

D. Atmospheric Implications

In order to approximate the importance. of reactions 20a and 20b
in the stratosphere,. the rates of reactions 20a and 20b were compared
with the rates of reactions 10 and 21 in the 15 km region where the

maximum effect is expected.

Cl + O3 + Cl0 + 02 30

‘H02 + NO -+ HO + NOZ 21

The ratios of the reaction rates are expressed in equations XXXIV and

XXXV,
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R K [0,]1{N0]

R20 _ 031, 31 %g : —
10

R0 Ka1, =1 kyp[CL110,] _—
R, 9 [HO, ]

21

In these computations our values of ko0aK 31,-31 and kZObKBl,—Bl

at 298°K were employed in conjunction with the maximum values of

Kyq 37 8iven by Watson (41). The rate coefficient data were also
»

taken from Watsom (41) and Hampson and Garvin (97). A Cl deansity

of approximately 3 x 105 cm.—3 was estimated at 15 km from the CIO
densities measured by Hudson (99) and from the ratio of [C1]/[Cl0]

given in equation XXXVI.

[ci] _ [NO]
[c1o] [02]

The other pertinent concentrations were taken to be [HOZ] =2x 107
cmf3, [NCQ] = 2 x 109 cm_.3 and {03] =1zx 1012 cme.

7 The results show that at 15 km reactions 10 and 21 are about 400
and 100 times more important than reaction 20a. Reaction 20b @s about
11 times more important than 20a, but under stratospheric conditions,
the product CINO is rapidly photodissociated to regenerate Cl and NO

as in reaction 39. Therefore, it is concluded that reaction 20a and

20b are probably not important in the earth's atmosphere.



121

Chapter 4
THE Clé—NOZHM SYSTEM: THE MECHANISM OF THE Gl*NOz—M REACTION
AND THE KINETIC STUDY OF CHEMILUMI@ESCENCE IN THE Cl‘*NOZ"'O'3 REACTION

A, Experimental

A.1. Materials and Their Purification

The N02 and 012 were obtained from Matheson Gas Products. Cl2

was purified ﬁy the distillation method descéibed in Chapter 2 Section
Al N02 was purified by the method -described by Stockburger ét al.
(100). Fifty to one hundred Torr of NGZ with 600 Torr of 0, was
repeatedly frozen at —196°C and then warmed to room temperature until
the blue color of N203 disappeared. The mixture was then ¢ondensed

in a trap in -196°C, and the 02 pumped out. Since the concentration
of NO2 needed in our experiment was on the order of 50 mTorr, only

a few Torr of purified N02 diluted with 500-600 Torr of O, and N

2 2

was used. This dilute NOZ mixture enabled us to measure the pressure
accurately. The dilute NO2 mixture was kept in the dark at room
tempe%ature.

Chlorine nitrite, C1ONO, was prepared in the reaction cell by
mixing C1,0 with CINO at low temperature as reported by Molina dnd
Mo}ina (49). -

Chlorine monoxide, 0120, was prepared from a procedure by
Schack and Lindahl (101). Freshly baked Hg0 (yellow form) was added

into a Unéhaped Pyrex tube packed with glass beads. The beads served

to increase the reaction surface. Excess 012 was condensed into this



122

U-tube dnd allowed to react overnight at -78°C. The product was
separated from unreacted Cl, by distillation from -117°€¢ to ~196°C.
The 0120, a red solid, remqined in the -117°C trap. 1Its gas phase
UV spectrum taken on a Cary 14 spectrophotometer was in agreemént
with the 0120 spectrum reported by Lin (70).

The purity of the 0120 was determined by the following procedurd.
The C1,0 was photolyzed at 366 nm using a nedium presSure Hg lamp

2
(Hanovia 404101).

20120 4+ hv = 2Cl, + O

2 2

After photolysis, the UV spectrum of the only condensable product,
Clz, was obtained. The concentratiun of the Clz proéuced was
calculated using the known absorption ctoss section at 400 nm. tIt
was found that the Cl2 concentration was 1.77% more than the
stoichiometric ratio. Hence, the purity of C1,0 was 98.23%, the
madin impurity being C12.

CINO was prepared by mixing Cl2 %ith an excess of NO. The
mixture ﬁas allowed to react in the dark for approximately two h9urs.
The product was purified by distillation from -78°C to -117°C. CINO,
an orange solid, was collected at -117°C. Its gas phase infrared
". spectrum was obtained using a Beckman IR spectrophotometeri The
product was identified as CINO by comp;ring this absorption spectrum
with the_known spectrum (162).

NZ and 02 were purified by the method described in Chapter 3

Section A.l.
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A.2. Vacuum Line

The mercury-free vacuum line described in Chapter 3 Section A.2

was used, with the addition of a section for 0120 preparation.

A.3. Reaction Vessel and Photolysis Source

The arrangements of the reaction vessel and the photolysis source
are essentially the same as described previously in Chapter 3
Section A.3. A capillary tube was used which gave an evacuated
leak rate of (4.3 i_O.Bj X 10_4 sec T. The total pressure drop in

the reaction cell was approximately 2.6% per minute.

A.4. The Analysis System

The analysis system is the same as described in Chapter 3

Section A.4.
A.5. Procedure

In the reaction cell, mixtures of 012 and N02 were irradiated at
366 nm. N2 or O2 was added to serve as a carrier gas. The experi-~
mental précedure was essentially the same as that used to determine
NO by the chemiluminescent reaction witﬁ 03 described in Chapter 3
Section A.6. Through a sampling capillary tube attached to the
reaction cell, the cell contents could be leaked into a chemilum-—

inescence chamber where they were mixed with ozonized oxygen. The

resulting chemiluminescence was viewed with a photomultiplier
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(EMI 9785B) through a Corning filter (CS 2-62). In one experiment a
Corning filter (CS 2-64) was also used. The results were identical.
The chemiluminescence intensity was monitored continuously

during irradiation and also after the radiation was terminated.

A.6. Actinometry

The absorbed light intensity, Ia’ was determined by photolysis of
optically equivalent amounts of N02 in the presence of N,. WO is
known to be a product of the photolysis as reported by Jones and
Bayes (103). The NO produced was determined by the chemiluminescent
reaction with 0,. The overall NO formation quantum vield for this

3

system is 2.0.
B. Results

Mixtures of Cl2 and N02 using N2 or O2 as a carrier gas were
photolyzed at 366 nm in the reaction cell. Chemiluminescence was
observed when the photolysis mixture was leaked into the chemilum-—
inescence chamber and mixed with ozonized oxygen. A typical emission
profile is shown in Figure 29. The initial emission intensity grows
rafidly and soon reaches a steady state value. If the radiation is
terminated, the emission intensity decays exponentially. If the
radiation is not terminated, the emission intensity eventually declines
as the N02 is consumed.

