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The rate constantk1 for the H+ H2S reaction has been measured from 298 to 598 K by the flash-photolysis
resonance fluorescence technique, and the results are summarized ask1 ) (6.6 ( 0.9)× 10-11exp[(-11.2(
0.4) kJ mol-1/RT] cm3 molecule-1 s-1(1σ uncertainty in the parameters). The 95% confidence interval fork1

is estimated as 20%. Combination with literature data reveals distinct curvature in the Arrhenius plot and a
combined expression for 190-2237 K isk1 ) 5.8-3.8

+11.1 × 10-17 T1.94(0.15 exp[(-455( 67)/T] cm3 molecule-1

s-1. The geometry, frequencies, and energy of the transition state were investigated at up to the QCISD(T)/
6-311+G(3df,2p) level of theory, and conventional transition state theory with Eckart tunneling corrections
gave good accord with experiment up to about 1000 K. Neglect of variational effects appears to lead to errors
of up to a factor of 2 at 2000 K.

1. Introduction

The reaction

has been identified by Hynes and Wine as important in sulfur
combustion under rich conditions.1 An earlier review proposed
a simple Arrhenius temperature dependence for the rate constant
k1,2 but the recent measurements of Yoshimura et al. over 1053-
2237 K and at 293 K were rationalized in terms of ab initio
calculations and transition state theory (TST) with significant
curvature in the Arrhenius plot.3 The first aim of the present
work was to provide new measurements ofk1 in the intermediate
temperature regime, up to about 600 K. The second aim was to
reexamine the transition state for this reaction at high levels of
ab initio theory and to employ the results in conventional
canonical TST. One aspect of the theoretical work was to see
how reliable a nonvariational analysis would be for a reaction
where the reaction barrier is modest.

2. Methodology

2.1. Experimental Technique.Detailed descriptions of the
experimental apparatus and modifications for H-atom detection
have been given elsewhere.4-6 In this study, MgF2 optics were
employed. The atomic H was produced by pulsed photolysis
of H2S at 193 nm using a PSX-100 excimer laser (MPB
Technologies). The relative concentration of H atoms was
monitored using time-resolved resonance fluorescence at the
Lyman-R wavelength (121.6 nm). The probing resonant radia-
tion at 121.6 nm was generated by a microwave-excited
discharge lamp (0.1% H2 in Ar, 0.27 mbar). The reaction zone
is defined as the intersection of the photolysis and probe beams.
Fluorescence from the reaction zone was detected by a solar-
blind photomultiplier tube (Hamamatsu, R1459) employed with
pulse counting and signal averaging. The energy of the excimer
laser pulses was measured with a pyroelectric detector (Molec-
tron, J25LP). The laser beam was spread by a lens and passed
through the reaction zone with a cross section of approximately

0.7 × 0.7 cm2. The temperatureT of the gas in the reaction
zone was measured before and after each set ofkps1 measure-
ments with an unshielded thermocouple, corrected for radiation
errors of up to 10 K, and is expected to be accurate to within
(2%.7 All experiments were carried out in a large excess of
Ar bath gas at a total pressureP. The H2S concentrations were
derived fromP, T, the mole fraction of H2S in the Ar mixture,
and the flow rates of argon and the H2S mixture.

Under pseudo-first-order conditions [H], [H2S], the H atoms
reacted with H2S:

wherekdiff accounts for any loss of H atoms out of the reaction
zone other than by reaction with H2S, mainly via diffusion to
the reactor walls. Typical values ofkdiff were in the range of
100-450 s-1. kps1 was obtained by fitting the recorded
fluorescence intensityIf versus time profile to an exponential
decay (an example is shown as the inset in Figure 1) over
typically at least four lifetimes:

The second-order H+ H2S rate constantk1 was determined by
linear fitting of kps1 versus typically five values of [H2S] (see
Figure 1 for an example). To verify that pseudo-first-order
conditions were maintained, the energy of the excimer laser
beam was varied to alter the initial radical concentrations. The
energy of the photolysis pulse (I0, 0.1-0.6 mJ) was combined
with the H2S absorption cross section of about 8× 10-18 cm2

(base e, room temperature) at 193 nm8 to estimate the initial
concentrations [H]0 and [SH]0. Gas mixtures flowed through
the reactor slowly compared to the reaction time scale of the H
atoms, so the kinetic conditions were effectively static. The
average gas residence time in the heated reactor before pho-
tolysis, τres, was varied by a factor of 2 or more to check for
possible pyrolysis of H2S.

