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ABSTRACT

The absolute rate constant for the reaction of atomic chlorine
with formaldehyde has been measured from 200 to 500K using the flash
photolysis - resonance fluoresence technique, The results were
independent of substantial variations in [agco]. total pressure
(Ar) and flash intensity (i.e., initial [CL]). The rate constent
was shown to be invariant with temperature, the best representation
for this temperature range being k, = (7.48 + 0.50) x 10'11 oms
lnolec:u.le-':L u-l where the error is one standard deviation., This
result is compared with the only previous du:termination of kl which
was a relative value obtained at 298K, The rate constant is
theoretically discussed and the potential importance of the reaction

in stratospheric chemistry is considered.



INTRODUCTION

Accurate and direct messurements of the reaction of C{ atoms
with hydrogenous species are of great current interest due to the
possible modification of the earth's stratospheric ozone layer
by chlorofluoromethane rclunel’a. Rate constants for the reactions
of CL atoms with the stratospheric species CHy, H,, and H,0,, have
recently been reported from this laboratory >, Though formaldehyde,
1(2co. has not yet been identified as a stratospheric species, a

preliminary determination of the rate constant for the reaction

¢4+ H,00 = H CL + HOO, (1)

together with a one dimensional stratospheric modeling calculation,
has indicated that reaction (1) should be considered in the chemical
modeling of the st.rntnsphereh. The argument for the inclusion of
reaction (1) follows from the highly probable assumption that methyl

radicals produced by the reactions

CL + CHy = H CL + CH, (2)
OH + CHy = 1,0 + CH, (3)
o(Ip) + cw, = oM + CH, ()

will subsequently vield H,C0 through sxidation., The formaldehyde will
likely be formed in a ne to one correspondence with the methane
destroyed in ren:tions (2) - (4). Detailed consideration of the rate

of reaction (1) from the work of Niki, et n17 and the preliminary



work from this hborltory6 shows that the rate constant is ~ 1600
times larger than that for reaction (2) at 40 km where ¥ = 250K.
Thus, mixing ratios for Héco in the range of a few tenths of a part
per billion can compete effectively with CHh for C{ ators. Consideration
of the rate of methane destruction (and }{200 formation) in a model
calculation shows that such levels are obtainable, Furthermore,
inclusion of reaction (1) indicates a decreased sensitivity for long
term ozone perturbation by odd chlorine from the currentiy accepted
vilue of 20% down to 18.5%.6

The only previous determination of the rate constant for reaction
(1) is by Niki, et 317 who determined the rate constant relative to

¢
CL + C,H, at T = 208K, They report a value of Kk oK (7.8 + 0.6) x

1
=11 3 -1 =1
10 (20) em” molecwle ~ s ~. This study reports the details of our
preliminary study and extends tne determination from 200 to S00K.

Thus, the stratospheric temperature regime is well overlapped.

no



EXPERIMENTAL

The flash photolysis-resonance fluorescence apparatus (F'P-R!')B
and its applicaticn to hydrogen adbstraction reactions by atomic
chlorine” ” have been descrided previously so only those details
specific to the present study will be given here. CL atoms were
generated by the flash photolysis of CC{.,‘ at initial concentration
levels ranglng from (1=5) x 10™ to (1-5) x 10°° atoms cmS. In all
of the present work, the photolysis wavelengthi were determinei by the
absorption coefficient of C(‘l,h above \ = 105 nm (LiF cut-off). BHecause
of the relatively large source molecule concentration, [(‘(‘Lh], compared
to reactant, [n.eco], the possibility of significant competitive formaldehyle
photolysis was negligibly small.

As in previcua studies chlorine atom resonance radiation was
obtained from a microwave electrodeless discharge in 0,5 torr of 0,1% Ul,‘,
in He. The resonantly scattered fluorescent photons were detected at
right angles to both the photolyzing and resonance light sources throush
a 5"'3 filter (\ = 135 nm), and they were recorded in repetitive flashes
by a multichannel analyzer operating in the multiscaling mode,

Preliminary experiments with the ternary mixtures consiasting of
formaldehyde, carbon tetrachloride, and Ar, showed that small levels of
formaldehyde had to be routinely meusured due to the very fast reaction
with chlorine atoms, We therefore elected to first prepare a fairly
concentrated primary mixture of HE(?O in Ar, and then subsequently

prepare the secondary reaction mixtures by dilution techniques. Such

i



a procedure increases the asystematic error since two additional accurate
pressure measurements are necessary to determine the formaldehyde
concentration, lHowever, the decrease in accuracy is not serious,

the total uncertainty in concentration being ~ +3%.