The chemiluminescence is observed only when the photolysis is
performed in the presence of both C12 and NOZ’ and only when the

ozonizer is on. The results were independent of the carrier gas
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used. From the known values of the absorption cross sections for

Cl2 and N02 {42,97), chlorine was always present at concentrations
three to ten times more than that required to compete with the N02
photolysis. Therefore, the contribution to the total-emission
signal from the formation of NO due to NO2 photolysis was negligible.

Values of [Clz], [NOZ], [¥], and Ia were varied over a wide
range at each temperature. The results of the kinetic study are
presented in Tables 15, 16, and 17 for Ia’ [NOZ]’ and [M] variation
at 273°K respectively. The results of the kinetic study at 238
and 219°K are presented in Tables 18 and 19 respectively. Emission
could also be observed at 296°K, but the intemsity was too low
for any meaningful kinetic study.

The initial rates of the chemiluminescent emission were cbtained
from the initial slope of the emission profile. They were corrected
for the electronic time constant of the measurement system which
was 0.73 sec. This leads to a typical correction of 20-30%. Since
the initial rates were obtained within approximately fifteen seconds
of the irradiation, the correction due to the evacuation rate is
negligible.

Since the absolute calibration for the emission intensity could
not be obtained, the relative values are reported. Relative initial
emission quantum yields for all temperatures ®§21{I}, were obtained by
normalizing to a value of 2.0 when N02 approached infinity. The
reason for this normalization will be discussed in a later section.

Ia was varied by changing the Cl2 pressure and also by using

more than one filter to cut down the photolysis light intensity. The



Table 15
P rel
The Effect of I_ Variation on CIJi {1} and k,p at

273 + 2°K in the Photolysis of C1,-NO,-M Mixtures

[N, 1, [c1,1,  [o,], 1, 1081, orel{x) 10% k,,,
mTorr Torr Torr Torr |, cm_3secul sec—1
69.7 1.05 —_— 543.0 0.53P 0.44 —
67.3 3.84 603.2 — 2.09° 0.44 2.45
59.1 4.14 583.6 — 2,25° 0.51 3.22
67.0 1.05 — 543.0 2.92 0.44 13.29
54.5 8.52 470.0 — 4.63° 0.38 2.92
58.5 2.22 586.9 — 6.17 0.48 13,22
68.0 2.61 574.6 _— 7.26 0.50 3.77
57.0 3.42 - 539.2 9.51 0.42  4.25
63.7 3.77 328.6 280.0 10.5 0.59 3.16
57.8 3.89 144.2 428.0 10.8 0.52 3.88
66.0 3.97 553.1 -— 11.0 - 0.64 3.43
61.1 4.05 _— 543.6 11.3 0.58 2.83
55.8 4.32 587.1 — 12.0 0.54 3.65
59,2 4.78 579.3 —_— 13.3 0.54 4.00
60.4 6.96 585.9 — 19.4 0.52 3.38
59.1 7.39 586.6 _— 20.5 0.50 2.24

61.1 7.97 584.8 - 22.2 0.55 3.76

AN



Table 15. {continued)

%The amounts of 0y present in the reaction ranged from (-3 Torr because NO,

was stored in 02.

bre Corning CS 7-37 filters (rather than one) were used to isolate 366 nm

photolysis beam.

871



Table 16

The Effect of [NC] Variation on CIJEEJ'{I} and k42

at 273 + 2°K in the Photolysis of ClZ—NO -M Mixtures

2
[0, 1, [c1,1, [0,1, ,1,% 1073 1, 371} 10° ks
mTory Torr Torr Torr e Ssee sec—+
32.6 1.67 —— 537.7 4.67 0.28 2.94
32.6 2.26 — 537.1 6.28 0.28 3.03
33,1 2,29 — 542.1 6.37 0.30 2.42
43.7 2.73 — 543.0 7.58 0.36 3.96
47.3 4.05 495.4 — 11.3 0.42 2.44
48.2 3.28 — 535.8 9.12 0.36 4.03
50.4 1.91 — 536.6 5.30 0.39 2.98
52.6 h.24 547.6 — 11.8 0.47 2,40
55.9 4.32 587.1 e 12.0 0.54 3.65
61.1 4.05 — 543.6 11.3 0.58 2.83
65.9 3.97 553.1 — 11.0 0.64 3.43
69.3 4.40 — 539.3 12.2 0.50 4.59
70.5 4.12 — 432.4 11.5 0.58 3.89
81.5 3.73 549.4 — 10.4 0.71 4.63
99.2 3.89 527.3 —— 10.8 0.89 2.69
101.8 4.01 583.9 —— 11.1 0.90 3.80

6CT



Table 16. (continued)
~13 1 2

[NO,1, [c,1, [0,1, [Np1,® 107 1, e o1} 10° &5
mTorr Torr Torr Torr cm “sec™l sec—1
106.0 4.40 - 533.6 2.29b 0.80 3.96
120.0 3.70 566.8 - 10.3 0.75 3.69
122.3 2.37 -— 535.3 " 6.59 1.03 3.29
140.6 3.97 464 .4 —— 11.0 1.00 ————
152.9 4.40 —— 537.7 12,2 0.83 4.63
159.0 2.41 —— 536.6 6.70 0.96 3.37

%The amounts of O2 present in the reactlon ranged from C-5 Torr because NO2 was
stored in O

b

2°

Two Corming CS 7-37 filters (rather than one) were used to 1solate the 366 nm
photolysis beam.

OET



Table 17

rel

The Effect of [M] Variation in @i {1} and k

42
at 273 + 2°K in the Photolysis of C1,~-NO,~M Mixtures

[wo, 1, [é1,1, 0,1, N,1,2 10713 1, 5o} 10% k,,,
mTory Tort Torr Torr em secl gec™l
75.4 1.48 _— 297.1 4.11 0.54 2.98
77.5 1.67 — 329.9 4.64 0.52 2.97
73.4 1.37 e 547.2 3.81 0.55 3.53
61.1 4.05 — 543.6 11.3 0.58 2.83
57.8 3.89 144.2 428.0 10.8 0.52 3.88
7.4 3.89 147.4 420.0 10.8 0.57 3.17
63.7 3.77 328.6 280.0 10.5 0.59 3.16
59.2 4.78 579.3 — 13.3 0.54 4.00
59.1 bo14 583.6 - e 2,257 0.51 3,22

%The amounts of O present in the reaction mixtures ranged from 0-5 Torr because
NO, was stored in 02.

bTwo Coxrning CS 7-37 filters (rather than one) were uséd to isolate the 366 nm
photelysis beam.

et



Table 18

Photolysis of Clz—NO -M Mixtures at 238 + 1°K

2
(N0, 1, [c1,1, [v,],° 10“23 Tas Bty 10° kg0
mTorr Torr Torr cm T sec sec
30.6 1.98 525.0 3.35 1.77 7.47
46.6 3.93 525.5 6.65 1.81 7.60
49.2 447 534.6 7.55 1.69 9.27
55.9 3.77 537.5 6.37 2.06 7.60
101.9 2.72 523.3 4.60 1.85 9.33
142.3 5.76 519.0 0.27° 1.93 9.09
326.4 6.15 524.3 0.29P 1.95 11.8
389.1 16.7 480.0 0.79° 1.95 8.85
532.8 6.11 518.5 0.29° 1.85 7.08
567.8 16.8 470.0 0.79" 1.55 | 9.33

