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The reaction of H2S + S has been characterized at the multireference configuration interaction level with the
geometries optimized using the aug-cc-pVTZ basis set and the single-point energy calculated using the aug-
cc-pV(Q+d)Z basis set. As in the analogous reaction of H2 + S, the presence of an intersystem crossing
enables products (SH+ SH) to be formed on the singlet surface through S insertion, which bypasses the
triplet barrier (19.1 kJ mol-1 relative to SH+ SH) of the H abstraction route. This provides theoretical
evidence for SH+ SH formation without barrier beyond endothermicity at sufficiently low temperatures.
The H abstraction route, however, is expected to be competitive at higher temperatures due to a much higher
Arrhenius pre-exponential factor (6.9× 1014 cm3 mol-1 s-1 derived from TST calculation) than that of S
insertion channel (3.7× 1013 cm3 mol-1 s-1, derived by a least-squares fit to the measurements). With a
slightly higher transition-state barrier than that of the H abstraction channel, the production of S2 + H2 is less
favored due to proceeding via intersystem crossing and insertion. While the formation of HSS+ H is
energetically unfavorable relative to SH+ SH, recombination channels producing H2SS or the more stable
HSSH are expected to occur under collisional stabilization conditions at high pressures.

1. Introduction

It has long since been recognized that the presence of sulfur
species in fossil fuels leads to complex chemistry in combustion
systems. As noted in a recent review by Schofield,1 although a
satisfactory mechanism has been developed to describe sulfur
chemistry as trace species in high-temperature flames, funda-
mental insight into sulfur behavior at significant concentrations
remains elusive.

The kinetics of H2S thermolysis has been the focus of
extensive experimental studies in flow reactors2-7 and shock
tubes8-13 for decades and has recently been the subject of
detailed chemical kinetic modeling studies.7,14The unimolecular
dissociation channel (R1) was long assumed to be the initiation
step in the thermal decompositionof H2S8-10 although without
theoretical justification

This assumption was however challenged by Woiki and Roth11

who reported that the rate of atomic S formation was an order
of magnitude greater than that of atomic H formation, according
to their shock-tube studies. This observation indicates that, due
to the possibility of singlet-triplet intersystem crossing, it is
not the spin-allowed channel R1 but rather the energetically
favored spin-forbidden channel R2 that is responsible for the
unimolecular decomposition of H2S

The rate expression for R2, based upon the formation profile
for atomic S, agreed well with a contemporaneous measurement

of H2S decomposition by Olschewski et al.12 In addition to the
experimental measurements, Olschewski and co-workers12

reported a crossing energy similar to the endothermicity of R2,
based upon a simplified unimolecular rate analysis, the simpli-
fications being necessitated by lack of geometries of crossing
intermediates and corresponding potential surfaces.

Recent rate measurements performed by Shiina et al.13

showed large discrepancies with those obtained by Woiki and
Roth11 and Olschewski et al.,12 although there was no apparent
experimental failure in any of the three studies. Shiina et al.15

investigated the discrepancy between their rates for R2 and those
obtained by Woiki and Roth11 and Olschewski et al.12 through
measurements of the rate of the reaction, H2 + S. They could
find no significant pressure dependence at 900-1050 K and
pressures up to 4 bar and concluded that the reverse of R2 must
be much slower than the direct abstraction channel to SH+ H
and hence that the rate of R2 could not be as high as suggested
by the earlier investigators.11,12

Notwithstanding the differences in the rate, it is significant
that all three studies11-13 revealed a nearly identical activation
energy, which was substantially lower than the endothermicity
of the bond-cleavage channel R1. As a consequence, Shiina et
al.13 performed quantum chemical calculations to investigate
the energy barrier for potential surface crossing in R2. The
lowest singlet surface and the three lowest triplet surfaces were
calculated at MRCI/cc-pVTZ level of theory, taking the refer-
ence energies from state-averaged CASSCF calculations. They
reported that the surface crossing energy barrier was 65.4 kJ
mol-1 higher than the endothermicity of R2 but still 17.4 kJ
mol-1 lower than the bond dissociation energy of channel R1.

