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Abstract. Fifteen reactions on the doublet HC,,S and singlet/triplet H,C,S(n = 1, 2) potential energy surfaces have been investi-
gated theoretically via electronic structure calculations to unravel the formation of hydrogen deficient, sulfur bearing molecules
via bimolecular reactions of two neutral species in cold molecular clouds. Various barrierless reaction pathways to synthe-
size astronomically observed C,S and hitherto undetected HC,S(n = 1,2) isomers are offered. These data present important
guidance to search for rotational transitions of the elusive thioformyl HCS(X?A’) and thioketenyl HCCS(X>I1) radicals in the

interstellar medium.
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1. Introduction

Untangling the synthetic routes to form sulfur-carrying
molecules in the interstellar medium is a significant instru-
ment to understand the chemical evolution and physical con-
ditions in star forming regions and in circumstellar envelopes
(Minh & van Dishoeck 2000). The chemistry of sulfur carrying
species can also be used as a clock to elucidate the history of
cold molecular clouds. Compared to the cosmic carbon versus
sulfur ratio of 15:1 (Bakes 1997), sulfur is severely depleted
in carbon containing molecules. So far, only carbonmonosul-
fide (CS), carbonylsulfide (COS), isothiocyanoacid (HNCS),
thiomethanol (CH3SH), thioformaldehyde (H,CS), two ions
HCS* and CS™, and the cummulenes C,S and C3S have been
observed astronomically (Wootten 2002). Linear, sulfur termi-
nated chains C,S(n = 1-3) present one of the most pecu-
liar features in interstellar chemistry. Although these molecules
are ubiquitous in cold molecular clouds OMC-1 and TMC-1
(Chernicharo et al. 1987; Petrie 1996; Yamamoto et al. 1990;
Hirahara et al. 1992), in circumstellar envelopes of the pro-
tostellar object B335 (Velusamy et al. 1995), and in the out-
flow of the carbon star IRC+10216 (Markwick et al. 2000;
Chernicharo et al. 1987; Gordon et al. 2001), their hydrogen
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terminated counterparts HC,S and C,SH have not been de-
tected in the interstellar medium yet. However, these molecules
might represent the missing source of molecular-bound sul-
fur in the interstellar medium. Hydrogen deficient organosul-
fur molecules like HCS(X?A’) and HCCS(X?II) resemble also
important reaction intermediates which could lead to sulfur
bearing polycyclic aromatic hydrocarbons (Kaiser et al. 1999;
Kaiser et al. 2002).

Despite the importance of these sulfur carrying species in
the interstellar medium, their formation mechanisms have not
been well established. The very first chemical models simu-
lating interstellar sulfur chemistry postulated the involvement
of S+(2Pj) dominated ion-molecule reactions, for instance to
synthesize C,S via the reaction sequence (1)—(3) (Scappini &
Codella 1996) or via reactions (4) and (5) (Suzuki et al. 1992;
Aschi & Largo 2001; Markwick 2000):

CCH + S*(*P)) » CoS* + H, (1)
C,S* + Hy, —» HC,S* + H, ()
HGC,SY +e~ — C,S + H, 3)
S*(P;) + C;H, — HC,S* + H, 4)
HC,S* +e~ — C,S + H. ®)

Higher sulfur terminated carbon clusters were thought to be
formed via encounters of sulfur ions with astronomically ob-
served cyclopropenylidene (c-C3H;) and vinylidenecarbene
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(CCCH,) isomers (Redondo et al. 1999; Markwick et al.
2000). However, a detailed model of the circumstellar enve-
lope surrounding IRC+10216 predicted number densities of
C,S and C3S up to two orders of magnitude lower than ac-
tually observed (Millar & Herbst 1990). Therefore, solely ion
— molecule reactions cannot account for the abundances of as-
tronomically observed organo sulfur molecules quantitatively.
Important reaction pathways to form these species are clearly
lacking.

In the following years it emerged that rapid neutral — neu-
tral reactions can also synthesize sulfur-carrying molecules
in interstellar environments (Petrie 1996). Laboratory exper-
iments augmented by electronic structure calculations of re-
actions of ground state carbon atoms C(3Pj) with hydrogen
sulfide (H,S) revealed explicitly the formation of the thio-
formyl radical HCS(X?A’) (Kaiser et al. 1999; Ochsenfeld
et al. 1999; Galland et al. 2001). Likewise, the reaction of
the dicarbon molecule Cz(XIZQ) with hydrogen sulfide yielded
the thioketenyl radical HCCS(X?IT) (Kaiser et al. 2002). The
hydrogen sulfide reagent is also present in the interstellar
medium and has been observed, for example, in molecular
clouds TMC-1 and OMC-1, toward the star forming region
SgrB2, and around the circumstellar envelope of the carbon
star IRC +10216 (Thaddeus et al. 1972). Likewise, atomic car-
bon has been detected in OB star forming regions, in circum-
stellar envelopes of evolved stars IRC+10216 and « Orionis
(van der Keen et al. 1998), in molecular clouds like Orion
A and TMC-1 (Tatematsu et al. 1999), and towards the pro-
toplanetary nebulae CRL 618 and CRL 2688 (Young 1997).
The dicarbon molecule is abundant in the circumstellar shell
of IRC+10216 (Tatematsu et al. 1999; Combi & Fink 1997)
and in translucent clouds (Gredel 1999; Gredel et al. 2001;
van Dishoek & Black 1989). Theory predicts further that C,S
and C3;S may be synthesized via barrier-less neutral-neutral
reactions of SC°P;) + C,H and SCP;) + CsH (Flores 2001a;
Flores 2001b). Millar et al. (2001) extended previous reac-
tion networks and incorporated both neutral-neutral reactions
of atomic sulfur. However, although this refined model signifi-
cantly increased the production of C,S and C3S, a quantitative
agreement was not reached. This suggests that key production
routes to sulfur carrying molecules involving reactions of two
neutral particles are still missing.

