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Hydrogen abstraction reactions of methyl radicals or hydroxyl radicals with hydrogen sulfide are studied
over the temperature range of 200-3000 K from a theoretical point of view. Potential energy surfaces are
explored at the MP2/6-311++G(d,p) level. Values of 17.5 and 4.2 kJ mol-1 were found for the barrier height
of reaction CH3 + H2S at the MP4) full/6-311++G(3df,3pd) level and of reaction OH+ H2S at the QCISD
) full/aug-cc-pvtz level, respectively. Rate constants of the two reactions are calculated according to generalized
transition-state theory and also canonical variational transition-state theory (CVTST). According to generalized
transition-state theory, both reactions showed non-Arrhenius behavior at lower and higher temperatures. The
tunneling factors for both reactions are calculated at different temperatures. Characteristic tunneling temperature
for reactions CH3 + H2S and OH+ H2S were found to equal 277 and 340 K, respectively. The full width of
the barrier at half its height (∆s1/2) were found to equal 0.37 and 0.14 Å for reaction of hydrogen sulfide with
CH3 or OH, respectively. According to CVTST, we have found the Arrhenius parameters for the reaction of
CH3 + H2S, k1 ) 6.8 × 104 T1.2 exp(-6.0 kJ mol-1/(RT)) L mol-1 s-1, and for the reaction of OH+ H2S,
k2 ) 9.7 × 109 exp(-4.5 kJ mol-1/(RT)) L mol-1 s-1.

Introduction

Hydrogen sulfide is one of the sulfur compounds that plays
an important role in the chemistry of the stratosphere. Reaction
of hydrogen sulfide with different molecules and radicals in
the stratosphere was the subject of many studies. For example,
H2S reacts with ozone to produce SO2 and H2O, which
potentially is one of the sources for acidic rains.1 Normally,
reaction of H2S with radicals is a hydrogen transfer reaction.
Reaction of H2S with different radicals such as CH3 and OH
produces SH radical, which could react with ozone in the
stratosphere.2

Both CH3 and OH radicals are important constituents in the
chemistry of the stratosphere and combustion. These radicals
react with most organic compounds found in the atmosphere
or flame. A great deal of effort has been spent to determine the
kinetic parameters for reactions in which these radicals are
involved.

To the best of our knowledge, neither of the reactions R1
and R2 have so far been studied theoretically. Table 1 shows
the kinetic parameters reported for reactions R1 and R2 in the
literature. As shown in Table 1, the reactions have not been
studied experimentally over a wide range of temperatures.
Therefore, it is not possible to explore the effect of tunneling
process and low-lying vibrational states on the curvature of
Arrhenius plots of these reactions from the experimental results.
In the present work, the rate constants of reactions R1 and R2
are calculated and the cause(s) for the possible non-Arrhenius
behavior of both reactions is investigated. Thus, high-level ab
initio calculations are carried out to acquire the potential energy
surfaces for both reactions, and their rate constants are calculated

theoretically according to generalized transition-state theory and
canonical variational transition-state theory (CVTST) over the
temperature range of 200-3000 K.

Different reasons might cause a curved Arrhenius plot. One
being the nonlinearity of Arrhenius plot of hydrogen transfer
reactions is quantum mechanical tunneling effect, which is
important at lower temperatures. The other reasons for nonlin-
earity of Arrhenius plot are low-lying vibrational states or low-
lying electronic states, of which the effects appear at higher
temperatures where low-lying states are populated. In the present
work, the rate constants of reactions R1 and R2 are calculated
by means of generalized transition-state theory and the extent

CH3 + H2S f CH4 + SH (R1)

OH + H2S f H2O + SH (R2)

TABLE 1: Arrhenius Parameters Reported for Reactions
R1 and R2 in the Literature

A (L mol-1 s-1) n Ea (kJ mol-1) T (K) ref

CH3 + H2S
1.26× 108 9.6 743-772 3
1.38× 108 9.2 332-432 4
3.80× 108 10.9 350-600 5
5.01× 107 12.1 372-444 6
3.16× 108 11.1 473-573 7
2.51× 108 10.9 323-473 8

OH + H2S
3.61× 109 0.6 200-300 2a
3.67× 109 0.7 220-520 2b
2.71× 109 298-885 9
7.94× 109 3.3 243-363 10
3.13× 109 300 11

229.0 2.43 -6.1 245-450 12
3.13× 109 300 13
3.02× 109 228-437 14
4.70× 109 1.2 239-425 15
3.56× 109 0.7 228-518 16
3.85× 109 0.4 244-367 17
3.01× 109 297 18
3.13× 109 297-427 19
1.87× 109 298 20
1.40× 1010 3.7 298-885 21
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of the role of tunneling and low vibrational frequencies on the
nonlinearity of Arrhenius plots is explored. Also, the rate
constants are calculated according to CVTST to diminish the
curvature of Arrhenius plot caused by low-lying vibrational
states. The characteristic tunneling temperature and full width
of barrier at half its height for both reactions are also calculated.

