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Photodestruction spectroscopy of carbon disulfide cluster anions
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Toshihiko Maeyama, Takanobu Oikawa, Tohru Tsumura, and Naohiko Mikamia)

Department of Chemistry, Graduate School of Science, Tohoku University, Aoba-ku, Sendai 980-77, Japan
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Photodestruction spectra of carbon disulfide cluster anions, (CS2)n
2 , n51 – 4, have been measured

with a time-of-flight mass spectrometer coupled with an optical parametric oscillator. The spectra of
all the cluster anions ofn>2 were found to exhibit a similar absorption band peaking at 1.6–1.8 eV,
suggesting that a C2S4

2 core is involved in the cluster anions. Photon energy dependence of
competition between electron detachment and dissociation of the dimer anion was also observed. It
was found that there is a reaction channel of the dimer anion producing C2S2

2 and S2, as well as the
ordinary dissociation into CS2

2 and CS2. The most stable form of the dimer anion was investigated
by ab initio calculations at the unrestricted Hartree–Fock/6-311G* level, showing that the stable
form involves covalent C–C and S–S bonds. Reaction mechanisms are discussed on the basis of
electronic symmetries of the parent and the fragments. ©1998 American Institute of Physics.
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I. INTRODUCTION

Recent experiments on the photoelectron spectrosc1

of molecular cluster anions have shown that the binding
ergy of an excess electron is generally a few electron volt
is comparable with intermolecular binding energies for th
cluster formation, so that electron detachment and disso
tion may compete in photodestruction processes of clu
anions. This is the similar situation encountered in ‘‘sup
excited’’ states2 of neutral molecules which may deca
through ionization and dissociation. Moreover, excitation
ergy of competitive destruction for anions is considera
lower than that for the neutrals, i.e., the process for ani
may occur in the near-infrared to visible region. Since de
dynamics of cluster anions near detachment threshol
closely related to their electronic structure, spectroscopy
the near-infrared region is quite interesting with respect
the mechanism of reactions induced by electron transfer

Carbon disulfide~CS2! is one of the most reactive elec
trophilic reagents, which is frequently used as a medium
organic syntheses. It has been also reported tha
polymerizes3,4 under high-pressure conditions or in dischar
circumstances. Spectroscopic analyses on the reactivity
structure of cluster anions (CS2)n

2 may be a keystone by
which to elucidate reaction mechanisms under bulk con
tions. Nevertheless, photodestruction processes have n
been reported for (CS2)n

2 , although there have been man
reports for the neutral and the positive ion clusters. For
ample, Ng and co-workers5,6 have carried out extensive stud
ies on ionization and/or dissociation channels of CS2 clusters
following photoexcitation with a continuous vacuum ultr
violet ~VUV ! light source. To our knowledge, there are on
two experiments published for (CS2)n

2 , i.e., generation by

a!Author to whom correspondence should be addressed; electronic
mae@qclhp.chem.tohoku.ac.jp
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Rydberg electron attachment7 and measurement of thermo
chemical functions8 using a high-pressure mass spectro
eter. Very recently, Nagata and co-workers9 observed photo-
electron spectra of (CS2)n

2 .
Another important aspect also is that CS2 is an ‘‘isova-

lent’’ molecule of CO2. Both molecules are well known to
be linear in their neutral ground state. Hence, a compari
between results for CS2 and CO2 cluster anions provides u
with much of chemical interest. Fleischman and Jorda10

have calculated stable geometries of the CO2 dimer anion,
where there can be two isomers, which are almost isoe
getic, the equivalent form~D2d symmetry! and the ion–
molecule complex form ~Cs symmetry!. Johnson and
co-workers11 have reported the photoelectron spectra
(CO2)n

2 for n52 – 13, suggesting the presence of isome
Their data suggested that the dimer core structure is
dominant forn<5, and that the monomer core structure
more stable forn>6. Lineberger and co-workers12 have re-
ported photodissociation of much larger cluster anions
<n<40), where they have noted that electron detachmen
the only photodestruction channel forn<12.

