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Stationary points on the quartet and doublet surfaces of$EHon the triplet and singlet surfaces of (63},
on the doublet surface of (GB)", and on the singlet and triplet surfaces of (CH8xave been examined by
ab initio molecular orbital theory. Equilibrium and saddle point geometries have been located at second-
order perturbation theory (UMP2) level using a 6-31G(d,p) basis set. Relative energies were obtained
by means of extensive quadratic configuration interaction singles and doubles calculations with a
6-311++G(2df,2pd) basis set. On the quartet (St surface, an association complex stabilized by 25.2
kcal/mol with respect to ClHand S(*S) has been identified. Owing to its large barrier (55.5 kcal/mol) for
its dissociation, it is expected to be long-lived as assumed by Zakouril 8t &hys. Cherml995 99, 15890)

in their experimental work. On the (GB)" doublet surface, the conventional methanethiol radical cation
(CH3SH") is more stable than the ylide ion (G8H,;") and depending upon the entrance channel, one can
expect a competitive isomerization and dissociation. Cleavage of tté¢ l@nds in the ylide ion involves
higher barriers compared to that in €sH". Three stable isomers, viz., GBI, CH,SH*, and CHSH", have

been located on the singlet and triplet surfaces of the;8}Hsystem. While CHSH' is more stable on the
singlet surface, CkB' is more stable on the triplet surface. The molecular hydrogen elimination requires
higher barriers from all these isomers compared to radical dissociatiog§"G$lpredicted to be more stable
thantransHCSH" with a barrier of 51.9 kcal/mol for the rearrangement to the less stable isomer. A significant
barrier to 1,2 hydrogen shift isomerization is predicted on the triplet surface of the W8il: that on the
singlet surface is predicted to occur without activation energy. The latter signifies an unstabiert@um

on the singlet surface.

1. Introduction coefficients of the ground state"@S) and excited states"8D)

and $(?P) with CH, have been determined. The measured
values are 3.5¢ 109 and 1.3x 10°° cm? s~ for the sulfur

ion in its ground and excited states, respectively. Only $CH
ion has been reported as a product for the reaction of the ground
state S ion.

Though the structure, thermochemistry, and reactivity of some
sulfur-bearing ions with neutral molecules have been the subject

Studies of ior-molecule reactions of the sulfur ion"Sre
mostly motivated by the importance of these reactions in
interstellar cloud$:3 Experimental research on reactions of the
S* ion has been carried out in ICR experimeht’ flowing
afterglows’-8 flow drift tube experiment8 and selected ion flow
tube (SIFT) experimentsi®11Recently, by using the selected

ion flow drift tube (SIFDT) technique, Zakouril et #.have . . ; e
( ) q of theoretical studie¥!* the reaction of $ in its quartet

investigated a number of fast ieimolecule reactions, the e . . .
multiplicity with methane has not yet been investigated theoreti-

reaction rate coefficients of which decrease strongly whesKE / - :
(the reactant ion/reactant molecule average center-of-massca"y' Although a number of experimental studies have provided

collision energy) increases from thermal values up to a few evidence as to the structures and stabilities of the possible
. 15 o ,

electronvolts. They measured the reaction rate coefficients and'iprﬂe(rjs of CHE’ th|qformaldehyd$1 catfll.or; (Cﬁr)’ the

the product distributions for the reactions of ground-stdi¢s thiohydroxycarbene cation (16(:39." the thioformy! cation

with small hydrocarbon molecules GHC2Hz, C:Ha, and GHg (HCS"), and the isomer HSG® a rigorous theoretical study

as a function of Ky and observed pronounced negative energy involving all isomers and their dissociation/isomerization chan-

dependencies of the rate constant. This suggests that thes els at a reasonably high level of calculation is still not available

reactions proceed via the formation of long-lived complexes. 10" the Kinetic characterization of the reactions ot S

In the early ICR experimentsthe product SCh was observed The purpose of the present work is, therefore, to explore

and the measured reaction rate coefficient was<114y-10 cm? theoretically those features of the potential energy surfaces (PES)

sL In the SIFT study of Tichy et dft thermal reaction rate  Of (CH4S)" (doublet and quartet surfaces), (€3)" (triplet and
singlet), (CHS)" (doublet), and (CHS) (triplet and singlet)

* Corresponding author. Fax: 49-228-739064. E-mail: untooo@ cations which are expected to be of potential significance in
IBM.rhrz.uni-bonn.de. understanding their dissociation dynamics. These features are
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SCHEME 1 in Scheme 1. They confirmed that the ylide ions are more stable
o, st st @ 1, +H,5C ) with respect to unimolecular rearrangement or decomposition
(d(’(ul;lec) s eH @ e s’ ® than their neutral counterparts.