Ab Initio Calculations

The Gaussian W9822 program is used to carry out quantum
chemical calculations. Potential energy surfaces along the
minimum energy paths for reactions R1 and R2 were explored
at the MP2/6-311++G(d,p) level. Geometries of reactants,
transition states, and products were optimized at the MP2/6-
311++G(3df,3pd) level of theory. Spin contamination was
annihilated by using the PUMP2 energies.23 The location of the
transition state along the reaction path was searched manually
and also by QST2 method utilized in the Gaussian W98
program. These two methods gave almost the same position
and geometry for the transition states of both reactions R1 and
R2. Frequencies of activated complexes were calculated at the
MP2/6-311G(d,p) level and scaled by a factor of 0.95.24 There
was only one imaginary frequency for the transition states.

Single-point MP4SDTQ25 calculations on the MP2 geometries
were carried out to obtain more accurate energies along the
reaction coordinate. To compare the ability of different methods
to predict the energies, CASMP2,26 QCISD,27 CCSD,26 and DFT
(with Becke’s three-parameter hybrid functional B3LYP)28

calculations with more flexible basis set 6-311++G(3df,3pd)
were also performed. Attempts were made to minimize the
calculated barrier height of reaction R2 by performing the
QCISD ) full/aug-cc-pvtz calculations. MP2 geometries were
used in CASMP2, CCSD, and QCISD calculations, while in
the DFT calculations the stationary points were reoptimized at
the B3LYP/6-311G(d,p) level.

Calculation of Rate Constants

The general expression for generalized transition-state theory
is as follows:29,30

Here kB and h are Boltzmann’s and Planck’s constants,
respectively,Γ is the tunneling factor,σ is the reaction path
degeneracy (the ratio of symmetry numbers from the rotational
partition functions), theQ parameters are the product of
translational, rotational, vibrational, and electronic partition
functions for the transition state (numerator) and reactants
(denominator), ands is the distance along the reaction path from
the saddle point. The reaction path is generally taken to be the
minimum energy path (MEP) from the saddle point to the
reactant and product geometries.31 VMEP is the value of potential
energy corrected for zero-point energy at the generalized
transition-state theory. To show the influence of a possible
tunneling process on the curvature of the Arrhenius plot at lower
temperatures, calculations were carried out by including and
excluding the tunneling factor.

Canonical variational transition-state theory32 was also applied
on the assumption that conserved vibrational frequencies and
moments of inertia of the fragments do not change during the
course of reaction. The method of calculations is described in
ref 32a.

A careful investigation was done to follow the changes, which
may occur in different degrees of freedom as reactions proceed.

The translational partition function per unit volume of a
molecule of massm in three dimensions is

The external rotational partition function for a nonlinear
molecule has the following form:

Here, theI parameters are the moments of inertia andσ is a
symmetry number. As two reactants approach each other, three
(for nonlinear molecules) or two (for linear molecules) external
rotations would transform to hindered rotations or harmonic
vibrations as they approach the transition state. One of those
rotations is the rotation around the reaction coordinate axis,
which could be treated as a vibrational motion or an internal
rotation. The partition function for this kind of internal rotation
might be written as

Here, IIR is the reduced moment of inertia. To calculate the
reduced moment of inertia for this internal rotation, we used a
FORTRAN program based on the method introduced by Pitzer.33

The other two rotations around the axes perpendicular to the
reaction coordinate axis would transform to two-dimensional
hindered internal rotations as the transition state is approaching.
These two motions usually are considered as rocking or tumbling
vibrational motions in molecules. The partition function for this
kind of hindered rotations is difficult to calculate. In the limit
of high temperatures or low barriers for rotation, LeBlance and
Pacey suggested the partition function for a two-dimensional
hindered rotor as34

Here IIR is the reduced moment of inertia for the hindered
rotation,E0 is the zero-point energy for this degree of freedom,
and V is two-thirds the height of the barrier to rotation. The
value of V might be calculated from the related bending
frequency as35

Here,ν is the term value for the rocking or tumbling motion.
Pitt, Gilbert, and Ryan introduced a hindered rotational

constantBeff (2Bfree/(1 - cosθhin)) to calculate hindered rotation
partition function.36 They rewrote eq 4 as

Here,θhin is the average hindrance angle and could vary from
0 to π/2. Bfree is the rotational constant of the corresponding
two-dimensional free rotor. When separation of reactants is
longer than the critical distance,θhin ) 90, thenBeff ) 2Bfree.

