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The coexistence of several isomers of (CS2)2
- is examined via photoelectron imaging at 355 and 266 nm.

Assisted by theoretical calculations, the bands in the photoelectron spectra are assigned to the CS2
- ·CS2

ion-molecule complex (Cs symmetry, 2A′ electronic state) and two covalently bound dimer-anion structures:
C2V (2B1) and D2h (2B3g). The isomer distribution depends sensitively on the ion source conditions, particularly
the presence of water in the precursor gas mixture. The intensity variation of the photoelectron bands suggests
that the presence of water enhances the formation of the global-minimum C2V (2B1) structure, particularly
relative to the metastable (local-minimum) ion-molecule complex. This trend is rationalized with two
assumptions. The first is that the presence of H2O at the cluster formation stage facilitates the nonadiabatic
transitions necessary for reaching the global-minimum dimer-anion equilibrium when starting from the CS2

-

+ CS2 asymptote. The second is that the initial clusters formed in the presence of water tend to have, on
average, more internal energy, which is needed for overcoming the potential energy barriers separating the
metastable equilibria from the global-minimum structure. As the covalent bonds are formed, excess solvent
molecules are evaporated from the cluster, giving rise to stable (CS2)2

- dimer anions. In the (CS2)n
-, n g 3,

and (CS2)2
-(H2O)m, m > 0, clusters, the population of the covalent-dimer core structures diminishes drastically

due to more favorable solvent interactions with the monomer-anion (i.e., CS2
-) core.

1. Introduction

Solvation generally shifts electronic transition bands via the
differential effect on the ground and excited states. In particular,
solvation interactions can stabilize metastable species and exert
control on photochemical processes by either suppressing or
completely closing electron photodetachment channels, while
enabling, instead, anionic photodissociation pathways. In ad-
dition to these well-known effects, the present work demon-
strates the intriguing role of water in mediating the intermo-
lecular interactions that lead to the formation of the global-
minimum structure of (CS2)2

-.
Negative ions based on carbon disulfide have diverse

electronic structural properties. Although CS2 is isovalent with
CO2 and has no permanent dipole moment, its polarizability
(8.86 Å3) is about 3 times that of CO2 (2.911 Å3).1 The two
molecules are characterized by opposite-sign quadrupole mo-
ments: 1.8 × 10-26 esu · cm2 for CS2 and -4.3 × 10-26 esu · cm2

for CO2.2 The positive adiabatic electron affinity (EA) of CS2

(EA ) 0.89 ( 0.02 eV)3 is in contrast to the negative EA of
CO2 (EA )-0.6 ( 0.2 eV).4 Despite this difference, the vertical
detachment energies (VDEs) of the corresponding anions are
quite similar (VDE ) 1.4 eV for CO2

- and 1.46 eV for CS2
-),5,6

reflecting the bent equilibrium structures of the anions compared
to the linear geometries of the neutrals.

The geometric and electronic structures of (CS2)2
- have been

the focus of numerous experimental and theoretical studies.5-15

The similarity of the photoelectron spectra of CS2
- and (CS2)2

-

at the 2.54 eV photon energy and the small magnitude of the
dissociation energy (0.176 ( 0.025 eV) led Bowen and Eaton
to suggest an ion-molecule complex, CS2

- ·CS2, structure for
the dimer anion.5 In the gas phase clustering reaction experi-
ments of Hiraoka et al., the dissociation energy of (CS2)2

- was
discussed in terms of the four-membered-ring, C2V symmetry

C2S4
- structure, corresponding to the 2B1 electronic state,

contrasting the Cs (2A′) ion-molecule complex structure of
CS2

- ·CS2.7 The photoelectron spectroscopy experiment of
Tsukuda et al. confirmed the coexistence of the ion-molecule
complex and the C2V (2B1) covalent structure.6 Their results also
showed that the relative intensity of the band corresponding to
the covalent structure(s) increases at a higher stagnation pressure
in the ion source. The covalent dimer structure was also
considered by Maeyama et al. in their interpretation of (CS2)2