%The amounts of 0 present in the reaction mixtures ranged from 0-5 Torr because
N02 was stored in 02.

bThree Corning CS 7-37 filters (rather than one) were used.

et



Table 19

Photolysis of Cl,-NO,~M Mixtures at 219 + 1°K

2772

N0, 1, c1,1, v, 1,2 10788 1, el 10° &, ,,
mTorr i Torr Torr cmf3sec_l « gec~l
49.2 3.81 518.3 3.14 2.28 - 5.76
52.4 3.93 524.0 3.24 2.37 6.23
55.3 3.54 522.8 2.92 . 1.98 5.03
56.0 3.77 529.8 3.11 2.12 6.31
81.9 2.14 524.5 1.76 1.89 e

96.1 1.83 513.6 ' 1.51 2.37 6.15

®The amounts of 0 present in the reaction mixtures ranged from 0-5.Torr because
NO2 was stored in 02.

"tEl
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effect of varying I, [NO,], and total pressure, [M], om ®§E1{I}
is shown in Figures 30, 31, and 32. It is apparent that @§31{I}
is independent of Ia and total pressure, [M]. However, at 273°K
@iel{l} increases with increasing INOZ] but is independent of [N02]
at lower temperatures.

Figure 29 shows that the intensity of the chemiluminescent
emission decays when the radiation is terminated. Typilcal first
order plots of the dark decay are shown in Figure 33. The plots
are linear indicating that the dark decay of the chemiluminescent
reaction follows first order kinetics. Presumably the decay is due

to the reaction between the intermediate formed during the photolysis

and the surface of the reaction vessel.

Intermediate-*Héll—9Products - 42

Values of the first order decay, k42, were obtained from the slope
of the plots. They were corrected by subtracting off the evacuation
rate. This leads to a correction of less tham 10%. Since the dark
decay is slow in comparison with the electronic time constant of the
measurement system, the correction is insignificant. The corrected
values of k42 are also tabulated in Tables 15~19. The average values

of k42 at each temperature are given in Table 20. An Arrhenius plot

of k42 is shown in Figure 34. The Arrhenius expression for k42 is
k,, = 46.1 exp[-(2000 + 300)/T] sec ™t

The low values of the preexponential factor and the low activation

energy in k42 suggest that the decay of the species responsible for
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Figure 33,

First Order Plots for the Dark Decay of the
Chemiluminescence
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Table 20
Summpary of the Average Values of the

Rate Coefficient for Reaction 42

-1

k&Z’ sec T; °K
(3.4 + 0.6) x 1072 273
(8.74 + 1.38) x 107> 239

(5.90 + 5.3) x 107 219
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the chemiluminescence is probably heterogeneous. Further evidence
that the surface can influence the chemiluminescence intensity comes
from attempts to prepare ClONO in the reaction cell. This will be

discussed later in the Discussion section.
C. Discussion

C.1. Chemiluminescent Kinetics

A1l of the observations can be explained by assuming the
formation of an unstable compound when 012 is photolyzed in the

presence of NO In the chemiluminescence chamber the intermediate

2"
reacts with 03 to produce the observed chemilumiidescence., The
proposed mechanism of the photolysis is the following:

012 + hv (366 nm) + 2C1

+ M -+ CI1ONO + M 22a

c1 + Wo,

> CINO, + M ' 22b

CI1ONO + Noz + M > N204CI + M 40

cloNo —Yail c1vo, 41

¥.0,c1 -2, %o + wo 42
2% 2 2

In the chemiluminescence chamber, N20401 reacts with 03 to produce

the observed red emission.

N204CI + 03 =+ Products + hv (red) 43
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The reaction between Cl atoms and N02 is well known. Clyne

and White (63) using a discharge flow system, have obtained a rate

31

coefficient of 7.2 x 10 cm6sec'1 (M = N,, at 298°K) at low

pressure, Glavas et al. (104) using a competitive steady state
photolysis experiment, have found a value of 2.5 x 10_31 cm6sec"l
at 294°K and’at pressure about 1 atm N2' It is commonly assumed
that the product of this reaction is nitryl chloride, C].NO2 (63,64).
Niki et al. (65) using a Fourier transform spectrometer method have
shown that ClNO2 and ClONQ are the products of the photolysis
mixtures. The principle product (>80%) is chlorine nitrite, ClONO,
even though the formation of the ClLONO isomer is less thermo-
dynamically favored than ClNO2 forma£ion.

in order to account fof the kinetic observation, at least a
significant part of the time the prxoduct of reaction 22 is assumed
to be ClONO. The formation of the intermediate responsible for
the chemiluminescent reaction with 03 1s propoged to 'he by
reaction 40, because the relative emission quantum yield is [NOZ]
dependent at 273°K. The intermediate NZD&CI will be referred to as
I in the future.

Since @i{I} is [NO,] dependent, it is necessary to have the
comﬁeting reaction 41 for ClONO removal which is known to isomerize
readily via a heterogemeous process to CINOZ,_(65,105). The dark
decay of the chemiluminescence with a very low preexpomential factor

and a low activation energy requires the introduction of reaction 42.
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The products of reaction 42 are very reasonable because of the
proposed-stoichiometry of reaction 22.

During the initial stage of photolysis in which reaction 42
is negligible, the proposed mechanism leads to the following

steady state kinetic expression

2k, (ky,  [ky,) [NO, ]

8 {1} = XXXVIL
i k41 + kéo[NOZHMJ
Equation XXXI can be rearranged to yield
k k,.k
-1 22 41722
fe.{1}1 ~ = + : XXXVIII
i P T PR DAY

.Equation XXXVIII predicts that a plot of [@i{I}]—l or [®§EI{I}]_1

vs [NOZ]_1 should be linear with slope/intercept = k [M]. Because

41/%40
the emission sensitivity for the reaction of N204Cl with 03 is not
known, absolute wvalues of @i{I} cannot be obtained. The relative
quantum yields were normalized to the maximum possible value of
ZkZZa/kZZ = 2.0 when [NOZJ + ®.as predicted by equation XXXVIII. In
Figure 35, values of [@;el{l}}"l are plétted vs [1\102]_l for three
different temperatures. The lines are drawn with an intercept of
k22/2k22a = 0.50.

At 273°K and low [NOZ]’ the plot deviates slightly from that
predicted by equation XXXVIII. However, the deviation is not
sufficiently large to invalidate equation XXXVIII since the data at

low INOZ] is the least accurate., Nevertheless, it is possible that

the proposed mechanism is not complete or possibly CLONO is not
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completely in the steady state at low [NOZ]' At 239°K and 219°K the
plot is of zero slope and of intercept 0.50. This result is
consistent with the mechanism if k41 << k40[N02][M] at 239 and 219°K
which is very reasonable and expected since C1ONOG isomerization to

t

ClN02 has a significant activation energy (49,105). From the ratio
of slope to intercept at 273°K, k&l/k40[M] = (6.2 £ 0.9) x 1015 cm“3
is obtained. Since reaction 41 must be slower than diffusion
controlled to account for the lack of pressure dependence, k41 must
-1 A -6 3 -1
be less than 0.6 sec ~. Thus k40 is less than 1 x 10 cm” sec .