Vibrations in the transition state are usually treated as
harmonic oscillators and occasionally as hindered rotations. The

k(T) ) Γ
kBT

h
σ Qq

QAQB
exp(-

VMEP(s)

kBT ) (1)

Qtr ) (2πmkBT

h2 )3/2

(2)

Qrot )
8π2(8π3IaIbIc)

1/2(kBT)3/2

σh3
(3)

Qrot )
(2π)1.5(IIRkBT)0.5

σxh
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Qhin ) (IIRkBT

η2 ) exp(E0 - V
kBT ) (5)
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Qhin ) (πkBT
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)1/2

(7)
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vibrational partition function for one degree of freedom is
calculated as

The number of bending motions (low frequencies) is different
in reactants, transition state, and products. At high temperatures,
whenT . θ (θ ) hν/kB), the vibrational partition function may
be approximated by expanding the exponential term asQν )
kBT/(hν), which causes an increase of the sensitivity of the
preexponential factor to temperature.

Tunneling Factor
According to classical mechanics, a particle can cross a

potential energy barrier only if its energy is higher than the
barrier height, while quantum mechanics predicts that there is
a probability for the crossing at lower particle energies. This
transmission probability is very sensitive to the particle energy
and mass, the barrier height, and the shape of the barrier.37

The tunneling correction factor is defined as the quotient of
the quantum mechanical rate to the classical rate. Although the
tunneling process is a multidimensional phenomenon, for
simplicity this is treated as a one-dimensional process. In this
study, two methods were considered for the correction of
possible tunneling effect. A simple expression, which is
suggested by Shavitt for the tunneling correction, is38

whereν* is the imaginary frequency of the activated complex
at the top of the barrier,kB andh are Boltzmann’s and Plank’s
constants, andE0 is the barrier height corrected for zero-point
energy for the reaction. In another method to calculate the
tunneling factor, a particle with energy ofE approaching an
unsymmetrical Eckart barrier is assumed.39 In this method, the
tunneling factor can be written as40

HereEe is the effective barrier height corrected for zero-point
energies, andκ(E) is the transmission probability for a particle
with energyE approaching an Eckart barrier. To calculate the
tunneling factor, a numerical integration program of Brown was
used.41 The tunneling factor,Γ, in expression 10 is related to
the barrier heights for forward and reverse reaction and
frequency of an imaginary vibration,ν*, in a well created by
inverting the barrier. To calculate the tunneling factor according
to eq 10, three parameters,Ri (2πVi/(hν*) where i is 1 or 2 for
forward or reverse reaction) andu* (hν*/(kBT)) should be
introduced to the program as input. At the characteristic
tunneling temperature,T* (hν*/(2πkB)), the energy of the
reacting molecules is equal to half the effective barrier,Ee. The
full width of a parabolic barrier at half its height (∆s1/2) is related
to the characteristic tunneling temperature as42

Here kB and h are Boltzmann’s and Planck’s constants,
respectively,Ee is the barrier height, andµ is the reduced mass
of the transient species in the direction of reaction coordinate.

µ in reactions R1 and R2 is taken as the mass of a hydrogen
atom that passes through the barrier.