. o The (CHS)' system has been the subject of several theoreti-
CH;S +H @ H CH, SH (3) cal studies in a different conte3&-25-23 Most of these deal with
H, +HCSH () He+ HCSH] 10y the thermochemistry and proton affinity of these molecular ions.
CHy+sH 6 CH; +SH, & Collisional activation mass spectfasuggest the protonated
SCH  (quaret) HescH' a2 thioformaldehyde, HC=SH" to be more stable compared to
an tm;”} a3 the thiomethoxy CHS* structure. Flores et & have studied
. X the reaction of Chi™ with the ground state sulfur atordR) at
C(';f CHSH" 19 CHSH, a6 HeH,SCay MP2/6-31G** level and they concluded that the channel giving
(mpneo CH,S*H a7 cH S’*““’E H+ HCSH' (19) rise to SCH(?B,) + H(2S) is the preferred one. The reaction
HCShH, (18) EMHCSH‘(H) HCS}H, (18) pathways investigated by them are shown in bold arrows in
HSCHH, 20) Scheme 1. Some of the stationary points (as shown in Scheme
cH s’ CHSH (159, CHSHZ 6o HES 1, (89 1 with bold arrows) on the doublet potential energy surface of

the thioformaldehyde cation, (GB)", have been examined by
Pope et af® at the SCF level. Cb$"(?B,) was predicted to be

(14s) ;
(singlet) HCSHH, (185 HSCH H, (205)

HCSH® (23) csil, @ H+HSC (26) more stable thanransHCSH" and the 1,2 hydrogen shift
(dgfgm \ H 1 HOS” (25 HeHOS (25) isomerization is predicted to occur without any barrier.
M HSC® 26 Thus, rigorous gb initio calculations on ((.;isj+ (n= 1—4) '
. . K systems at a consistent level of characterization are still lacking.
on] 1S HiCS 9) gt Hes” HeCS* (295) We are unaware of any previous studies on the,&Hquartet

27s) (28s)

surface, or the stability of the various isomers. Furthermore,
no previous attention appears to have been given to the

?olflzi(')l\lit/itlvely sketched in Scheme 1 and may be summarized asmolecular elimination of b from (CHS)* (n = 1-4).

(a) The structure and relative energetics of the various isomersMoreOV?r’ tr_'e PES's have not been anerlflyzed in the perspective
of (CH.S)* in its quartet and doublet states, (€3 in its of the kinetics of the reaction betweert &nd CH, species.

. . S Our goal is, therefore, to calculate optimum PESs of all possible
+
?r:ni?sle;iig?ettrlslr?c; ?:?ptl‘zst’s(g?gsm its doublet state and (CHS) pathways originating in the reactions of @nd CH, in order

(b) The transition states for the isomerization, dissociation, to obtain a complete picture of the reaction mechanism.
and elimination reactions of SGH into H + SCH,—;", and
H, + SCH,—,*, respectively.

Previous experimental and theoretical studies on SQH Ab initio molecular orbital calculations were carried out using
= 1-4) are reviewed in section 3, while the computational the Gaussian 94 set of progra®ishe open-shell calculations
details and results of the present investigations are summarizedvere performed using the unrestricted Hartr€eck formalism.
and discussed in sections 4 and 5 under different subtopics. As a measure of the UHF spin contamination, we note that the
expectation value of$?[Joperator was not greater than 0.765
for doublets, 2.19 for triplets, and 3.752 for quartets. The
potential energy surface was initially mapped out using SCF
calculations in conjunction with the 6-31G(d,p) basis set. The
identity of each first-order stationary point is determined when
necessary, by intrinsic reaction coordinate (IRC) calculations.
Geometries of the relevant equilibrium and transition structures
were then reoptimized using the MP2/6-31tG(d,p) basis set.