-

photodissociation into CS2
- + CS2 and C2S2

- + S2.8 An MP2/
6-31+G(d) theoretical investigation revealed several additional
possible structures, of which two of the most stable ones were
nearly degenerate, corresponding to the C2V symmetry 2B1 and
2B2 electronic states.9 Using B3LYP/6-31+G(d) calculations,
Zhang et al.10 later found that the C2V (2B2) structure converts
to a higher-symmetry D2h geometry (2B3g electronic state) and
claimed the D2h (2B3g) structure to be more stable than the C2V
(2B1).10

Amid this controversy, the photoelectron imaging study by
our group emphasized the distinct electronic-structural properties
of the covalent dimer anions of CO2 and CS2.12,13 Yu et al.
recorded infrared spectra of the dimer anion formed by high-
frequency discharge in CS2 and trapped in solid neon and
argon.14 Using the MP2/6-311+G(d) and B3LYP/6-311+G(d)
predictions to aid the spectroscopic assignment, they identified
a D2h (2B3g) covalent structure as the only electronic ground
state of (CS2)2

-, whose calculated vibrational frequencies
matched the observed spectral features.

The diverse, not always consistent findings of the previous
experimental studies seem to indicate that the electronic and
geometric structures and, therefore, the photochemical properties
of (CS2)2

- are dependent on its environment and the intermo-
lecular interactions involved. In this work, we investigate the
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effects of solvation and water-mediated interactions on the CS2
-

and (CS2)2
- anions. Using photoelectron imaging, we elucidate

the coexistence of several isomers of (CS2)2
- and the corre-

sponding larger cluster anions. The ion source conditions,
particularly the presence of water in the precursor gas delivery
line, are shown to have a pronounced effect on the observed
isomer distribution, even for (CS2)2

- (which itself contains no
water molecules).

2. Experimental Arrangement

The experiments are carried out using the tandem time-of-
flight mass spectrometer coupled with a photoelectron imaging
assembly, described in detail elsewhere.16,17 Neutral clusters of
CS2 are formed by passing Ar carrier gas at 40 psi backing
pressure over a room-temperature carbon disulfide liquid sample.
The CS2/Ar mixture is expanded through a 0.8 mm orifice pulsed
supersonic nozzle (General Valve series 99) into a vacuum
chamber with a base pressure of 2 × 10-7 Torr. A continuous
electron beam (∼1 keV kinetic energy) crosses the supersonic
expansion ∼4 mm downstream from the nozzle orifice. The
(CS2)n

- anion clusters are formed by secondary electron
attachment to the neutral clusters. The (CS2)2

-(H2O)m clusters
are formed through the same procedure in the presence of water
vapor in the precursor gas mixture.

A transverse pulsed electric field (∼1 kV over 15 cm) is
applied 18 cm downstream from the supersonic valve, extracting
the anions into the 2.3 m long flight tube of a Wiley-McLaren
time-of-flight mass spectrometer, where they are further ac-
celerated to a kinetic energy of about 3 keV. After passing
through a set of ion-optics components, the ions are brought to
a temporal and spatial focus in the detection region of the
instrument (base pressure 5 × 10-9 Torr). The ions are detected
with an in-line microchannel plate detector mounted at the end
of the flight tube.

In the subsequent discussion, the term “dry source conditions”
refers to the experimental regime where moisture in the neutral
precursor gas expansion line has been removed as much as
possible by means of baking and pumping. Otherwise, the
experiments are referred to as performed under “wet source
conditions”. Figure 1 displays the representative mass spectra
of the cluster anions generated under the two regimes. The
spectrum acquired under the wet source conditions shows intense
(CS2)n

-(H2O)m peaks, while only (CS2)n
- peaks are prominent

under the dry conditions.
Photoelectrons detached from the mass-selected cluster anions

with a pulsed, linearly polarized laser beam are accelerated in
the direction perpendicular to the ion and laser beam propagation
directions following the velocity-map18 imaging19,20 procedure.
In this work, the photoelectron images are acquired using the
532, 355, and 266 nm output of a Nd:YAG laser (Spectra
Physics Laboratory 130-50). The images are typically ac-
cumulated over 25 000-100 000 photodetachment events.