More recently, the reverse channel of R2 was investigated
by Maiti et al.16 who carried out a detailed intersystem crossing
study of atomic S insertion using a quantum trajectory surface-
hopping method which considered spin-orbit coupling dynam-
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H2S + M f SH + H + M ∆H0K ) 375 kJ mol-1

(R1)

H2S + M f H2 + S(3P) + M ∆H0K ) 291 kJ mol-1

(R2)
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ics. The various reaction channels considered are

In agreement with the study of Shiina et al.,13 the crossing
energy, corresponding to the intermediate complex (H2S*), is
between reactant and product asymptotes of R3. In contrast to
the analogous reaction with atomic O, intersystem crossing
occurs on the reactant side of channel R3, so bypassing the H
abstraction channel (R3a) with its triplet barrier. The relative
ease with which system crossing occurs with S is due in part to
more significant spin-orbit coupling in S than in O.16 This study
emphasized that the apparent products of the abstraction channel
actually arise via the initial intersystem crossing and insertion.

The occurrence of intersystem crossing in other reactions of
S has also been suspected, for example by Tsuchiya et al.17

who found no barrier for the reaction of atomic S with a wide
range of hydrocarbon species, distinct from the analogous
reactions with O, and consistent with the crossing mechanism
described above for R3. Similarly, Shiina et al.13 found reaction
R4 to proceed without any barrier beyond its endothermicity
and suggested that this might be due to crossing and insertion.
This possibility opens up a number of interconnected product
channels, some of which have been shown to be important in
the overall mechanism of H2S thermolysis,7,14 for example

R4a represents H abstraction on the triplet surface, while other
possible channels (R4b-R4f), proceeding via the energized
complex (H2S2*) on the singlet surface, are analogous with R3,
due to the possibility of intersystem crossing.

Here it should be noted that Woiki and Roth11 did find a
significant activation barrier for R4, which would appear to
argue against the system-crossing channels. However, the use
of CS2 photolysis at 193 nm as the source of S atoms in the
Woiki and Roth experiments has been criticized by Shiina et
al.,13 who found photolysis of the coreactant H2S was also
significant at this wavelength. The generation of S atoms by
photolysis of COS at 248 nm apparently avoids these prob-
lems.13

The present study, therefore, aims to elucidate the chemistry
of channel R4, using computational chemistry. First of all, the
energy barrier of H abstraction on the triplet surface is
characterized and the corresponding rate constant evaluated. We
then move on to consider the contribution of the spin-forbidden
S insertion channels in R4 by means of characterizing the H2S2

potential energy surface (PES) at high levels of theory.

2. Computational Methods

Geometry Optimization: Minima and Saddle Points.The
equilibrium geometries of stable molecules as well as transition
states were optimized at a full valence active space multiref-

Figure 1. Equilibrium geometry parameters of stable species that were
optimized at the MRCI/aug-cc-pVTZ level of theory. Experimental
values31-34 are shown in parentheses ( ), while computed values25 at
MP2/6-311G** level are given in brackets [ ] with bond lengths and
angles in angstroms and degrees, respectively. Complete geometry
information can be found in the Supporting Information.

Figure 2. Equilibrium geometry parameters of transition states in the
H2/S2 system. The transition states were optimized at the MRCI/aug-
cc-pVTZ level of theory. Bond lengths and angles are shown in
angstroms and degrees, respectively. Complete geometry information
can be found in the Supporting Information.

H2 + S(3P) f products (R3)

f SH + H ∆H0K ) 84 kJ mol-1 (R3a)

f H2S* f SH + H ∆H0K ) 84 kJ mol-1 (R3b)

f H2S ∆H0K ) -291 kJ mol-1

(R3c)

Figure 3. Approximate ISC geometries in the H2/S2 system with bond
lengths and angles shown in angstroms and degrees, respectively.

