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The technique of flash photolysis coupled with time resolved detection of O via resonance fluorescence has
been used to obtain rate constants for the reaction of OCP) with H,S at temperatures from 263 to 495K
and at pressures in the range 10400 torr. Under conditions where secondary reactions are avoided, the
measured rate constants for the primary step obey the Arrhenius equation k = (7.24+1.07)x 10~ "2
exp(—3300+100/1.987 T) cm’molecule'sec™!. The results are discussed and comparisons are made with
previous work and theoretical predictions. Experiments with D,S show that the reaction exhibits a primary

isotope effect, in support of a hydrogen abstraction mechanism.

INTRODUCTION

The rate constant for the reaction of OC¢P) with H,S
has been the subject of considerable interest during the
past ten years, =7 This interest arises in part from the
possible importance of this reaction in the chemistry
of combustion processes, in polluted terrestrial atmo-
spheres and in the atmosphere of Venus,

The mechanistic studies of Liuti, Dondes, and Har-
teck? showed that molecular elimination of H,, with
concurrent formation of SO, was not an important pro-
cess. They explained their results on the basis of the
three step mechanism:

O+H,S-0OH+SH, 1)
O+SH~SO+H, (2)
H+H,S—~H,+SH . 3)

- Subsequently other workers, = in particular Cupitt and
Glass, expanded this mechanism to include other pos-
sible secondary reactions and showed that the chain
process, Reactions (2) and (3), was fast and would con-
tribute to the overall O atom consumption.

Previous investigations all employed the discharge-
flow technique. The mass spectrometric method of de-
tection was used in three of the previous studies, #%7
Two studies used chemiluminescence from

SO+0—S0,+ hv 4)

as the O atom detection method™® and ESR detection of
both O atom and radical products was employed in the
other two studies. #® The room temperature rate con-
stants vary by more than a factor of three. The re-
sults from the two variable temperature studies®7 also
do not agree, Slagle, Baiocchi, and Gutman obtained
£y =3.3%10"" exp(- 4000/1. 987 T) cm® molecule™! - sec™!
between 250 and 500 K, whereas Hollinden, Kurylo,

and Timmons reported k, = 2, 9x10"1% exp(- 1500/1, 987
T) cm® molecule™ . sec™? from 205 to 300 K. The dis-
agreements probably result from inaccurate assessment
of the overall reaction stoichiometry, Although at-
tempts®® have been made to assess the stoichiometric
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corrections, including a computer simulation® of the
expanded reaction scheme, this correction will vary
with [H,S] /[O] ratio for any given apparatus. Further-
more, the correction will be temperature dependent
since the temperature dependence of the various rate
constants in the mechanism will differ,

The disagreements noted above have motivated the
present study using the flash photolysis—resonance
fluorescence technique for the temporal measurement
of [0]. This technique allows very low atom concen-
trations to be used (<10" cm) and affords experimen-
tal conditions where the first step in a reaction scheme
may be isolated. Thus, uncertain stoichiometric cor-
rections do not complicate the analysis even in reac-
tions like the present where fast secondary reactions
can contribute to O atom removal,

EXPERIMENTAL

The method employed in this kinetic study was that of
flash photolysis coupled with time resolved detection of
o¢p) by resonance fluorescence, The apparatus and
techniques have been described in detail previously, #-1°
In the present study, three-component mixtures of H,S,
O, and argon diluent were flash photolyzed at wave-
lengths above 136 nm to produce atomic oxygen (~=< 10!
em™®) in an excess of both H,S and the source compound,
O,. The reaction mixture flowed through the cell at a
rate sufficient to replenish the mixture every 1-2
flashes. A BaF, window was used on the photoflash to
preclude formation of the O(*S) excited state!! and a
CaF, window on the microwave discharge resonance
lamp prevented transmission of the 121, 6 nm Lyman-a
line,

The pseudo-first-order rate constants, obtained from
the exponential decay of the resonance fluorescence of
O(P), were composite since, in addition to reaction
with H,S, O atoms were lost by reaction with O,

O+02+M-’O3+M (5)

and by diffusional loss out of the reaction viewing zone,
The correction term K* for the latter two loss pro-

Copyright © 1976 American Institute of Physics
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FIG. 1. Plot of ky; vs log of the initial relative O atom concen-
tration. O: for the conditions 298 K, 500 mtorr O,, 100 mtorr

H,S and P4,= 20 torr; A: 345K, 2 torr O,, 300 mtorr H,S and
P,r=200 torr; : 495 K, 1 torr Oy, 100 mtorr H,yS and P,
=100 torr. Equation (7) and (8) were always used to obtain ky;
irrespective of bending in the In[O] vs t plots at high flash
energies.

cesses, ?
K*=Fky{0,][M]+ &, , )

was determined independently by flash photolyzing mix-
tures of O, and argon at the various experimental tem-
peratures and pressures employed in this study. K*
was typically of the order of 15% of the total observed
first-order rate constant. The delay between the pho-
toflash and accumulation of kinetic decay data for [O]
was = 300 us,

The argon and oxygen used in this study were from
Matheson and had minimum purities of 99, 9995% and
99, 99%, respectively. Both were used without further
purification. The only detectable impurity in the H,S
(Matheson, C. P. Grade) was a few percent of CO,
which was reduced to <0, 4% by extensive bulb-to-bulb
distillation at 113 K. D,S (Merck, Sharpe and Dohme)
was degassed and used without further purification,
Mass spectrometric analysis indicated an isotopic
purity of 96%.