Il electrons were considered for correlation correction. Com-
puted energies of all stationary points were further improved
by single-point QCISD(T) calculations at the MP2 geometries
with the larger 6-31%++G(2df,2pd) one-electron basis set. The
zero-point energies were derived from harmonic vibrational
wavenumbers at the UMP2/6-3t%#G(d,p) level and scaled
geometries with the state-of-art CCSD(T)/6-3£G(d,p) down by a uniform )‘actor gf 0.94. Throughout. this paper, bond
method for the H-loss transition structures in radicals and radical lengths are given in angstns, bond angles in degrees, and
cations. The former has a general tendency to decrease the7_ero point and relative energies in kcal/mol, unless otherwise
dissociating X-H (X = P, N, O, S, and C) bond length by a tated.
maximum of 0.1 A. For this reason, we choose the same level
of theory for the full characterization of the various PES’s of

3. Computational Details

2. Experimental and Theoretical Background

The equilibrium structure of the ylide ions or the distonic
radical cations;CH,X"H, and its conventional isomers Gkt*
(X =F, OH, NH,, Cl, SH, and PH) have been computationally
determined by Radom et &l.at the perturbation level with a
large basis set, MP2/6-3115(2df,p), to improve the previous
knowledge on the structures and thermochemical properties of
these species. Their results demonstrate that a fairly satisfactor
description of structures is provided by MP2/6-311G(d,p)
computations and that zero-point vibrational energies can be
obtained fairly reliably by appropriately scaled MP2/6-
311++G(d,p) harmonic vibrational frequencies. Also optimiza-
tion at MP2/6-31%-+G(d,p) level is show#¥ to give comparable

4. Results and Discussion

(CHS)" (n= 1—4) ions. The experimental investigatidhand
most of the theoretical studi€g® on CH,S" are restricted
largely to thermochemical data. Radom e€&idin their earlier
investigation on the doublet potential energy surface of the
CH,4St system at the MP3/6-31G**//6-31G* level, have identi-
fied transition states for three reaction channels viz.SHi

— CH,SH,", CHsSHt — CH,SH" + H°, and CHSH," —
CHySH' + H°. All these pathways are marked with bold arrows

The reactions investigated in the present study are listed
in Scheme 1. The QCISD(T)/6-31¥HG(2df,2pd)//MP2/6-
311++G(d,p) relative energies with appropriate zero-point
vibrational energy corrections are shown in Figure-daLet
us first describe briefly the essential features of the lowest-lying
doublet and quartet PES's related to the ¢Skt system (see
Figure 1la). Each stationary point in Figure 1 is labeled with a
number in order to facilitate the discussion. While the minima
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Figure 1. Overall profile of (a) doublet and quartet PES for the (SH, (b) singlet and triplet PES for the (GH)", (c) doublet PES for the
(CHzS)", and (d) singlet and triplet PES for the (CHS)ystems calculated at QCISD(T)/6-381G(2df,2pd)//MP2/6-31%+G(d,p)}+ZPE level
of theory.



Potential Energy Surfaces of (GB)" Systems J. Phys. Chem. A, Vol. 103, No. 6, 199875

HCSH=88.1

1769 96:2/71.3
| R
. gé;%.osz 127.2@«\(%/ :
: 70~ 1461 .

o
TS15¢16t > TS14v/17¢
H..CSH 92.6

\ g ¢ ross Lsss
L & 1354 5 S Lost 1094}
195 CHL s o
‘| 1207 T §
] 985 2029
o Rt
SCHH 108.1 HSC..H 95.7 1169

TS1/6

131.5/7°91.084
/C::
1.736; =4
5\101.2 o

35 HCSH -116.4 HCS..H 974 S
TS2/10 TS14¢/18t TS15t/19t
132.0
1.353 ) 591 o) 17{3\{@“’821
: 1.087 e 1891
o 1148 1353
TS2/7 H..SCH=-978 gggg?g;‘s TS16t18t
Figure 2. MP2/6-31H1-+G(d,p) optimized geometries of the stationary Ts16u19t :
points on the doublet (Ct3)" energy surface. Figure 4. MP2/6-31H+G(d,p) optimized geometries of the stationary

points on the triplet (CEB)" energy surface.
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Figure 3. MP2/6-311+G(d,p) optimized geometries of the stationary
points on the quartet (C43)" energy surface.