To ascertain ultimately the role of neutral-neutral reactions
to form small sulfur bearing molecules in molecular clouds and
to unravel the most important reactions, it is crucial to explore
the underlying potential energy surfaces extensively. In this pa-
per, we present the very first comprehensive theoretical study
on the synthesis of C,S and HC,S(n = 1-2) species in cold
molecular clouds via binary reactions of two neutral species.
Fifteen reactions (6)—(20) are explored in depth via electronic
structure calculations:

CH(X?ID) + SCP), (6)

CCP) + SH(X?ID), 7
CH(XII) + SH(X1D), 8)
SCP) + CHy(X’B)), 9)

CS(X'Z") + Hy(X'E)), (10)
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CCP) + HbS(X'A)), (11)
SCP) + CH(X?TY), (12)
CH(X?II) + CS(X'z™), (13)
Co(X'E)) + SH(X?ID), (14)
CCP) + HCS(X'A"), (15)
C(X'E)) + HoS(X'A)), (16)
HCS(X?A’) + CH(X?ID), (17)
C,H(X?TY) + SH(XID), (18)
CCP) + H,CS(X'A)), (19)
CH,(X’B)) + CS(X'Z"). (20)

Due to the low number densities in molecular clouds of about
10*~10° cm™3, we restrict this investigation to bimolecular col-
lisions; ternary encounters occur only once in a few 10° years
and can be neglected considering mean interstellar cloud life-
times of 10° years. Likewise, the translational temperature
of the reactant species (=10 K) dictates that only exoergic
processes without entrance barriers are open. Finally, only
reagents in their electronic and vibrational ground states are
considered.

2. Theoretical model

The potential energy surfaces (PESs) were examined in terms
of ab initio molecular orbital methods. We have employed the
hybrid density functional B3LYP method, i.e. Becke’s three-
parameter non-local exchange functional (Becke 1992) with
the non-local correlation functional of Lee et al. (Lee et al.
1988) and the 6-311G(d,p) basis set (Krishnan et al. 1988).
The structures of the intermediates and transition states have
been confirmed with the vibrational analysis; all relative ener-
gies are the corrected values of the zero-point vibrational en-
ergies with the B3LYP/6-311G(d,p) level of calculation. The
coupled cluster CCSD(T) calculations with the aug-cc-pVTZ
basis set (Dunning 1989) have also been performed at the op-
timized structures obtained with the B3LYP method in order
to refine the energetics. All computations have been carried out
using the GAUSSIAN 98 program package (Frisch et al. 1998).
The relative energies stated in the text are the values obtained
with the CCSD(T) method.

3. Results
3.1. The doublet HCS potential energy surface

Both the CH(XII) + SCP) and CCP) + SH(X?II) reactions (6)
and (7) present barrierless pathways to access the HCS po-
tential energy surface (PES) (Figs. 1 and 2) yielding the
thioformyl, HCS(X?A”) (Intl), and isothioformyl, HSC(X?A”)
(Int2), radical intermediates, respectively. Both isomers are
stabilized by 404 kJmol™' and 563 kJmol~' with respect to
the separated CH(X?II)/SCP) reactants. The energy differ-
ence of 159 kJmol ™! is in excellent agreement with previous
data of 161 kJmol~! (Galland et al. 2001) and 166 kJmol~!
(Ochsenfeld et al. 1999) obtained at the CCSD(T)/cc-
pVTZ//QCISD/cc-pVDZ and CCSD(T)/QZ3P levels of theory.
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Fig. 1. Schematic representation of the doublet HCS potential energy surface. “Int” indicates an intermediate, “TS” a transition state, and “p” the

products.
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Fig. 2. Structures of reactants, intermediates, transition states, and
products of the doublet HCS potential energy surface. Bond angles
are given in degrees, bond distances in Angstrom.

HCS(X?A’) and HSC(X?A’) can isomerize through a barrier
of 77 kJmol~! with respect to Int2 via TS1_2 and decompose
via an atomic hydrogen loss to form the CS(X'Z*) + H(%S, /2)
products. These processes are either barrierless (from Intl) or
involve an exit barrier of 15 kJmol~! via TS2_p with respect
to the final products. Note that an earlier study located a bar-
rier of 5 kJmol~! for TS1_p (Galland et al. 2001). The overall
reactions to form CS(X'Z*) + H(3S, /2) from CH(X?1T)/SCP)
and C(3P)/SH(X?II) were found to be strongly exoergic by
362 kmol~! and 337 kJmol ™!, respectively.