An alternative mechanism which is kinetically indistinguishable

from the proposed mechanism is

NO2 +'NO2 z N204 44 ,—44
N204 + C1 +—N20401 45
cl + NO2 + M -+ ClONO + M 22a

-+ ClN02 + M 22b

Using the literature values of k22 and Kﬁé,—44 (97> the relative
rate for Cl atom removal via reaction 45 and 22 is 0.02 for NO2 =
60 mTorr; thus reaction 45 is unimportant compared to reaction 22.
Computation using the known value of the emission efficiency for
the NO--O3 reaction (93) and the relativé emission efficiency for
N204Cl and NO obtained in the present work shows that the emission
for reaction 43 would have to be second order in N02 at all
temperatures to account for the observed emission. Thus the

mechanism involving N204 must be‘rejected.
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C.2. The Mechanism of the Chemiluminescent Reaction

The observed chemiluminescence is probably due to the direct
production of electronically excited nitrogen dioxide, NOZ*, or
to the productien of‘NO in the reaction of N204C1 with 03 (reaction
43) which then reacts with O3 via the well-known NO-0, chemilum-—

3

inescent reactions (93).

NZOACl + O3 +-N02* + Other Products 43a
+ NO + Other Products 43b
*
NO + O3 > N02 + 02 Sa
+'N02 (electronically ground state) + 02 5b
%
N02 +‘N02 + hv 5c

The NO-producing mechanism and the direct production of electronically
excited No, in reaction 43a are kinetically indistinguishable. There

are many possible channels based upon stoichiometry for reaction 43

such as:

= -7, 43
NZOACl + 03 - NO + ClN02 + 202 AH 7.4 Keal/mole c
> NO + ClO2 + NO2 + 02 AH = 18.7 Keal/mole  43d
-+ 21\102 + ¢lo + 02 AH = 4.2 Kecal/mole 43e
> WO + NO3 + Clo + O2 Al = 26.9 Keal/mole  43f

Only channel 43¢ appears likely to be exothermic. The heat of
formation for N204Cl is estimated to be >2 Kecal/mole by analogy with
the heat of formation for similar compounds NZOS and N:OA. The values

for the heat of formation for CIlONO and ClNO2 were calculated from
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the overall heat of formation for reactions 22a and 22b as reported

by Niki et al. (65). For other species, the values used for the

heat of formation were the values reported by Calvert and Pitts (96).
It is worth noting that if reaction 22a, 40 and 43 are combined

together in the following manner

Cl + N02 4+ M =+ ClONO + M 22a
CLONGC + NO2 + M *'N20401 + M 40
_).
NZOACI + 03 Products 43
cl + ZNO2 + 03 - Products net reaciion

The heat of formation for the net reaction is exothermic for all of
" the possible channels for reaction 43. The values are -50.25,
~-24.20, =-38.70, and -16.51 Kcal/ﬁole for the products by reactions
43c, 43d, 43e, and 43f respectively.

Other species present in the system cannot be responsible for
the emission because 1) there would be a conflict with the kinetic
observations, 2) there would be an energy deficiency, or 3) the
species are known not to chemiluminesce with 03.

The reactants 812 and N02 do not chemiluminesce with 03 either
with or without illumination at 366 nm. However NO2 gives a weak

signal due to NO formation from NO2 photolysis. Other species such

as ClNO2 were considered.

ClNO2 + 03 -+ C]_O2 + NO + .0 AH = 5.6 Kcal/mole 46a

2

-8.8 Keal/mole 46b

B

+ N0, + ClO' + O,
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Even though some channels may be exothermic, the reactions are
incongistent with the observed kinetics. The observed results require
that the emission be [NOZ} dependent at 273°K.

The possibility that C1ONO mighf be responsible for' the
chemiluminescent reaction with ozone was also.considered. C1ONO was
prepared directly in the reaction cell by mixiﬁg 0120 and CINO at
226°K. N, was added to the mixture after the reaction was carried
out. The pressurized mixture was leaked cut of the reaction cell to
the chemiluminescence chamber and mixed with ozonized oxygen. The
emission was completely suppressed. Two possible conclusions can
be drawn from this experimental result. Either C1ONQ did not undergo
a chemiluminescent reaction with ozone, or the surface of the
reaction cell and the capillary were contaminated by 0120 or CINO
thus inhibiting the chemiluminescent reaction. The evidence that
the surface can influence the chemiluminescent intensity became
obvious later when there was no emission obser%ed from the photolysis
mixture of Clz—NOZ—M and ozonized oxygen. This experiment was

performed immediately after the ClONO--0, experiment and under

3
conditions in which a strong chemiluminescent emission had previously
been observed. After the reaction cell was cleaned with a solution
of K28r207 and H2804 and reconditioned with several Clz—N02~M
mixtures, the emission intensity recovered to its original value
and became reproducible.

If the chemiluminescent reaction is due to the ClONO—O3

reaction, the kinetics requires that the emission intensity is

independent of [NOZ] at any temperature. This prediction is contrary
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to the observations, even though the reaction between CI10NO and 03

as in reaction 47 is exothermic.

ClOoNo + 03 -+~ NO + c:102 + 02 M = =4.45 Kecal/mole 47

D.  Atmospheric Tmplications

In the stratosphere, NZOACl may be formed by the following

reactions:
ClO0 + NO + M - CIONO + M 19
ClONC + NO, + M =+ N,0,C1 + M 40

2 274

Reaction 19 was suggested by Molina and Molina (49). However, RAO[M]
is not likely to be larger than 1 x 10—16 ¢::m3$e<:_1 according to
our estimation, Therefore, reaction 40 could not compete with the

photodissociation of CIONO in the upper atmosphere.
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Chapter 5

SUMMARY

The reactions of ozone with chlorine, oxides of chorine and
oxides of nitrogen are important in the chemistry of the stratosphere.
A general review of these reactions is given in- Chapter 1 of this
thesis. Of all the interesting reactions in the stratoéphere, the
research reported in this thesis dealt only with the following three
systems.

1. The 012—03 system in which the reaection of Cl0O with 03 and
the reaction of 0C10 with 03 were studied.

2. The 012~02—N0 system in which the reaction between CL0J

and NO was investigated.

3. The €1 —NOZ—M system in which the mechanism of the CI1-NO

2 2

reaction was studied as well as the kinetics of the chemiluminescence

of the Cl--NOz'-O3 reaction.

The experimental procedures, results and discussions for each
system are given in Chapters 2, 3, and 4 respectively.