2.2. Theoretical Calculations.The energies and harmonic
vibrational frequencies of optimized structures for H, H2, SH,

d[H]/dt ) -(k1[H2S] + kdiff)[H] ) -kps1[H] (1)

If ) A exp(-kps1t) + B (2)

H + H2S f H2 + SH (1)
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H2S, and the activated complex of reaction 1 were evaluated
using the GAUSSIAN 94 program package9 at the BHandH-
LYP/6-311G(d,p), MP2/6-311G(d,p), QCISD/6-311G(d,p), and
QCISD(T)/6-311+G(3df,2p) levels of theory.

Conventional TST was employed for the kinetic calculations,
with the usual assumption of the separability of vibrational and
rotational motions of the TS10.

whereΓ is the Eckart correction factor for quantum mechanical
tunneling.10 The optimized geometries and vibrational frequen-
cies at the QCISD(T)/6-311+G(3df,2p) level were used for
evaluatingΓ, the barrier to reaction including zero-point energy,
E0

q, and the partition functionsQ. To allow for anharmonicity,
the ab initio vibrational frequencies were multiplied by a scaling
factor of 0.9552, which was obtained by plotting observed
fundamentals for H2S,11 H2

12
, and SH13 versus calculated

frequencies.

3. Results

The experimental conditions and results for 41k1 measure-
ments are summarized in Table 1.The listed 1σ uncertainties in
k1 are derived from the precision of slopes of plots such as
Figure 1, combined in quadrature with the estimated reproduc-
ibility of P, T, and the gas flows. Modest values ofσ/k1 indicate
good linearity in such plots, but the scatter between successive
determinations ofk1 was significantly greater than can be
accounted for by theseσ values alone. At each temperature,
we calculated the weighted and unweighted means plus the
standard deviations of these means.14 The two means at each
temperature differ by up to 6%. The weighted mean and the
larger of the two standard deviations at each temperature are
reported in Table 1. Not all our original measurements are
included in Table 1. Four outlyingk1 values were rejected
according to Chauvenet’s statistical criterion.15 At 491 K, we
also made measurements at short residence times, less than 0.75
s, but found these data as a group to be significantly smaller
than the other measurements at 491 K. We therefore did not
include these data in Table 1. Where the data at a given
temperature do not overlap within the individual 2σ error bars,

we checked for any systematic dependence ofk1 on five
parameters:I0, τres, [H]0, [H2S]0, and P. Linear fits at each
temperature were analyzed to see if the slope was significantly
(at the 5% significance level) different from zero, via the
correlation coefficient16 (see the Supporting Information). In two
cases, there appeared to be significant variation ofk1, at 386 K
with τres and at 491 K withP. In both cases, the correlation
depends on the inclusion of a single point at high pressure. The
k1 results were not dependent on [H]0, which shows that
secondary chemistry involving photolysis or reaction products
was negligible within the range of laser energy used in this study
and that pseudo-first-order conditions were attained. At the
highest temperature,k1 showed no consistent trend withτres,
which indicates that pyrolysis of H2S was unimportant at the
listed temperatures.