3. Results and Analysis

3.1. Homogeneous and Heterogeneous Solvation of CS2
-.

The 355 nm photoelectron images of (CS2)n
-, n ) 1-4;

CS2
-(CO2)m, m ) 1-3; and CS2

-(H2O)m, m ) 1-3, are shown
in parts a, b, and c, respectively, of Figure 2. These and all
other photoelectron images presented in this work are recorded
with the laser polarization axis set vertical in the figure plane.
The photoelectron spectra are extracted from the images via
the inverse Abel transformation using the Basis Set Expansion
program of Reisler and co-workers.21

In all cases shown in Figure 2, the X1A1(1Σg
+) r X2A1

transition band in CS2
-, denoted as band I, shifts progressively

to higher binding energies upon the addition of solvent

Figure 1. Representative parent-ion mass spectra acquired under (a)
dry and (b) wet source conditions, respectively, as described in the
text.

Figure 2. Photoelectron images of isolated and solvated CS2
- acquired

at 355 nm. The laser polarization is always vertical in the image plane.
The results for the homogeneous solvation in (a) and heterogeneous
solvation in (b) and (c) are shown together for comparison. Band I is
assigned to the X1A1(1Σg

+)r X2A1 transition in CS2
-. Band II, which

appears in (CS2)n
- but not in CS2

-(CO2)m and CS2
-(H2O)m, is assigned

to a covalent dimer-anion structure. Band III in the CS2
- spectrum is

due to the a3B2 r X2A1 transition. Band IV observed in (CS2)n
-, n g

2, is due to autodetachment from the covalent dimer structures.
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molecules, which is consistent with the energetics of solvation.
The solvation-induced shifts observed for band I in the presence
of varying numbers of CS2, CO2, and H2O solvent molecules
are summarized in Figure 3. Band II, which appears in (CS2)n

-

(most prominently for n ) 2), but not in CS2
-(CO2)m and

CS2
-(H2O)m, is assigned to a covalent structure of (CS2)2

-, i.e.,
C2S4

-. The a3B2 r X 2A1 transition (band III) is prominent in
the low electron kinetic energy (eKE) region of the CS2

-

spectrum, but disappears almost completely upon solvation by
CO2 or H2O, as seen in Figure 2b,c. Most strikingly, the anion
stabilization with the addition of just one, relatively weakly
bound CO2 solvent molecule is enough to make photodetach-
ment band III in solvated CS2

- practically inaccessible at 355
nm (notice the absence of this band in Figure 2b for m ) 1, as
well as larger m). As seen in Figure 3, the solvation shift of
band I due to CS2 is larger than that due to CO2. Since a
qualitatively similar trend is expected for band III, it should
also disappear from the 355 nm spectra upon the addition of
the first CS2 solvent molecule. Therefore, despite its similarity
(on a coarse inspection) to band III in CS2

-, the slow-electron
band appearing near the centers of the (CS2)n

-, n ) 2-4, images
in Figure 2a cannot be due to solvated CS2

-. We give this band
a distinct label: band IV.

In Figure 4, the 355 nm photoelectron spectra of (a) (CS2)n
-,

n ) 2-4, are compared to those of (b) (CS2)2
-(H2O)m, m )

0-2. The results for the two cluster series were obtained under
the dry and wet source conditions, respectively. Similar to the
data in Figure 2a for n ) 2-4, all spectra in Figure 4 show
intense low-eKE bands (band IV). To provide further evidence
that this band is distinct from band III, or other bands attributed
to CS2

-, Figure 4 also shows (as red dotted lines) the
photoelectron spectra of (CS2)2

- obtained at 266 nm under the
corresponding ion-source conditions. It is clear that in
CS2

- ·CS2, the a3B2r X2A1 transition responsible for band III
appears at binding energies that exceed the 355 nm photon
energy.