N = 491;10.757

TS15s/20s TS16s/18s

on the various electronic surfaces of () (n = 1—-4) are ) o ) )
associated with the numbers from to 28, the transition Figure 5. MP2/6-311+G(d,p) optimized geometries of the stationary

4 ; "
structures (TS) connecting two minim@andY are defined points on the singlet (Cs)" energy surface.

by X/Y. _ _ energy corrections using the UMP2 frequencies. The most
The doublet PES of (SCHi" consists of two isomers, namely  important result is perhaps the fact that both the doublet and
CHsSH" (1) and CHSH," (2) and the different first-order  qyartet PES's are well separated from each other. As observed
saddle points connecting these minima to different product limits by Radom et al? on the doublet PES, the conventional isomer
viz., CHSH" + H (3), CHsS* + H (4), H, + HCSH" (5), CHsSHt (1) was found to be energetically more stable than
CHs" + SH (), Hz + H2SC" (7), Hz + HCS* (8), CHx" + the ylide ion @) by 21.9 kcal/mol. The ylide ion has twGs
SH; (9), and H+ HCSH™ (10). The MP2/6-31¥+G(d,p)  structures which are energetically close to each other (0.2 kJ
optimized geometries of the transition stalé, 1/3, 1/5, 1/6, mol-1) with the anti conformation being more favored over the
2/7, 218, 2/9, and2/10 on the doublet potential energy surface syn. CHSH,* has a G-S bond length of 1.761 A, which is
are shgwn in Figure 2, while the stationary po?nts on the quartet ghorter than that in CkBH" (1.783 A).
PES viz.,11, 11/12, and11/13 are shown in Figure 3. It is readily seen in Figure 1 that all processes involving
The optimized structures of the three isomers of {EH isomerization and radical and molecular dissociations from
((14), (15), and (6)) in their ground state and the transition CH,;SH* (1) are endothermic and involve appreciable barriers.
structures on the lowest lying triplet (GB)" PES are givenin  We therefore expect a relatively long lifetime and a possibility
Figure 4 while those on the singlet surface are shown in Figure to isolate the isomeric species of (¢$J" system experimen-
5. The optimized structures of the three isomers of 4&)H tally. The 1,2-hydrogen shifts from the carbon to the sulfur and
(22, 23, and24) and the saddle point geometries on its doublet the reverse occur from the an@d) isomer with the latter being
PES are presented in Figure 6 along with the structures of theenergetically favored over the former migration. The calculated
stationary points on the (CHS)PES. The unscaled harmonic  three-membered T3/2 for this shift has hydrogens being
vibrational frequencies of the various stationary points on the perpendicular to each other on carbon and sulfur. In addition
(CHsS)" (n = 4—1) are available as Supporting Information as  to this 1,2-hydrogen shift, can undergo the hydrogen radical
they are of interest to the modeling kineticists for the estimation dissociation via the cleavage of either the-i& (1/3) or the
of the rate constants. S—H bond and the molecular elimination of,H1/5). The
4.1. Doublet and Quartet PES'’s of the (CHS)" System. stretching of the SH bond leads to the direct dissociation limit
The QCISD(T)/6-311++G(2df,2pd)//IMP2/6-31++G(d,p) en- (CH3S*(s) + H) and hence it does not proceed via a specific
ergies are shown in Figure la relative to that of the doublet transition state. The 1,1-elimination of Fequires an appreciable