It is well known that %CO tends to polymerize in the gaseous
state, and initial values of the rate constant at T = 298K tended to
be uniformly lower than that reported here by ~ 308. Flow rate
variation through the reaction cell showed that formaldehyde was lost
in the reaction cell below a critical flow rate; however, above that
flow rate the decay constants scaled linearly with the calculated
concentration. The derived rate constants, even though they were
highly consistent, were still lower than the value reported here,
Subsequent preliminary experiments starting with several different
primary mixtures gave higher values for the rate constant leveling
oft asgymptotically to the reported value. Clearly, the initially
obtained low rate constant values were due Lo initial loss of the
formaldehyde in storage, and with subsequent exposure, the storage
vessel walls eventually became pre-treated, with subsequent stabilization
of the homogeneous mixtures to the concentration level determined
from the pressure measwrements. Only when this condition was reached
(as shown by invariance of the rate constant in repeat determinations)
were the kinetic experiments carried out, Substantial variations in
flash energy (i.e.; initial [ct)), [uaco], and pressure showed no
additional complicatiors due to secondary reactions or other initisl

primary photolysis products.



The observed pseudo-first-order C{ atom decay plots were
strictly linear. The decay constants from such plots are composite
consisting of contributions from reaction (1) and diffusion of CL
atoms from the viewing zone. Therefore, experiments were carried
out with no formaldehyde present under exactly similar conditions
in order to measure the diffusional contribution., These contributions
were less than 10% for most of the experiments reported here.
However, for some experiments at 500K, the contributions were as high
as 35% of the total decay constant,

Argon (Matheson, 99.9995%) and helium (Airco, 99,9999%) were
used,without further purification., Chlorine (Matheson, 99.5%) was
further purified by bulb=to=bulb distillation at 195K, the middle
third being retained. CCl) (Matheson, Coleman, and Bell, 99%) was
subjected to bulb=-to-bulb distillation at 233K, and the middle third
was retained. Formaldehyde was prepared from parnfom.‘.de!wdeg by
heating at 383K. The liquid N, trapped monomer was then bulb-to-bulb
distilled at 193K with retention of the middle third. The samp.e
was thoroughly outgassed at 113K in order to remove L‘02 and wag

stored at liquid N, temperatwre, Mass spectral analysis showed the

2
sample to be 99.7% pure, the only measurable impurity being 1,0,



: RESULTS
All of the reported experiments were carried out under pseudo-
first-order conditions with [H200] > [cL]). Then the decay of [Ct]

is represented by

in [CL) = - k

cbservea © ¢ tn (Ot (5)

with the pseudo-first-order decay constant given by

kobaervod 4 l‘:I. [}cholo ¥ kd' ()
Ky is the bimolecwlar rate constant for reaction (1), and kd is the
first-order rate constant for C{ atom diffusion from the viewing zone,
koba Sovai is obtained by linear least squares method:i from plots of
the logarithm of accumulated counts against time, Accumulated counts
are proportional to [C¢]. Typical results at 200K are shown in
Fige 1. Similar experiments are performed with [}LeCo] = 0 in order
to obtain kd at each conalfuion of th kinetic experiments, Then a

knowledge of k. and [}120010 with eq. (6) allows the determination of

d
kl' The results at 200, 293, and 500K are shown in Table I over
substantial changes in flash energy, [H,:,L‘O], and pressure. The

errors are one standard deviatiqn values as determined from repeat
determinations at the indicated experimental condition. The results
show that kl has no tempnrature dependence for 200 = T £ 500K. The
best representation for this temperature range is ky = (7.48 + 0.50) x
10'11 cm3 molecule-l s'l where the error ls the mean of the standard

deviations from the determinations at each temperature in Table I,



DISCUSSION

The present value for k, = (7.48 + 0.50) x 107! cn® motecule”™ o7

for 200 = T = 500K can be compared "o the recent value of Niki, et 11.7
These workers determined the rate constant relative to Ot + CoHg *
iice + Czll5 by observing relative reactant destruction on photochlorina-
tion., The concentration detection technique was Fourier transform
infrared spectroscopy and a soom temperature value for kl of
(7.8 + 0.6) x 10°*} cn® volacule™ o~ vas obtained. Compar {son
with the present room temperature value shows exact agreement within
combined experimental uncertainties,

A related reaction with which reaction (1) can be compared {s the
reaction of Ci with cz"o' This reaction has been directly studied
by Manning and Xurvylo (rr-nr)lo and Lewis et al.ll (discharge flow=
resonance fluorescence) who report respective rate constants of

(7.29 + 1.23) x 1071} -

c-J holecule'l a-l. The reaction has been theoretically discussed by

12

exp(=61 + 44/T) and 8.1 x 10 exp(=126 + 33/7)

Johnston © who shows that little, if any, effect of a potential

energy barrier should be expected since the react nt zero point energy
exceeds the barrier height. This {s born out by the two cited direct
studies where only a minimal energy barrier is indicated.lo'll
With regard to the present reaction, the relationship noted by Johnston
is even more in favor of no measurable energy barrier since the zero

point energy of reactants {s very much higher than the potential energy

barrier. This can be easily seen within the framework of the BEBO



method’> since the potential energy of activation is described in terms

of single bond energies for R-H and HCL. Qualitatively, if the bond
strength of R-H decreases, then the derived potentinl energy of
activation will also decrease, Comparison of Dgﬂ values for the
series CHy, C,H, and H,CO shows o decreasing trend from 103, a8, and
86 keal/mole, respectively. 3+t