In the present work, we report photodestruction spec
of (CS2)n

2 , n51 – 4. We have observed the photon ener
dependence of the destruction channels for the dimer an
where electron detachment and two dissociation channels
found to compete with each other. In addition to the ordina
dissociation channel leading to CS2

2 and CS2, we have found
another channel generating intracluster reaction product
C2S2

2 and S2. Ab initio calculations at the unrestricte
Hartree–Fock level with the 6-311G* basis set have bee
performed for the monomer and the dimer systems. Str
tures and reaction mechanisms of the dimer anion are
cussed in comparison with the calculated results.il:
8/108(4)/1368/9/$15.00 © 1998 American Institute of Physics
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1369Maeyama et al.: Carbon disulfide cluster anions
II. EXPERIMENT

The experimental apparatus and the procedures w
mostly identical to those described elsewhere.13 Figure 1
shows a schematic of the experimental setup.

A gaseous mixture of CS2 and Ar was supersonically
expanded as a free jet into a vacuum chamber throug
pulsed valve~General Valve Co.! with a 0.5 mm orifice. The
partial vapor pressure of CS2 was about 200 Torr and th
total stagnation pressure was 4 atm. A zirconium metal p
was located on one side of the valve 15 mm from the axis
the beam. The fourth harmonic of a Nd:YAG laser~Spectra
Physics GCR230! was introduced to hit the zirconium su
face after a certain time delay from opening of the valve. T
pulse energy of the incident laser light was typically 20 m
It was loosely focused so that the spot diameter on the
face was about 3 mm. Cluster anions were generated b
tachment of photoejected electrons from the metal surfac
the neutral CS2 clusters in the expansion region of the jet.
similar electron attachment technique, using a Y2O3 disk as
an electron source, was developed by Nakajimaet al.14 The
jet was skimmed into an ion beam by a 3 mmskimmer. The
cluster anions were analyzed by using a pulsed time-of-fl
~TOF! mass spectrometer of the standard Wiley–McLa

FIG. 1. Schematic of the experimental setup for photodestruction spec
copy of cluster anions.
J. Chem. Phys., Vol. 108,
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type. The pulsed voltages, the duration of which was 10ms,
were typically21020 and2940 V for the first and the sec
ond electrodes, respectively. The ion signals were dete
with a channel electron multiplier~Murata Ceratron E! and
were monitored with a digitizing oscilloscope~Tektronix
TDS520A!.

Signal or idler outputs of an optical parametric oscillat
~OPO! ~Spectra Physics MOPO 730! pumped by another
Nd:YAG laser~Spectra Physics GCR250! were used for the
photodestruction light source. The OPO beam was co
mated by irises to 1 cm in diameter and was not focused
that the beam diameter completely covers a cross sectio
an ion cloud of a particular species. The fluence of the li
pulse was attenuated to;12 mJ/cm2 by neutral density fil-
ters. The light pulse was introduced into the second accel
tion region of the TOF spectrometer to excite a single s
cies. Depletion of the parent ion signals was observed w
photodestruction takes place.

The total photodestruction cross section15 is given as fol-
lows:

s tot~l!5j
ln~ I 0 /I !

tF~l!
, ~1!

where I and I 0 represent the numbers of parent ions a
given wavelengthl during the OPO-on and -off periods
respectively.F~l! andt are the photon flux and the tempor
duration of the OPO light pulse, respectively. The symboj
is an instrumental parameter, which is unknown in this wo
In this respect, we obtained photodestruction spectra by
ing the relative cross section,

s tot8 ~l!5
ln~ I 0 /I !

l•w~l!
, ~2!

wherew~l! is the fluence of the OPO light pulse. The ph
todestruction spectrum corresponds to the absorption s
trum, when we assume that photoexcited anions must de
through the electron detachment and/or dissociation p
cesses.

In this experiment, we observed a remarkable deplet
of a negative ion in an energy region where photodetachm
is the only destruction process of the ion. However, wh
dissociation channels are opened, fragment ions appear
broad band in the lower mass number region of the pa
ion in the TOF mass spectra. The fragment ions reach the
detector faster than the parent, because the fragments
accelerated more in the electrostatic field of the phot
interaction region. Thus, we obtain the total dissociat
yield of the parent ion by integrating all the fragment signa
although the species of the fragments are not identifi
Comparing the total dissociation yield with the total destru
tion cross section, the electron detachment yield can be
tracted.