Results and Discussion

a. Reaction of CH3 + H2S.Figure 1 shows the geometry of
optimized structures of species in reaction R1 at the MP2/6-
311++G(3df,3pd) level of theory. Numbers in parentheses are
experimental values given in ref 43. As shown in Figure 1c,
the location of the transition state for reaction R1 was found at
C‚‚‚H distance of 1.508 Å and H‚‚‚S distance of 1.455 Å. The
angle of C‚‚‚H‚‚‚S at the transition state was found equal to
177.77°. These results are in agreement with the results reported
for some other hydrogen abstraction reactions.40,44 Figure 2
shows the potential energy surface along the minimum energy
path for reaction R1 at the MP2/6-311++G(d,p) level of theory.
According to Figure 2, reaction R1 is an exothermic reaction
with an early barrier. Total energies of species at different levels
of theory are listed in Table 2. The barrier heights corrected
for zero-point energies at different levels of theory are listed in
Table 3. Vibrational term values, rotational constants, reduced

Qv ) 1

1 - e-hυ/(kBT)
(8)

Qtunnel) 1 - 1
24(hν*

kBT)2(1 +
kBT

E0
) (9)

Γ ) exp(Ee/(kBT))∫0

∞
κ(E) exp(-E/(kBT)) dE/(kBT) (10)

∆s1/2 )
hEe

1/2

2π2kBT*µ1/2
(11)

Figure 1. Optimized structures of CH3 (A), SH2 (B), TS1 (C), SH
(D), and CH4 (E) at the MP2/6-311++G (3df,3pd) level. Numbers in
parentheses are from ref 43.

Figure 2. Potential energy surface for reaction CH3 + H2S at the MP2/
6-311++G(d,p) level.
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moments of inertia, and zero-point energies for reaction R1 are
listed in Table 4. Vibrational term values for CH3 and H2S are
from refs 45 and 46, respectively. Reaction R1 has an early
energy barrier with an imaginary term value of 1209i cm-1.
This low imaginary term value causes a lower characteristic
tunneling temperature of 277 K relative to the values reported
for some other hydrogen transfer reactions.47 The full width of
the barrier at half its height (∆s1/2) for reaction R1 from eq 11
was calculated to equal 0.37 Å, which is almost half the value
obtained from Figure 2.

Comparing the calculated barrier height for reaction R1 at
different levels of theory in the present work with the reported
experimental values of barrier height in the literature reveals
that our results show a higher barrier height. Reported experi-
mental barrier heights in the literature vary from 9 to 11 kJ
mol-1 (see Table 1). To calculate the rate constantk1 in the
present study, we chose a barrier height equal to 17.5 kJ mol-1

from MP4SDTQ results.
Rate constant for reaction R1 was calculated according to

generalized transition-state theory, eq 1, and also CVTST; the
methods of calculation are described in ref 32a. Reaction path
degeneracy for reaction R1 was set equal to 4. A value of 1
was chosen for the quotient of electronic partition functions.
The Arrhenius plot for reaction R1 is shown in Figure 3. To
calculate the rate constant for reaction R1, the rotation of the
coming CH3 group about the C‚‚‚H‚‚‚S bond at the transition
state could be treated as a vibrational motion or an internal
rotation. Also the rotations of CH3 group around the two axes
perpendicular to the reaction coordinate axis could be treated
as rocking or tumbling vibrational motions or two hindered

internal rotations. The rotation of CH3 group around the reaction
coordinate (torsional motion) was treated as an internal free
rotation, and we used eq 4 to calculate the partition function
for this free rotation. We used a FORTRAN program based on
the method introduced by Pitzer33 to calculate the reduced
moment of inertia in eq 4. We obtained a value of 1.14 amu Å2

for IIR for this rotation. To calculate the partition function for
the hindered rotations about the axes perpendicular to the
reaction coordinate, we used eq 5. The reduced moment of
inertia in eq 5 was calculated as48

Here,I1 andI2 are the moments of inertia of the two parts. We
found values ofIIR for these rotations of 0.84 and 0.90 amu Å2.

In calculating the solid line in Figure 3, we treated these three
motions of CH3 group as vibrational motions with no tunneling
correction, eq 1. The dashed line in Figure 3 is the same as the
solid line except that the tunneling correction, eq 10, was
included. The dashed-dotted line in Figure 3 is the same as
the dashed line except that the three internal motions of CH3

group about theX, Y, and Z axes were treated as internal
rotations in the transition state. The dotted line in Figure 3 was
calculated according to the assumption that conserved vibrational
frequencies and moments of inertia of the reactants do not
change as the reaction proceeds. To calculate the dotted line in
Figure 3, the free internal rotation and tumbling and rocking
motions are considered and the tunneling factor was also
included. According to CVTST, the dotted line in Figure 3,
we have found the Arrhenius parameters for the reaction of