Since band IV is seen in cluster anions with two or more
CS2 moieties, its likely origin is the covalent dimer anion. Past
measurements on (CS2)n

-, n ) 2-4, at several wavelengths
have also indicated intense, isotropic low-eKE signals,12,13

similar to band IV. In general, autodetachment bands are quite
common in the low-eKE regions of cluster-anion photoelectron
spectra. Their origin is traced to the optical preparation and
subsequent decay (e.g., via dissociative autodetachment) of
excited anionic states. Depending on the energetics and relative
cross sections, this process may compete favorably with direct

photodetachment and photodissociation. A possible origin of
band IV is a covalent C2S4

- structure with an excited state that
decays via (dissociative) autodetachment and/or dissociation
(followed by hot fragment autodetachment) at 355 nm. To this
end, in the Franck-Condon region the neutral state of the dimer
lies below the anionic excited states; therefore, the preparation
of these states should lead to autodetachment. On the other hand,
we have also observed a competing process of the photodisso-
ciation of the dimer anion at 355 nm into CS2

- + CS2 and
C2S2

- + S2.22 In Figure 4 the autodetachment signal is
suppressed more significantly in the (CS2)2

-(H2O)m, m g 1,
clusters compared to (CS2)n

-, n g 3, indicative of the more
effective stabilization of the anionic states by H2O rather than
CS2.

Comparing the relative intensities of bands I and II in Figure
4a for n ) 2 and Figure 4b for m ) 0, it can be seen that band
I is relatively more intense when (CS2)2

- is prepared under the
dry source conditions, while band II is more intense under the
wet conditions. This observation may appear surprising at first,
since the (CS2)2

- anion does not include a water moiety. Band
II diminishes in intensity upon the addition of either a CS2 or
H2O solvent molecule to (CS2)2

-. The band’s disappearance
could be attributed, in part, to a solvation-induced spectral shift:
while band II is expected to move to higher electron binding
energies (eBEs) with the addition of solvent molecules, band
IV always peaks near eKE ) 0. Therefore, in larger clusters
band II will eventually overlap with the more intense band IV.
However, the projected spectral shift is not sufficient to explain
band II’s near absence in (CS2)3

- and (CS2)2
- ·H2O. Therefore,

Figure 3. Vertical detachment energy corresponding to band I (see
Figure 2) for different types of clusters as a function of number of
solvent molecules.

Figure 4. Photoelectron spectra of (a) (CS2)n
- and (b) (CS2)2

-(H2O)m

obtained at 355 nm. The 266 nm photoelectron spectrum of (CS2)2
-

anion is also included as a reference (shown as a red dotted line). As
in Figure 2, bands I and II arise from direct photodetachment from
CS2

- ·CS2 ion-neutral complex and C2S4
- covalent structures, respec-

tively. Band IV is due to C2S4
- autodetachment.
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we attribute this band’s behavior to a decrease in the relative
abundance of the corresponding core-anion isomer(s) in larger
clusters.

3.2. (CS2)2
-: Photoelectron Imaging and Theoretical

Calculations. We now turn to (CS2)2
-, first focusing on its

electronic and geometric structures and then considering the
sharp, reproducible variations in the isomer population balance
depending on the presence of water in the precursor gas delivery
line. Figure 5 shows the 266 nm photoelectron images and
spectra of (CS2)2

- formed under the dry and wet source
conditions, respectively. The left and right halves of the images
shown represent the raw and Abel-inverted data, respectively.

To facilitate the analysis, the (CS2)2
- data are compared to

the photoelectron spectrum of CS2
-, shown in both Figure 5a

and Figure 5b by dotted lines. The CS2
- spectrum is derived

from a 266 nm photoelectron image, not included here due to
its similarity to the past result.23 Following the previous
studies,6,23,24 the CS2

- bands peaking at eBE ) 1.46, 3.38, 3.72,
and 4.03 eV are assigned to transitions from the X2A1 state of
CS2

- to the X1A1(1Σg
+), a3B2, b3A2, and A1A2 neutral states,

respectively. Of these, only the first two transitions were
accessible at 355 nm (Figure 2). Under the adopted nomencla-
ture, these two lowest-energy CS2

- transitions, X1A1(1Σg
+) r

X2A1 and a3B2 r X2A1, are responsible for bands I and III,
respectively, in the photoelectron spectra presented throughout
this paper.

Examining the (CS2)2
- spectra in Figure 5 in comparison with

the CS2
- spectrum, the (CS2)2

- band centered at eBE ) 1.69
eV (band I) is assigned to the CS2

- ·CS2 ion-molecule complex.
This band is shifted by 0.23 eV relative to bare CS2

-. Band II,
assigned to covalent C2S4

-, exhibits a partially resolved doublet
character, which was not clear in the 355 nm results in Figure
2a (presumably due to the overlap with the intense autodetach-

ment transition, band IV). The two components of band II, seen
at 266 nm, are labeled in Figure 5 as IIR and II�.