III. RESULTS AND DISCUSSION

A. Photodestruction spectra of „CS2…n
2

Figure 2 shows mass spectra of the CS2 cluster anions
obtained under the OPO-off and -on conditions, where

s-
No. 4, 22 January 1998
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1370 Maeyama et al.: Carbon disulfide cluster anions
timing of the OPO light pulse irradiation was tuned to exc
the dimer anion (n52) and the photon energy of the OP
light was 1.64 eV. It is evident that a reduction of the par
ion signals is induced by their photodestruction, and a br
enhancement due to the fragment ions appears in the m
region betweenn51 andn52.

Figures 3 and 4 show the relative photodestruction cr
sections forn51 – 4 through Eq.~2!. The spectrum of the
monomer anion, CS2

2, represents a gradual increase with
spect to the photon energy. In this energy region, no dis
ciation process is observed, so that CS2

2 decays only by elec-
tron detachment. In this respect, this spectrum can
compared with the photoelectron spectrum of CS2

2. Oakes
and Ellison16 measured the photoelectron spectrum of CS2

2,
where a long progression of the bending vibration appe
because CS2

2 has a bent structure, whereas the neutra
linear. They determined the adiabatic electron detachm
energy of CS2

2 to be 0.89560.020 eV. The extremely broa
feature of the present spectrum can be understood in a s
lar manner; the increase of accessible vibrational states o
neutral CS2 leads to a gradual rise of the photodetachm
cross section.

FIG. 2. Time-of-flight mass spectra of (CS2)n
2 under OPO-off~broken line!

and OPO-on~E51.64 eV; solid line! conditions. The input timing is tuned
to exciten52. Shaded regions indicate the depletion of the parent and
generation of the dissociation products.

FIG. 3. Photodestruction spectrum of CS2
2.
J. Chem. Phys., Vol. 108,
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Photodestruction spectra ofn52 – 4 are shown in Fig. 4
and exhibit a broad absorption band peaking at 1.6–1.8
The peak position seems to shift gradually to the high ene
side as the cluster size increases. The onset of the absor
of n52 is found at 0.960.1 eV, which is considered to b
the adiabatic transition energy from the ground state to
first excited state. The total destruction cross section fon
52 at the absorption peak was estimated to be 3–4 tim
larger than that forn51 by measuring the dependence of t
ion depletion ratio with respect to the OPO fluence. T
larger cross sections were also observed forn>3. The simi-
lar spectra forn52 – 4 suggest that the cluster anions ofn
>3 consist of a dimer anion and the neutral CS2 moiety,
which is loosely bound to the former. The dimer core ani
acts as a chromophore of the similar spectra. This is con
tent with thermochemical measurements by Hiraoka a
co-workers,8 where they found that the enthalpy change
clustering of CS2

2 with CS2 (DH5221.9 kcal/mol) is much
larger than that of the dimer anion and CS2 (DH5
26.4 kcal/mol). In this respect, hereafter, we represent
dimer core anion as C2S4

2 instead of~CS2!2
2.

There have been reports of several cluster ions of ho
geneous species having the dimer core structure, for
ample, the benzene cluster cation,17,18 (SO2)n

2,19,20

(CO2)n
2,11 and so on. A dimer core ion often exhibitds a

absorption band with a large cross section in the ne
infrared or the visible region. Such an absorption is usua
assigned to the charge resonance~CR! type transition21 be-
tween two states which arises from the1/2 combination of
wave functions involving the neutral and the ionic config
rations of two identical molecules. However, the absorpt
bands observed for the CS2 cluster anions cannot be assign
to the CR type. The reason for this will be discussed
following.

B. Photodestruction channels of the dimer anion

Since the dimer anion is a key species among the sm
size cluster anions of CS2, we concentrate our discussions o

e
FIG. 4. Photodestruction spectra of (CS2)n

2 (n52 – 4).
No. 4, 22 January 1998
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1371Maeyama et al.: Carbon disulfide cluster anions
the results of the dimer anion. In the photodestruction sp
trum of the dimer anion, any processes leading to the dis
pearance of the dimer anion can contribute to the ove
cross section of the spectrum. We refer tos tot as the total
photodestruction cross section for the dimer anion. One
the destruction channels is the electron detachment proc

C2S4
21hn→~CS2!21e2. ~3!

