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The reaction of S + 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 ef-HS, 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 mot 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 (629 10" cm® mol* s™* derived from TST calculation) than that of S
insertion channel (3.% 10 cm® mol™! s™%, derived by a least-squares fit to the measurements). With a
slightly higher transition-state barrier than that of the H abstraction channel, the productipt ¢f.3s less
favored due to proceeding via intersystem crossing and insertion. While the formation oftH$S$s
energetically unfavorable relative to SH SH, recombination channels producing3$ or the more stable
HSSH are expected to occur under collisional stabilization conditions at high pressures.

1. Introduction of H,S decomposition by Olschewski et'dlin addition to the
experimental measurements, Olschewski and co-workers
reported a crossing energy similar to the endothermicity of R2,
based upon a simplified unimolecular rate analysis, the simpli-

satisfactory mechanism has been developed to describe sulfufications being necessitated by lack of geometries of crossing
chemistry as trace species in high-temperature flames, funda-Ntérmediates and corresponding potential surfaces.
mental insight into sulfur behavior at significant concentrations ~ Recent rate measurements performed by Shiina é¢ al.
remains elusive. showed large discrepancies with those obtained by Woiki and
The kinetics of HS thermolysis has been the focus of Roth**and Olschewski et at3 although there was no apparent
extensive experimental studies in flow reactofsand shock experimental failure in any of the three studies. Shiina ét al.
tube$13 for decades and has recently been the subject of investigated the discrepancy between their rates for R2 and those
detailed chemical kinetic modeling stud®e¥.The unimolecular ~ obtained by Woiki and Roth and Olschewski et &f. through
dissociation channel (R1) was long assumed to be the initiation measurements of the rate of the reactiop,#HS. They could
step in the thermal decompositionof$t 10 although without find no significant pressure dependence at-90050 K and
theoretical justification pressures up to 4 bar and concluded that the reverse of R2 must
be much slower than the direct abstraction channel totSH
HS+M—=SH+H+M AHg =375 kJ mol* and hence that the rate of R2 could not be as high as suggested
(R1) by the earlier investigatord:2

This assumption was however challenged by Woiki and Roth Notwithstanding the differences in the rate, _it is sig_nifigant
who reported that the rate of atomic S formation was an order that all three studié$™° revealed a nearly identical activation

of magnitude greater than that of atomic H formation, according €N€rgy, which was substantially lower than the endothermicity
to their shock-tube studies. This observation indicates that, due®f the bond-cleavage channel R1. As a consequence, Shiina et
to the possibility of singlettriplet intersystem crossing, it is @l performed quantum chemical calculations to investigate
not the spin-allowed channel R1 but rather the energetically (e energy barrier for potential surface crossing in R2. The

favored spin-forbidden channel R2 that is responsible for the lowest singlet surface and the three lowest triplet surfaces were
unimolecular decomposition of 43 calculated at MRCl/cc-pVTZ level of theory, taking the refer-

ence energies from state-averaged CASSCF calculations. They
H,S+M —H,+ S(SP)—l— M AHg =291 kJ morlt reported that the surface crossing energy barrier was 65.4 kJ
(R2) mol~! higher than the endothermicity of R2 but still 17.4 kJ
mol~! lower than the bond dissociation energy of channel R1.
More recently, the reverse channel of R2 was investigated
Maiti et al’® who carried out a detailed intersystem crossing

*To whom correspondence should be addressed. E-mail: ksendt@ StUdy_ of atomic S in_sertion u_sing a qu_ant_um trajgctory surface-
chem.eng.usyd.edu.au. hopping method which considered spiorbit coupling dynam-

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 Schofieddthough a

The rate expression for R2, based upon the formation profile
for atomic S, agreed well with a contemporaneous measurementoy
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who found no barrier for the reaction of atomic S with a wide
(e) (£, Co) (g. Cs) range of hydrocarbon species, distinct from the analogous