To make an alternative estimate of the extent of interference
from secondary chemistry, kinetic modeling was performed

Figure 1. Plot of pseudo-first-order rate constantkps1 vs [H2S] atP )
33 mbar andT ) 491 K. The inset shows the decay of time-
resolved fluorescence intensityI f for the solid point. The error bars are
(2σ.

kTST ) Γ
kBT

h

QH3Sq

QHQH2S
exp(-

E0
q

RT) (3)

TABLE 1: Measurements of the Rate Constantsk1 for the
Reaction H + H2S

T,
K

P,
mbar

τres,
s

I0,
mJ

[H]0, max,
1011molecule

cm-3

[H2S]0,max
a,

1014molecule
cm-3

k1 ( σk1,
10-13 cm-3

molecule-1 s-1

298 68.5 1.2 0.1 4.6 6.1 8.21( 0.14
299 200.4 1.2 0.1 4.6 6.0 8.15( 0.26
297 67.8 1.2 0.2 13.2 6.0 7.87( 0.17
297 67.0 1.1 0.2 13.1 6.0 7.98( 0.26
298 67.2 1.2 0.2 9.7 5.9 7.94( 0.20
298 8.05( 0.08b

337 67.0 2.0 0.2 44.6 20.5 9.93( 0.37
337 134.6 4.0 0.1 24.0 22.0 10.6( 0.22
338 134.3 2.0 0.1 22.7 20.9 9.57( 0.21
337 67.3 2.0 0.1 22.4 20.6 9.68( 0.15
337 9.88( 0.20b

386 67.2 0.8 0.2 9.2 4.2 16.3( 0.9
383 201.1 0.8 0.2 9.3 4.3 16.3( 0.3
386 66.7 0.8 0.1 4.6 4.2 18.9( 0.9
387 68.4 1.8 0.2 6.9 4.2 21.7( 0.8
386 69.2 3.6 0.2 9.2 5.6 24.4( 0.6
386 134.8 3.5 0.2 9.1 5.6 20.3( 1.2
386 18.6( 1.2b

432 66.3 1.5 0.1 4.6 4.3 27.8( 1.3
432 66.8 0.8 0.3 16.8 5.2 24.3( 0.9
432 66.8 0.8 0.1 5.6 5.2 20.5( 0.7
432 132.6 1.5 0.3 16.8 5.1 24.2( 2.1
432 22.9( 1.3b

490 66.4 2.0 0.3 12.9 4.0 30.5( 2.4
491 133.0 2.0 0.3 13.1 4.0 38.3( 1.3
491 34.5 2.3 0.2 9.7 4.5 64.6( 4.2
491 34.3 1.1 0.2 4.9 2.2 48.0( 3.3
491 33.9 2.2 0.2 6.9 3.2 42.4( 2.1
491 35.2 2.3 0.4 14.3 3.3 61.0( 1.3
491 34.1 1.1 0.4 8.1 1.9 48.0( 2.6
491 69.9 2.3 0.4 14.8 3.4 48.7( 0.8
491 69.8 2.3 0.2 5.6 3.4 50.3( 1.5
491 35.9 2.4 0.4 14.6 3.4 55.3( 1.1
491 35.9 2.4 0.1 3.6 3.4 58.8( 2.1
491 49.8( 2.9b

601 68.5 1.4 0.4 9.3 2.4 65.7( 9.0
598 34.5 1.8 0.6 16.6 2.5 56.6( 3.4
598 34.5 1.8 0.2 5.5 2.5 60.9( 3.4
598 68.1 1.8 0.6 16.9 2.6 60.2( 3.8
597 68.5 3.6 0.6 18.5 2.8 64.1( 1.6
598 68.7 1.2 0.6 17.5 2.7 68.6( 3.7
597 68.4 3.6 0.6 21.4 3.3 51.4( 1.7
598 35.2 1.9 0.5 16.5 3.0 54.5( 9.4
598 67.3 3.5 0.5 29.8 5.5 55.5( 4.8
599 67.3 1.8 0.5 29.9 5.5 56.7( 1.1
599 67.4 1.2 0.5 21.8 4.0 69.5( 4.3
598 58.4( 1.7b