3.2. The H»>CS potential energy surface
3.2.1. The singlet HoCS potential energy surface

Both the CH(X?IT) + SH(X?II) and S(°P) + CH,(X’B,) reac-
tions (8) and (9) have no entrance barrier. The methylidene
radical either adds to the terminal sulfur atom or inserts into the

S-H bond of the SH(X?II) radical to form thiohydroxycarbene
(Int3, HSCH, 'A’) or thioformaldehyde (Int4, H,CS, X'A)),
respectively (Figs. 3-5). The thiohydroxycarbene molecule can
exist in the trans (Int3) or cis (Int3”) form. The latter is energet-
ically less favored by 6 kJmol™!; both isomers are connected
through transition states via configuration inversion of the car-
bon atom and rotation around the carbon-sulfur bond. The cal-
culations show further that Int3 and Int4 reside in deep potential
energy wells of 407 kJ mol~! and 592 kJmol~! with respect to
the separated CH(X?IT) + SH(X?II) reactants; the trans struc-
ture can undergo a hydrogen shift to Int4 via TS3_4 located
at 132 kJmol~! above the thiohydroxy molecule. Additionally,
Int3 can isomerize through hydrogen migration forming Int5
(X'A}) via TS3_5 located 89 kImol~! above Int5. The latter is
the least stable H,CS isomer on the singlet surface and only
stabilized by 98 kJmol~! with respect to CH(X?IT)/SH(X?II).
The SC’P) + CH,(X?B)) reaction (8) proceeds via addition
of atomic sulfur to the carbon atom of the methylidene rad-
ical to form Int4; no reaction pathways via an insertion of
atomic sulfur into a C-H-bond to Int3 was found. The reaction
of CS(X'Z*) with HZ(XIE;) (10) is closed in cold molecular
clouds as an entrance barrier of 195 kJmol~! inhibits formation
of Int4 via TS_4.

The intermediates involved can emit a hydrogen atom to
form the thioformyl radical HCS(X?A’) (from Int3, Int4) or
HSC(X?A’) (from Int3, Int5). Each atomic hydrogen elimina-
tion has no exit barrier. The pathways to form HCS and HSC
from the CH(X?IT) + SH(X?II) reactants were found to be ex-
oergic by 211 kJmol~!' and 51 kJmol~!. Therefore, the thio-
hydroxy isomer is expected to be the major product via an H
atom loss. Considering the S(*P) + CH,(X?B)) reactants, the
synthesis of HSC is endoergic by 21 kJmol~! and hence not
feasible in cold molecular clouds; however, the formation of
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Fig. 3. Schematic representation of the singlet H,CS potential energy surface. “Int” indicates an intermediate, “TS” a transition state, and
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Fig.4. Schematic representation of the isomerization of Int3. “Int”
indicates an intermediate and “TS” a transition state.

the HCS isomer is open as this pathway was calculated to be
exoergic by 139 kJmol~!. Note, however, that Int4 can also
fragment via a molecular hydrogen loss to form carbonmono-
sulfide CS(X!Z+). Here, the exit transition state is tight, and
the overall reactions were found to be exoergic by 437 kJmol™!
(CH(X?TI)/SH(X?IT)) and 365 kimol~!' (SCP)/CH,(X*B))).

3.2.2. The triplet HoCS potential energy surface

The reaction of CH(X?IT) with SH(X?II) (8) presents also
a barrier-less route to enter the triplet H,CS potential

energy surface forming a thiohydroxycarbene intermediate
(Int6, HSCH, 3A) via a radical — radical recombination (Figs. 6
and 7). The latter is stabilized by 330 kJmol~! with respect to
the separated reactants. An insertion of the methylidene reac-
tant into the S-H bond of SH(X?IT) can also form to triplet thio-
formaldehyde (Int7, H2CS, 3A"). This isomer resides in a po-
tential well of 423 kJmol~! compared to the reactants and is
connected to Int6 via transition state TS6_7 located 88 kJmol~!
above HSCH. The reaction of C(*P) with H,S(X'A) leads to
the triplet surface as well giving Int8 (H,SC,> A”") without en-
trance barrier. This intermediate is only slightly more stable
by 70 kJmol~! with respect to atomic carbon and hydrogen sul-
fide and can rearrange via hydrogen shift to Int6. The barrier of
this process via TS6_8 was determined to be 43 kJmol~!' with
respect to Int8.
Similar to the singlet surface, these intermediates can
fragment via various atomic hydrogen loss pathways yield-
ing the thioformyl radical HCS(X?A’) (from Int6, Int7) or
HSC(X?A’) (from Int6, Int8). The decomposition of Int8 via
TS8_p2 involves a barrier of 10 kJmol™! above the final prod-
ucts. Previous calculations overestimated the barrier slightly
by 5 kJmol™! (Galland et al. 2001). The existence of an exit
barrier has important consequences: TS8_p2 is located below
the energy of the separated CH(X?IT)/SH(X?II) reactants, but
above the C(*P)/H,S(X'A ) reagents. Therefore, HSC isomers
cannot be formed via reaction (11) in cold molecular clouds. A
fragmentation of Int7 to the thioformyl isomer via TS7_p1 in-
volves an exit barrier of 5 kJmol~! with respect to the products.
Since this barrier is well below the CH(X?IT)/SH(XII) and
C(CP)/H,S(X'A)) reactants, the synthesis of the HCS radical
is feasible even in cold molecular clouds. The H atom ejec-
tion from Int6 to form HSC proceeds barrier-less; the forma-
tion of HCS, however, goes via a loose transition state TS6_p1
which is situated only 2 kJmol~! above the final products. Note
that an earlier study suggests that this process is barrier-less
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Fig. 5. Structures of intermediates and transition states of the singlet
H,CS potential energy surface. Bond angles are given in degrees, bond
distances in Angstrom. The structures of the products pl and p2 are
shown as Intl and Int2 in Fig. 2.

