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Abstract
Photoelectron imaging is employed to examine the monomer and dimer anions of CO2 and CS2 , either isolated or
embedded in clusters. In both cases, photodetachment from the dimer anion is compared to the corresponding

monomer. The comparison of CS
2 and (CS2 )2 images reveals dissimilar bands attributed to detachment from diﬀerent
orbitals/species. Yet the photoelectron angular distributions obtained from the monomer and dimer anion cores of
(CO2 )
n clusters are surprisingly similar. These ﬁndings are reconciled with the qualitatively diﬀerent electronic–

structural properties of (CS2 )
2 and (CO2 )2 .
Ó 2003 Elsevier B.V. All rights reserved.

1. Introduction
Recent years have seen an explosion of interest
in the imaging [1] approach to photoelectron
spectroscopy [2] as a technique of choice for
probing the structure and dynamics of neutral and
ionic species [3]. Of particular importance is the
relative ease of determination of the photoelectron
angular distributions (PADs), along with the energy-resolved spectra. These coupled observables
are viewed as signatures of the bound electron
orbitals and electron emission mechanisms [4].
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Since the properties of molecular cluster anions
are largely determined by their ionic cores [5–12],
photoelectron imaging, speciﬁcally targeting the
electronic structure, is helpful in characterizing
these intriguing species [13–15]. In this work,
photoelectron imaging is used to examine the
monomer and dimer anions of CO2 and CS2 , either isolated or embedded in clusters. We focus on
these members of the isovalent CO2 /OCS/CS2
family, because the structures of the corresponding
dimer anions show the most prominent contrast.

Calculations predict that the (CO2 )
2 , (OCS)2 ,

and (CS2 )2 global potential minima correspond to
covalent structures with the excess electron shared
between two monomer groups [6,12,16–18]. However, under certain solvation conditions monomerbased clusters may become more favorable. For
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example, while (CO2 )
n , 2 6 n < 6 have dimer-anion
cores, only CO
2 based species are observed in the
n ¼ 7–13 range [11,19]. For (CS2 )
n , the monomer
and dimer based clusters coexist for n ¼ 2–6
[15,18], with a similar trend in (OCS)
n [14].
Considering the dimer anion properties, it is
revealing that the most stable (CO2 )
2 structure has
D2d symmetry and a relatively weak C–C bond
[16], yet the corresponding dimer anions of OCS
and CS2 have more tightly bound, cyclic C2v
structures with C–C and S–S bonds [6,12]. More
importantly, the two types of dimer anions diﬀer in
their electron conﬁgurations. In (CO2 )
2 the excess
electron occupies an orbital which diabatically
corresponds to the LUMO of a neutral (van der
Waals) dimer. To the contrary, the excess electron

in (CS2 )
2 or (OCS)2 occupies an orbital of a different nature. Jordan and co-workers argued
[12,17] that the electron conﬁgurations of these
anions arise from the addition of an electron to the
doubly excited neutral conﬁgurations, which
themselves result from singlet coupling of two
neutral monomers excited to their respective triplet
states. The relatively large singlet-triplet splitting
in CO2 makes the cyclic dimer anion structure
energetically unfavorable compared to the van der
Waals-based D2d structure, while in (OCS)
2 and
(CS2 )
the
cyclic
C
structures
prevail.
2v
2
Photoelectron imaging can reveal diﬀerences in
the electronic symmetry of the species studied. In
this work, we compare the detachment from the
monomer and dimer orbitals of the CO2 and CS2
based species and observe clear evidence of the
fundamentally diﬀerent electronic structures of

covalent (CO2 )
2 and (CS2 )2 .