RESULTS

Under the pseudo-first-order conditions employed
here, with [H,S]> [0], the decay of O atoms may be
expressed experimentally as

1n[O] = = Egperveat + 1n[O]g , )

where the observed pseudo-first-order rate constant
is given by

Robserved= kbl [st]+ K* 8)
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K* is the correction term defined by Eq. (6) and k,, is
the bimolecular rate constant which is equal to %, in the
limit of unit stoichiometry.

A major concern in this work was to avoid contribu-
tions to O atom removal from species formed either in
the photolysis flash or from the reaction, which would
result in %, containing a stoichiometry factor other than
unity. The relatively slow rate of the primary step and
the evidence of previous work that secondary reactions
are important at low [H,S]/[O] ratios suggested that the
observed rate constant in the present experiments would
exhibit flash intensity dependence. Preliminary experi-
ments at room temperature showed that over a range of
flash energies, and hence a range of [0}, Eq. (7) was
strictly followed with piots of In[O] vs ¢ exhibiting good
linearity over at least 2 decay lifetimes, At higher
flash energies kg.epveq and hence %, was observed to in-
crease and at the upper limit of flash energy clear bend-
ing in the In[O] vs ¢ plots was apparent.

The increase in k,, at high flash energies is direct
evidence of the onset of secondary reactions contribut-
ing to the O atom decays. This is seen more clearly in
Fig. 1, where R, is plotted as a function of the initial
relative O atom concentration, Whichever reactions
cause the rate constant k,, to increase, the low intensi-
ty limiting %, is obtained under conditions which are un-
affected by competing secondary reactions of O atoms
and corresponds to k,. Values of &, were obtained from
series of experiments, such as the three series shown
in Fig. 1, over a wide range of experimental conditions,
The results are shown in Table I, where the quoted &,
is the mean value obtained from the intensity-indepen-
dent values for k. for each series of experiments.
There is clearly no pressure dependence of %, in the
range 10-400 torr,

Figure 2 shows an Arrhenius plot of the mean &, at
each of the six temperatures studied. A linear least -~
squares treatment provides the equation &, = (7. 24
+1,07)x 10"*2 exp(~ 3300+ 100/1, 987 T) cm® molecule
.sec”,

Several series of experiments were performed using
D,S in place of H,S, under comparable conditions to
those used for the H,S experiments. Values of &,

0+D,S—~O0D+SD 1p)

were obtained by procedures similar to those described
for %, and are listed in Table [I, The uncertainty in
kyp is larger than for &, because the slower rate of
Reaction (1) made the experiments more difficult to
perform, A linear least squares treatment for the four
temperatures studied yields the equation

Pip=(1.05+0,57)x 10! exp(~ 4260 + 310/1, 987 T)

x em®molecule™ . sec™! ,

DISCUSSION

The constancy of &y, over a wide range of flash in-
tensity for each set of experimental conditions (Fig. 1
and Table I) confirms that potential complications due
to secondary reactions involving O atoms were absent

J. Chem. Phys., Vol. 65, No. 6, 15 September 1976
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TABLE I. Rate data for the reaction O+ H,S.

Number kP
T Peotar Pa, "ug rlash of 10" em?

(K) (Torr) (mTorr) (mTorr) energy (J) cxperiments molecule™

- sec™)

495 100 1000 100 5.1-110 16
495 100 1000 50 4, 4~56 9
495 200 2000 100 23-144 3
450 10 1000 100 20-101 6
450 20 2000 200 31-68 3
450 200 500 50 14-36 3
400 10 1000 100 9.0-81 6
400 20 2000 200 9.0-56 5
400 50 500 75 9.0-36 4
400 100 1000 150 9.0-20 3
400 200 2000 300 14-36 3
400 200 667 100 9. 0-56 4
400 300 1000 150 9. 0-20 2
400 400 1000 100 N, 1-81 7
345 20 500 100 9.0-36 5 5.52: 0,52
345 100 1000 150 1.1-5.1 6 3.3510.40
345 200 2000 300 1.8-9.0 7 5,404 0.30
5.42:0.30°
298 20 200 100 H.0-20 4 2,9810,27
298 20 500 100 2.3-9.0 5 2.99:0.15
298 40 400 200 14-56 4 3.07 - 0,12
298 100 333 50 6, 5-20 5 3.0710.14
298 100 1000 150 7.3-14 4 2,9210,26
298 200 2000 300 7.3-36 4 2,87 10,29
298 200 667 100 5.1-14 6 2.8240,27
298 300 1000 150 13,20 2 3.23:0.32
298 400 1333 200 14 1
0,232
263 10 1000 0 7.3-18 4 1.34 :0,27
263 15 750 225 9.0,11 2 1.25-0,04
263 20 1000 300 2,.3-9.0 7 1.16 10,15
263 25 1250 375 5.1-16 7 1.15:0,04
263 30 500 150 5.1,8.1 2 1.49 10,06
263 50 500 75 5.8-9.9 4 1.61:0.25
263 100 1000 300 3.8-7.3 b 1.34:0,07
263 100 1000 156 3.2-7.3 3 1.44:0.09