To assist the (CS2)2
- spectral band assignments, we carried

out ab initio and density functional theory (DFT) calculations
on the University of Arizona supercomputer using the Gaussian
03 software package.25 The details of the calculations are
described elsewhere.22 In brief, the geometric structures shown
in Figure 6 were obtained by geometry optimizations at the MP2
theory level with the aug-cc-pVTZ basis set. To estimate the
VDEs for each isomer, single point energy calculations were
performed for the optimized geometries at the CCSD(T)/6-
311+G(3df) level of theory. For comparison, the geometry
optimizations and VDE calculations were also performed using
B3LYP/aug-cc-pVTZ.

As in the previous studies,6,12,13 the (CS2)2
- band at eBE )

2.69 eV (band IIR in Figure 5) is assigned to a C2S4
- covalent

structure. The location of this band is in reasonable agreement
with the VDE estimated for the C2V (2B1) C2S4

- anion based
on the CCSD(T)/6-311+G(3df) and B3LYP/aug-cc-pVTZ cal-
culations (2.53 and 2.87 eV, respectively; see Figure 6). The
band at 3.17 eV (band II�) has not been assigned until recently,15

although the doublet structure of the spectrum in this spectral
region is discernible in the past data.6 We assign this band to
direct photodetachment from the D2h (2B3g) covalent structure
shown in Figure 6, as the location of the band’s maximum is in
good agreement with the VDE values for this structure obtained
from both the CCSD(T) (3.13 eV) and B3LYP (3.48 eV)
calculations.

A recent report by Matsuyama and Nagata15 suggested the
C2V (2B2) structure (also discussed previously9) as the 3.17 eV
band origin. Using DFT calculations, the authors described this
structure as a double minimum on the potential energy curve
calculated as a function of the SCC angle. The calculations
indicated the D2h (2B3g) structure as a transition state between
the two symmetric C2V (2B2) minima.15 The results of our
CCSD(T)/6-311+G(3df)//MP2/6-311+G(3df) calculations con-

Figure 5. The 266 nm photoelectron images and the corresponding
photoelectron spectra of (CS2)2

- formed under (a) dry and (b) wet source
conditions. Also shown are the magnified portions of the spectra in
the electron binding energy range of 0.5-3.5 eV. The photoelectron
spectrum of CS2

- extracted from a 266 nm image is included (dotted
line) for reference.

Figure 6. Stable structures of (CS2)2
- optimized at the MP2 level with

the aug-cc-pVTZ basis set. For each optimized structure, the single
point CCSD(T)/6-311+G(3df) energy is calculated relative to the CS2

-

(2A1) + CS2 (1Σg
+) dissociation limit. Bond lengths are shown in

angstroms and bond angles are in degrees. The VDEs are calculated
using the CCSD(T)/6-311+G(3df) and B3LYP/aug-cc-pVTZ methods
are also indicated (with the B3LYP values given in parentheses).
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tradict these DFT predictions. As shown in Figure 7, the
CCSD(T)//MP2 calculations indicate that the D2h (2B3g) mini-
mum lies slightly below the C2V (2B2) structure. Similar
discrepancies between the predictions of DFT and ab initio
methods in the (CS2)2

- case have been observed previously;22

they may be at least partially responsible for the controversy
stillsurroundingthisanion’selectronicandgeometricstructures.7-10

We have verified that the B3LYP/aug-cc-pVDZ harmonic
frequency calculations for the D2h (2B3g) optimized geometry
do indeed indicate one imaginary frequency, consistent with
this structure’s characterization as a transition state between two
C2V (2B2) minima,15 while the MP2 calculations with the same
basis set show no imaginary frequencies.