H2S + S(3P) f products (R4)

f SH + SH ∆H0K ) 27 kJ mol-1 (R4a)

f H2S2* f SH + SH ∆H0K ) 27 kJ mol-1 (R4b)

f HSSH ∆H0K ) -235 kJ mol-1 (R4c)

f H2SS ∆H0K ) -120 kJ mol-1 (R4d)

f HSS+ H ∆H0K ) 70 kJ mol-1 (R4e)

f H2 + S2(
1∆g)

f H2 + S2(
3Σg

-) ∆H0K ) -128 kJ mol-1 (R4f)
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erence configuration interaction (MRCI) level of theory, using
augmented correlation-consistent polarized valence triple-ú basis
set (aug-cc-pVTZ). Subsequently, single-point energy calcula-
tions using a higher level basis set were performed at the MRCI/
aug-cc-pV(Q+d)Z level of theory with the Davidson correction18

to approximate the energy of configuration interaction up to
quadruple excitations (CISDTQ). The use of the more balanced
d-function basis set modified by Dunning et al.19 is necessary
to describe molecules containing second-row atoms. The energy
sets of reactants and products were calculated for stable
molecules separated by a distance of 50 Å. To reduce the
computational expense, vibrational frequencies of stable mol-
ecules and transition states were calculated analytically at the
CASSCF/aug-cc-pVTZ level of theory using geometries opti-
mized at the CASSCF level. We reported previously that this
approximation introduced a discrepancy from MRCI frequency
of less than 2%.20

PESs: Locating Surface Crossings.To study the possibility
of intersystem crossing in atomic S insertion, two-dimensional
PES slices were characterized at the MRCI+Davidson/aug-cc-
pV(Q+d)Z level of theory, using intermediate geometries
partially optimized at MRCI/aug-cc-pVTZ level on both singlet
and triplet surfaces. In this way, the intersystem-crossing region
was determined, showing the minimum crossing energy on both
surfaces.

Detailed geometry parameters are included in the Supporting
Information. The quantum chemistry calculations were per-
formed using Molpro,21 Dalton,22 and Gaussian 9823 packages.

3. Results and Discussion

3.1. The PES. Geometry parameters of stable species,
transition states, and approximate crossing points involved in
R4 are shown in Figure 1, Figure 2, and Figure 3, respectively.

Figure 4. PES for reaction H2S + S: thick lines, triplet surface; thin lines, singlet surface. Energies are shown relative to product set SH+ SH
calculated at the aug-cc-pV(Q+d)Z level of theory, excluding ZPVE correction. Circles highlight the intersystem crossing energies.

Figure 5. Schematic diagram of atomic S insertion process: (1) A sulfur atom approaches a H2S molecule on the triplet surface from infinite
distanceRSS until intersystem crossing occurs. (2) S-S bond remains long in absence of collisional stabilization on singlet surface at low pressure.
(3) S-S bond shortens on singlet surface at high pressure due to collisional stabilization.
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Table 1 lists vibrational frequencies and energies relative to the
product asymptote of SH+ SH for which the singlet and triplet
states are energetically degenerate. A comparison with G3
energies and reported heats of formation of stable species shows
that the current computational method has an estimated error
of ∼10 kJ mol-1. As depicted in Figure 4, four transition states
are characterized at the MRCI level, for the following reactions

In agreement with our earlier study,14 there are no apparent
barriers for the unimolecular dissociation channels of

Intersystem crossing (ISC1) is found to occur prior to the triplet
barrier of TS1 with the minimum crossing energy slightly lower
than the SH+ SH asymptote. This enables channel R4b to
proceed on the singlet surface, bypassing the triplet barrier of
R4a. Two other system crossings (ISC2 and ISC3) were
identified, but these would appear to be incapable of influencing
the kinetics of the overall system: while the singlet-triplet
crossing (ISC2) on the product side of TS3 might conceivably
affect the S2 singlet-triplet product distribution, it has no
influence on the barrier; the crossing (ISC3) occurring prior to
the singlet barrier of TS4 could reduce the barrier, it would
have only marginal effect on the reaction rates through this high-
energy channel.