TABLE 2: Total Energies of Species in Reaction CH3 + H2S Calculated at Different Levels of Theory in amu

method CH3 H2S CH3‚‚‚SH2
a TS HS CH4

(P)MP2) full/6-311++(3df,3pd) -39.759 74 -399.066 70 -438.826 44 -438.822 95 -398.418 83 -40.433 95
MP4SDTQ) full/6-311++(3df,3pd) -39.782 76 -399.096 47 -438.879 23 -438.873 42 -398.444 85 -40.460 97
QCISD) full/6-311++(3df,3pd) -39.779 12 -399.087 73 -438.866 85 -438.859 03 -398.438 64 -40.455 11
CCSD) full/6-311++(3df,3pd) -39.778 96 -399.087 50 -438.866 46 -438.858 45 -398.438 45 -40.454 81
B3LYP/6-311++(3df,3pd) -39.858 33 -399.429 69 -439.288 02 -439.285 45 -398.777 65 -40.537 39
CAS(MP2)/6-311++(3df,3pd) -39.760 27 -399.043 34 -438.803 61 -398.324 88 -40.427 89

a Sum of total energies of CH3 plus H2S at an infinite distance.

TABLE 3: Barrier Height Corrected for Zero-Point
Energies for Reaction R1 at Different Levels of Theory in
kJ mol-1

method of calculation E0

(P)MP2) full/6-311++G(3df,3pd) 11.5
MP4SDTQ) full/6-311++G(3df,3pd) 17.5
CASMP2/6-311++G(3df,3pd)
B3LYP/6-311++G(3df,3pd) 9.0
QCISD) full/6-311++G(3df,3pd) 22.8
CCSD) full/6-311++G(3df,3pd) 23.3

TABLE 4: Vibrational Term Values in cm -1, Zero-Point
Energies in amu, and Rotational Constants in GHz
Calculated at the MP2/6-311G(d,p) Level and Reduced
Moments of Inertia, I IR, in kg mol-1 Å2 for the Transition
State (See the Text)

CH3 SH2 TS

ν 3161, 3161,
3004, 1396,
1396, 606

2626,
2615,
1183

3309 (3143), 3306 (3141), 3134 (2977),
2811 (2670), 1453 (1380), 1453 (1380),
1229 (1168), 1162 (1104), 825 (784),
647 (615), 571 (542), 316 (300),
280 (266), 38 (36), 1209i

B1 289.661 311.005 97.821
B2 289.661 269.543 5.306
B3 144.830 141.862 5.211
I IR 1.14, 0.90, 0.84

ZPE 0.030 25 0.015 71 0.046 82

Figure 3. Arrhenius plot for reaction CH3 + H2S. Solid line is
calculated according to eq 1 without introducing the tunneling correc-
tion. Dashed line is the same as solid line except that the tunneling
factor is included. Dashed-dotted line is the same as the dashed line
except that the three vibrational motions in the transition state are treated
as three internal rotations. Dotted line is calculated according to CVTST
method. Symbols represent data from the following references: (9)
ref 3; (0) ref 4; (O) ref 5; (2) ref 6; (4) ref 7; (3) ref 8.

IIR )
I1I2

I1 + I2
(12)
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CH3 + H2S ask1 ) (6.8 × 104)T1.2 exp(-6.0 kJ mol-1/(RT))
L mol-1 s-1.

Equation 10 was used to calculate the tunneling factor in
Figure 3. The tunneling factor for reaction R1 was found equal
to 3.9 at 300 K, which decreased to a value of 1.16 at 1000 K.
The calculated tunneling factor for reaction R1 according to eq
9 was found to equal 2.60 at 300 K. In Figure 3, our results are
compared with the experimental results reported in the literature.

We also assumed the tumbling and rocking motions of CH3

as two-dimensional hindered rotations as the transition state is
approaching and calculated their partition functions by means
of eqs 5 or 7. At the transition state, term values for the internal
rotation around the reaction coordinate and tumbling and rocking
motions were found to equal 36, 266, and 300 cm-1, respec-
tively; see Table 4. Using eq 4 to calculate the partition function
for the internal rotation about the reaction coordinate axis and
eq 5 to calculate the partition function for the other two-
dimensional hindered rotations produced the rate constant of
reaction R1 with much higher slope (see the dashed-dotted
line in Figure 3).