Considering the zero-point vibrational energy corrections and
possible state mixing, the energetic and spectroscopic distinc-
tions between the C2V (2B2) and D2h (2B3g) dimer-anion structures
may in fact be insignificant. A further higher-level theoretical
investigation is called for, but one possibility is that the C2V
(2B2)/D2h (2B3g) anion exists in a superposition of two strongly
coupled states. With the support from the present CCSD(T)//
MP2 calculations, we assign photoelectron band II� in Figure
5 to the D2h (2B3g) covalent structure (shown in Figure 6), but
the discrepancy with Matsuyama and Nagata’s assignment of
this band to the C2V (2B2) structure15 is possibly trivial, stemming
from the deficiencies of the DFT and ab initio models of this
very complex system.

3.3. Effect of Hydration on (CS2)2
-. Even though both data

sets in Figure 5 correspond to (nominally) the same anion, there
are significant differences between the spectra. The relative band
intensity variations reflect the isomer distributions and possibly
different anion temperatures, depending on the ion source
conditions. Based on the band assignments discussed in section
3.2, the presence of water in the precursor gas mixture enhances
the formation of the global-minimum C2V (2B1) covalent structure
relative to CS2

- ·CS2. Figure 5 includes magnified portions of
the spectra in the eBE ) 0.5-3.5 eV range. Under the dry
source conditions (Figure 5a), band I, assigned to CS2

- ·CS2,
is more intense than both bands IIR and II�, assigned to C2S4

-.
In contrast, under the wet source conditions (Figure 5b), the
covalent bands, especially IIR, are markedly more intense than
band I.

The unsolvated CS2
- spectrum included in Figure 5 features

three intense partially resolved bands in the range of eBE )
3.2-4.2 eV. These CS2

- transitions shifted by solvation
dominate the eBE g 3.6 eV region of the (CS2)2

- spectrum.

However, carefully inspecting the (CS2)2
- spectra in Figure 5,

we observe the presence of additional bands in this region that
cannot be ascribed to CS2

- ·CS2. Comparing the spectra in
Figure 5a vs 5b, we further note that, similar to bands I and II,
the relative intensities of the bands in the eBE > 3.6 eV region
depend on the ion source conditions.

To clarify the band assignment in this congested spectral
region (eBE g 3.6 eV), we acquired 266 nm photoelectron
images of CS2

- solvated by CO2, H2O, and O2. The spectra for
the CO2 and H2O solvents are presented in Figure 8a and 8b,
respectively (the corresponding spectra for CS2-O2 system are
available in ref 22). These spectra are compared to the (CS2)2

-

data obtained under the dry and wet source conditions, shown
in Figure 8c and 8d, respectively. Although these (CS2)2

- spectra
are very similar to the results in Figure 5, they represent different
experimental runs under the respective source conditions. The
duplicate data sets are shown to demonstrate the reproducibility
of the experimental observations.

The motivation for the supplementary measurements pre-
sented in Figure 8a,b is that, on the one hand, the CS2

- ·CO2

and CS2
- ·H2O photoelectron spectra are expected to be affected

Figure 7. Potential energy curves corresponding to the C2V (2B2) and
D2h (2B3g) structures, calculated as a function of the SCC angle (θ)
scanned with a 1° step size. All other degrees of freedom were relaxed,
subject to the corresponding symmetry constraints. The geometry
optimizations are performed at the MP2/6-311+G(3df) level, followed
by single point CCSD(T)/6-311+G(3df) energy calculations.

Figure 8. Photoelectron spectra of (CS2)2
- and solvated CS2

- extracted
from 266 nm photoelectron images. The dotted lines in (b), (c), and
(e) correspond to the shifted CS2

- ·CO2 spectrum from (a). The
difference spectra in (e) and (f), corresponding primarily to the
CS2

- ·CS2 and C2S4
- structures, respectively, were obtained as described

in the text.
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by solvation in a manner similar to that of the CS2
- ·CS2

ion-molecule complex. On the other hand, the CO2 and H2O
molecules are not expected to form favorable covalent bonds
with CS2

-. Hence, by comparing the spectra of (CS2)2
- with

those of CS2
- ·CO2 and CS2

- ·H2O, it should be possible to
identify the signatures of the covalent dimer anion in the
congested (CS2)2

- spectra.
As seen in Figure 8a,b, the three characteristic CS2

- bands
at eBE > 3.2 eV remain resolved upon solvation. The overall
spectral patterns remain similar despite the difference in the
solvation energies for CO2 and H2O. To emphasize this point,
the CS2

- ·CO2 spectrum, shifted by 0.30 eV to higher energy,
is superimposed (dotted line) in Figure 8b with the CS2

- ·H2O
spectrum (solid line). There are no significant differences
between the shifted CS2

- ·CO2 and the CS2
- ·H2O spectra.