3.1.1. Direct Hydrogen Abstraction.With respect to the
hydrogen abstraction channel (R4a), we find a substantial energy
barrier of∼45 kJ mol-1 above the reactant asymptote of H2S

+ S. The high-pressure rate constant has been evaluated based
upon TST, including tunneling correction according to Wigner’s
formulation.24 By use of a least-squares fit at temperatures
ranging from 300 to 3000 K, a three-parameter Arrhenius
expression is derived

The tunneling correction is a factor of 2-5 at 300-600 K
decreasing to∼1.3 at 1000 K and∼1.05 above 2000 K.

3.1.2. Intersystem Crossing in H2S + S f Products.The
intermediate geometries arising from insertion of atomic S into
H2S can be considered as a distortion of the H2SS molecule.
As depicted in Figure 5, from the reactant channel (H2S + S),
H′ and S′′ initially bond together with a length ofRSH when S′
approaches S′′ from a distance ofRSSon triplet surface. AsRSS

is reduced to a certain length, interaction between S′ and H′
occurs, forming an intermediate complex with H′ starting to
bond with S′. At the same time S′ begins to interact with S′′,
but in the absence of collisional stabilization, the intermediate
complex simply dissociates to products SH+ SH (channel R4b;
see Figure 5). If the system pressure is sufficiently high so that
the S′-S′′ bond-forming energy can be effectively removed by
collision, stabilized HSSH (R4c) or H2SS (R4d) molecules are
produced.

Migration of H connects the product minima for H2SS and
HSSH on the singlet surface. The saddle point TS2 was
optimized to give the geometry shown in Figure 2. The barrier
heights of 76 and 191 kJ mol-1 (including ZPVE correction)
above equilibrium H2SS and HSSH, respectively, are in good
agreement with reported values calculated at CASPT2/ANO-L
level.25

The PES slices of the S insertion process were characterized
in terms of minimizing intermediate complex energies by
relaxing the S′-S′′-H′ angleθ, for values ofRSH andRSS (in
the ranges 1.2-2.6 and 2.2-3.6 Å, respectively) separated by
0.2 Å. Meanwhile, the spatial position of the out-of-plane H

TABLE 1: Electronic Energies, Vibrational Frequencies, and Relative Energies, Including ZPVE Correction of the Optimized
Reactants, Products, and Transition States in the H2/S2 System

relative energies (0 K) to SH+ SH (kJ mol-1)

species electronic energiesa (au.) vibrational frequenciesb (cm-1) MRCIa G3 lit. values
1H2 4225
3S2 677
1S2 643
2SH 2590
1H2S 2628, 2603, 1176
2HSS 2483, 908, 549
1H2SS -796.66881903 2701, 2699, 1313, 890, 860, 530 -136.2 -136.7 142.5,c,f 146.5d,f

1HSSH -796.71015887 2558, 2556, 892, 889, 489, 428 -251.8 -252.0 -261.6,e -259.5f

cis-3HSSH -796.62166093 2584, 2580, 266, 189, 94, 62 -31.6
trans-3HSSH -796.62345337 2592, 2591, 371, 296, 258, 82 -33.9
2SH + 2SH -796.60825787 0 0 0g
1H2S + 3S -796.62103302 -26.2 -23.3 -26.5h