CH3SH™ minimum (1) with appropriate zero-point vibrational  barrier and is therefore less favored compared to the isomer-
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'\ y
’ 1.86 vibrations with an imaginary frequency of 1789i chlt has a
/ scritona distorted trigonal bipyramidal structure and all the hydrogens
@4 make an angle of 104> with the sulfur atom [JHCS). All our
attempts to find a regular trigonal bipyramidal geometry have
proven futile. The structure (ii) wherein the sulfur atom is along
the C, axis of CH, is found to be a minimum. It is an association
complex betweenSand methane and is stabilized by 25.2 kcal/
mol. The C-H bonds in methane are polarized a® Q-H(6™").
The structure (iii) with a tricoordinated*Ss also found to be
a minimum and has approximately the same energy as\({) (
= 0.5 kcal). We could not locate stable structures corresponding
to the ylide ion (CHSH;") or its (CHsSH') isomer on the
quartet PES.
Two different reaction channels, viz., G&f — CH;St +
H* (12) and CHS" — CH,S" + 2H*, have been investigated
and the corresponding saddle points are shown in Figure 3. The
adon e Lo pathway for the hydrogen radical dissociation is summarized
29 TS27/28 TS274/29 in Table 1. These data were obtained by following the IRC
Figure 6. MP2/6_31:H-+G(d'p) optimized geometries of the Stationary Ca|Cu|atI0n fl‘0m11/12 baCk to the reactant and fOrWard to the
points on the doublet (Ci$)" and singlet and triplet (HCS)energy products. The data presented here were determined at the MP2/
surfaces'. Numbers in parentheses correspond to the singlet states-3114+-+G(d,p) level to present a more accurate picture of the
geometries. geometric changes. Minima were found on both sides of the
ization to ylide ion. Consequently, the most favorable channel reaction coordinate and they are shown in Figure 3. As shown
for the disappearance of GBH" seems to be the isomerization in Table 1, the dominant changes as the molecule proceeds from
to the ylide ion, CHSH,*. the reactant to its product are represented by a shortening of
The ylide ion2 once thus formed can undergo molecular the C=S bond in conjunction with an increase in one of the
elimination of H to form either the thioformaldehyde cation, C—H bond lengths. Also the angle made by the detaching
H,CS", or the isomeric BSC'. It can also dissociate yielding  hydrogen with S widens up with a simultaneous narrowing down
H + HCSH' and H+ HSCH," cations. All these processes of other HCS angles.
have been investigated and the saddle points have been identified As is obvious from Figure 1a, the association complex&H
(Figure 2). Cleavagefa H or the 1,lelimination of H from formed from the reaction of '§*S) + CH, can either dissociate
the carbon of the CpBH," cation proceeds via high-energy  pack to the reactants or to G8F + H products. Since the
transition statesTS2/1Q TS2/7) and hence are expected not parrier for the product formation is higher than that for
to play a major role in the ylide ion disappearance. Both yegissociation, at low K&y, the complex is expected to be long-
processes are highly endothermic and the transition structuresjyed and the reaction rate coefficient should correspond to the
are productlike. As can be seen from Figurg 1a, the formation capture rate coefficient. Increasing thedtat low KEcy would
of both H+ CH,SH" (3) and H + H,CS" (8) involves lower  tanq 1o increase the redissociation rate coefficient and hence