a [H2S]0,maxwas 2.3-6.3 times [H2S]0,min. b Weighted mean value(
rms deviation of the mean.
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using the ACUCHEM program.17 The following scheme was
considered:

with the worst-case conditions [H2S]0 ) 6.0 × 1014 molecule
cm-3 and [H]0 ) [SH]0 ) 1.3× 1012 molecule cm-3. The value
of k1 was taken from this work and values ofk2, k3, and k4

were from Nicholas et al.18 All are room-temperature values.
For each modeling of a particular set ofki values, linear
regression was applied to the plot of ln[H] versus time. The
resultant slope was-kps1 and the effective second-order rate
constant was then estimated askeff ) (kps1 - kdiff)/[H2S]0. The
relative deviations ofkeff with respect to that without secondary
chemistry (k2 ) k3 ) k4 ) 0) were 5.4% for the originalki

values, 8.7% fork3 ) k4 ) 0, and-1.4% for k2 ) 0. This
reveals that the reaction H+ SH f H2 + S is the main source
of interference.k1 increases more rapidly with increasing
temperature thank2-k4, so the primary reaction is more easily
separated from any secondary chemistry at elevated tempera-
tures. The energy of the photolyzing laser beam was employed
as low as practicable in this work to minimize [SH]0, and the
ratio k1[H2S]0/k2[SH]0 was maintained at 16 or larger.

A weighted Arrhenius fit was performed on the 41 measure-
ments and is shown in Figure 2. It yielded

over the temperature range 298-598 K. The quoted errors in
this expression are 1σ and are statistical only. Consideration of
the covariance leads to a 1σ precision for the fittedk1 of 3-6%,
and allowance for possible systematic errors leads to 95%
confidence intervals of(20%.

In Table 2, are listed optimized geometries, barrier heights,
and reaction enthalpies for the H+ H2S system calculated at

the four different theory levels mentioned previously. The
experimental values are listed for comparison also. The harmonic
frequencies calculated at the corresponding optimized geometries
together with measured harmonics and observed fundamentals
are presented in Table 3.

The results of the TST calculation are shown in Figure 3.
The dotted line represents a TST calculation adopting the
QCISD(T)/6-311+G(3df,2p) barrier height of 16.0 kJ mol-1 and
the corresponding Eckart corrections. The solid line represents
a TST calculation adopting a barrier height of 14.4 kJ mol-1,
which was chosen to minimize the rms deviation from our
experimental data. The reverse barrier height was varied also
by the same amount as the reaction barrier height, and the
imaginary frequency was unchanged when tunneling correction
factors were calculated. The open circles are experimental data
measured in this work.

Nonlinear fitting of the TST data calculated usingE0
q ) 14.4

kJ mol-1 over 190-2237 K yields

This expression fits the TST data to within 10%.

4. Discussion

Figure 2 shows a comparison of the present results with earlier
measurements3,18-26 in the temperature range of our investiga-
tion. There is good accord with most of the room-temperature
data, and at higher temperatures, our Arrhenius fit lies between
the results of Kurylo et al.19 and Mihelcic et al.20 Figure 2 shows
our results in comparison with two studies ofk1(T) whereT
was varied substantially around room temperature,19,20together
with high-temperature measurements.3,27,28Clearly, the higher
the central temperature of the experiments, the larger the
observed activation energyEa. A fit to the present results (eq
4) together with the fit expressions from ref 3, 16, 17, and 24,
evaluated at 10-4 K-1 intervals and weighted equally in lnk1,
yields the modified Arrhenius expression

which is a reasonable representation of the combined experi-
mental data set, although it overestimatesk1 at 2237 K by about
a factor of 1.5. The parameters of eq 6 agree to within the stated
1σ uncertainties with those of the analogous expression pre-
sented by Yoshimura et al.,3 which overestimatedk1 at 2237 K
by about a factor of 1.7. The common functional formk ) ATn

exp(-B/T) may therefore not be the best expression for this
rate constant, for which data are available over an unusually
wide range of temperature.