Reaction R1 is an exothermic reaction with an early barrier.
Values of∆fH0 for CH3, CH4, HS,49 and H2S50 are reported as
146.3( 0.5, -74.6 ( 0.3, 140.4( 3.5, and-20.6 ( 0.5 kJ
mol-1, respectively, at 298 K. According to these data,∆H0

for reaction R1 was found to equal-60 ( 4 kJ mol-1 at 298
K. According to our MP2/6-311G(d,p) calculations,∆H0 for
reaction R1 was found to be-66.3 kJ mol-1 at 298 K, which
seems reasonable.

b. Reaction of OH + H2S. Optimized geometries of OH
radical, transition state, and H2O at the MP2/6-311++G-
(3df,3pd) level are shown in Figure 4. Potential energy surface
for reaction R2 at the MP2/6-311G++(d,p) level is shown in
Figure 5. The location of the transition state for reaction R2
was found at O‚‚‚H distance of 1.377 Å and at H‚‚‚S distance
of 1.417 Å. The angle of C‚‚‚H‚‚‚S at the transition state was
found to equal 148.82°. This value could be compared with the
value of 148° reported by Corchado et al. for reaction of OH+
NH3.51 Total energies of species at different levels of theory
are listed in Table 5. The barrier heights corrected for zero-
point energies at different levels of theory are listed in Table 6.
Vibrational term values, rotational constants, reduced moments

of inertia, and zero-point energies for reaction R2 are listed in
Table 7. Depending on the level of theory, the calculated barrier
heights for reaction R2 were found in the range from-20.8 to
10.8 kJ mol-1. DFT methods gave no barrier height for reaction
R2. We chose a value of 4.2 kJ mol-1 for the barrier height of
reaction R2 from QCISD) full/aug-cc-pvtz calculations.

Reaction R2 is also an exothermic reaction with an early
barrier. Using values of 39.4( 0.2 and-241.8( 0.1 kJ mol-1

for the heats of formation of hydroxyl radical45 and water,46

respectively, and values from the last section for the heats of
formation of H2S and HS radical, we found a value of-120(
4 kJ mol-1 for ∆H0 of reaction R2 at 298 K. According to our

TABLE 5: Total Energies of Species in Reaction OH+ H2S Calculated at Different Levels of Theory in amu

method OH H2S HO-H-SHa TS H2O HS

(P)MP2) full/6-311++G(3df,3pd) -75.645 35 -399.066 70 -474.712 05 -474.711 20 -76.347 63 -398.418 83
MP4SDTQ) full/6-311++G(3df,3pd) -75.662 31 -399.096 47 -474.758 78 -474.755 72 -76.362 60 -398.444 85
QCISD) full/6-311++G(3df,3pd) -75.657 53 -399.087 73 -474.745 26 -474.742 32 -76.353 31 -398.438 64
QCISD) full/aug-cc-pvtz -75.653 40 -398.970 03 -474.623 43 -474.622 13 -76.349 14 -398.320 25
CCSD) full/6-311++G(3df,3pd) -75.657 22 -399.087 50 -474.744 72 -474.740 91 -76.352 84 -398.438 45
B3LYP/6-311++G(3df,3pd) -75.766 22 -399.429 69 -475.195 91 -475.204 15 -76.464 44 -398.777 65
CAS(MP2)/6-311++G(d,p) -75.591 64 -398.946 47 -474.538 12 -76.281 85 -398.321 03

a Sum of total energies of OH plus H2S at an infinite distance.

Figure 4. Optimized structure of OH (F), TS2 (G), and H2O (H) at
the MP2/6-311++G(3df,3pd) level. Numbers in parentheses are from
ref 43.

Figure 5. Potential energy surface for reacton OH+ H2S at the MP2/
6-311++G(d,p) level.

TABLE 6: Barrier Height Corrected for Zero-Point
Energies for Reaction R2 at Different Levels of Theory in kJ
mol-1

method of calculation E0

(P)MP2) full/6-311++G(3df,3pd) 3.0
MP4SDTQ) full/6-311++G(3df,3pd) 8.8
CASMP2/6-311++G(d,p)
B3LYP/6-311++G(3df,3pd) -20.8
QCISD) full/6-311++G(3df,3pd) 8.5
QCISD) full/aug-cc-pvtz 4.2
CCSD) full/6-311++G(3df,3pd) 10.8

TABLE 7: Vibrational Term Values in cm -1, Zero-Point
Energies in amu, and Rotational Constants in GHz
Calculated at the MP2/6-311G(d,p) Level and Reduced
Moments of Inertia, I IR, in kg mol-1 Å2 for the Transition
State (See the Text)

H2S OH TS

ν 2626,
2615,
1183

3737.8 3839 (3647), 2824 (2683), 1409 (1339),
1093 (1039), 772 (733), 340 (323),
275 (262), 210 (200), 1487i

B1 311.104 568.336 181.436
B2 272.012 568.336 6.147
B3 145.124 6.077
I IR 0.41, 0.57

ZPE 0.015 71 0.008 52 0.024 52
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MP2/6-311G(d,p) calculations,∆H0 for reaction R2 was found
to be-119.8 kJ mol-1 at 298 K, which is in good agreement
with the experimental results.