A portion of the 800 nm fundamental output is
frequency-doubled to give 400 nm, 120 lJ pulses.
The laser beam is mildly focussed using a 2 m focal
length lens positioned 1.3 m before the crossing
with the ion beam.
The photoelectrons are detected in the direction
perpendicular to the ion and laser beams using a
40 mm diameter microchannel-plate detector with
a phosphor screen (Burle, Inc.) mounted at the end
of a shielded electron ﬂight tube. All images contain the axis of cylindrical symmetry (z) deﬁned by
the linear polarization of the laser beam. This allows for the three-dimensional photoelectron velocity/angular distributions to be reconstructed
using the Abel-transform method in the implementation of Reisler and co-workers [23].

3. Results
Fig. 1 presents 400 nm photoelectron images

obtained from CS
2 and (CS2 )2 . Both raw and
Abel-transformed data are shown. The CS
2 image

2. Experimental apparatus
The apparatus is described in detail elsewhere
[20]. It employs the techniques of pulsed ion
spectroscopy [21], combined with the velocity-map
[22] photoelectron imaging detection.
The ions are formed in an electron-impact
ionised, pulsed supersonic expansion and extracted
into a time-of-ﬂight mass-spectrometer. The ion
beam is then crossed with the beam from an ampliﬁed Ti:Sapphire laser system (Spectra Physics).


Fig. 1. 400 nm photoelectron images of (a) CS
2 and (b) (CS2 )2 .
The raw and Abel-transformed images are shown in the top and
bottom parts of the Figure, respectively. The laser polarization
is vertical. Arrows I point to the transitions corresponding to
electron detachment from the CS
2 HOMO (either in the isolated anion or in the CS
2  CS2 cluster). Arrow II marks the
lowest-energy detachment transition from covalent (CS2 )
2.
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contains a single band (I) corresponding to a vertical detachment energy (VDE) of 1.43 eV, in
agreement with the previously published CS
2
photoelectron spectra [10,18,24–26]. The PAD is
described by an anisotropy parameter b ¼ 0.60,
consistent with electron ejection from the a1
HOMO of CS
2 [20,26].
The (CS2 )
2 image in Fig. 1b reveals several
transitions. The weak outer band (I) has the energetics (VDE ¼ 1.65 eV) and anisotropy
(b ¼ 0:34) consistent with the HOMO detachment
from CS
2 solvated by neutral CS2 . None of the
other bands in the image are attributable to
the CS
2  CS2 structure. The isotropic spot at the
center is due mainly to autodetachment from either the excited state(s) of covalent (CS2 )
2 or its
photofragments [15]. Ring II is assigned to the
lowest-energy detachment transition in covalent
(CS2 )
2 , corresponding to VDE  2.7 eV and
b ¼ 0:17: The diﬀerent properties of the transitions involving the covalent dimer anion HOMO
(band II in Fig. 1b) and the HOMO of CS
2 (band
I in Figs. 1a and b) are of particular interest to this
work. The opposite signs of the anisotropy are
consistent with the contrasting natures of the
monomer and dimer anion orbitals. As expected,
detachment from diﬀerent orbitals (belonging to
diﬀerent species) yields distinctly diﬀerent bands in
the photoelectron images.
The (CO2 )
n , n ¼ 4–9 images are shown in Fig. 2.
We emphasize the similarities between all n: only
one broad transition is apparent and the PADs
always peak along the laser polarization axis. In
particular, these results quantify the observation
noted in passing by Johnson and co-workers [11]
that all of the negatively charged CO2 clusters
studied displayed strong, positive photoelectron
anisotropies. The similarity of the images is rather
striking in view of (CO2 )
n core-switching [11,19],
which can be seen in Fig. 2. Note the larger size of
the n ¼ 6 and 7 images compared to n ¼ 5 (all
images were recorded with the same electron lens
voltages). The presence of faster electrons suggests
a lower VDE for the larger-size clusters, which is
the eﬀect that led Johnson and co-workers to discover that (CO2 )
n , 2 6 n < 6 have dimer-anion
cores, the 7 6 n 6 13 clusters are monomer based,
while both types coexist for n ¼ 6 [11].
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Fig. 2. 400 nm photoelectron images of (CO2 )
n , n ¼ 4–9 cluster
anions. The laser polarization is vertical. (a) Images for n ¼ 4
and 5 corresponding to the dimer-based cluster anions

(CO2 )
2 (CO2 )n-2 . (b) (CO2 )6 image corresponding to coexisting


(CO2 )2 (CO2 )4 and CO2 (CO2 )5 cluster anions. (c) Images for
n ¼ 7–9 corresponding to the monomer-based cluster anions
CO
2 (CO2 )n-1 .