Similarly, in Figure 8c, the same CS2
- ·CO2 spectrum, shifted

by 0.25 eV, is superimposed with the dry- and wet-source
(CS2)2

- spectra. Now, significant differences can be seen in the
band structures. Assuming that the spectral variations are due
to changes in the isomer population balance, the analysis of
the two spectra allows us to separate them (at least ap-
proximately) into the CS2

- ·CS2 and C2S4
- contributions.

First, we assume that band II intensity is proportional to the
C2S4

- population, neglecting for the time being the possible
variations in the C2V (2B1) and D2h (2B3g) relative populations.
By normalizing the spectra in Figure 8c,d to the same band II
intensity and taking their difference, we expect to obtain a
(CS2)2

- spectrum, from which the contributions of the covalently
bound C2S4

- structures have been approximately removed. That
is, the difference spectrum shown in Figure 8e is due primarily
to the CS2

- ·CS2 ion-molecule complex and indeed it bears a
close resemblance to the (shifted) CS2

- ·CO2 and CS2
- ·H2O

spectra. Next, we take advantage of band I’s assignment to
CS2

- ·CS2. By normalizing the spectra in Figure 8c,d to the
same band I intensity and subtracting (c) from (d), we obtain
the difference spectrum shown in Figure 8f, which is attributed
primarily to the covalent C2S4

- structures. Comparing the
spectra in (d) and (f), it is apparent that the (CS2)2

- spectrum
acquired under the wet source conditions is characteristic mainly
of the covalent C2S4

- structures.

4. Discussion

The results presented in the previous section indicate that
the (CS2)2

- anion, as well as the larger CS2-based cluster anions,
exists in several isomeric forms. The point-group symmetries
(and the corresponding electronic states) of the proposed (CS2)2

-

structures are Cs (2A′), C2V (2B1), and D2h (2B3g). The corre-
sponding geometries and relevant energetics are summarized
in Figure 6. The coexistence of several isomers for (CS2)2

- is
in marked contrast with (CO2)2

-, for which only the covalently
bound D2d (2A1) structure has been observed experimentally.26

The presence of water in the precursor gas enhances the
formation of cluster isomers that give rise to bands II (particu-
larly IIR). This band is assigned to the most stable covalent
dimer structure, C2V (2B1), while its satellite band II� is ascribed
to the D2h (2B3g) isomer. Dry source conditions, on the other
hand, favor (in relative terms) the formation of the CS2

- ·CS2

ion-molecule complex.
The accepted mechanism of cluster anion formation involves

the attachment of slow secondary electrons to neutral clusters
in the supersonic expansion,27 while the resulting anions are
stabilized by solvent evaporation. From the electronic structure
perspective, the Cs (2A′) structure of (CS2)2

-, which correlates
to the CS2

- + CS2 dissociation limit, can be thought of as

resulting from the addition of an electron to the lowest
unoccupied molecular orbital (LUMO) of (CS2)2 in its ground
electronic state, corresponding to the neutral van der Waals
dimer. Hence, the formation of the CS2

- ·CS2 ion-molecule
complex can be described as straightforward electron capture
by neutral clusters, followed by the anion stabilization by solvent
evaporation.

On the other hand, at least within the single-reference picture,
the electron configurations of the C2V (2B1) and D2h (2B3g)
structures of (CS2)2

- are both derived from the electron addition
to the “doubly excited” neutral (CS2)2 species, which can be
thought of as resulting from singlet coupling of two CS2

moieties, individually promoted to their respective triplet states.9

The electronic states of the C2V (2B1) and D2h (2B3g) structures
do not correlate adiabatically to the CS2

-(X 2A1) + CS2(X 1Σg
+)

dissociation limit or to the Cs (2A′) electronic state of CS2
- ·CS2.