barriers in comparison to other dissociation channels. However,,5.id have a negative energy dependence. However, when the
these barriers are 10.5 and 24.6 kcal/mol, respectively, higherenergy is above the saddle poiftS11/12 energy fl;rther

:jhan th_e_barner f_or |sor;]1er_|zat|on_ to .GSH" Since Lhefrate- .__increase in energy will increase the rate coefficient for product
etermining step Is not the isomerization process, the formation ¢, a4ion and hence the total rate coefficient will have a positive

of 3is possible both via isomerization Bfand directly from2. : e : :
T S S energy dependence. This qualitatively explains the experimental
Similarly, 3 can be formed froml via its isomerization td observations of Zakouril et Ak

and also via direct dissociation. It should be pointed out that . ) ; "

the positions of the transition structur&8 and 2/3 are very 4.2. Singlet and Triplet PE+S s of (CHS) ?ystem.The low-

close to each other in the energy scale. lying isomer of the (CHS)' system is a'A; state of the
The cleavage of the €S bond in both CHSH® and mercaptomethyl catiorlfg and it has been examined in several

CH,SH,* ions was calculated to be a direct destabilization Previous theoretical studiés.?* The singlet state of Cj$H"
process. The ground state potential energy curves are monotonihas a significantly shorter-€S bond length (1.616 A) than that
cally destabilized. The reactions are endothermic and the in the triplet state (1.761 A). Th&A"—!A’ energy difference
dissociation limits are achieved at a very large €distance. equals 56.1 kcal/mol. In contrast to the earlier investigation,
ThiS, in turn, Suggests a possib|e mode of generation OEW‘H we could not locate a minimum on the singlet potential energy
species (barrierless recombination). The species thus generategurface of thiomethoxy catiod4s The optimized structure
from CHs* and SH (or CH* and SH) will be an energized shown in Figure 4 has an imaginary frequency of 605i &m
molecule and can undergo fast isomerization and various and lies energetically 28.3 kcal/mol aboveé4). The other
dissociation reactions which are otherwise difficult by thermal carbene isomer of (C48)*, viz., HCSH™ (16), is approximately
activation of (CHS)*. Under these conditions, high pressures 50 kcal/mol abovel4t and involves appreciable barrier for its
are needed for the isolation of GBH" and CHSH," ions. formation from CHSH' on both the triplet (48.3 kcal/mol) and
Nevertheless, the doublet PES clearly establishes the longsinglet (96.6 kcal/mol) potential surfaces. On the singlet surface,
lifetime of the isomers of (CE8)" at ordinary temperatures. these isomers can underge ¢limination besides isomerization

On the quartet surface, three different structures, as shownto the other isomers. However, as can be seen from Figure 1b,
in Figure 3, have been obtained. The structure (i) with a the barrier heights for the elimination oftdre higher than the

pentacoordinated carbon involving a6 bond (1.753 A) is
found to be a saddle point with respect to £Hending

1.577

(22)

(180.0)
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TABLE 1: Results of MP2/6-311++G(d,p) Calculations for the Intrinsic Reaction Coordinate of SCH;* — H* + SCHz"

reaction rel
coordinate  energy  Rc_sA Reor A Re-nz A Re-ns A 0OSCH1  [0OSCH2  [SCH3 H2CSH1 H4CSH1
—2.69 —68.9 3.193 1.095 1.089 1.095 56.937 124.7 56.4 90.2 180.2
—2.39 —68.8 3.036 1.096 1.089 1.095 56.458 124.7 57.7 89.5 180.0
—2.09 —68.2 2.878 1.096 1.090 1.095 56.508 124.6 58.8 88.9 180.0
-1.79 —66.6 2.720 1.096 1.091 1.095 56.525 124.5 60.6 88.1 180.0
—1.49 —63.3 2.564 1.096 1.093 1.093 57.493 124.8 62.7 86.9 180.0
-1.19 —57.3 2.416 1.113 1.097 1.092 60.548 125.3 66.1 85.2 180.0
—0.89 —46.4 2.289 1.174 1.100 1.096 65.452 125.3 70.8 83.3 180.0
—0.29 -9.8 2.082 1.363 1.099 1.116 76.020 122.6 80.6 79.9 180.0
0.00 0.0 1.986 1.466 1.097 1.126 80.352 120.0 85.2 78.0 180.0
0.29 —-5.9 1.892 1.576 1.094 1.131 83.640 117.5 89.4 75.9 180.0
0.89 —23.2 1.768 1.833 1.091 1.122 88.015 114.2 97.9 69.9 180.0
1.19 —29.4 1.753 1.979 1.092 1.112 89.160 112.7 101.6 66.5 180.0
1.49 -34.1 1.751 2.130 1.092 1.105 89.824 111.2 104.4 63.9 180.0
1.79 —37.4 1.752 2.285 1.093 1.101 90.083 110.1 106.2 62.2 180.0
2.09 —39.6 1.752 2.443 1.094 1.099 90.382 109.5 107.3 61.2 180.0
2.39 -41.1 1.752 2.601 1.094 1.098 90.601 109.1 107.8 60.7 180.0
2.69 -42.1 1.753 2.760 1.095 1.097 90.519 109.0 108.2 60.4 179.9
2.99 —42.6 1.752 2.918 1.095 1.096 90.391 108.8 108.4 60.1 179.9
3.59 —43.2 1.752 3.233 1.096 1.096 89.560 108.7 108.6 59.9 179.8
3.88 —43.3 1.753 3.388 1.096 1.096 88.298 108.7 108.7 59.9 179.9