(Galland et al. 2001). The overall reaction energies to form the
thioformyl radical in reactions (11) and (8) is calculated to be
—169 kJmol™! and —211 kJmol~!, respectively; the formation
of the HSC isomer is less exoergic by 160 kJmol~'. Intrinsic re-
action coordinate (IRC) calculations show that no triplet H,CS
intermediate connects to molecular hydrogen and a triplet car-
bonmonosulfide product, CS(a*II).

3.3. The doublet HC, S potential energy surface

This section investigates four barrierless entrance channels
to the doublet HC,S potential energy surface via reac-
tions (12)—(15) (Figs. 8 and 9). Binary collisions of atomic
sulfur with an ethinyl radical (reaction (12)) yield the lin-
ear thioketenyl radical HCCS(X?IT) (Int9) which is stabilized
by 458 kJmol~! compared to the separated reactant; an in-
sertion of SCP) into the acetylenic C-H-bond is not open.
Reaction (13) also has no entrance barrier and proceeds via ad-
dition of CH(X?II) either to the terminal carbon atom form-
ing HCCS(X?IT) (Int9) or to the carbon-sulfur triple bond
giving the cyclic isomer c-HC,S(X?A”) (Int10). The latter
is less stable by 115 kJmol~! with respect to Int9. Note
that an addition of CH(X?II) to the sulfur atom can be ex-
cluded; the hypothetical CSCH structure presents no local min-
imum on the HC,S potential energy surface. An addition of
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SH(X?II) to the terminal carbon atom is also important in
the CZ(XIE;I)/SH(XZH) system (reaction (14)); this pathway
forms the bent HSCC(X?A”) isomer (Int11); compared to Int9,
this structure is less stable by 193 kJmol~'. The decreasing sta-
bility from Int9 via Int10 to Int11 is in excellent agreement with
a previous study (Flores et al. 2001) depicting relative ener-
gies of 0 kJmol~! (Int9), 117 kJmol~! (Int10), and 192 kJmol ™!
(Int11). Last but not least, reaction (15) leads to c-HC,S(X?A”)
(Int10) via addition of the carbon atom to the sulfur-carbon
double bond; neither an insertion into the C-H-bond nor an ad-
dition to the terminal sulfur atom of the HCS radical are viable.
These intermediates can undergo various isomerization pro-
cesses. Int9 shows a ring closure via TS9_10 (+224 kJmol™!)
to form Int10; the latter can ring open to the Intl1 isomer via
either TS10_11 or TS’10_11 (+201 or +207 kJmol™!). There
is no pathway connecting Int9 via a single hydrogen shift to
Intll. A hydrogen migration occurs only from Int9 to yield
Int12 (SCHC(X?A")) via TS9_12; this intermediate Int12 is less
stable by 235 kJmol~! compared to Int9.

These intermediates fragment via atomic hydrogen loss to
form numerous C,S isomers without exit barrier in strongly ex-
oergic reactions. Our calculations suggest that the linear CCS
structure (X*Z7) (p3) is the most stable C,S isomer; the a'A
state is 57 kJmol~! higher in energy (p4). The investigations
suggest also the existence of a cyclic c-C,S isomer (X'Aj)
(p5) ranging 80 kJmol~' above p3. As pointed out previously
(Flores et al. 2001), the Renner-Teller effect splits the X?IT state
of the HCCS radical (Int9) into a 2A” and A’ state; the lat-
ter correlates with the C,S(X?Z") + H(zsl/g) products. The c-
HGC,;S intermediate (Int10) decomposes without exit barrier to
form c-CS(X'A;) + H(®Sy/2), whereas HSCC(X*A”) (Int11)
fragments to the C;S(X?Z7) + H(*S) ;). Finally, SCHC(X?A")
(Int12) can lose a hydrogen atom forming C,2S8(a'A). Note,
however, that a non-planar geometry of Intl12 correlates with
the C,SCCE) + H(Zsl/z) products.