Since we did not know whether the neutral species diss
ates or not in the present experiment, the electron det
ment means all the electron releasing processes irrespe
of the dissociation in the neutral manifold. The partial cro
section of reaction~3! is represented ass(e2), whatever
neutral fragmentation is involved. The other channel is d
to dissociation processes of ionic manifold but not to
electron release. Since multiple dissociation processes
expected, the partial cross section involving all the disso
tion processes is denoted assdiss. Therefore, the total cros
sections tot of the photodestruction process is represented
follows:

s tot5s~e2!1sdiss. ~4!

Among the dissociation channels one is due to the disso
tion of the dimer anion into the neutral monomer and
anion

C2S4
21hn→CS2

21CS2. ~5!

We refer to~5! as the CS2
2 channel whose partial cross se

tion is represented bys(CS2
2). The other dissociation chan

nel will be given later.
In Eq. ~4!, we may define the dissociation yield, as giv

by

Pd5sdiss/s tot , ~6!

while the yield of the electron detachment is given by

Pe512Pd . ~7!

Pd is obtained by measuring the intensity ratio of the fra
ment ion signal versus the depletion signal of the parent
assuming that the detection efficiencies of both ions are
same. Although the absolute value ofPd is hardly obtained,
it can be revealed howPd depends relatively on the photo
energy (E). Figure 5 shows relative values ofPd as a func-
tion of E, in which we assumePd51 atE51.13 eV. Bowen
and co-workers22 measured the photoelectron spectrum
the dimer anion, where the adiabatic electron affinity of
neutral dimer was determined to be 1.07160.032 eV. Thus,
s(e2) is considered to be negligibly small atE51.13 eV.
SincePd declines monotonically with an increase of the ph
ton energy, the yield of electron detachment increases c
versely. The total photodestruction cross section reaches
bottom at a photon energy around 2.3 eV, so that the di
electron detachment is considered to be the predomi
channel in the energy region above this. A similar behav
has been found for~SO2!2

2, as reported by Dreschet al.23

It is quite interesting to investigate whether there are a
other dissociation processes than the CS2

2 channel. Figure 6
shows an example of TOF mass spectra obtained und
J. Chem. Phys., Vol. 108,
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condition that the cluster formation forn>3 was minimized
by adjusting the time duration as well as the stagnation p
sure of the pulsed jet expansion. A new product band w
found atM588 amu corresponding to C2S2

2 when the OPO
light was introduced into the first acceleration region of t
TOF spectrometer. Thus, the second dissociation chann
suggested to be as follows:

C2S4
21hn→C2S2

21S2, ~8!

FIG. 5. Photon energy dependence of the dissociation yield with respe
the total destruction cross section.

FIG. 6. ~a! Time-of-flight mass spectrum where the OPO light (E
51.88 eV) is introduced to the first acceleration region of the mass s
trometer~solid curve!. The generation of then>3 clusters is restrained to be
less than 10% of the dimer anion. The broken curve is the reference s
trum. ~b! An expanded trace (53) of the upper panel. The peak correspon
ing to C2S2

2 appears as a dissociation product.
No. 4, 22 January 1998
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1372 Maeyama et al.: Carbon disulfide cluster anions
which we call the C2S2
2 channel. The partial cross section

this channel is given by

s~C2S2
2!5s tot3I ~C2S2

2!/DI ~C2S4
2!, ~9!

where I (C2S2
2) is the signal intensity of C2S2

2, and
DI (C2S4

2) is the depletion of the parent dimer ions. No oth
dissociation channel was found in any energy region of
measurements. Thus,sdiss is expected to be as follows:

sdiss5s~CS2
2!1s~C2S2

2!. ~10!

The photon energy dependence ofs(C2S2
2) is shown in Fig.