The major conclusions drawn from the study of the 012—03 system
are the following. The photolysis of 012—03 mixtures at 366 nm
and in the temperature range 254-297°K led to the removal of O3 and

012. The final products of the photolysis are 02 and 01207 with

0Cl0 being an intermediate (76). The upper limit for the rate

coefficient of the reaction between ClLO and 03 is 1 x 10__18 cm35ec l.

The recommended Arrhenius expression for the rate coefficient of the

reaction between 0Cl0 with 03 is
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Iy, = 2.3 x 10717 exp[~(4730 + 630)/7] cm’sec

The low values of the rate coefficients for both reactions, Cl0

with 0, and 0C10 with 0,, indicate that they are not important in

3 3?
atmospheric chemistry.
The conclusions drawn from the study of the Clz~02—N0 system

are the following. The photolysis of Clz—Oz—NO mixtures at 366 nm -
and at 298°K led to the formation of Cl00 radicals which in turn

reacted with NO via two channels.

Cl00 + NO -+ NO2 + C10 20a

-+ CI1NO + 02 20b

The ratio of k. /k was found to be 11.0 + 2.2, From the rate
20b’ "20a x
coefficients obtained in this study, it can be -concluded that
reactions 20a and 20b are probably not important in the stratosphere.
From the study of the ClZ-NOZ—M system, the following conclusions
can be drawn. An observed red emission when the photolysis mixtures

of Clz—NOZ—M were mixed with a stream of ozonized oxygen, was caused

by the reaction between an unstable intermediate N20401 and 03. One of

N,0,C1 + 04 + Products + hv (red) 43

the products inreaction 43 was either electronically excited mitrogen
dioxide (NOZ*) or NO, which in turn could react further with 03 to
yield Noz*. The formation of N20401 required that the major product

of the Cl—NOz—M reaction was ClONO rather than ClNOz.
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Cl + NO2 + M > CLONO + M 22a
> ClNO2 + M 22b
In the presence of NOZ’ CLONO reacted further with NO2 as in reacticn
40 to form N20401
CLONO + NO2 + M > N20401 + M 40

The upper limit for the second order ‘rate coefficient of reaction 40
is 1 x lOM16 cm3-sec“l. Therefore,‘reaction 40, is too slow to
compete with the atmospheric photolysis of C1ONO. Thus, reaction 40

is not important in atmospheric chemistry.
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Appendix I

PHASE/AMPLITUDE ADJUSTOR

The schematic circeit of the phase/amplitude adjustor is shown
in Figure 36. The phase adjustor consisted of two capacitors and
a variable resistor, Rl’ connected in series. The phase of the
signal from the two phototubes could be adjusted between 0° to 90°
by the variab;e resistor Rl' The amplifude adjustor comnsisted of
two fixed resistors and a variable resistor R2 a; shown in Figure 36.

The. amplitude of the signal from the two phototubes could be

adjusted by this variable resistor.
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Appendix IT
METHCOD OF SIMULATTION OF THE ABSORPTION PROFILE OF 0Cl0O AND
THE EVALUATION OF THE RATE COEFFICIENTS FOR THE

EQUILIBRIUM REACTION 29

The three rate equations used to simulate the absorption of

0C10 are the following:

d[c1o]

G = 2.0 I, +k o [MI[C1,0,] - k,g[M][clo] [ocl0] -
[06101% (leyy | + 2.0 Ky ) XXKIX
d[C1203]
o = 1,y [M][G101[0C10] ~ k_, o [M][C1,0,] XXX
0%l _ , [c101 + &, MMIlCL 0,1 -
kzg[M]{C10][OCIO] - k26[0010][03] XXX

To derive these three equations, Cl atoms were assumed to reach the
steady state value. The steady state value of Cl is given in
equation I, Chapter 2. The integrated forms for equations XXXIX -

XXXXT are the following:

[e10], = [2.0 T + k_, [M1[C1,0,1, - k,olu1[C10] [0CLO], -

Io

2
0
[ 010]0 (k23c + 2.0 k23b)] At + [01o]O IAXKIT

[01203]t = [kzg[M][ClO]O{OFIO]O - kzg[m}[c120 1 At +

3]0

[01203}0 XXXXIIL
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[0610], = [kyy [GLO], + k_yg[MI[EL,0 ke, [M] [C10] [0G10] -

30 -

k26[0010]0[03]] At + [OClO]O ; XTIV

where [x]. = concentration of x at the time t-At, and
0.

[x]

. concentration of x at any time t.

The above integrated equations are applicable when the time interval,
At, is sufficiently small. Using equations XXXXIT ~ XXXXIV, the
concentrations of OClO, 01203 and 0Cl0 at any time could be calculated.
The rate coefficients for reaction 29 and -29 were calculated
using an adaptive pattern search routine (91). The routine varied
the values of k29{M], k_29[M], k23c and k26 within a specified range.
For each set of rate coefficients, the error was calculated by
comparing the simulated OClO profile with the experimental profile.
The errdr at any particular time interval is defined by equation
XKV,

[oC10] - [0c10]

calculated
[0C10]

experimental

(Error)i =
experimental

Toc calculate the total square error and the average error for the
whole simulated OCl0O profile, the following equations were used:
n

Total square error = L (Error)i XXXXVL
i=1

Total square error
n

Mean sguare error = TEXXXVIT

Average error = (Mean square e.rroa:-)l/2 XXVIIT
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where n = the number of intervals. The set of rate coefficients

which gave the minimum .average error was selected.
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€10 and 04, tha reaction betwdon 0C10 and 03. and the sochanise of the Cl3-03
aystem were atudied. In tha second aystem, the reactlon batwaen C100 and NO waa
investigated. In the last aystem, the reaction beetween CEF and N0y was investigared
an well os the kinetles of tha chemil of the Cl-N02-04 reacticn

In the firac system, Cly was photolyzed at 386 no in tge promonce of Oj
within the temperature gange 254=2979K. 04 was réwmcved with quantun yields of
5.8 %£90,5 44,0203, 2,9t0.3and 1.9 2 3.2 at 297, 283, 273, and 2529K roepoc~
tivaly, invariant to chonges in the initial D3 or €ly concentration, the extent
of conversicn or the absorbed intensicy, Iz. The nd.iiclon of nitrogon had no offect
on =¢{03}. ‘the Clp removal quantum yiolds were 0.11 = 0,02 ac 297°K for Cl
conversions of sbout 30X, much higher than axpected from mase balanca coneideraticns
beaed ou tho initial quantu=m yleld of 0.089 % 0.013 foz OCIO formaticn at 297°K.
Tho final chlorise-contatning product was Cly07. It was produced ac least in part
through the formaticn of OCLY an an Antermedinte which waa alkoo obscrved with an
inirisl quaneus yield of ¢,{0C10} » 2.5 x 102 exp{-(3025 £ 625)/T} indepondent of
[03) or Iy, The addition 6f nityogen and oxygen had mo effact on tha valuca of
#;{0C10} and -#{CL,}.