Figure 1. Equilibrium geometry parameters of stable species that were reactions with O, and consistent with the crossing mechanism
optimized at the MRCI/aug-cc-pVTZ level of theory. Experimental described above for R3. Similarly, Shiina ef-&found reaction
valueg!-34 arf*shown in parentheses ('), while computed vafuats R4 to proceed without any barrier beyond its endothermicity
MP2/6-311G™ level are given in bracke( ] with bond lengths and 5, o\ ggested that this might be due to crossing and insertion.
angles in angstroms and degrees, respectively. Complete geometr)Ll'his ossibility opens up a number of interconnected product
information can be found in the Supporting Information. P y op . p h p -

channels, some of which have been shown to be important in
the overall mechanism of 43 thermolysis;!4 for example
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Figure 2. Equilibrium geometry parameters of transition states in the . . .
H./S, system. The transition states were optimized at the MRCl/aug- Raa _represents H abstraction on the tr_'plet _surface, Wh'le other
cc-pVTZ level of theory. Bond lengths and angles are shown in POssible channels (R4’k_R4f)v proceeding via the ener_glzed
angstroms and degrees, respectively. Complete geometry informationcomplex (HS;*) on the singlet surface, are analogous with R3,

can be found in the Supporting Information. due to the possibility of intersystem crossing.
Here it should be noted that Woiki and R¥tidid find a

significant activation barrier for R4, which would appear to

ics. The various reaction channels considered are
argue against the system-crossing channels. However, the use

H, + SCP) — products (R3)  of CS, photolysis at 193 nm as the source of S atoms in the
. _ 1 Woiki and Roth experiments has been criticized by Shiina et
SH+H AHgc =84 ki mol™ (R3a) al.’* who found photolysis of the coreactant$was also

significant at this wavelength. The generation of S atoms by
photolysis of COS at 248 nm apparently avoids these prob-
lems?!3

The present study, therefore, aims to elucidate the chemistry
of channel R4, using computational chemistry. First of all, the

In agreement with the study of Shiina et ®l.the crossing energy barrier of H abstraction on the ftriplet surface is
energy, corresponding to the intermediate complexSt) is characterized and the corresponding rate constant evaluated. We
between reactant and product asymptotes of R3. In contrast tothen move on to consider the contribution of the spin-forbidden
the analogous reaction with atomic O, intersystem crossing S insertion channels in R4 by means of characterizing % H

occurs on the reactant side of channel R3, so bypassing the Hpotential energy surface (PES) at high levels of theory.

abstraction channel (R3a) with its triplet barrier. The relative )
ease with which system crossing occurs with S is due in part to 2- COmputational Methods

more significant spirorbit coupling in S than in G This study Geometry Optimization: Minima and Saddle Points.The
emphasized that the apparent products of the abstraction channetquilibrium geometries of stable molecules as well as transition
actually arise via the initial intersystem crossing and insertion. states were optimized at a full valence active space multiref-

—H,S*—=SH+H  AHg =84kImol" (R3b)

AHg, = —291 kJ mol*

—H,S
(R3c)
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Figure 4. PES for reaction k5 + S: thick lines, triplet surface; thin lines, singlet surface. Energies are shown relative to product $e88H
calculated at the aug-cc-pV(l)Z level of theory, excluding ZPVE correction. Circles highlight the intersystem crossing energies.
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Figure 5. Schematic diagram of atomic S insertion process: (1) A sulfur atom approachgs mdfecule on the triplet surface from infinite
distanceRss until intersystem crossing occurs. (2)-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.

erence configuration interaction (MRCI) level of theory, using PESs: Locating Surface CrossingsTo study the possibility
augmented correlation-consistent polarized valence ttijblasis of intersystem crossing in atomic S insertion, two-dimensional
set (aug-cc-pVTZ). Subsequently, single-point energy calcula- PES slices were characterized at the MROB&vidson/aug-cc-
tions using a higher level basis set were performed at the MRCI/ pV(Q+d)Z level of theory, using intermediate geometries
aug-cc-pV(Grd)Z level of theory with the Davidson correctidn partially optimized at MRCl/aug-cc-pVTZ level on both singlet
to approximate the energy of configuration interaction up to and triplet surfaces. In this way, the intersystem-crossing region
guadruple excitations (CISDTQ). The use of the more balanced was determined, showing the minimum crossing energy on both
d-function basis set modified by Dunning et'@is necessary  surfaces.