Of the ab initio results in Table 2, our transition state
geometry at MP2/6-311G(d,p) is the closest to the previous
calculations by Yoshimura et al.3 at the HF/6-31G(d,p) and MP2/
6-31G(d,p) levels of theory. Our QCISD(T)/6-311+G(3df,2p)
geometry is probably more accurate, based on the close accord
with data for stable species where the bond lengths appear to
be good to within about 10-12 m and the H2S angle is in error
by less than 0.1°, although the differences from the earlier
geometry will have a negligible influence onk1(T).

It is noted that the calculated harmonic frequencies at the
QCISD(T)/6-311+G(3df,2p) level for the stable species listed
in Table 3 are in very good agreement with the measured values
(relative deviations up to 0.4% and a rms deviation of 7 cm-1).

Figure 2. k1 for the H+ H2S reaction in the range 293-600 K. (solid
line) Arrhenius fitting of this work; (O) this work; (0) ref 19; (2) ref
20; (4) ref 3; (]) ref 21; (9) ref 22; (*) ref 23; (×) ref 24; ([) ref 25;
(+) ref 18; (b) ref 26. The error bars are(2σ if σ was given, otherwise,
they are( literature reported errors.

H + H2S f H2 + SH, k1 ) 7.8× 10-13cm3 molecule-1 s-1

H + SH f H2 + S, k2 ) 2.2× 10-11cm3 molecule-1 s-1

S + SH f H + S2, k3 ) 5.0× 10-12cm3 molecule-1 s-1

SH + SH f H2S + S,k4 ) 3.2× 10-11cm3 molecule-1 s-1

H f diffusion, kdiff ) 250 s-1

k1 ) (6.6( 0.9)× 10-11 ×
exp[(-11.2( 0.4) kJ mol-1/RT] cm3 molecule-1 s-1 (4)

k1 ) 1.68× 10-18 T2.44exp(-236/T) cm3 molecule-1 s-1

(5)

k1 ) (5.8-3.8
+11.1× 10-17)T1.94(0.15×

exp[(-455( 67)/T] cm3 molecule-1 s-1 (6)
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The real frequencies of the transition state and H2S do not vary
strongly with the level of calculation, although they are generally
slightly smaller than the earlier HF/6-31G(d,p) and MP2/6-31G-
(d,p) results.3 These differences will have little impact onk1-
(T), but the imaginary frequencyνi corresponding to motion
along the reaction coordinate is important in determining the
tunneling correction and is seen to vary significantly with the
level of calculation. In particular, the earlier MP2/6-31G(d,p)
value of 1890 cm-1 is greater than any found here. We would
expect overestimation of the barrier height to correlate with
overestimation of the curvature at the saddle point and hence
νi; the close accord at the QCISD(T)/6-311+G(3df,2p) level
between experiment and calculation forE0

q and ∆H0 is there-
fore a necessary condition for an accurate assessment ofνi.

The tunneling correction factorΓ increases from 1.04 at 2000
K through 4.1 at 298 K to about 27 at 190 K, so the TST results
will be especially sensitive to details of the tunneling model at
room temperature and below. Nevertheless, as shown in Figure
3, there is rather close accord with the experimental data in
this region when the barrier is reduced by only 1.6 kJ mol-1

from the ab initio value. It is hard to say to what extent this
correction reflects contributions from multidimensional tunneling
paths, or simply residual energy errors at the QCISD(T)/6-

311+G(3df,2p) level of theory, but in any event it is a modest
correction to E0

q. For comparison, Yoshimura obtained a
PMP4/6-311G(d,p) barrier of 17.2 kJ mol-1, adjusted to 13.4
kJ mol-1 to match experiment.3

Conventional TST calculations match experiment closely up
to about 1000 K but overestimatek1 above this temperature.
For example,k1 from eq 5 is a factor of 2.0 above the mea-
surements of Yoshimura et al. at 2237 K, while the earlier TST
calculations were a factor of 1.7 too large at this temperature.3

A likely explanation is that variational effects become signifi-
cant above 1000 K. In this case, that is where the average ki-
netic energy of the particles, 1.5RT, roughly equals the fitted
barrier E0

q ) 14.4 kJ mol-1, but whether this is a general
criterion for the need for nonvariational TST remains to be
explored.