7. The onset of the C2S2
2 generation occurs at 1.2 eV, a

though s tot at the same energy is almost half of the pe
value. Therefore, the CS2

2 channel should be predominant
the photodestruction threshold at around 1 eV, since no e
tron detachment takes place in this region, as discus
above. Unfortunately, the branching ratios of each disso
tion channel were not determined with our experiments,
causeI (C2S2

2)/DI (C2S4
2) in Eq. ~9! must be multiplied by a

constant but unknown factor corresponding to the ion de
tion efficiency. Despite this, it should be noted thats(C2S2

2)
does not disappear even at 2.3 eV, where the absorp
cross section is minimal. Hence, we presume that the C2S2

2

channel is dominant over the CS2
2 channel in the energy

region higher than 2.0 eV.

C. Hartree–Fock calculations for the dimer anion

Since the broad and structureless feature of the phot
struction spectrum is not effective for determining the ge
metric structure of the cluster anion,ab initio calculations
provide valuable clues to the relation between the struc
and the reaction mechanism. Hiraoka and co-workers8 calcu-
lated the geometry and the energy of the stable dimer a
at the restricted open-shell Hartree–Fock~ROHF! level with
the 6-31G basis set. They showed that the most stable f
of C2S4

2 is of C2v symmetry where the symmetric axis
perpendicular to the C–C axis. However, the 6–31G ba
set is insufficient for negatively charged systems to be
culated, since the diffuse wave function of the excess e
tron orbital must be involved. Besides, it is better to ap

FIG. 7. The partial cross sections for the C2S2
2 channel~open circles! and

the total destruction cross sections~closed circles! on a relative scale.
J. Chem. Phys., Vol. 108,
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the unrestricted Hartree–Fock~UHF! method for calcula-
tions of the absolute energies, although the ROHF res
may provide qualitative insights such as highest occup
molecular orbital–lowest occupied molecular orbit
~HOMO–LUMO! correlations. In this respect, we have ca
culated at the UHF/6-311G* level for the negative ions and
at the RHF/6-311G* level for closed-shell neutral mol
ecules, respectively. The computations were performed w
the GAUSSIAN92 program package24 on a workstation
~Hewlett–Packard Apollo9000 735!. More sophisticated
methods, for example, the second-order Mo” ller–Plesset
~MP2! perturbation theory, have never been feasible in
computational environment to calculate systems includ
heavy atoms like sulfur, unfortunately.25 Freischman and
Jordan10 reported that the most stable isomer of the C2

dimer anion at the UHF level is altered by the other isom
when they applied the MP2 level of theory. In the prese
calculations, therefore, we did not employ the MP2 calcu
tion, although the absolute value of the calculated energ
may not be very accurate.

The most stable geometry of C2S4
2 at the UHF/6-311G*

level was found to be of C2v symmetry as well as at the
ROHF/6-31G level, as depicted in Fig. 8. Internuclear d

TABLE I. Optimized parameters of C2S4
2 in the C2v geometry.

Bond lengths
and anglesa

ROHF/6-
31G

ROHF/6-
311G*

UHF/6-
311G*

Bond lengths~Å!
C1-C2 1.39 1.41 1.40
C1-S1 1.87 1.79 1.79
C1-S3 1.70 1.65 1.66
S1-S2 2.26 2.09 2.09
Bond angles~deg!
/S1-C1-C2 103.4 101.0 101.0
/S1-C1-S3 123.4 125.5 125.3

aThe number given to each atom is identical with that in Fig. 8.

FIG. 8. The optimized geometry of the C2S4
2 anion.
No. 4, 22 January 1998
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Downloaded 19 No
TABLE II. Mulliken charge and spin densities for C2S4
2 in the optimized geometries.

ROHF/6-31G ROHF/6-311G* UHF/6-311G*

Charge Spin Charge Spin Charge Spin

C1 20.488 0.186 10.081 0.190 10.056 0.000
S1 0.102 0.015 20.033 0.028 20.042 0.001
S3 20.114 0.298 20.548 0.281 20.514 0.496
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ro-
nd,
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tances and bond angles obtained at three different levels
summarized in Table I. Close distances of C1–C2 and
S1–S2 suggest the covalent bond formation for both, so
the dimer anion may seem to be a so-called four-cente
reaction intermediate. Especially, the bond length betw
these carbon atoms is comparable to that of double bond
unsaturated hydrocarbons. Inclusion of diffuse functions
the basis set was found to be effective for the S1–S2 b
formation. The electronic ground state was found to be2B1