Therefore, the formation of these dimer-anion structures by
electron addition to van der Waals clusters of CS2 must proceed
via nonadiabatic transitions and potential energy barriers.

The observed variations in the photoelectron spectrum of
(CS2)2

-, depending on the presence of water molecules, can be
rationalized with the assumption that in the absence of water
the newly formed cluster anions are stabilized more efficiently
in the local minimum corresponding to the Cs (2A′) CS2

- ·CS2

structure. Initially, we expect the excess electron to enter the
LUMO of a CS2 molecule within the cluster, leading to the
straightforward formation of the Cs (2A′) dimer structure. The
efficiency of relaxation toward the global-minimum C2V (2B1)
structure depends on at least two factors: the strength of
nonadiabatic couplings and the availability of excess energy to
overcome the potential energy barriers separating the local and
global minima.

Considering the first factor, water molecules induce a greater
perturbation on the solute, compared to other solvent molecules,
as evidenced, for example, by the photoelectron spectra
throughout this paper. Thus, the presence of water may facilitate
the nonadiabatic interactions leading to the formation of the
global-minimum anionic structure, even if H2O is evaporated
once the ground electronic state is formed. As for the availability
of energy, the (CS2)2

- anions hydrated by water molecules can
be very hot compared to other solvent molecules, as well as Ar
atoms present in the precursor supersonic expansion. Higher
internal temperatures in the presence of H2O should facilitate
surmounting the potential barriers, enabling the anion relaxation
from the initial local minima to the global-minimum structure.
The heat released during the formation of the more stable
equilibrium may then lead to the evaporation of water, ultimately
yielding an unhydrated C2S4

- anion.
The temperature effect on cluster structures can be seen in

the previously published data as well. In the (CS2)2
- photo-

electron spectra recorded by Tsukuda et al.,6 the relative intensity
of the bands corresponding to CS2

- ·CS2 was stronger at a higher
stagnation pressure of the Ar carrier gas. Although not addressed
in the previous work, this effect can be rationalized in view of
the above discussion. Namely, the higher stagnation pressure
yields a colder cluster environment, where the ions are more
effectively trapped at local potential minima. The formation of
local minimum structures in “cold” environments has also been
demonstrated for other systems, including the (H2O)m

-, m e
200, cluster anions by Verlet et al.28 and the (H2O)6 neutral
cluster by Nauta and Miller.29

If water molecules remain present in the cluster, another factor
comes into play. The excess electron will then tend to localize
on the CS2 monomer, due to more favorable interaction of H2O
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with the more localized charge distribution of CS2
-, compared

to C2S4
-. This effect is reflected in Figure 4b, where the relative

intensity of the C2V (2B1) band decreases in the photoelectron
spectra of (CS2)2

-(H2O)m for m g 1. This also holds true for
the homogeneous solvation, as can be seen in Figures 2a and
4a, where the relative intensity of the corresponding band
declines similarly in the photoelectron spectra of (CS2)n

- for n
> 2.

5. Summary

The photoelectron imaging results highlight the structural
complexity of (CS2)2

-. Several (CS2)2
- isomers are generated

in the ion source, with their population distribution depending
sensitively on the source conditions, particularly the presence
of water vapor in the precursor gas mixture. Based on the
assignment of the bands in the photoelectron spectra, the
coexistence of the following isomers is proposed for (CS2)2

-:
the CS2

- ·CS2 [Cs (2A′)] ion-molecule complex and two
covalent structures, C2V (2B1) and D2h (2B3g). The presence
of water in the precursor gas mixture enhances the formation
of the global-minimum C2V (2B1) structure relative to
CS2

- ·CS2. It is proposed that the formation of the global-
minimum structure is facilitated by the hydration-induced
nonadiabatic interactions and the higher internal temperature
expected for the initially formed (metastable) cluster anions
containing water molecules. In the equilibration process
leading to the C2V (2B1) cluster core, the solvent molecules
tend to evaporate. If some remain within the cluster, their
stronger interactions with the more localized charge distribu-
tion of CS2

-, compared to C2S4
-, favor (energetically) the

monomer anion based structures for the (CS2)n
-, n > 2, and

(CS2)2
-(H2O)m, m > 0, cluster anions.
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