to describe molecules containing second-row atoms. The energy Detailed geometry parameters are included in the Supporting
sets of reactants and products were calculated for stable|nformation. The quantum chemistry calculations were per-
molecules separated by a distance of 50 A. To reduce theformed using Molpr@! Dalton?? and Gaussian 98packages.
computational expense, vibrational frequencies of stable mol-

ecules and transition states were calculated analytically at theg Resuits and Discussion

CASSCF/aug-cc-pVTZ level of theory using geometries opti-

mized at the CASSCF level. We reported previously that this  3.1. The PES.Geometry parameters of stable species,
approximation introduced a discrepancy from MRCI frequency transition states, and approximate crossing points involved in
of less than 298° R4 are shown in Figure 1, Figure 2, and Figure 3, respectively.



3242 J. Phys. Chem. A, Vol. 112, No. 14, 2008 Zhou et al.

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

relative energies (0 K) to SH SH (kJ mof™)

species electronic energigau.) vibrational frequenciégcm1) MRCI2 G3 lit. values
1H, 4225
S, 677
s, 643
2SH 2590
H,S 2628, 2603, 1176
2HSS 2483, 908, 549
1H2SS —796.66881903 2701, 2699, 1313, 890, 860, 530 —136.2 —136.7 142.5f 146.5\
IHSSH —796.71015887 2558, 2556, 892, 889, 489, 428 —251.8 —252.0 —261.6%—259.5
Cis*HSSH —796.62166093 2584, 2580, 266, 189, 94, 62 —31.6
trans*HSSH —796.62345337 2592, 2591, 371, 296, 258, 82 —33.9
2SH + 2SH —796.60825787 0 0 0
H,S+3S —796.62103302 —26.2 —23.3 —26.3'
H,S+1S —796.57941970 83.1 92.6
2HSS+ 2H —796.58629119 50.3 48.9 438i5
35S, + H; —796.66301871 —145.4 —152.1 —155.00
1S, + H, —796.63787763 —79.7 —85.3
TS1 —796.59912712 1888575, 873, 386, 287, 245 19.1
TS2 —796.63490256 10872489, 2110, 988, 744, 398 —60.7
TS3 —796.59995073 16542026, 1007, 865, 612, 563 21.2
TS4 —796.54471431 291031, 998, 514, 463, 353 161.9

a Calculated at the MRGtDavidson/aug-cc-pV(@d)Z level of theory.” Calculated at the CASSCF/aug-cc-pVTZ level of theSr@CSD(T)/
ANO-L calculation, ref 254 CASPT2/ANO-L calculation, ref 25:0 K value extrapolated from experimentAH;®,qq ref 26.f CCSD(T)/6-
3114++G(2df,p)//IMP2/6-31%+G** calculation, ref 27.9 Experiment, ref 28" JANAF fourth, ref 29.1 0 K value extrapolated from experimental
AHfoggg, ref 30.

Table 1 lists vibrational frequencies and energies relative to the + S. The high-pressure rate constant has been evaluated based
product asymptote of SH SH for which the singlet and triplet  upon TST, including tunneling correction according to Wigner’s
states are energetically degenerate. A comparison with G3formulation?* By use of a least-squares fit at temperatures
energies and reported heats of formation of stable species showsanging from 300 to 3000 K, a three-parameter Arrhenius
that the current computational method has an estimated errorexpression is derived

of ~10 kJ molL. As depicted in Figure 4, four transition states

are characterized at the MRCI level, for the following reactions Kopstraction=3-7 X 10872297

TS1: HS+ S—SH+ SH exp(=37.7 kdmol /RT) cm® mol *s*

TS2: H,SS— HSSH The tunneling correction is a factor o=5% at 306-600 K
decreasing to~1.3 at 1000 K and-1.05 above 2000 K.