The reaction exoergicity to form the C,S(X*Z7) + H(*S1)2)
via reaction (12) was calculated to be —31 kJmol~!. Therefore,
only C,S(X327) can be formed in cold molecular clouds,
whereas the formation of c-C,S(X'A|) and C,S(a'A) is closed.
However, since the enthalpies of formations of the reagents
(reactions (13)—(15)) are larger by 28 kJmol~!, 119 kImol~!,
and 154 kJmol™! with respect to the SCP)/CLH(X?E) Sys-
tem, C,S(X3Z7), C2S(a'A), and c-C,S(X'A|) might be formed
in these systems via exoergic pathways. The calculations of
the branching ratios is currently under investigation; but based
on the energetics, we expect C>S(X3%7) to be the dominant
product, whereas the cyclic structure should be less prominent.
Once c-C,S(X'A)) is formed, this structure is stable in cold
molecular clouds towards ring opening; we determined the in-
herent barrier to the C,S(a'A) isomer to be 81 kJmol™' — well
above the averaged translational temperature in these environ-
ments (Fig. 10).

3.4. The H»>C» S potential energy surface
3.4.1. The singlet H>,C>S potential energy surface

The singlet H,C,S potential energy surface is shown in Fig. 11.
All reactions (16)—(18) present barrier-less pathways to form
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and p2 are shown as Intl and Int2 in Fig. 2.

strongly bound H,C,S intermediates. The dicarbon molecule
reacts with hydrogen sulfide via addition to the sulfur atom
of HoS(X'A) giving H,SCC(X'A’) (Int13) which is stabi-
lized by 194 kJmol~! with respect to the separated reactants

(Fig. 12). The radical-radical recombination of CoH(X?Z")
and SH(X?II) leads to thiohydroxyacetylene HSCCH(X'A")
(Int14); this isomer is more stable by 330 kJmol~! compared
to Int13. Finally, the reaction of HCS(X?A’) with CH(X?IT)
can follow an insertion and addition pathway to thioketene
H,CCS(X'A)) (Int15) and cyclothiopropene c-CoHaS(XMA )
(Int16), respectively. Thioketene represents the global mini-
mum of the singlet HC,S surface and resides in a deep po-
tential energy well of 585 kJmol™" with respect to Co(X'Z;)
plus H,S(X'A); compared to this isomer, the cyclic structure
Int16 is less stable by 136 kJmol~! and can isomerize via hy-
drogen shift through TS16_17 to c-H,CCS(X'A’) (Int17). Note
that Int17 can be formally synthesized, for instance in cometary
comae, via an addition of electronically excited carbon atoms
(C('D)) to thioformaldehyde (H,CS). HSCHC(X'A) (Int18)

presents also a stable minimum and is energetically favorable

by 173 kJmol~' compared to Int13; Int18 connects Int13 and

Int14 via TS13_18 and TS14_18 via two hydrogen shifts. All
intermediates involved can isomerize through various transi-
tion states via hydrogen migration (TS14_15) and ring open-
ings/closures (TS16_18, TS15_16, TS15_17).

The singlet H,C,S intermediates can fragment via atomic
hydrogen loss to form various HC,S isomers. These are
HCCS(X?II) (from Int14 and Int15), c-C,S(X'A) (from Int16,
Int17 and Int18), HSCC(X?A”) (from Int13 and Int14), and
SCHC(X?A’) (from Int17). The energetics depend strongly
on the nature of the reagent molecules (reactions (16)—(18));
considering the Co(X'Z})/H,S(X'A}) system, the formation
of HCCS(X?TI) + H(Zsl/g) is exoergic by 208 kJmol™!, of
c-C,S(X'A}) by 93 kImol™!, and of HSCC(X?A”) by only
15 kJmol~'. Reaction (16) cannot synthesize SCHC(X?A’) in
molecular clouds as this pathway is endoergic by 27 kJmol ™.
However, due to the larger enthalpies of formation of the reac-
tants in (17) (+77 kJmol "), even the synthesis of SCHC(X?A”)
is energetically feasible in this system. In strong contrast, the
energy of the C;H(X?X+)/SH(X?II) reactants is much lower
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Fig. 9. Structures of reactants, intermediates, and transition states of
the doublet HC,S potential energy surface. Bond angles are given

in degrees, bond distances in Angstrom. The structures of the prod-
ucts p3, p4, and p5 are shown in Fig. 10.