irrespective of the level used for the calculation. Howev
the electron and the spin densities on each atom depen
the level, which are summarized in Table II. The result of
UHF/6-311G* level reveals that the excess electron loc
izes on sulfur atoms on the open sites, namely, S3 and
Hiraokaet al.8 showed the optimized geometry of the trim
anion at the ROHF/6-31G level, where a neutral monom
attaches weakly to the open side of the dimer anion by
electrostatic interaction. However, it should be noted that
J. Chem. Phys., Vol. 108,

v 2008 to 130.34.135.83. Redistribution subject to AIP
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r
n
e

interaction potential between the neutral and the dimer an
is a delicate matter depending on the electron density
each atom.

Obviously, the calculated geometry of the dimer ani
suggests that cleavages of the four-membered ring with
spect to they and to thez axes result in the CS2

2 and the
C2S2

2 channels, respectively. The optimized geometries
the neutral and the anionic fragments are shown in Fig
The electronic ground states of CS2

2, CS2, and S2 are 2A1 ,
1Sg

1 , and3Sg
2 , respectively. The bent form of CS2

2 is con-
sistent with the photoelectron spectrum, where a long p
gression of bending vibrations appears. On the other ha
C2S2

2 was found to be linear. The C–C bond length is
small that it corresponds to a triple bond of acetylene. It w
found that the Y-shaped isomer having a form like v
nylidene is unstable. It confirms that the departing S2 mol-
ecule in the C2S2

2 channel is attributed to the form in whic
8.

FIG. 9. The optimized geometries of the dissociation products of C2S4

2. The optimizations are performed for CS2
2 and C2S2

2 at the UHF/6-311G* level for
CS2 at the RHF/6-31G* and for S2 at the UHF/6-31G*. Bond lengths of neutral molecules~in parentheses! are the experimental values in Refs. 27 and 2
No. 4, 22 January 1998
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1374 Maeyama et al.: Carbon disulfide cluster anions
S1 and S2 are in the four-membered ring. Although el
tronic symmetry of the stable linear shape could not be s
ply determined by the calculation,A1 symmetry has been
obtained when it takes a trapezoidal (C2v) shape. Electronic
correlations between the parent and the fragments will
discussed in Sec. III D.

We also calculated vibrational energies of the dimer
ion at the UHF/6–311G* level. There are 12 vibrationa
modes which are given in Table III. Force constants of
tally symmetric (a1) modes provide useful information o
bond strengths in the four-membered ring. Fivea1 modes are
schematically represented in Fig. 10. Mode
(1499.6 cm21) is assigned to the C–C stretching vibratio
which is consistent with its bond length corresponding to
double bond. Mode 10 (967.4 cm21) is the stretching vibra-
tion of the four-membered ring with respect to thez axis. Its
force constant was found to be 7.53 mdyne/Å, which is s
stantially lower than that of mode 12 (16.15 mdyne/Å
showing that the C–S bonds in the four-membered ring
relatively loose.

D. Reaction mechanisms of the dimer anion

Figure 11 shows a schematic diagram of potential ene
surfaces~PESs! of the C2S4

2 system. Although there ar
some ambiguities for energy levels of the product states,
11 contains the essence of competition between the des
tion channels. When the dimer anion is photoexcited, the
step of the competition occurs between the direct elec
detachment and a transition to an excited state of the an
The neutral surface drawn with a broken curve may lie n
the excited state at the equilibrium geometry of the grou
state anion. The second step is decay processes of the ex
state, i.e., the CS2

2 channel, the C2S2
2 channel, and maybe

vibrational autodetachment.
Correlations between electronic states of the parent

ion and the fragments provide us with significant informati
about reaction mechanisms. As was discussed in Sec. I
the competitive dissociation channels are attributed to b
cleavages of the four-membered ring with respect to t

TABLE III. Harmonic vibrational modes of C2S4
2 in the optimized geom-

etry at the UHF/6-311G* level.

Mode Symmetry
Frequencya

(cm21)
Force constant

~mdyne/Å!