3.1.2. Intersystem Crossing in,8+ S — Products.The
intermediate geometries arising from insertion of atomic S into
1 H,S can be considered as a distortion of th&58 molecule.

TS4: HSSH—~H, + S)( Ag) As depicted in Figure 5, from the reactant channelSH S),
H'" and S initially bond together with a length d®sy when S
In agreement with our earlier stud{there are no apparent approaches’Sfrom a distance oRsson triplet surface. ARss
barriers for the unimolecular dissociation channels of is reduced to a certain length, interaction betweemrgl H
. occurs, forming an intermediate complex with starting to
HSSH—SH+ SH bond with S. At the same time 'Sbegins to interact with 'S
HSSH— HSS+ H but in the absence of collisional stabilization, the intermediate
complex simply dissociates to products $+5H (channel R4b;
Intersystem crossing (ISC1) is found to occur prior to the triplet see Figure 5). If the system pressure is sufficiently high so that
barrier of TS1 with the minimum crossing energy slightly lower the S—S" bond-forming energy can be effectively removed by
than the SH+ SH asymptote. This enables channel R4b to collision, stabilized HSSH (R4c) or43S (R4d) molecules are
proceed on the singlet surface, bypassing the triplet barrier of produced.
R4a. Two other system crossings (ISC2 and ISC3) were Migration of H connects the product minima for$S and
identified, but these would appear to be incapable of influencing HSSH on the singlet surface. The saddle point TS2 was
the kinetics of the overall system: while the singl&iplet optimized to give the geometry shown in Figure 2. The barrier
crossing (ISC2) on the product side of TS3 might conceivably heights of 76 and 191 kJ mid! (including ZPVE correction)
affect the $ singlet-triplet product distribution, it has no  above equilibrium HSS and HSSH, respectively, are in good
influence on the barrier; the crossing (ISC3) occurring prior to agreement with reported values calculated at CASPT2/ANO-L
the singlet barrier of TS4 could reduce the barrier, it would level?®
have only marginal effect on the reaction rates through this high- The PES slices of the S insertion process were characterized
energy channel. in terms of minimizing intermediate complex energies by

3.1.1. Direct Hydrogen Abstractionwith respect to the  relaxing the 5-S'—H' angle#, for values ofRsy andRss (in
hydrogen abstraction channel (R4a), we find a substantial energythe ranges 122.6 and 2.2-3.6 A, respectively) separated by
barrier of ~45 kJ mof! above the reactant asymptote of3H 0.2 A. Meanwhile, the spatial position of the out-of-plane H

TS3: H,SS—H, + S,('A))
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Figure 6. Contour plots of two-dimensional potential energy surfaces. Patscarrespond to MRCGtDavidson/aug-cc-pV(@d)Z energy surfaces

of singlet, triplet, and low-lying triplet excited-state, respectively, with geometries optimized on the singlet surface at MRCl/aug-cc-pVaiZ lev
theory. Parts €f correspond to MRCtHDavidson/aug-cc-pV(@d)Z energy surfaces of singlet, triplet, and low-lying triplet excited-state, respectively,
with geometries optimized on the triplet surface at MRCl/aug-cc-pVTZ level of theory. Broken lines and dotted lines denote wherérgitaglet
and singlet-excited triplet surface crossing occur, respectively. Energies (in kiYyrae presented as relative energy to product settS6H
excluding ZPVE correction. Axis units are given in angstroms.