It therefore appears that the rate constant for reaction (1) is
totally determined by tw factors, (1) the interaction rate constant and
(?) the relative orientation of C4 and K,CO0. The interaction rate
constant can be fairly ac u ately estimated from transport property

u'lﬁ,lb

da Judeikis and Wun have reported a value for the diffusion

coefficient of C{ atoms in Ar of (0.20 + 0.05) cm"“ s'l at 1 atm and
."nf.\l(.” Their value ils consistent with Lennard-Jones parameters of

-2 < Mk = 1)¢ K -
GCL,Ar 2,894 and ‘CL,Ar’k 119K, With combining rules,
1/2

(0, * 02)/3 and €, = (€€,)

%12
y And Lennard-Jones parameters for Ar,

the corresponding values for C{ atoms are o,, = 2,344 ana EC‘/k = 119K,

oL
Values for H,CO are not available but are not expected to be much

different than those Jor the isoelectronic molecule C,H, (i.e.; 0 =

h.O'{R and €/k = 2301()10. Then the lennard-Jones rate constant can bve

caloulated as>’

2 & i/e
zu = 0y, 0 (2,2) (Brtk’I‘/u)-/ (7

*
All quantities have their usual meanings, and 0 (2,2) is a tabulated

i.nt,cﬂ.u;ral.lb The calculated values from 200 € T = 500K range from 2.4

to 2.7 x 2020 e’ molecule™t s°%. Because of wncertaintiés in



potential parameters, : ae hard sphere values have also been calculated,

10 1 571 over the

and these range from 1.6 to 2.6 x 10~ cn’ wolecule”
same range of temperature, Comparison of the present value of kl
(L.e., (7.48 + 0,50) x 1()-11 cn3 -olcculo-l n-l) with these estimates
of thermalized collision rate constants suggests a value for the steric
factor in the range of 0.3 -~ 0.5. We note that the most navie estimate
of the steric factor would be 0,5, The point to this discussion is to
indicate the simplicity of reaction (1) and to {llustrate that the use
of even the simplest theoretical formalism is sufficient to predict
the rate constant within a factor of 1.7.

As indicated in the Introduction, reaction (1) is also important

in the stratosphere. HZCO is thought to be produced in a one to one
correspondence from the product methyl radicals in reactions (2) - (4).
However, this assumption is clearly an oversimplication since initially

the methyl radicals are destroyed by

B 18=22
CH] + 02 + M~ LHJG2 + M (8)

and/or

21
C'H3 + 02 » H2C0 + OH (9

Baldwin and Golden23 doubt the existence of reaction (9), and this
ambiguity suggests the need for further study. If reaction (8)
dominates then methyl peroxy radicals can be removed in the

stratosphere by

24-27
CH,0, + NO + CH,0 + NO, (10)
CH.,0, + HO, + CH,O.H + 0,2’ (11)
372 2 372 2
(:11302 + No, (+M) -+ cu302N02 (+M) . (12)



Methoxy radical (Cﬂ,O) oxidation possibly by 02. uoz. NO, or "02 can
vield formaldehyde, but methanol (CHJOR) may also result, By direct
analogy with the reaction between H02 and IO2 giving peroxy nitric

'c‘d.Zﬁ-JO

we have also inc)uded reaction (12)., This reaction is
favorable since Cll302 has a large number of degrees of freedom and the
temperature is low. Thus, in the context of RRKM theory, the vibra-
tionally hot adduct should have a long life’ {me, and reaction (12) may
be near its high pressure limit even stratospheric densities. The
above scheme suggests the probability of several compounds which contain
the methoxy group. We note that Ct atom reactions with such compounds
would have similar rate constants as Ct + nzco. Lastly, the radicals
produced from such reactions will likely yield H2CO so that the noted
decreased & . tivity to odd chlorine6 may be as much as doubled,
J.V.M. acknowledges the support of NASA under Grant NSC 5173 to

Catholic University of America.
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FIGURE CAPTION

Fig. 1: Typical first-order plots for the reaction, CL + H,CO = HCL +
HCO at 200K, The lines are determined from a linear least squares
analysis of the data, and errors in decay constants are one

standard deviation, O - Py = 25 torr, Pccq‘ = 12,5 mtorr,

P = 0,11 mtorr, flash energy = 56J, and k = 467 % l'-u'l;

HzCO

O - PT = 50 torr, PCCLh = 25 mtorr, Pueco = 0,23 mtorr,

observed

flash energy = 56J, and k = 881 + 53 a-l;

observed
& - P, =75 torr, Pchh = 37.5 mtorr, PH.ECO = 0,34 mtorr,

Srtt b
flash energy = 56J, and Kobservea = 1215 £ 39 8 75

®- P, = 100 torr, PCGLI‘ = 50 mtorr, Pitaco = 0,46 mtorr,

. . L wp =l
flash energy = 36J, and R el ™ 1678 + 56 s 7,
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