The term value for the imaginary frequency for reaction R2
was found to equal 1487i (see Table 7). This value of imaginary
frequency predicts a value of 340 K for the characteristic
tunneling temperature. The full width of the barrier at half its
height (∆s1/2) for reaction R2 was calculated to equal 0.14 Å
using eq 11, which is smaller than the value obtained from
Figure 5 by 0.45 Å.

Rate constant for reaction R2 was calculated according to eq
1. Reaction path degeneracy for reaction R2 was set equal to 2.
A value of 1 was chosen for the quotient of electronic partition
functions. Arrhenius plot for reaction R2 is shown in Figure 6.
To calculate the rate constant for reaction R2, four different
methods were used. In the first method, all of the internal
motions of the system in the transition state were treated as
vibrational motions with no tunneling correction (dotted line
in Figure 6). In the second method, we calculated the rate
constant of reaction R2 in the same way as we did for the dotted
line except that the tunneling correction to the rate constant from
eq 10 was included (dashed line in Figure 6). In the third
method, we treated the tumbling and rocking motions and free
rotation about the reaction coordinate in the activated complex
as internal rotation and calculated the partition functions for
these rotations by means of eqs 4 and 5 (dashed-dotted line in
Figure 6). We obtained a value of 0.41 amu Å2 for the reduced
moment of inertia for the internal rotation of hydrogen of
hydroxyl radical around the S‚‚‚H‚‚‚O axis and a value of 0.57
amu Å2 for the reduced moment of inertia for the hindered
internal rotation of hydroxyl group around the axis perpendicular
to the reaction coordinate axis. At the transition state, term
values for the internal rotation around the reaction coordinate
and tumbling or rocking motions of OH group were found to
equal 200 and 262 cm-1, respectively (see Table 7). The solid
line in Figure 6 was calculated according to CVTST using the
method described in ref 32a. According to this method, we have
found the Arrhenius parameters for the reaction of OH+ H2S
ask2 ) 9.7 × 109 exp(-4.5 kJ mol-1/(RT)) L mol-1 s-1.

In Figure 6, we compared our results with the reported values
of the rate constantk2 in the literature. As shown in Figure 6
and Table 1, because of low activation energy for reaction R2,
the reported Arrhenius plots in the literature are almost
independent of the temperature. The solid line in Figure 6 shows
more agreement with the results obtained from the literature.
Our calculated Arrhenius plots from generalized transition-state
theory for reaction R2 were curved at higher temperatures, which
was due to the contribution of low vibrational states of the
transition state.

The tunneling factor calculated from eq 10 for reaction R2
was found to equal 1.96 at 300 K and decreased to a value of
1.1 at 1000 K. According to eq 9, this factor was found to equal
4.7 at 300 K.

Conclusion
Reactions R1 and R2 are hydrogen abstraction reactions, of

which, as yet, the kinetics are not studied experimentally in a
wide range of temperature. As expected, the rate constants of
hydrogen abstraction reactions are normally affected by quantum
mechanical tunneling process. This effect becomes small as the
barrier height decreases. We calculated the rate constants for
reactions R1 and R2 over the temperature range of 200-3000
K, theoretically. Potential energy surfaces for both reactions
were explored at the MP2/6-311++G(d,p) level of theory, and
barrier heights were calculated at different levels of theory. Both
reactions are exothermic with early barriers. Generalized transi-
tion-state theory and canonical variational transition-state theory
were used to calculate the rate constants. To calculate the rate
constants for reactions R1 and R2, we used the results from
MP4SDTQ and QCISD calculations, respectively, which showed
more agreement with the experimental results.

DFT method gave the lowest barrier height for reaction R1,
which increased the rate of reaction R1 by a factor of 30 at 300
K, while CCSD calculations gave a higher barrier, which caused
a decrease of the rate of reaction R1 by 10% relative to the rate
constant calculated from MP4SDTQ results at 300 K. The
MCSCF method was not able to converge at the transition states
of both reactions R1 and R2. The Gaussian program was also
unable to converge at the transition state of reaction R1 at the
QCISD ) full/aug-cc-pvtz level.