atom, determined by the'HS’ bond length, the H—S'—S the triplet optimized geometries (i.e., Figure 6e is the triplet-
angle, and the dihedral angle relative to the-B—S" plane, optimized geometry, parts d and f of Figure 6 are the
were constrained at the values of equilibrium HSSH species. corresponding singlet and low-lying triplet excited-state ener-
This simplification is necessary to reduce computational expensegies). Furthermore, due to the presence of two degenerate states
without introducing significant extra energy on the partially in each doublet SH species, a combination of two SH species
optimized complex and is justified by the fact that differences contains up to four states with similar energies on the triplet
in the S-H bond lengths of SH, 8, HSSH, and TS1 are within  surface. These were computed using a state-averaged CASSCF
0.3% (Figure 1). To locate regions of intersystem crossing and wavefunction. In this study, only the two lowest triplet states
their corresponding energies, contour plots of both singlet and are shown, corresponding to the ground state (parts b and e of
triplet two-dimensional PESs are presented in Figure 6, taking Figure 6) and the low-lying excited state (parts ¢ and f of Figure
Rsy and Rss as the two axes. For the singlet-optimized 6). The energy values shown on the plots are relative to the
geometries (Figure 6a), the vertical triplet excitation energies asymptote of SH+ SH (excluding ZPVE correction). The sets
(parts b and c of Figure 6) were computed and vice versa for of PES slices optimized on the triplet surface show similar
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of equilibrium HSS and HSSH, respectively. The crossing
energy from the low-lying excited triplet state is higher than
that of the ground-state crossing % kJ moi~L. Subsequently,

on the singlet surface, the trajectories can skirt around the triplet
H abstraction transition state, which has an energ9 kJ mot?
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 more stable than %S,
dominates under collisional stabilization conditions at high
pressures.

In the crossing region of interesRéy = 1.3 A), additional
intermediate geometries were optimized on the triplet surface
at the MRCl/aug-cc-pVTZ level of theory, and further single-
point MRCI energy profiles were calculated using the higher
level basis set of aug-cc-p\H®l)Z. Figure 7 shows the crossing
energy of~20 kJ mof! below SH+ SH, which is in good
agreement with that calculated using a lower-level basis set,
proving the suitability of aug-cc-pV(®d)Z basis set to describe
the PES.

3.1.3. Intersystem Crossing in ChanneiS$— H; + S

surface. This indicates that there are no substantial geometry(*Xg ). The saddle point corresponding to TS3 (geometry shown

variations, except for large differences in the region wRe#
equals 2.2 and 2.4 A, whilBsy equals 1.4 A. 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 1552)8&n the triplet surface
(Figure 6e), leading to the high vertical excitation energy from

in Figure 2) that connects the minima%5 and Ay + Ha

was optimized at the MRCI level on the singlet surface, yielding
an energy of~21 kJ moft? higher than asymptote of SHt

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

the optimized triplet surface to the corresponding singlet state above. Figure 8 presents the singlet and triplet PESs foCihe

(Figure 6d).
On each contour plot in Figure 6, the upper-left, upper-right,

approach of one S atom of; $0 H, with the S atom out of
H—S—H plane constrained at the geometry 0$3%. It is

lower-left, and lower-right corners represent the stable speciesapparent that the intersystem crossing occurs on the product

sets HS + S, SH+ SH, H,SS, and HSSH, respectively. The

side with the minimum crossing energy-©80 kJ moi ™ lower

saddle point regions (TS2 corresponding to the transition statethan the barrier on singlet surface. This offers the possibility of

for H migration on the singlet surface and TS1 corresponding
to H abstraction on the triplet surface) appear around 1.6 A for
in plane S—H' bond length Rsyy) and 2.1 and 3.2 A for in-
plane S-S’ bond length Rsg 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 k8 from infinite distance on the ground-state triplet
surface, intersystem crossing is found to occuR&t around
2.7 A, producing an excited singlet,8S* with the crossing
energy ~20 kJ moi?! below the threshold of dissociation
producing SH+ SH but~116 and~232 kJ mot?! above that

producing the more stablex&,~) molecule directly but does
not alter the fact that production of, S+ H, from H,SS
dissociation can only occur with a substantial energy barrier,
at least 157 kJ mol which is still higher than SH- SH.