(by 88 kImol™1) compared to the Cz(XlE;)/HZS(XlAl) Sys-
tem. Note that in all systems studied, the reversed reactions
of the HC,S isomers with the hydrogen atom were found
to have no entrance barriers. Our studies located also three
transition states of a molecular hydrogen loss (Fig. 13). All

transition states involved are well-below the energies of the
separated Cz(XlEg) + H,S(X'A)) reactants and hence open.
However, the H, loss channels are closed in reaction (18) as
they are endoergic. Therefore, only reactions (16) and (17) can
form interstellar C,S isomers in cold molecular clouds.
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3.4.2. The triplet HoC»S potential energy surface

Figures 14-16 depict the simplified triplet H,C, S potential en-
ergy surface together with the structures of transition states,
intermediates, and products involved. All reactions (17)—(20)
were found to have no entrance barrier and form deeply
bound triplet H,C,S intermediates. The recombination of the
C,H(X?x+) and SH(X?II) radicals (reaction (18)) yields triplet
thiohydroxyacetylene structures HCCSH (Int19). It is impor-
tant to note that this isomer exists in a cis (Int19; 3A), trans-
cis (Int19’; 3A”), and trans-trans forms (Int19”; 3A”") which
are stabilized by 181 kJmol~!, 170 kJmol~!, and 171 kJmol™!
with respect to the separated reactants. The isomerization in-
volves barriers of 107 kJmol™! (TS19.19’) and 89 kJmol™!
(TS19’_TS19”), respectively. Reaction (17) of HCS(X?A’)
with CH(X?IT) can proceed via insertion and an addition
forming thioketene H,CCS(a*A”") (Int20) or cyclothiopropene
(Int21). The two hydrogen atoms of this cyclic isomer are either
located trans (*B; Int21) or cis CA”’; Int21’) with respect to the
ring. These structures are more stable by 182 kJmol~! (Int20)
and 79 kJmol™! (Int21; Int21’) compared to Int19. Binary
collisions of carbon atoms (C(*P)) with thioformaldehyde
H,CS(X'A)) give another cyclic isomer c-CSCH,(PA”’; Int22)
which resides in a potential energy well of 210 kJmol~! with re-
spect to CH(X2Z") plus SH(X?IT). Triplet thioketene (Int20)
can be also accessed via reaction (20) of CS(X'Z*) with
CH,(X?B)). The remaining H,C,S structures HSCHC (Int23)
and SCHCH (Int24) cannot be formed instantly from the re-
actants via reactions (17)—(20). Both isomers exist in a trans
(CA”, Int23; 3A”, Int24) or cis CA”, Int23’; 3A”, Int24’) form
and are stabilized by 145 kJmol~!, 137 kImol~!, 318 kJmol ™!,
and 308 kJmol~! compared to the CoH(X?Z+) and SH(X?IT)
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reactants. Note that the trans and cis forms are connected via
transition states TS23_23" and TS24 24’ located 125 kJmol ™!
and 93 kJmol~! above the trans structure; the trans structures
can also isomerize through TS23_24. Int19-Int24 were found
to rearrange via various transition state structures of hydro-
gen shifts and ring opening/closures. Note that the reaction of
atomic sulfur with acetylene can also lead to triplet H,C,S in-
termediates. However, this reaction has an entrance barrier be-
tween 8—15 kJmol~!. Our calculations show further that the re-
action of Hy(X'Z}) with C;S(X*Z") to form HCCS(X*IT) and
atomic hydrogen has also an entrance barrier (+67 kJmol™).
Therefore, these pathways are closed in cold molecular clouds.
It is important to stress that the reaction of electronically ex-
cited dicarbon, Cz(a3Hu), which is present in cometary co-
mae, does not form any triplet H,C,S intermediates. Instead,
both reactants yield a cyclic van-der-Waals complex followed
by an hydrogen abstraction to yield CH(X?Z*) and SH(X?II)
(Fig. 17).

The triplet intermediates decompose via atomic hydro-
gen loss. With respect to the separated CoH(X?Z*) and
SH(X?IT) reactants, the formation of HCCS(X?II) p6 is ex-
oergic by 170 kJmol~'. The pathway to form p8-p9 are en-
doergic and hence closed in molecular clouds. Note that
the enthalpies of formation of the reagents in reaction (17)
are larger by 115 kJmol™' compared to (18), and p7—p9
can be also formed. Considering reaction (19), the enhanced
reagents enthalpies of formation of +62 kJmol~! suggests that
the synthesis of p6—p8 is feasible. Finally, our calculations
show that CS(X'Z*)/CH,(X>B)) range 89 kJmol~! below the
C,H(X?Z+)/SH(X) system. Therefore, no HC, S isomer can
be formed via reaction (20). Intrinsic reaction coordinate cal-
culations depict that a molecular hydrogen elimination to form
C,S isomers does not take place on the triplet surface.

