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ABSTRACT

Calculations at the HFj4-31G level were performed for the C2S2 molecule. The ground state is predicted to
be 3Lg - and is of di radical nature. The lowest lying ionic and excited states were also analyzed. We conclude
that formation of C2S2 involving CS species is possible only under the influence of ultraviolet excitation.
Subject headings: interstellar: molecules - molecular processes
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I. INTROOUCTION

CS has been observed in several dense clouds that, for the
most part, have low temperatures (20-40 K) (Prasad and
Huntress 1982). A model for the gas-phase chemistry of
sulphur-containing molecules in dense clouds led to the con
clusion that CS emerges as the major repository of sulphur
(Prasad and Huntress 1982).

As a contribution to a better understanding of the CS chem
istry in dense clouds, it appears necessary to study alternative
reactions of CS. Among them, we can consider the following:

Both additive compounds have not been detected or proposed
as chemical reactions involving CS or HCS +, and, therefore,
one can see their energetic feasibilities as being intriguing.

Considering that many properties of a second-row com
pound can be inferred from its first-row analog, in the case of a
C2S2 molecule one could assume a parallel characterization
with the theoretical data for C202 (Beebe and Sabin 1974).
However, comparing the individual CO and CS molecules,
some significant differences can be mentioned; namely, the
electronic dynamics accompanying the creation of ionic states
suggests that CS resembles N 2 more closely than CO (Domcke
et al. 1976; Schirmer et al. 1978; Muller 1982; Canuto and
Reyes 1983); the CS- anion is stable (Burnett et al. 1982; Reyes
and Canuto 1985), while CO exhibits only temporary reson
ances. This fact is easily understood in terms of the idea of
critical dipole for electro n capture (Crawford 1971), the CS
dipole orientation (C-S+) being opposite to that in CO
(C+O-) (Schaefer 1972; Robbe and Schamps 1976). In view of
this, it becomes a matter of practical as well as theoretical
interest to undC'rtake a detailed investigation of C2S2•

Our strategy is to create theoretical compounds that could
plausibly account for the astrophysical simulated observations.
This work reports an ab initio molecular orbital (MO) study of
the electronic structure and stability of C2S2• Also, the mecha-

2CS-> SC-CS

HCS+ + CS-> SC-H-CS+ .

( 1)

(2)
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nism for a collinear reaction between two CS molecules is
analyzed.

A detailed mechanism for the ion-molecule clustering reac
tion postulated in equation (2) will be discussed in a sub
sequent publication (Reyes and Gómez-Jeria, in preparation;
hereafter Paper II).

n. COMPUTATIONAL OETAILS

Calculations were performed within the ab initio spm
unrestricted Hartree-Fock (HF) formalism using the
MONSTERGAUSS series of programs (Peterson and Poirier
1980). We have employed a (split-valence) 4-31G basis set
(Hehre and Pople 1972), available in MONSTERGAUSS.
Testing the adequacy of this basis set, we have noted that it
provides a reasonable description of bond length and elec
tronic structure of CS: the computed bond length (Re) is some
2% larger than the experimentally determined length of 1.526
A (Herzberg 1963), and at Re the ground-state electronic con
figuration is predicted to be (core)6a22rr47a2 1L +, in accord
ance with the orbital sequence obtained from extensive ~SCF
(i.e., without geometry optimization) or CI (configuration
interaction) calculations (Domcke et al. 1976; Muller 1982).
This seems to us to be a fairly impressive result if we consider a
previous conclusion about the lack of validity of Koopman's
hypothesis for the prediction of ionic states of CS (Domcke et
al. 1976). Thus, it can be hoped that the rather small 4-31G
basis set is able to give a good estimation of the principal
features about C2S2.

AlI calculations were performed at fixed CS eL +) optimized
bond length of 1.556 A. Nonsinglet spin states were predicted
by the unrestricted HF calculations.

III. RESUL TS ANO DISCUSSION

The potential energy curves for the CS eL+) + CS eL+)
collinear (D coh) reaction are presented in Figure 1. In Figure 2,
the details of the orbital structure corresponding to Figure 1
are displayed. It can be seen that the 1Lg + curve, as formed by
the reacting CS molecules in their ground states eL +), is disso
ciative, while the 3Lg - curve reaches a minimum at 1.262 A.
The 3Lg - state is found to be the ground state of C2S2' in
accordance with Hund's rule, and is 73.73 kcal per mole lower
than the energy corresponding to two isolated CS molecules.
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FIG. l.-Computed potential energy curves for the states 'Lg + and 3Lg-