3.1.4. Intersystem Crossing in Channel HSSHH, +
S(3247). Another possible channel to produce § Hy, via
direct dissociation of HSSH, was studied at the MRCI level. A
substantial barrier (414 kJ mdlabove equilibrium HSSH) is
found for the transition state TS4 wii@,, 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
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Figure 8. Contour plots of two-dimensional PESs (left, singlet; right, triplet) calculated at Mi®@vidson/aug-cc-pV(@d)Z level of theory.

Broken lines denote where intersystem crossing occurs. Energies (in

k3) mu relative to SH- SH. Ry and Rs—ww (in angstroms) represent

the distance between two H atoms and the distance between one S atom and the center of two H atoms, respectively.



Hydrogen Abstraction and Sulfur Insertion in$i+ S

400 -
300 A
200 -
100 -

0 -1

Relative Energy /kJmol .

-100 -

-200

T T

14 16 1.8
Rss.hi/A

Figure 9. PES of intrinsic reaction coordinate for TS4 with intermedi-
ate geometries optimized on singlet surface at MRCl/aug-cc-pVTZ level

T T 1

1.0 2.0 22

J. Phys. Chem. A, Vol. 112, No. 14, 2008245

states IB; and3A,) as the triplet ground state changes during
the course of th&ss-py variation. Figure 9 shows there is an
intersystem crossing betwedh; and3A, (and a later one from
3A, to 3B;) before reaching the singlet saddle point on the
reactant side, and the contribution of this crossing is to reduce
the barrier by~22 kJ mot™. As a consequencex&y~) + H;

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 RB,315with 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 spinorbit coupling than the analogous
O system, which in part leads to intersystem cros&rig,is
sensible to say that there is even stronger spiibit coupling
in the current two S atoms system so that the kinetics of R4 are

of theory. One singlet state and two triplet state energies are calculatedingeed dominated by the insertion channel. The intermediate

at MRCH-Davidson/aug-cc-pV(@d)Z level and showed relative to
SH + SH (excluding ZPVE)Rss-un represents the distance between
the center of two S atoms and that of two H atoms.

and found to have &B; ground state. The trans structure was
found to be more stable by 2.3 kJ mylhowever it is the cis
structure that can lead to,H- S,. An excited®A; cisHSSH
isomer was found 109 kJ mdl above the’B; cis-isomer. It is
relevant to note however that there are somewhat lor@ S
bonds of~2.6 A in both3B; isomers, while that in singlet and
3A, HSSH is~2.0 A. The intersystem crossing is studied in
terms of C,, parallel insertion of $to H, Since there is
significant variation of sulfur bond length between singlet HSSH
(2.0 A), tripletcisHSSH (2.6 A), and the transition state TS4
(2.3 A), plotting a potential energy profile with a constrained
sulfur bond is not reasonable. As an alternative, an intrinsic
reaction coordinate (IRC) calculation was performed v@th
symmetry on the singlet surface at the MRCl/aug-cc-pVTZ level

singlet BS,* formed at the crossing point can decompose to
form SH+ SH, HSS+ H, or & + Hy, but the formation of
HSS+ H is 60 kJ mot! more endothermic than for SH SH,

while formation of $ + H; entails a barrier 21 kJ mot above

SH + SH. As a consequence, the formation of SHSH is
expected to dominate the product channel via intersystem
crossing, except at high pressures when intermediate can be
effectively stabilized to KSS 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 e¥¥{lL050-1540 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

of theory. Subsequent singlet and triplet energies were calculatedalways dominated by intersystem crossing and insertion reaction

at the MRCl/aug-cc-pV(@d))Z level, using the geometries
optimized in the IRC calculation. Figure 9 shows the multistate
PES as a function of distancBds-pH) between the center of
S, and that of H. The triplet energy is represented by two triplet

14

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.