4. Astrophysical implications

The electronic structure calculations revealed distinct pathways
to form various C,S and HC,S isomers (n 1-2) in cold
molecular clouds via bimolecular reactions between two neu-
tral particles. This comprehensive study suggests that thirteen
reactions investigated have no entrance barrier and proceed
via indirect reaction dynamics through the formation of poly-
atomic intermediates. These structures were found to decom-
pose predominantly via atomic hydrogen loss to form HCS
and HCCS isomers; singlet intermediates can lose also molec-
ular hydrogen giving the sulfur bearing carbon molecules CS
and C,S, respectively (Fig. 18). On the HCS potential energy
surface, CS(X'Z*) was found to be the sole reaction products.
Incorporating a second hydrogen atom leads to the singlet and
triplet H,CS surfaces. Here, the thioformyl radical HCS(X?A”)
is the dominant reaction product on the triplet manifold,
whereas CS(X'Z*) can be formed on the singlet surface, too.
Note that the thermodynamically less stable HSC(X?A') iso-
mer is expected to be only a minor byproduct at the most.
A second carbon atom increases considerably the complexity
of the potential energy surfaces involved. Four reactions can
access the HC,S surface; the intermediates eject atomic hy-
drogen; the astronomically detected C,S(X>Z™) molecule can
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be formed in three systems; the calculations reveal also that
the hitherto unobserved cyclic isomer c-C,S(X'A;) might be
also a significant product. Electronically excited C,S(a'A) —
if it is formed in molecular clouds — is expected to phospho-
rescence to the triplet surface; the a'A — X33 transition is
expected to occur around 2.097 um (4768 cm™!) in the in-
frared regime. Five systems have been tackled theoretically
to explore the triplet and singlet H,C,S surfaces; these inter-
mediates decompose via atomic hydrogen loss synthesizing

predominantly the hitherto unobserved thioketenyl isomer
HCCS(X?II); based on the energetics, the three remaining iso-
mers are expected to be of minor importance. Similar to H,CS
intermediates, singlet H,C, S structures can also release molec-
ular hydrogen giving c-CoS(X' A )and/orC,S(a' A).

These considerations help us to “design” future searches for
hitherto unobserved HCS(X?A”) and HCCS(X?IT) molecules in
dark clouds. Since each isomer has a significant dipole moment
of 1.23 Debye and 1.29 Debye, respectively, a search for their
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Fig. 16. Structures of intermediates and transition states of the triplet H,C,S potential energy surface. Bond angles are given in degrees, bond

distances in Angstrom.
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Fig. 18. Compilation of reactions leading to various HC,S and C,S
pathways, respectively.

microwave transitions is advisable. The thioketenyl isomer is
linear, and hence only B-type transitions can occur; this sug-
gests that this isomer can be detected relatively easily. Table 1
compiles dipole moments, rotational constants, and infrared
frequencies to assist an identification of important, but hith-
erto unobserved sulfur-bearing molecules. Preliminary studies
of the crossed beam reaction of dicarbon with hydrogen sul-
fide suggest further the existence of two reaction channels, i.e.
HCCS(X?1I) + H and C,S + H, (Kaiser et al. 2002); there-
fore, both molecules are expected to be present in OMC-1 and
TMC-1 where C,S is known to exist (Suzuki et al. 1992).
We presented further compelling evidence that up to thirteen

I SCHC(A") l\

(16)
-------------------------- oo nd C(E,) +HyS(A)
e
Lo I
RNy .
------ i
e N——\ ] CH(’IT) + HCS(A')
2 v ‘n
HCCS(m) a®
C,H(E") + SHCM)
19 (20)

CCP) + HyCSC'AY

)
-
3

CH,(By) + CS('=Y) l

isomers. Dashed and solid arrows indicate minor and major reaction

reactions can synthesize C,S and HC,S isomers (n 1-2)
in cold molecular clouds. To extract representative informa-
tion on the chemical evolution of these extraterrestrial environ-
ments, it is important to include all, but not only selected reac-
tions into future chemical models which investigate the sulfur
chemistry in the interstellar medium. Obviously, this requires
also the knowledge of temperature dependent rate constants
together with branching ratios if multiple pathways are open.
These studies are currently in progress.

Finally, we like to address briefly possible routes to form
C3S and HC3S isomers via neutral — neutral reactions in cold
molecular clouds. Previous crossed beam experiments showed
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Table 1. Dipole moments, rotational constants, and vibrational frequencies of the reaction intermediates and products calculated with the

B3LYP/6-311G(d,p) method.