The rcsults showed that OCL0 was formed by ClO radical cochination as in
reaction Zlc.

2€10 -+ C100 + Ck 234
- Cly + 07 23b
+ 0C10 + C1 23c

The Felnti.ve irporcance of the channelw for ronction 23 ot 2969 are tho Eullw%ns'
k. kyq = 060 kanufikzqy = 0.345 k23o/Rg3 = 0,032 Algo, kaa./k = 2 5 x 10
eips?-( 25 & 525)/%?‘: 23 3o/ %23 23/ K22b

‘The tate coefficient for the reaction of QC10 with Oy won studied by a
direct mixing mathod and by the photolyais mathod.

10 + 05 + Products 26

The teaperature dependence of kyp was atudied in the temperature range 264-2979K,
Howaver, &L towperatures below %gFK. the ¢quilibrium roaction 29 complicated tho
kinetica

Stuper, Wanee Wongdontri, The Photolysin of Chlorine in the Presense of Ozone,
Hitric Oxida and Hitrogan DioxLda, Electrical Englnoering, University
Park, Pennsylvania, 16802, 1979.

The following three systens ween investdgatod: the €l3=-03 systenm, the
Clgy~04-HD system and the Clo-H0s-H syatem, 1In tha first system, the reactlon botween
€10 and 03, the reaction between QCL0 and 04, and the methontsm of the Clp-03
systen ware studied, ¥n the sccond syscem, the reactifon batween €100 and KO wam
inveatigated. 1In the last syetem, tho rescelon between CL and N0y was fnvestigated
as well as the kinctics of the cheolluninescence of the Cl-H03-0; roscrion.

In tho firat syatem, Cls wos photolyzad at 356 om in :ge presence of Oy
within the teeperature ramga 256-2979K. Qg was removed with quantun ylelds of
5.8 0.5, 4,020.3 2.920.3and19% 8.2 at 297, 283, 273, and 252%% respec-
tively, invarfant to changes {n the initial 03 or CL; <oncentration, the extent
of cooversion or the absorbed Intensity, I,. The addition of nitrogen had no effect
on =#{03]. Tha Cly vemoval quantuz yields were 0,11 + 0,02 at 2979% for ¢l
<converaions of about 30%, much higher than expected from masa balades conllinur_lom
based on the inirfal quantum yfeld of 0,089 & 0LOLJ for 0C10 formation nt 2979K.
The final chlorine-contsining product was C1307. It was produced at least in part
through the forpation of 0C10 &s an intermediace which was slso obsarved with an
infcial quancun yield of #,10C10} = 2.5 x 107 oxpl-(3025 ¢ 625)/T) indepandont of
(03] or Iy, The nddition of nitrogen and oxygen had no effsst on the volues of
+1{0CL0} and -#(Cls}.

The resules showed that 0C10 was formed by CLO radical combinaticn as in
roaction 23c,

€10 + €100 + €1 230
- Cla + 02 236
+oele + c1 23¢

:hl 7:1&:1\:3 é;pnrnnjz of :ge;h:nel;ktur zeaction 23 at 2969 aro the fol.louljng'
= 0.63; = 0,34; =0.032 Also, k 13 = 2,5 % 10

crpteBhas & ezl 23 PR r haselkas
~ The rate coefficient for the reaction of 0C19 with 93 was studled by a
ditect mlxing mcthod and by the photolysie mathed.

0C10 + 04 + Products 26
The temperature dependence of kpg wan atudied in the teaperature range 264=2979K,
H:vcv;t, at teoporaturex below igrﬂx. the equilibriua reaetion 29 copplicated tha
%kinotics.
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Stupor, Wanco Wongdentri, Tha Photolyais of Chlorine in the Presence of Orona,
Nitric Oxida and Kitrogen DLoxide, Electrical Enginearing, Upivarsicy
Park, Penneylvania, 16802, 1979.

The following three eystenms wera favestigated. the Clz=03 system, tha
€13-03-%0 system and the Clp«HG2-H system. 1In tho first systen, the resetion batween
cid and 04, the eeaccion berveen OCL0 and 03, and the mechanian of the ClyuOy
aystem vora studied, In tho second system, tho reaction batween Cl00 and RO was
investigated. In the last aystem, the reactien batween Gl and NOy waa inveatigated
as wall a3 tho kinotica of tha chemiluminesconce of the €l-W0p-04 rescrion

In tha first system, Cly was photalyzed at 166 na in tIIu presanes of Og
within the temperature range 254-2979K. 04 wos removed with quantum yiclds of
5.8+ 0,5 4.0%0.3, 2,$x20,3and1%2 3.2 at 297, 283, 273, and 252°K respoc-
tively, invarfant to changes in the inicial 03 or (:13 concentration, the extent
of conversfon or the absorbed intensity, Iz, The addition of nltrogen had no offece
on =#{03}. The Clp romoval quantus ylolds were 0,11 £ 0 02 ar 2979K for Clﬁ
convarsions of obout 30%, much highor than expected from mass balance consfderations
baved on the inirial quantun yleld of D.089 t 9,013 for 0CLD formation az 297°.

Tae final chlorine-containing product uvas Cl307. It wae produeced at least in part
through the Fotmation of 0C10 asm an intermediatae which was alsmo observed with an
inieial quantus yleld of e,.{ucm! = 2.5 % 103 axp(-(3025 % 625)/T} indepondent of
(03} or I3, The addition of nitrogen and oxygen hod no effect on the values of
41{0C20} and —o(cJ.uE!.

The results showed that GCl0 wad formed by Cl0 radical cosbilnation as in

reaction 23¢.
2010 + €100 + C1 23a
+GClz 4+ 02 23h
= O0C10 + €1 23c

Tho relativo importance of tho channels for reactdon 23 atr 296%K azo tho Eul.lwéng.
ky3a/kay = 0,63, Ky fkyy ~ 0345 kz3p/kpy - 0,032, Also, Kp3cfkagp = 2.5 % 10
nigl—( 25 2 625)[%?‘3 23 e/ K23 3c/k23b
The rate coefficient for tho roaction of 0C20 with Oj vas studied by a
direce afxing meethod and by the photelyals method.
0610 + Q4 + Producta 26
The temparaturc dependence of koe was atudied in the temperaturo range 264-2970K.
Howaver, at tomperatures below 337%. the cquilibriuz reaction 29 cowmplicated the
kinecics,

Stupor, Wante Hongdontrl, Tho Photelyeis of Chlovina in the Frosence of Dzone,
Nitele Oxide and Nitrogen Dioxlda, Electrical Engincorinp, University
Park, Feonsylvanin, 16202, 1979.

The following three systems wore investigated* tha Cly=03 systea, the
Gl-03=HO aystem and the Cl3-H0p-M system. 1In che first oystem, the reaction between
CL0 and 03. the reaction between OCLO and 03, and the mechanlsm of the Clp=03
eysten vere studied, In the socond system, the reaccion between €100 and HO was
investigated. In the lasc aystem, tho reaction between CL dnd NOp waa investigated
as well ae tha kinetics of the chamilumincscencs of tho Cl-N02-04 reacticn.