1 a2 126.6 0.30
2 a1 196.5 0.69
3 b1 298.4 0.70
4 b2 314.7 1.50
5 b2 390.8 2.67
6 a1 483.0 4.19
7 a1 562.9 5.94
8 a2 594.4 2.57
9 b2 752.0 4.78

10 a1 967.4 7.53
11 b2 1168.9 10.37
12 a1 1499.6 16.15

aNo scaling factors are multiplied.
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in-plane axes, namely,y andz. Note that we use the defini
tion for axes shown in Fig. 8, even though symmetries of
fragments are concerned. The reflection symmetry of
electronic wave function must be preserved through the
sociation processes, if it proceeds without destroying the m
lecular plane.

The asymptotic state for the CS2
2 channel is CS2

2(2A1)
1CS2(

1Sg
1). The electronic wave function of the whole sy

tem is symmetric with respect to the reflections~yz!, where
each atom of the fragments is located within theyz plane. If
the dominant interaction to form the dimer anion is the C
type, the ground state of the dimer anion must correlate w
the ground asymptotic state of CS2

21CS2. However, it is
readily found that the CS2

2 channel does not correlate wit
the ground2B1 state of C2S4

2, since the2B1 state exhibits
antisymmetric behavior with respect tos~yz!. Symmetries of
the electronic excited states, which can be accessed thro
the one-photon transition from the ground2B1 state, areA1 ,
A2 , andB1 . Among them, onlyA1 state can correlate with
the CS2

2 channel, where the direction of the transition dipo
moment is parallel to the out-of-plane axisx. Thus, we con-
cluded that the observed absorption band with a peak of
eV is due to the 2A1←2B1 transition. Hiraoka and
co-workers8 have suggested that there is a barrier to

FIG. 10. Totally symmetric (a1) vibrational modes of C2S4
2. The nuclear

motions, represented by arrows, are exaggerated by multiplying a con
factor to the calculational results.
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FIG. 11. Schematic potential energy surfaces for C2S2
2. Dissociation channels in they andz directions correspond to the right-hand side and the left-hand

pathways, respectively. The broken curve represents the neutral surface where electron detachment occurs. The potential barrier suggested by
co-workers~Ref. 8! may be attributed to the crossing point between the2B1 and2A1 states~marked with an asterisk!.
t
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o

di
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n
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ere

e of

of
r-
a

s of

on
g

A.
e
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dimer anion formation from CS2
2 and CS2. We presume tha

it arises as a result of a crossing between PESs of the gro
2B1 and2A1 states, which is indicated by an asterisk in F
11.

For the C2S2
2 channel, the asymptotic state is compos

of C2S2
2 ~2A1 in a C2n form! and S2 (3Sg

2). Direct product
between them yields theB1 symmetry in C2v , so that the
C2S2

2 channel is allowed to correlate with the ground state
the dimer anion, since the ground3Sg

2 state of S2 exhibits
the antisymmetric character withs~yz!. Therefore, predisso
ciation following internal conversion from the2A1 state to
the ground state is most likely for the channel. The C
bonds in the four-membered ring of the dimer anion are re
tively loose in the ground state as mentioned above.
therefore conclude that generation of C2S2

2 proceeds on the
ground state PES. The appearance energy of C2S2

2 may cor-
respond to a dissociation threshold of the ground state an
unless the internal conversion rate depends significantly
the excitation energy. Thus, the competition between the
sociation channels is attributed to their similar decay rate
the excited state due to direct dissociation and for inter
conversion.
J. Chem. Phys., Vol. 108,
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IV. CONCLUDING REMARKS

We observed photodestruction spectra of (CS2)n
2 , which

show that the clusters are composed of the dimer core a
C2S4

2 and the surrounding neutral CS2 molecules. Three
competitive destruction channels of the dimer anion w
found after the photoexcitation of the dimer anion, C2S4

2,
electron detachment and two dissociation processes. On
the dissociation processes leads to the C2S2

2 generation,
which competes the ordinary dissociation into CS2

2 and CS2.
By usingab initio calculations, the most stable geometry
the dimer anion examined is of the form having a fou
membered ring involving a C–C bond formation. Such
C–C covalent bond has never been observed in reaction
the neutral and the cationic clusters of CS2.

6 Thus, we as-
sume that reactivity of anions is important to linear carb
chain formation29 in discharge-induced reactions involvin
CS2.
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