Analysis of the MO coefficients shows that the highest
occupied open-shell molecular orbitals, 3ng, are essentially
S-3p. The parallel spins reveal the di-radical nature of this
sta te. This picture is similar to the one furnished in a previous
work on C202 (Beebe and Sabin 1974). In the intersection
at Ree = 1.9 A the outer electronic configuration changes from
7(J/3ngO ILg + to 3n/3n/7(Juo 3Lg - (Fig. 2); therefore, we
cannot hope for vibronic coupling connecting both states. The
dissociative nature of the 1Lg + state can be seen to be a conse
quence of the formation of an HOMO-controlled reaction of
antibonding character (7(Ju2). Thus, a reaction involving CS
excited states, associated with the configuration 7(J13n1 and
with two electron excitations 2n43n2, leads to a 3Lg - bound
state or to 2~g or IL + excited states OfC2S2. In the same way,
starting with CS+ ih (2n47(Jl) molecules, it is reasonable to
expect a favorable mechanism to obtain a transient C2S2 + +
ion. Considering that these transitions are processes that can
take place in interstel1ar grains and gaseous clouds, a labor
atory investigation seems to be called for: in a simulation
chamber where, in accordance with our orbital picture, we
postulate that UV photoionized reactions can contribute to
the production OfC2S2.

Using the total energy versus Ree data, interpolation of the
Fues potential was performed to obtain the equilibrium C-C
bond length and force constant for the 3Lg - state. The C-C
bond length was 1.262 A with an associated total energy of
- 869.66921 hartrees. The harmonic force constant (ke) is
calculated to be 14.01 mdynes A -1, giving a C-C stretching
frequency (Raman active) of 1630 cm -1. In the C202 case, the
ke value for the 3Lg - ground state is reported to be 11 mdynes
A -1 (Beebe and Sabin 1974), which indicates that C-C bond
is different in these molecules; i.e., the former is a typical value
for C-C double bonds (Beebe and Sabin 1974), while C2S2

has an accentuated C-C triple bond value (Herzberg 1945).
In Figure 3, the Mulliken atomic charges are plotted as

function of Ree• We can observe a strong increment of the CS
bond polarization for C2S2 formation. Clearly, such a charge
distribution, in addition to the di-radical nature, suggests a
highly reactive ground sta te, and, thus, the experimental obser
vation that cold solution of CS molecules collapses explosively
into a (CS)n polymer at room temperature is not surprising
(Klabunde et al. 1984).

~SCF vertical calculations have been performed for the
C2S2 e~g), C2S2 - eng), and C2S2 + eng) states. Total energies
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FIG. 2.-Computed orbital structure corresponding to Fig. 1. Quantities ex and f3 are the spin polarization.

• All calculations were performed al the optimized bond length ofCS ('~+)
of 1.556 A and at the optimized C-C bond length of C2S2 ('~. -) of 1.264 A.

TABLE 1

COMPUTEO TOTAL ENERGIES (E,) FOR GROUNO ('~. -), EXClTEO (' Ll.), ANO 10NIC

en.) STATESOF C2S,'

because of the ability of anionic states to autodetach upon IR
excitation (Simons 1981) or by means of Feshbach mechanism
(Massey 1976).

In summary, this work has presented calculations on the
C2S2 molecule and the estimation of its formation. The results
show some important numerical differences with those of

are presented in Table 1. The lower lying excitation 1Llg +
3~g -, is both spin and electric-dipole forbidden, but it is
magnetic-dipole allowed. This situation is, indeed, similar to
the one found in the O2 molecule (Minaev 1980). In O2, both
absorption and emission can be observed at 12700 A (near-IR
region) (Long and Kearns 1973). In C2S2, we predict this tran
sitio n to occur at 12950 Á (see Table 1). Using the theoretical
information for C202 (Beebe and Sabin 1974), one gets the
value of9470 Á for the equivalent transition.

The first vertical ionization potential corresponding to the
2TIg +- 3~g - excitation is computed to be 9.12 eV, where the
ionized state belongs to the configuration nu471/(S-3Pn) -l. In
C202 the first ionization, (2n)-1, is predicted at 15.05 eV
(Beebe and Sabin 1974), which seems to us to be a too large
value for a first ionization potentia1.

The vertical electron affinity of C2S2 3~g - is computed to be
0.89 eVo It can be argued that predictions of positive electron
affinities are typical for open-shell systems, even if one neglects
the correlation energy (Depuis and Lieu 1980; Dixon, Gole,
and Jordan 1977). In spite of this finding, anionic species
scarcely have been detected in interstellar material, perhaps

State

C2S2 + en.) .
2CS (' ~ +), R" = ex) .................•••.................•.

~~~~1:~~:)::::.:::.':::::::::':::::::::.:.::...:.:::::...:

E,
(hartrees)

-869.33613
-869.55234
-869.63389
-869.66921
-869.70242
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FIG. 3.-M ulliken atomic charges vs. R", where q, = - q,

C202• Since C2S2 in its ground state is an open-shell molecule,
many of its properties can be compared with other systems for
which Hund's rule works; in this connection, spectroscopic
analogies with the O2 molecule are attractive. At this point, it
is worth noting that our analysis for excited and ionic states
neglects geometric relaxation and correlation energy. Adia
batic and CI corrections could be significant for exact spectro
scopic predictions when diverse spin states are involved.
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