In the firat system, CLy wam phorolyzed ar 366 nn in :au preaenca of 0y
within the tcmporature range 254=2979K 0, was removed with quantun yicdda of
58205 4§0%0.3, 2.9 0.9 and 1.9 ¢ 3.2 at 297, 283, 271, and 2529K rcspec—
tively, invariant to changes in the initlal 03 or Cly concentration, tho extent
of convoraion or tho absorbod Intensity, Ig. The addition of nicrogon hed no effeck
ot -#{03}, 'The Cly reweval quantuts ylelds weve 0.11 & 0,02 ot 2979K Fozr €l
conversiona of about 30X, etich higher than expected frem made balsnco consldacotlons
based on the [nitial quantum yield of 0,08% t 0,013 for OCLO formation ac 2979K,

The final chlorine-contafning product was Cly07. It was produced at least in parc
tirough the forematicn of OC1D ce an Interpediate which waz also obsarved with an
intkkal quantus yiodd of ¢ (0C10} = 2.5 x 109 exp{-(3025 & 625)/T} Independent of
(03] or I, The addition of nitrogen and exyfen had no effect on the values of
#310C10} and ~2{CLs)

The reluf:l ghowed thac O0CL0 was forwed by €10 radical coebinaricn as in
reaceion 23¢.

2610 = CL00 4 CL 23a
+ Cly + 02 23b
<+ 0CL0 + Gl 23

c

The ;n!n:f.\m ioportance of the channels for reaction 23 at 296%K axc the fol.lov%n;;
k, kzy = 0,63, Kaqpfkas = 0034, k23cfkpy = 0 032, Also, kp3./k m 25 x 10
nip:"I-(%azs : szs)fﬁ".’ 23 23c!%23 230/ %2

The rata coefficlont for the reactfon of OC10 with Op was studied by a
direct mixiog method and by the photolysis wechod

0C10 + 04 + Products 2 .
The temporature dependence of kgg was studicd in the respernture range 264-297°K
Howavar, at temporatures boelow 3.87“&. the equilibrium reartion 29 complicated the
kinotics
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PSU~-IRL=SCI=462
5 i Hongdontrd, The Photolysis of Chlorine in the Presonce of Ozone PSU-TRLuSCIu462 Stupor, Waneo Wongdontri, The Photolysts of Chlorine in the Presence of Ozene,
rpe u;i:ﬂ:ngx:.:e ﬂ;ld Hitrogoen %l.endu, Eisctrical Engineering, Un:l.vnrni;.y I ! Hitrie Oxide and Nitrogen Dloxide, Electrical Engincoring, University .
Park, Panmsylvania, 16802, 1979. Classiffcation Nunbera: ,P-rk, Pennsylvanin, 1680%, 1979, Claasificaticn Nusbora
investigated: tha Cly-0q syotem, the
- The following thres pystemo vore investigatod. the Clg-03 system, the ! The following threo sysrems wern 2-03 1,9.2 Chondcal Avconomy
I CLi-04-KO system and the ClzaM0z<H systen. In tho fist aystem, ths reaction hetwoon 1+3;% Chemical Astonomy Cl3=03=H0 oyatess and the Cly-NO;-H wystesm, In tho fiypt syatem, tha rosctfon betwoen
€10 aid O3, the reaction betwesn 0C10 and Oy, and the mochanisw of tha Cly-03 €10 ond 03, tho reaction between OCLO end 0, and the mechanism of tho Cly-03
syatem vere studied, In the metond system,” the zeaction betwesn CLOO and KO waa | aystcm woro studied. In the second system, the reaction between CLO0 and KO was .
jovestigeted In the lest system, the reaction betvoen Cl and Ky wae invescigated 1nvescigated. In tho last syeten, the tesction betwaan Cl and NOp was investigera
a3 well as cha kioetics of the chemiluminescenze of the €1-H0z-04 reaction, g woll ag the kinetics of the chemilumincacence of the CJ.-NOZ-O?I reacrion.
In the first ayazem, Cly was photolyzed at 366 nm in tBa presence of 0y 1n tho first system, Cly was photolyzed at 366 na in cho prasence of 05
within the temperature cangn 254-2979K, O was temoved with gqusntum ylelds of within the temperatute range 256-297°K 08 vas removed with quantun yields of
I 5.8 £ 0.5, 4,0 £ 0,3, 2.5 £ 0.3 and 1.9 2 8.2 at 297, 283, 273, and 252°K tospec- 5.8 £ 0.5, 4.0 £9.3, 2,% £ 0,3 snd 1.9 2 0.2 at 297, 283, 273, and 252°K rempee-
tively, invariant to changes in the initial 03 or Cly concentration, the extent tivoly, Invariant to changes in tho imiclal 03 or Cly concentratlon, the axtent
of conversfon or the sbsorbed intonuity, Ig. The ndi::gan of nitrogen had mo effect of conversion or tha absorbed intensity, Iz Tho addition of mitrogen had no effect
I on =#{03}, The Cly removal guantum ylelds wore 0,11 t 0.02 at 2979 for C1 on =¢{03}. Tha Clp removal quantum yields were 0.11 & 0.02 at 297°K for cxi
conversions of about 30X, much highoer than expected from maes balance coasiderations convezraions of about 30%, much higher then expected from mees balance censideraciona
bosed on the {aitial quantum yicld of 0.089 % 0.0L3 for CCLO formatfoa at 2979K. [ based on the {nitial quantuws yield of 0,089 & 0.013 for OCL0 formaticn at 2979K,
The final chlorine~contafning product was CLy07, It wap produced at least in part The final chlord ining product was Clz07. It was produced ac lesat in part
through the formatfon of OCLO us an Lntermediato which waa also observed wich an through the formatfon of OCL0 o an 1ncumad§nco which was alas ohaerved with an
taitial quontua yleld of #,{010} = 2.8 x 103 exp{~(3025 = 625}/T) independent of I initinl quantum yleld of #,{0CL0} = 2.5 x 103 expl-(3025 £ 625)/1) independent of
[03] or Iz. The addition of nitrogen and oxyges had no effoct on tha values of iu%c;&h;d ’2&‘1“?““’“ of nitrogen and oxygen hod no offect on the values of
#,10010} and ~#(C1,3, n and -4{C1;
il ' “L‘hn rin&u showed that OC10 was formed by Cl0 radical combinaticn ds in ‘The reaults showed that 0CL0 waa formed by ClQ radical combination oo in
reackion 23c. l Teaction 23c.
2610 + ¢100 + C1 23a 2010 + €100 + ¢l 23a
= Chy + 03 23b > Clp 4 02 23b
-+ 0C10 + C1 23c +0C10 + €L 23c
The ralative inportance of tho channela for reactfon 23 at 206%K ara the following* The relativo importance of the channcla for reaction 23 at 236%K arc tha fﬂllﬂ‘ﬂ:ﬂs
umsza - 0,63 kﬁbfkn - 0,343 kyjefkey = 0,032, Also, kogcligyp = 2.5 x 103 "’3‘5"2%825 2.22;)1;%?,,11:23 = 034, ky3ofkyy = 0.032. Alse, kjelkgay = 2.5 % 10
oxp [=(3025 ¢ 625)f oxpl« |
The rate coetficient for tha renction of OCIO with 03 vag studied by & I Tha rate coafficiant for the reactfon of OCLO with 03 was atudied by a
direct mixing method and by the photolysis mothod. dirvece wixing mothod and by the photolyais mathod.
0C10 + 03 + Products 2% 0C10 + 0y * Producta 26
The ceaparature dependence of koe wos atudied in tho temperatvre range 264-2979K. The tesperature dependence of kig wan atudied 2n the tesparnture rango 264-297%.
fiowever, ot temperaturca below %31“&, the equilibrius reaction 29 complicated the Koweyer, at temperatures below 297°K, the equilibrium reaction 29 complicated the
kinatics. * kinetice.