1H2S + 1S -796.57941970 83.1 92.6
2HSS+ 2H -796.58629119 50.3 48.9 43.5h,i

3S2 + 1H2 -796.66301871 -145.4 -152.1 -155.0h

1S2 + 1H2 -796.63787763 -79.7 -85.3
TS1 -796.59912712 1888,i 2575, 873, 386, 287, 245 19.1
TS2 -796.63490256 1087,i 2489, 2110, 988, 744, 398 -60.7
TS3 -796.59995073 1654,i 2026, 1007, 865, 612, 563 21.2
TS4 -796.54471431 2913,i 2031, 998, 514, 463, 353 161.9

a Calculated at the MRCI+Davidson/aug-cc-pV(Q+d)Z level of theory.b Calculated at the CASSCF/aug-cc-pVTZ level of theory.c CCSD(T)/
ANO-L calculation, ref 25.d CASPT2/ANO-L calculation, ref 25.e 0 K value extrapolated from experimental∆Hf°298, ref 26. f CCSD(T)/6-
311++G(2df,p)//MP2/6-311++G** calculation, ref 27.g Experiment, ref 28.h JANAF fourth, ref 29.i 0 K value extrapolated from experimental
∆Hf°298, ref 30.

TS1: H2S + S f SH + SH

TS2: H2SSf HSSH

TS3: H2SSf H2 + S2(
1∆g)

TS4: HSSHf H2 + S2(
1∆g)

HSSHf SH + SH

HSSHf HSS+ H

kabstraction) 3.7× 106T2.297

exp(-37.7 kJmol-1/RT) cm3 mol-1 s-1
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atom, determined by the H′′-S′′ bond length, the H′′-S′′-S′
angle, and the dihedral angle relative to the H′-S′-S′′ plane,
were constrained at the values of equilibrium HSSH species.
This simplification is necessary to reduce computational expense
without introducing significant extra energy on the partially
optimized complex and is justified by the fact that differences
in the S-H bond lengths of SH, H2S, HSSH, and TS1 are within
0.3% (Figure 1). To locate regions of intersystem crossing and
their corresponding energies, contour plots of both singlet and
triplet two-dimensional PESs are presented in Figure 6, taking
RSH and RSS as the two axes. For the singlet-optimized
geometries (Figure 6a), the vertical triplet excitation energies
(parts b and c of Figure 6) were computed and vice versa for

the triplet optimized geometries (i.e., Figure 6e is the triplet-
optimized geometry, parts d and f of Figure 6 are the
corresponding singlet and low-lying triplet excited-state ener-
gies). Furthermore, due to the presence of two degenerate states
in each doublet SH species, a combination of two SH species
contains up to four states with similar energies on the triplet
surface. These were computed using a state-averaged CASSCF
wavefunction. In this study, only the two lowest triplet states
are shown, corresponding to the ground state (parts b and e of
Figure 6) and the low-lying excited state (parts c and f of Figure
6). The energy values shown on the plots are relative to the
asymptote of SH+ SH (excluding ZPVE correction). The sets
of PES slices optimized on the triplet surface show similar

Figure 6. Contour plots of two-dimensional potential energy surfaces. Parts a-c correspond to MRCI+Davidson/aug-cc-pV(Q+d)Z energy surfaces
of singlet, triplet, and low-lying triplet excited-state, respectively, with geometries optimized on the singlet surface at MRCI/aug-cc-pVTZ level of
theory. Parts d-f correspond to MRCI+Davidson/aug-cc-pV(Q+d)Z energy surfaces of singlet, triplet, and low-lying triplet excited-state, respectively,
with geometries optimized on the triplet surface at MRCI/aug-cc-pVTZ level of theory. Broken lines and dotted lines denote where singlet-triplet
and singlet-excited triplet surface crossing occur, respectively. Energies (in kJ mol-1) are presented as relative energy to product set SH+ SH
excluding ZPVE correction. Axis units are given in angstroms.
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patterns to their corresponding optimizations on the singlet
surface. This indicates that there are no substantial geometry
variations, except for large differences in the region whenRSS

equals 2.2 and 2.4 Å, whileRSH equals 1.4 Å. These are quite
compressed geometries with normal optimized angles (104.62°
and 99.82°) on the singlet surface (Figure 6a), but they approach
linear geometry (175.80 and 155.08°) on the triplet surface
(Figure 6e), leading to the high vertical excitation energy from
the optimized triplet surface to the corresponding singlet state
(Figure 6d).