dipole moment rotational constants

vibrational frequencies

(debye) (GHz) (ecm™)
pl, Intl HCS(?A") 1.15 894.6 20.2 19.8 853 1197 3096
p2, Int2 HSC(?A") 2.62 2924 204 19.1 770 903 2339
Int3 trans — HSCH('A") 1.87 185.3 18.5 16.8 848 947 978 1179 2543 2956
Int3’ cis — HSCH('A") 2.79 192.6 18.7 17.0 784 942 942 1114 2311 3032
Int4 H,CS(*A)) 1.80 2940 17.6 16.6 1014 1032 1084 1500 3062 3148
Int5 H,SC('A)) 3.94 2309 194 179 245 612 976 1368 2084 2212
Int6 HSCH(A) 1.27 2164 168 162 462 814 893 921 2509 3149
Int7 H,CSCA”) 0.71 279.7 16.1 153 293 774 843 1348 3113 3224
Int8 H,SCCA”) 4.24 1543 15.0 14.8 383 523 652 1171 2403 2419
p6, Int9 HCCS(*IT) 1.45 0 59 59 335 350 430 650 799 1919 3461
p7, Int10 ¢ — SC,H(?A") 2.60 39.0 11.7 9.0 435 708 790 1001 1512 3253
pS8, Intll HSCC(CA") 4.48 288.6 6.1 6.0 165 217 744 985 1891 2552
p9, Int12 SCHC(A") 1.94 1215 6.3 6.0 228 680 683 842 1651 2983
Int13 H,SCC(*A") 7.34 145.1 6.0 5.9 101 159 747 904 921 1209 1987 2383 2416
Int14 HSCCH('A") 0.94 287.8 5.5 54 275 331 560 706 708 979 2161 2639 3478
Int15 H,CCS(*A)) 1.20 289 5.6 55 360 416 721 857 928 1373 1826 3140 3219
Int16 ¢ — CH,S(PA ) 2.50 342 10.8 82 435 595 656 761 901 929 1757 3282 3339
Int17 ¢ — H,CCS('A’) 2.31 29.7 12.1 9.1 603 767 893 958 992 1141 1494 3086 3169
Int18 HSCHC(*A") 3.00 36.2 9.6 8.0 324 535 659 680 957 996 1659 2579 3285
Int19 cis — HSCCH(CA) 1.78 689 64 6.0 247 343 654 699 889 903 1630 2620 3116
Int19’ trans, cis — HSCCH(A") 1.20 875 64 59 302 404 706 717 823 981 1471 2345 3122
Int19” trans, trans — HSCCH(A”) 1.41 82.5 6.5 6.0 306 322 684 703 956 1009 1430 2609 3114
Int20 SCCH2(?A") 2.00 112.7 6.0 57 330 386 836 904 1058 1318 1478 3060 3175
Int21 ¢ — SC,H,(*B) 0 289 125 9.0 674 684 805 901 946 1031 1249 3141 3146
Int21’ ¢ — SC,H,(CA”) 1.43 28.9 12.5 9.0 666 689 813 842 935 1013 1267 3115 3130
Int22 SCCH,(PA”) 1.80 33.5 10.6 8.5 404 697 834 1008 1053 1235 1488 3047 3120
Int23 trans — HSCHC(CA”) 3.26 548 6.8 6.1 347 362 709 750 923 1173 1306 2614 3061
Int23’ cis — HSCHC(A”) 4.64 56.0 6.8 6.1 323 325 695 738 898 1172 1297 2583 3036
Int24 trans — SCHCH(CA”) 1.35 532 7.0 6.2 341 715 769 865 897 1258 1387 3132 3213
Int24’ cis — SCHCH(CA”) 2.56 712 6.5 59 314 577 700 860 891 1243 1400 3045 3225
p3 CLS(X3*27) 2.88 0 64 6.4 275 275 859 1721
p4 C2S(a'A) 2.64 0 64 6.4 203 341 852 1742
pSc-— C,S(A'A)) 2.32 40.8 145 107 719 747 1184

that bimolecular reactions of atomic carbon C(3Pj) and
dicarbon molecules Cz(XlE;) with hydrogen sulfide can in-
deed form HCS(X?A’) + H(*>S;/2) and HCCS(X?II) + H(®S1)2)
(Kaiser et al. 1999; Kaiser et al. 2002) via a C/C, versus atomic
hydrogen exchange pathway:

Cu+HS - HC,S + H(*S1)2). 1)

Based on this versatile reaction scheme, we investigated also
the reaction of tricarbon C3(X12;,:) with hydrogen sulfide in a
crossed beam setup (Kaiser 2002). Although two of three reac-
tion pathways (22)—(24) are exoergic and hence energetically
open, no reactive scattering signal for the CCCS molecule was
observed.

C3(X'Sf) + H,S — HCCCS +H(*Sy2)

ARG(0K) = —101 KJmol™!  (22)
— HSCCC +H(*Sy)2)
ARG(0K) = +112 kKJmol™!  (23)

— CCCS +H, (X'%{)
ARG(0K) = =227 kKJmol™!. (24)

Our electronic structure calculations reveal that the potential
between the two closed shell species tricarbon and hydrogen
sulfide is repulsive; an H,SCCC structure in analogy to Int13
is not bound. Preliminary calculations suggest that the reaction
of C3(X12;,:) with H,S follows rather an endoergic hydrogen
abstraction (+43 kJmol™") and might involve a van-der-Waals
complex which is stabilized by 2 kJmol~! with respect to the
reactants. Therefore, we must conclude that bimolecular en-
counters between tricarbon and hydrogen sulfide do not form
C3S or HC3S isomers in cold molecular clouds. However, the
reaction of the dicarbon molecule CZ(XIE;,:) with ubiquitous
interstellar thioformaldehyde (H,CS) might form these elusive
isomers in strongly exoergic reactions:

Cy (X'5) + HyCS (X' A1) - HCCCS + H(*S12)
ARG(0K) = =257 kImol™' (25)

— CCCS + H, (X'%{)
ARG(0K) = —383 kJmol™'. (26)
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Previous studies of reactions of dicarbon with unsaturated hy-
drocarbons acetylene, ethylene, and methylacetylene (Kaiser
et al. 2002; Kaiser 2002) depict no entrance barrier; if this
concept of a barrier less reaction pathway of dicarbon with
thioformaldehyde can be also verified, reactions (25) and (26)
present compelling candidates to form C3S or HC3S isomers
in the interstellar medium. These pathways are currently under
investigation.
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