Stuper, Wanse Wongdentrl, The Fhotolysis of Chlorina in the Presenca of Ozone,
Witrde Oxide and Nitrogen Dlioxide, Electtical Enginearing, Univoraity
Park, Peonsylvania, 16802, 1979,

FSU-IRL~5CI=462

Clagsification Huchers!

Thae followlng threa systems were investigated- the Cl,~03 aystem, the
Clg-05-H0 system and tha Clz-N03-M syscem  In the firsc ayn:en,zthi reaction between 1+7+2 Chemleal Aeronomy
C1¢ and O3, the reaction botween 010 and 0y, and the pachanisw of tha Clp-0y
syatem wors studied. In the second system, tho teaction batween CLOO and KO was
investigated. In the last syscem, the peactfon betwoen Cl and HOp was investigatod
as well as the kinetics of the chemiluminescence of the Cl-H03-0 reaction
in the firez system, Cly was photolyzed at 3166 na in the preaence of 04
within the temperature range 254~2970K, (4 wap removed with quantun ylelds of
5.8 £ 0.5, 4.0 £ 0.3, 29 £0 3 and 1.9 z 0,2 ac 297, 2B3, 273, and 2529 rospecs
tively, fovariant to changes in the initia) Q3 or Clp concentractfon, the extent
of convarsien or the abeorbed inctenmsicy, In. The addicden of nitregon had no effect
on ~#{03}. The Clj removal quantum yiolds ware 9,11 % 0,02 at 297°K for C1
convaraions of about 301, wuch higher than expecred frot mass balanco conniirnl:icmn
based on the Initial quantun yleld of 0 089 £ 0,013 for OCI0 formation at 2970K
The final chlorine=containing product was C€ly07 It vam produced st least du pare
through the farmation of 0C10 as an intermediate which was atso observed with an
inirial quantim yleld of ¢7{0C10} = 2 5 x 103 exp{-(3025 £ 625)/T) independent of
[03) or Iy, The addition of nitrogen and oxygen had no effect on the valuas of
+310c10} amd -e{m‘&l.
‘Tho ragules showed that 0010 vas formed by L0 radiesl combinacfon as fn
reackian 23e.
2C10 » €100 + .1 23
+&Cly +0p 2
=+ QC19 + €1 23¢
The Tl“t“ 1wpo:t.nn;.e of the chennels for reaction 23 ae 2969K are tha Eolluwéng‘
k kzy = 0.63, k. kzq = 0345 kaaclkay = 0,032, Aleo, k33./k; =25 x 10
23a %825 + 625)1;?‘3 23 23c/ %23 v ¥23.5K23
The rate coafficient for the resctlon of OCL0 with 03 waa studied by a
direct mixing method and by the photolysfa wnethod.
26

sxpi={

C10 + Oy ~ Producta
The temperatyre dependence of kig was gtudicd in tho tomperature ramge 264-2979K,
7

Hovaver, at temperaturas bolow °K, the equilibrium resction 29 complicaced the
kinctics.
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Stuper, Warco Wongdontri, The Photolysis of Chlorine in the Presence of Dzona,
ftric Oxfda and Nitrogen Dloxide, Electriral Engincering. Universitcy
Park, Penusylvania, 16802, 1979,

PSU«1RL-SCI=4A2

Clagsification Humbers

The Following three systems were investigated* tha Cl,=04 myntem, the
C1p=03=HO ayscem and the Clz-KOz-M syseem. In che firac nya:cn.zthg regction botween 1r9r2 Chesteal Aerouomy I
€10 and 93, the reaction between 0CLO and 0y, ond the mechanlsa of the Cly=03
aysten were atudied  In the aecond syscem, the reaction between CLO0 and KO was
fnvestigated. In the last system, the reaction between Cl and ¥03 was lnvestigated l
a8 wall as the kinatles of tha chemilumingscence of the Cl-W02-0q reaction.

In tho first system, Cly was photolyzed at 366 nm in r.au presence of 0y
within tho temporature ronge 254-2379K. 0Oq was removed with quantun yields of
5,8 % 0.5, 4.0 £ 0.3, 2.9 & 0.3 and 1.9 £ 0.2 av 297, 283, 273, and 2520K rewpcc=
tivaly, invaziant to changes in the inlcial 03 or Cly concentration. the extent
of coaversion or the absorbed Intensicy, Iz, The additlon of nitrogen hed no offect
on ~#{03}, The Cly recoval quantum yields were G.11 * 0,02 ac 2979K for Clp |
converalons of about 30%, auch higher than expectiod frem mass bolauco coensideratfons
based on the Initiol quontun yield of O 08% : 0,013 for OCLD formation at 29 9K,
The final chlorina-containing product was €lz07 It was praduced ac lenst Sn part
through the formation of 0C10 as an Intercediato which was alzc obsorved with an
initiak guantum yiold of $4{0CL0)} = 2.5 x 169 expl-(3025 & 615)/T} indupondent of
(03] or Ip. The additlon of nitrogen and oxygen had no effect on the values of
#:{0C10} and -¢(Cls)

The reaults ghowed thac OC10 waa Formed by C10 radical cowbinatfon ns in
reaction 22¢,

2C10 + Cl00 + C1 23a

= Cly & 02 23
= 0CLO + C1 2Jc

The ;eln:l\'n dmportance of the channels for reacticn 23 at 296%K arc the fn].low%m;
k. %q = 063, koapl/kzq = 0034, kojgefkzy ~ 0 032 Also, Rojo/k =25 % 10
cg?-ﬂgli M 625”%“: 23 h b k] 23c k2% l

The rate coefffclant for the reaction of 0CI0 with 03 wns srudied by a
direct mixing method and by the photolysis oethed

0cL0 4 04 4+ Products 26 .
The temperature dependonce of kg was studled In the tempernture tanpa 266-207CK
Hovevar, at temperatercs below %g‘,wx, the equilibeium coartion 29 compliceted the
kinetics. J
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