13

log1o(k) (mol-cm-s)

12 T T

0.2 0.4 0.6

1000/T (K)
Figure 10. Rate constant of reaction,8+ S = SH + SH. (o) Measurements by Shiina et &l.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 datacrossing and insertion. Extrapolation of experimental results to
of Shiina et al1® based on additive contributions from abstrac- higher or lower temperatures should be undertaken with great
tion and insertion channels care with such reactions.
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The A factor of 3.7x 10 cm® mol~t s 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 (1) Schofield, K.Combust. Flam&001, 124, 137.

smaller than the value of 6.9 10 cm® mol~ s™* correspond- (2) Darwent, B. D.; Roberts, Reroc. R. Soc. London, Ser. #953

ing to a two-parameter Arrhenius fit for the abstraction channel 216 344. .

(for which E, = 65 kJ motl). We can also compare the A (3) kaloidas, V';.Papayanna-l-(os’ mhem. Eng. Scil9gq 44, 2493.
. . . . (4) Tesner, P. A.; Nemirovskii, M. S.; Motyl, D. Xinet. Catal.199Q

factor for the insertion channel R4b with that for reaction R3 31, 1081.

(1.4 x 10" cm?® mol~! s71)15 for which the insertion channel is (5) Adesina, A. A.; Meeyoo, V.; Foulds, Gat. J. Hydrogen Energ.

also energetically preferred; however this comparison should 1993 20, 777. ,

be treated with care as there may be some contribution from ,, - (6) Hawboldt K. A.; Monnery, W. D.; Svrcek, W. \Chem. Eng. Sci.

- . . . 200Q 55, 957.
the abstraction channel in R3 at high temperatures, just as  (7) inoist, M.; Labegorre, B.; Monnet, F.; Clark, P. D.; Dowling, N.

References and Notes

appears to be the case for R4{). I.; Huang, M.; Archambault, D.; Plasari, E.; Marquaire, P. IWd. Eng.
Chem. Res2003 42, 3943.
4. Conclusions (8) Higashihara, T.; Saito, K.; Yamamura, Bl. Chem. Soc. JpA976
) 49, 965.
The PES for the HS; system characterized at the MRClI level (9) Bowman, C. T.; Dodge, L. @roc. Combust. Inst1976 16, 971.

indicates the presence of an intersystem crossing which ef- (10) Roth, P.; Lohr, R.; Barner, Combust. Flamd.982 45, 273.
fectively offers a channel without barrier for the reverse reaction ~ (1) Woiki, D.; Roth, P.J. Phys. Cheml994 98 12958.

. (12) Olschewski, H. A.; Troe, J.; Wagner, H. G.Phys. Chem1994
of H,S + S — SH + SH. Once on the singlet surface, other g5 15964.
channels are also accessible in this system, including the (13) Shiina, H.; Oya, M.; Yamashita, K.; Miyoshi, A.; Matsui, H.
formation of HSS+ H and $ + Hy, but these are energetically ~ Phys. Chem1996 100, 2136.
unfavorable with respect to S# SH by 60 kJ mot?! (product 29%1)3 gse”dt- K.; Jazbec, M.; Haynes, B.Roc. Combust. Ins2003
energy) aqd 21 kJ mot (tran§|t|on state barrler), respectively. (15) Shiina, H.; Miyoshi, A.; Matsui, HJ. Phys. Chem. A998 102,
Additional intersystem crossings are also possible, but these areygsg.
not expected to influence the product distribution of th&H (16) Maiti, B.; Schatz, G. C.; Lendvay, G. Phys. Chem. 2004 108,
S reaction. 8772. _ _ o _

While the insertion channel with intersystem crossing by- ch(elrplgggcr%a'lsé;o\z(amashlta’ K.; Miyoshi, A.; Matsui, H. Phys.
passes Fhe 19.1 kJ malof the tr|plet_ abstraction _barner, the (18) Langhoff, S. R.: Davidson, E. Rat. J. Quantum Cheri974 8,
abstraction channel must have a higher Arrhenius factor andez.
therefore becomes competitive at higher temperatures. Com- (19) Dunning, T. H.; Peterson, K. A.; Wilson, A. K. Chem. Phys.
parison of experimental data for the rate of reaction g Ht 2001, 114, 9§44- . .