On each contour plot in Figure 6, the upper-left, upper-right,
lower-left, and lower-right corners represent the stable species
sets H2S + S, SH+ SH, H2SS, and HSSH, respectively. The
saddle point regions (TS2 corresponding to the transition state
for H migration on the singlet surface and TS1 corresponding
to H abstraction on the triplet surface) appear around 1.6 Å for
in plane S′-H′ bond length (RSH) and 2.1 and 3.2 Å for in-
plane S′-S′′ bond length (RSS) respectively, in reasonable
agreement with the equilibrium geometries of these transition
states shown in Figure 2.

According to the PES slices in Figure 6, as the S atom
approaches H2S from infinite distance on the ground-state triplet
surface, intersystem crossing is found to occur atRSS around
2.7 Å, producing an excited singlet H2SS* with the crossing
energy ∼20 kJ mol-1 below the threshold of dissociation
producing SH+ SH but∼116 and∼232 kJ mol-1 above that

of equilibrium H2SS and HSSH, respectively. The crossing
energy from the low-lying excited triplet state is higher than
that of the ground-state crossing by∼5 kJ mol-1. Subsequently,
on the singlet surface, the trajectories can skirt around the triplet
H abstraction transition state, which has an energy∼39 kJ mol-1

higher. As a consequence, SH+ SH is anticipated to be
produced without barrier above endothermicity at low pressures
while HSSH, which is 116 kJ mol-1 more stable than H2SS,
dominates under collisional stabilization conditions at high
pressures.

In the crossing region of interest (RSH ) 1.3 Å), additional
intermediate geometries were optimized on the triplet surface
at the MRCI/aug-cc-pVTZ level of theory, and further single-
point MRCI energy profiles were calculated using the higher
level basis set of aug-cc-pV(5+d)Z. Figure 7 shows the crossing
energy of∼20 kJ mol-1 below SH+ SH, which is in good
agreement with that calculated using a lower-level basis set,
proving the suitability of aug-cc-pV(Q+d)Z basis set to describe
the PES.

3.1.3. Intersystem Crossing in Channel H2SSf H2 + S2

(3Σg
- ). The saddle point corresponding to TS3 (geometry shown

in Figure 2) that connects the minima H2SS and S2(1∆g) + H2

was optimized at the MRCI level on the singlet surface, yielding
an energy of∼21 kJ mol-1 higher than asymptote of SH+
SH. Further effort was devoted to studying the possibility of
reducing the singlet barrier through intersystem crossing in a
manner analogous to the S insertion channel (R3c) discussed
above. Figure 8 presents the singlet and triplet PESs for theCs

approach of one S atom of S2 to H2 with the S atom out of
H-S-H plane constrained at the geometry of H2SS. It is
apparent that the intersystem crossing occurs on the product
side with the minimum crossing energy of∼30 kJ mol-1 lower
than the barrier on singlet surface. This offers the possibility of
producing the more stable S2(3Σg

-) molecule directly but does
not alter the fact that production of S2 + H2 from H2SS
dissociation can only occur with a substantial energy barrier,
at least 157 kJ mol-1 which is still higher than SH+ SH.

3.1.4. Intersystem Crossing in Channel HSSHf H2 +
S2(3Σg

-). Another possible channel to produce S2 + H2, via
direct dissociation of HSSH, was studied at the MRCI level. A
substantial barrier (414 kJ mol-1 above equilibrium HSSH) is
found for the transition state TS4 withC2V symmetry on the
singlet surface (geometry shown in Figure 2). To investigate
the possibility of intersystem crossing, both planar cis and trans
isomers for triplet HSSH were optimized at the MRCI level

Figure 7. Intermediate energies relative to SH+SH calculated at
MRCI+Davidson/aug-cc-pV(5+d)Z level of theory, based upon ge-
ometries optimized on triplet surface at MRCI/aug-cc-pVTZ level with
RSH constrained at 1.3 Å.