DFT method gave no barrier for reaction R2. Our results
showed the rate constant of reaction R2 calculated according
to QCISD ) full/aug-cc-pvtz results was in more agreement
with the experimental results.

The effect of treating tumbling and rocking motions as
hindered internal rotations on the rate constants was also
examined. For both reactions, we found that the trend of the
rate constants was in more agreement with the experimental
results if we used these internal rotations as tumbling or rocking
vibrational motions (see Figures 3 and 6).

As indicated in Table 1, reactions R1 and R2 have not been
studied over a wide range of temperature experimentally. Thus,
it was not possible to examine the role of tunneling process on
the rates of these reactions from the experimental data reported
in the literature. Our results indicated that tunneling effect on
the rate of reaction R1 becomes significant at temperatures lower
than 277 K and for reaction R2 at temperatures lower than 340
K. These characteristic tunneling temperatures are strongly
dependent on the values of imaginary frequencies. The tunneling
factor for reaction R1 was found to equal 3.90 at 300 K, which
decreased to a value of 1.16 at 1000 K. The tunneling factor
for reaction R2 was found to equal 1.96 at 300 K and decreased
to a value of 1.1 at 1000 K. The reason for the lower tunneling
factor in reaction R2 should be due to lower barrier height
of reaction R2.

Figure 6. Arrhenius plot for reaction OH+ H2S. Dotted line is
calculated from eq 1 without introducing the tunneling correction.
Dashed line is the same as dotted line except that the tunneling factor
is included. Dashed-dotted line is the same as dashed line except that
the two vibrational motions in the transition state are treated as two
internal rotations. Solid line is calculated according to CVTST method.
The symbols represent data from the following references: (9) ref 2a;
(0) ref 10; (O) ref 2b; (2) ref 13; (×) ref 14; (]) ref 9; (dotted diamond)
ref 17; (1) ref 12; (-) ref 16; (4) ref 15; (~) ref 20; (bold box) ref 11;
([) ref 18; (.) ref 19; (+) ref 21.
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Our ab initio calculations gave higher barrier heights for both
reactions than the values reported from experimental studies in
the literature (see Table 1). This discrepancy should be due to
the compensation of the tunneling effect in the experimental
studies. To evaluate the effect of tunneling process in both
reactions, it is necessary to study both reactions in a wider
temperature range. Despite this discrepancy, if we include the
tunneling factor into the rate constants, our results are in good
agreement with the experimental results (see the dotted line and
solid line in Figures 3 and 6, respectively).

Lin et al.12 reported a non-Arrhenius behavior for the rate
constant of reaction R2 with a minimum near room temperature.
DeMore and co-workers2a and Atkinson and co-workers2b

suggested that this kind of non-Arrhenius behavior is due to
the occurrence of both addition and abstraction channels for
the OH + H2S system. We were not able to find a relatively
stable geometry for the addition of hydroxyl radical to hydrogen
sulfide. We believe that this kind of behavior should be the
result of tunneling process.

As shown in Figures 3 and 6, Arrhenius plots for both
reactions R1 and R2 are nonlinear at higher temperatures if we
use generalized transition-state theory. This kind of behavior
should be due to the contribution of low-lying vibrational states
presented in the transition state. High-frequency stretching
vibrations are considered to be unexcited while low-frequency
bending vibrations will be excited at higher temperatures. If
we assume that conserved vibrational frequencies and moments
of inertia of the reactants do not change as the reactions proceed,
Arrhenius plots of both reactions are in more agreement with
the experimental results (see dotted line in Figure 3 and solid
line in Figure 6).

According to CVTST, Arrhenius plot of reaction R1 was
not linear with a small curvature (see dotted line in Figure 3).
A nonlinear least-squares curve fitting to the dotted line in
Figure 3 gave the Arrhenius parameters ask1 ) (6.8× 104)T1.2

exp(-6.0 kJ mol-1/(RT)) L mol-1 s-1. CVTST calculations
gave almost a linear Arrhenius plot for reaction R2 (see solid
line in Figure 6) with Arrhenius parametersk2 ) 9.7 × 109

exp(-4.5 kJ mol-1/(RT)) L mol-1 s-1. The reason for the
difference in behavior of these two reactions was because the
calculated tunneling factor of reaction R1 was almost two times
greater than that of reaction R2.
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