S (1050< T (K) < 1540) with a TST calculation of the rate ~ (29) Sendt K.; Haynes, B. $roc. Combust. Ins2007, 31, 257.
. - . (21) Werner, H.-J.; Lindh, P. J. K.; Manby, R. F. R.; SthuM.
constant _for_the abstra_ctlon channe_l confirms that this chgnnel MOLPRO, version 2006.1, a package of ab initio programs
plays a significant role in the formation of products, especially  (22) Helgaker, T.; Jensen, H. J.; Joergensen, P_; OlsBalidn Release
at the higher temperatures. However the abstraction channell.1 (2000), an electronic structure progra@000.
i (23) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,

Canno.t l:’la.CCOl;]ntlfor all of the eXperln;enFally Obslerved r.ate’ M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A. Jr.;
especially at the owe'.' temperature;, and itis possible t? es'['r_nate’:ztratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
the rate of the reaction via what is presumably the insertion D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
channel. This channel has no significant barrier (beyond the g-;hfanlgmjh s-;t Mennu%aAB’.& P|Om|§”|Y’ Cé; ,AgaTAO, i C“f}f?r?\h ?';k

1 A cnterski, J.; Petersson, G. A.; Ayala, P. Y.; Cul, Q.; Morokuma, K.; MallCK,
26.2 kJ mot c_)vera” endothermlcny) and has a SomeWh_at D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;
smaller Arrhenius pre-exponentlal factor than the abstraction Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi,
route. I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A;

i ; _ ; Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M.
It is concluded that the reaction.8 + S SH + SH Is W.; Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,

gnergetically favored, by 1_9-1 k\_] me) th_rough triplet-singlc_at M.; Replogle, E. S.; Pople, J. AGaussian 98revision A.9; Gaussian,
intersystem crossing and insertion. This will be the dominant Inc.: Pittsburgh, PA, 1998.
channel for reaction at sufficiently low temperature, but the  (24) Wigner, E. P. ZPhys. Chem. B932 19, 203.
i i ; (25) Steudel, R.; Drozdova, Y.; Miaskiewicz, K.; Hertwig, R. H.; Koch,

\8/.\t/)SlI’aCtIOT t(;1hannel beﬁomes |mp<irtan_t at _hlgzggjgﬂpgﬁturesw' 3 Am. Chern. $04997 116, 1090,

€ expect the same phenomena 1o arise in , (26) Benson, S. WChem. Re. 1978 78, 23.
+ H reaction, which is also believed to be energetically  (37) steudel, R.; Steudel, Y.; Miaskiewicz, Rhem—Eur. J.2001, 7,
favorable (by just 8 kJ mol) when proceeding via intersystem  3281.



Hydrogen Abstraction and Sulfur Insertion in$&+ S J. Phys. Chem. A, Vol. 112, No. 14, 200&47

(28) Shiell, R. C.; Hu, X. K.; Hu, Q. J.; Hepburn, J. \/.Phys. Chem. (31) Behrend, J.; Mittler, P.; Winnewisser, G.; Yamada, K. M.JT.
A 200Q 104, 4339. Mol. Spectrosc1991 150, 99.

(29) Chase, M. W. NIST-JANAF Thermochemical Tables Fourth (32) Huber, K. P.; Herzberg, G/an Nostrand Reinhold Cd.979
Edition. J. Phys. Chem. Ref. Date998 Monograph No. 9. (33) Herzberg, GVan NostrandNew York, 1966.

(30) Decker, B. K.; Adams, N. G.; Babcock, L. M.; Crawford, T. D.; (34) Tanimoto, M.; Klaus, T.; Muller, H. S. P.; Winnewisser,.GMol.

Schaefer, H. FJ. Phys. Chem. 200Q 104 4636. Spectrosc200Q 199, 73.