Figure 8. Contour plots of two-dimensional PESs (left, singlet; right, triplet) calculated at MRCI+Davidson/aug-cc-pV(Q+d)Z level of theory.
Broken lines denote where intersystem crossing occurs. Energies (in kJ mol-1) are relative to SH+ SH. RHH andRS-HH (in angstroms) represent
the distance between two H atoms and the distance between one S atom and the center of two H atoms, respectively.
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and found to have a3B1 ground state. The trans structure was
found to be more stable by 2.3 kJ mol-1; however it is the cis
structure that can lead to H2 + S2. An excited3A2 cis-HSSH
isomer was found 109 kJ mol-1 above the3B1 cis-isomer. It is
relevant to note however that there are somewhat long S-S
bonds of∼2.6 Å in both3B1 isomers, while that in singlet and
3A2 HSSH is∼2.0 Å. The intersystem crossing is studied in
terms of C2V parallel insertion of S2 to H2. Since there is
significant variation of sulfur bond length between singlet HSSH
(2.0 Å), triplet cis-HSSH (2.6 Å), and the transition state TS4
(2.3 Å), plotting a potential energy profile with a constrained
sulfur bond is not reasonable. As an alternative, an intrinsic
reaction coordinate (IRC) calculation was performed withC2V
symmetry on the singlet surface at the MRCI/aug-cc-pVTZ level
of theory. Subsequent singlet and triplet energies were calculated
at the MRCI/aug-cc-pV(Q+d))Z level, using the geometries
optimized in the IRC calculation. Figure 9 shows the multistate
PES as a function of distance (RSS-HH) between the center of
S2 and that of H2. The triplet energy is represented by two triplet

states (3B1 and3A2) as the triplet ground state changes during
the course of theRSS-HH variation. Figure 9 shows there is an
intersystem crossing between1A1 and3A2 (and a later one from
3A2 to 3B1) before reaching the singlet saddle point on the
reactant side, and the contribution of this crossing is to reduce
the barrier by∼22 kJ mol-1. As a consequence, S2(3Σg

-) + H2

is not expected to be produced from HSSH direct dissociation
due to a substantial barrier.

3.2. Kinetics. The PES shown in Figure 4 reveals that S
insertion and intersystem crossing in R4 is energetically favored
over hydrogen abstraction on the triplet surface. This situation
is similar to that reported for R3,11,13,15with the triplet barrier
being even greater with R4a than it is with R3a (19 vs 8 kJ
mol-1). Given recent dynamics studies show that one S atom
brings 3 times larger spin-orbit coupling than the analogous
O system, which in part leads to intersystem crossing,16 it is
sensible to say that there is even stronger spin-orbit coupling
in the current two S atoms system so that the kinetics of R4 are
indeed dominated by the insertion channel. The intermediate
singlet H2S2* formed at the crossing point can decompose to
form SH + SH, HSS+ H, or S2 + H2, but the formation of
HSS+ H is 60 kJ mol-1 more endothermic than for SH+ SH,
while formation of S2 + H2 entails a barrier 21 kJ mol-1 above
SH + SH. As a consequence, the formation of SH+ SH is
expected to dominate the product channel via intersystem
crossing, except at high pressures when intermediate can be
effectively stabilized to H2SS or more stable HSSH.

The kinetic advantage of the insertion route relative to the
abstraction route (due to bypassing the triplet barrier of 19.1 kJ
mol-1) will diminish at higher temperatures, especially as the
abstraction channel can be expected to have a higher A factor
due to the high transition-state entropy change and the avoidance
of the intersystem crossing. Figure 10 shows the experimental
rate constants reported by Shiina et al.13 (1050-1540 K) together
with the TST abstraction rate on the triplet surface calculated
in this work (solid line). Clearly, it is not true to say that R4 is
always dominated by intersystem crossing and insertion reaction
because the abstraction channel accounts for most if not all of
the reaction at the highest temperatures and is never truly
negligible even at the lowest temperatures reached in the Shiina
study.