Mean value of & at that temperature.
"Error limit in %, is the standard deviation.

under these conditions. The increase in k,,; at higher
flash energies under all conditions indicates the onset
of secondary reactions., The fact that an increase in
ky; of a factor of five above the low energy limit could
be observed under certain conditions (low temperature

and high flash energy) is direct confirmation of previous

suggestions®* that a chain mechanism can become op-

erative in this system, Figure 1 shows thattheincrease

in &y; above its limiting value moves to higher flash
energies as the temperature increases. This means
that the onset of stoichiometric complications is tem-
perature dependent and indicates that higher [H,S]/[O]
ratios are required to isolate the primary step at low
temperatures than at high temperatures. It also indi-

TABLE II. Rate data for the reaction O+ D,S.
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FIG. 2. Arrhenius plot of the bimolecular rate constant (¢)
for the reaction O+ H,S.

cates strongly that previous assumptions® of a constant
stoichiometry over a range of temperature, under con-
ditions where secondary reactions were operative,
were probably in error.

A comparison of the present &, values with those ob-
tained previously is presented in Fig, 3. The value of
k2, obtained in this study at room temperature is lower
than all but two of the previous determinations., It is
in excellent agreement with that obtained by Timmons
and co-workers® but is almost a factor of 2 higher than
that of Cupitt and Glass.! The latter workers obtained
this low value for 2, by computer simulation of reac-
tion profiles; however, in order to explain their re-
sults, they had to invoke a %, value which is much higher
than the accepted literature value, >!3 [t now appears
that “hot” H atoms may have been an added complica-
tion in their system!! and this may provide an explana-
tion for the low %, and the high 2; which they obtained,

The temperature dependence of %, found here is dif-
ferent from that of previous workers. The lower A
factor and activation energy obtained by Timmons and
co-workers® probably reflect an underestimate of the
stoichiometry of the reaction at the two lowest tem-

k]ua
T  Piota Po, Prpys Flash energy  Number of 10" cm®
(K) (Torr) (mTorr) {mTorr) J) experiments molecule™ - sec™)
450 10-20 1000-2000 100-200 13-81 13 9.23+1.49
400 20-100 500-2000 100-200 11-46 21 5.20+1.12
345 100-200 500-2000 100-200 7.3-23 22 1.80+0.46
298 20-100 500-2000 100-200 2.7-20 37 0.859+0,192

2Error limit in kp is the standard deviation.
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FIG. 3. Comparison of k; values: ., Ref. 3; A, Ref, 2; X,

Ref. 5, O, Ref. 6; ®, Ref. 4; dotted line, Ref. 7; solid line,
this work.

peratures they employed, although part of the discrep-
ancy may be associated with temperature dependence
of the A factor since their temperature range was very
different from that used here. The very recent study
of Gutman and co-workers, 7 over a temperature range
almost identical to that employed here, gives a higher
k, at every temperature. The discrepancy is probably
within the experimental error at 263 K but increases
with temperature to a factor of greater than two at

495 K; presumably stoichiometric complications are
again the root cause of the differences.

The mechanism of the reaction has been regarded,
until recently, as a straightforward hydrogen abstrac-
tion reaction, Recent work on the reaction of O atoms
with alkylated analogs of H,S, ™'° where the reactions
appear to involve an addition process, suggests that
addition cannot be ruled out for O+ H,S. Although we
observed no pressure effect on &,, this could simply
mean that the adduct has a very short lifetime. The
experiments with D,S, where a primary isotope effect
was observed, are evidence for a hydrogen abstrac-
tion mechanism. The observed ratios of &, /k,p, of ~3
at 298 K and ~2 at 450 K are exactly as predicted on
the basis of the simple equation &, /k,p= exp(AE,/RT)
where AE, is the difference in zero point energies for
the stretching frequencies of the S-H and S-D bonds.,
The isotope effect seems good evidence for an abstrac-
tion mechanism, although a contribution from addition
may not be ruled out.

A complete BEBO calculation based on an abstraction

model, with no adjustable parameters, predicts a very
“loose” complex that is close to reactants, in agreement
with the transition state theory calculation of Timmons
and co-workers,® The BEBO model predicts an activa-
tion energy of 2.2 keal mol™ and an A factor of 3,0

x 10~ cm® molecule™ - secl, Although these values are
not in close agreement with experiment, the disagree-
ments are not unexpected in view of the approximate
nature of the theory, !>!® Thus the calculation is not
inconsistent with an abstraction mechanism, but dy-
namical experiments probably will be needed to identify
the mechanism with certainty.

Finally, it is felt that use of the sensitive resonance
fluorescence technique has avoided the stoichiometric
complications inherent in previous work and the pre-
sent &, value is recommended for the modeling of earth
and other planetary atmospheres, e.g., Venus,
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