5. Conclusions

The rate constant for the H+ H2S reaction has been measured
from 298 to 598 K, and the results coupled with a transition
state theory analysis support the suggestion by Yoshimura et
al. that the reaction shows significant curvature in the Arrhenius
plot. With a 1.6 kJ mol-1 lowering of the reaction barrier from

TABLE 2: Geometry, Barrier Height, and Enthalpy for the Reaction H + H2S

geometrya,
E0

q, ∆H0

BH and HLYP/
6-311G(d,p)

MP2/
6-311G(d,p)

QCISD/
6-311G(d,p)

QCISD(T)/
6-311+G(3df,2p) exptlc

H1‚‚‚H2-S-H3 (TS)
r(H1- -H2) 1.2385 1.055 1.1471 1.1613
r(S-H2) 1.4046 1.4506 1.429 1.428
r(S-H3) 1.3372 1.3356 1.3394 1.3411
∠H1-H2-S 175.26 174.88 175.04 173.79
∠H2-S-H3 92.27 90.32 90.78 90.85

H2S
r(S-H) 1.3361 1.3336 1.3377 1.3391 1.328
∠H-S-H 93.19 92.12 92.20 92.29 92.2

H2

r(H-H) 0.7382 0.7384 0.7433 0.7422 0.7414

SH
r(S-H) 1.3405 1.3381 1.3429 1.3431 1.345
E0

q, kJ mol-1 10.72 32.26 21.95 16.00
∆H0, kJ mol-1 -67.82 -46.90 -64.99 -59.90 -61.96( 5.08

-55.90( 3.12d

scaling factor for ZPCb 0.9305 0.9244 0.9445 0.9552

a Bond lengths in 10-10 m and angles in degrees.b Obtained by plotting observed frequencies vs calculated frequencies.c Taken from ref 13.
d Obtained from ref 29.

TABLE 3: Harmonic Frequencies and Fundamentals for Species of the Reaction H+ H2S

modesa
BH and HLYP/

6-311G(d,p)
MP2/

6-311G(d,p)
QCISD/

6-311G(d,p)
QCISD(T)/

6-311+G(3df,2p)
measured

harmonicsb fundamentalsb

Transition State
A′ 918i 1790i 1437i 1398i
A′ 420 516 464 459
A′ 483 596 526 522
A′ 1198 1149 1163 1166
A′ 1677 1391 1439 1455
A′ 2785 2811 2761 2748

H2S
A1 (ν2) 1257 1228 1231 1211 1215 1183
A2 (ν1) 2784 2817 2765 2711 2722 2615
B2 (ν3) 2797 2836 2781 2727 2733 2627

H2

σg 4522 4533 4423 4411 4401 4159

SH
σ 2766 2796 2734 2690 2690 2599

a Designated in irreducible representations from ab initio calculations and in cm-1. b Taken from refs 11-13.
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the QCISD(T)/6-311+G(3df,2p) value, conventional TST com-
bined with an Eckart tunneling model accounts well for the
observed rate constants over 190-1000 K. Above this temper-
ature, nonvariational TST begins to overestimate the rate
constant, by up to a factor of 2 at around 2000 K.
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Figure 3. Comparison ofk1 value for the H+ H2S reaction. (O) this
work; (- [ ) ref 19; (-b -) ref 20; (-2 -) ref 3; (- * -) ref 28; (-4 -)
ref 27; (dotted line) TST calculation withE0

q ) 16.0 kJ/mol; (solid
line) TST calculation withE0

q ) 14.4 kJ/mol.
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