isomerization barriers. Hence, the singlet mercaptomethyl cation (TS22/23 TS23/29, and the radical dissociation transition states
could be long-lived for its isolation. (TS22/25 TS23/25 are given in Figures 6 and 1c, respectively.
On the triplet surface, thiomethoxy catiob4f) is the most H,CS' is predicted to be more stable than HC'SbY 29.0 kcal/
stable isomer and all isomerization and dissociation channelsmol at the QCISD(T)/6-31t+G(2df,2pd)//MP2/6-31++G(d,p)
arising from this species are endothermic. A general observationlevel and this is in good agreement with the estimated separation
in the (CHS)" PES is that the molecular elimination involves of about 1 eV for the HCSH/HCSHt in the photoionization
relatively higher barriers compared to the hydrogen radical mass spectrometric measureméfitsVhile considering the
dissociations. However, the analysis of the reverseinalecule reaction of H+ HCS"', the incoming hydrogen can attack either
reaction, H + HCS' — products, seems to be more interesting at the carbon or at the sulfur end of the thioformyl cation. The
from the perspective of the generation of theO$" species  barrier for the hydrogen attack at the C center of HG8 +
which are observed in interstellar clouds. The important criteria HCS+ (25) — H,CS' (22)) was calculated to be 5.1 kcal/mol.
for a gas-phase reaction to occur under interstellar conditions However, the attack at the S end HHCS" — transHCSH")
is that it is close to barrier-free and exothermic. As can be seeninyolves a relatively smaller barrier (3.7 kcal/mol). Hence, the
from Figure 1b, the reactionH- HCS" (18t) — H,CS" + H H + HCS' reaction would proceed to a greater extent 28
is exothermic by 30.0 kcal/mol and the reaction can proceed Since the isomerization barrier from HCSli$ nearly the same
almost spontaneously except for a very small initial barrier of a5 that for dissociation, and because the preexponential factors
0.9 kcal/mol for the formation of C§8" via the following routes  for dissociation are generally higher than that for isomerization
Lavist Lavist (because the former involves a relatively loose transition state
H, + HCS" (18t)—>CHBS+ (14t) —— compared to the latter), it would be difficult to isolate the
15417 isomers of (CHS)" species in the reactions of tH HCS'. On
CHZSH+ (159 CHZS+ +H(@17) the other hand, association of H and H%€) proceeds without
Lay18t 14417 any activation barrier to HCSHand finally transforms into H
H, + HCS" (18t) —— CH,S" (14t) —— -+ HCS". Figure 1d shows that the singlet HS@omerizes to
CH.S" +H 17 HCS" without any barrier while in the triplet state this process
has appreciable barrier. Hence, isomerization of singlet HSC

Therefore, on the basis of our results, the reaction.of/kth is expected to be very fast via both direct and indirect pathways.
HCS' can bé a possible interstellar précess. Of the two dissociation channels from HCSHtleavage of the

On the other hand, if the covalently bonded £SHis formed S—H bond is more favored over that of the-& bond and the
from CHs" + S then it will be an energized system with an latter does not proceed via a specific transition _sta'_[g. As in the
excess energy of 83.0 kcal/mol and therefore be expected to€@Se of (CHS)" system, we do not expect any significant role
undergo rapid isomerization td5t) followed by dissociation of carbene 24) in the unimolecular dissociation dynamics of
to CH,S* + H. One would also expect a competitive dissocia- CH2S" species.
tion and isomerization from4t. Detailed kinetic analysis will 4.4. Singlet and Triplet PES of the (CHSJ Species.The
provide the product branching ratios and the contribution of optimized geometries and the relative energies for the stationary
each rate coefficient to the total rate coefficient. Presently points on the potential energy surface of the thioformyl cation
calculated more complete PES, vibrational frequencies, and (HCS)" are given in Figures 6 and 1d, respectively. In agreement
moments of inertia of the various stationary points will be of with the earlier investigation;!6°the C-S bond in HCS is
much use in such kinetic analysis. shorter than in the neutral CS and has increased by 0.13 A

4.3. Doublet PES of the (CHS)" Species.The optimized relative to CS in HSC. The C-H bond dissociation energy of
geometries and the relative energies of the various isomers 0f137.3 kcal/mol in HCS is in close agreement with the earlier
(CH,S)" system viz.2B, state of HCS' (22), the trans isomer  resulf® of 136.6 kcal/mol at the MRDGIHQC level. As can be
of the thiohydroxy carbene cation (HCSH23) and the carbene  seen from Figure 1d, HSCis expected to be highly unstable
(SH.C™) (24), 1,2-hydrogen shift rearrangement transition states on the singlet surface as there exists almost no barrier for
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