Figure 9. PES of intrinsic reaction coordinate for TS4 with intermedi-
ate geometries optimized on singlet surface at MRCI/aug-cc-pVTZ level
of theory. One singlet state and two triplet state energies are calculated
at MRCI+Davidson/aug-cc-pV(Q+d)Z level and showed relative to
SH + SH (excluding ZPVE).RSS-HH represents the distance between
the center of two S atoms and that of two H atoms.

Figure 10. Rate constant of reaction H2S + S ) SH + SH. (2) Measurements by Shiina et al.,13 solid line represents hydrogen abstraction rate
constant derived by TST; broken line represents rate constant derived from a least-squares fit to Shiina’s data taking account of both hydrogen
abstraction and sulfur insertion.
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The dashed line in Figure 10 is a least-squares fit to the data
of Shiina et al.,13 based on additive contributions from abstrac-
tion and insertion channels

The value ofkabs is taken as that obtained in this work by TST
analysis, but there is no simple means of estimating the rate of
intersystem crossing. Therefore, we estimatekins from the data
fit to koverall, assuming that the activation energy for the insertion
channel is equal to the endothermicity of R4a,b. This analysis
yields the Arrhenius expression for the insertion rate

The A factor of 3.7× 1013 cm3 mol-1 s-1 for the insertion
channel seems at first sight to be high for a system-crossing
reaction. However, we note that this A factor is significantly
smaller than the value of 6.9× 1014 cm3 mol-1 s-1 correspond-
ing to a two-parameter Arrhenius fit for the abstraction channel
(for which Ea ) 65 kJ mol-1). We can also compare the A
factor for the insertion channel R4b with that for reaction R3
(1.4× 1014 cm3 mol-1 s-1)15 for which the insertion channel is
also energetically preferred; however this comparison should
be treated with care as there may be some contribution from
the abstraction channel in R3 at high temperatures, just as
appears to be the case for R4(a+b).

4. Conclusions

The PES for the H2/S2 system characterized at the MRCI level
indicates the presence of an intersystem crossing which ef-
fectively offers a channel without barrier for the reverse reaction
of H2S + S f SH + SH. Once on the singlet surface, other
channels are also accessible in this system, including the
formation of HSS+ H and S2 + H2, but these are energetically
unfavorable with respect to SH+ SH by 60 kJ mol-1 (product
energy) and 21 kJ mol-1 (transition state barrier), respectively.
Additional intersystem crossings are also possible, but these are
not expected to influence the product distribution of the H2S +
S reaction.

While the insertion channel with intersystem crossing by-
passes the 19.1 kJ mol-1 of the triplet abstraction barrier, the
abstraction channel must have a higher Arrhenius factor and
therefore becomes competitive at higher temperatures. Com-
parison of experimental data for the rate of reaction of H2S +
S (1050< T (K) < 1540) with a TST calculation of the rate
constant for the abstraction channel confirms that this channel
plays a significant role in the formation of products, especially
at the higher temperatures. However the abstraction channel
cannot account for all of the experimentally observed rate,
especially at the lower temperatures, and it is possible to estimate
the rate of the reaction via what is presumably the insertion
channel. This channel has no significant barrier (beyond the
26.2 kJ mol-1 overall endothermicity) and has a somewhat
smaller Arrhenius pre-exponential factor than the abstraction
route.

It is concluded that the reaction H2S + S f SH + SH is
energetically favored, by 19.1 kJ mol-1, through triplet-singlet
intersystem crossing and insertion. This will be the dominant
channel for reaction at sufficiently low temperature, but the
abstraction channel becomes important at higher temperatures.
We expect the same phenomena to arise in the H2 + S f SH
+ H reaction, which is also believed to be energetically
favorable (by just 8 kJ mol-1) when proceeding via intersystem

crossing and insertion. Extrapolation of experimental results to
higher or lower temperatures should be undertaken with great
care with such reactions.
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