Fig. 3 shows the variations in photoelectron
anisotropy with energy for representative monomer and dimer based (CO2 )
n . In all cases, b is
contained within the same narrow range. Thus, for
(CO2 )
n the detachment from the monomer and dimer anion HOMOs yields qualitatively similar
photoelectron bands. This result may seem counterintuitive and it also contrasts the observations

for CS
2 and (CS2 )2 . In the next Section it will be
reconciled with the known monomer and dimer
anion properties.

4. Discussion
The most intriguing result of this study is the
similarity of the PADs obtained from the monomer and dimer based (CO2 )
n . Given the diﬀerent
types of cluster cores and bound orbitals from
which the electrons are ejected, one expects these
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Fig. 3. Energy dependence of the photoelectron anisotropy for
representative monomer-based (gray symbols) and dimer-based
(black symbols) (CO2 )
n cluster anions (derived from the data in
Fig. 2). The error bars reﬂect one standard deviation in the
data.

diﬀerences to be reﬂected in the PADs, contrary to
the experimental indications. An even more intriguing perspective is derived from the compari
son with CS
2 and (CS2 )2 , which do indeed yield
strikingly diﬀerent PADs. The discrepancy between the CS2 and CO2 based systems reﬂects
fundamental diﬀerences in the corresponding dimer anions. We begin by examining the (CO2 )
2
HOMO and adapt the previously described s and p
model of photodetachment [20] to the comparative

treatment of CO
2 and covalent (CO2 )2 .
In this model, the molecular frame (MF) to
laboratory frame (LF) transformation and orientation averaging are accounted for qualitatively by
including only few ÔprincipalÕ orientations of the
anion. Principal orientations correspond to one
transition dipole moment component aligned
along the laser polarization axis (z). The arrangement of the HOMO for two such orientations of
(CO2 )
2 is shown in Fig. 4. The structure of covalent (CO2 )
2 belongs to the D2d point group [16] and
its HOMO corresponds to the A1 irreducible representation (i.r.). Orientations I and II correspond
to the E and B2 representations, respectively, of the
laser electric-ﬁeld vector in the dimer MF.
The (CO2 )
2 HOMO (wdimer ) can be thought of
as a superposition of two monomer orbitals and
hence the detachment from it can be described in

Fig. 4. Qualitative treatment of (CO2 )
2 photodetachment. For
each orientation I and II, the parent orbital (left column) is
described as an LCMO superposition of the orbitals of two
monomers a and b (second column). The partial wave pairs
sketched on the right represent a dual-source description of the
free-electron wavefunction in the limit of s and p components
only. The symmetries of the bound and free electron wavefunctions and the laser polarization vector are given in the irreducible representations of the dimer and monomer point
groups (D2d and C2v , respectively).

terms of interference of electron waves originating
from the two CO2 moieties in the dimer anion.
This correlation will enable us to compare the

(CO2 )
2 and CO2 PADs. Using a Linear Combination of Molecular Orbitals (LCMO) approach
and disregarding the normalization, we assume:
wdimer  wa þ wb ;

ð1Þ

where wa;b are the HOMOs of two (hypothetical)
monomer anions (a and b) separated by the C–C
bond (see Fig. 4). The monomer units and their
orbitals transform into one another under a fourfold improper rotation about the C–C axis. Waves
wf;a and wf;b produced by detachment from wa and
wb , respectively, give rise to a two-center description of the free-electron wavefunction wf ¼ wf;a þ
wf;b .
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The one-center description of detachment from
a monomer unit is given elsewhere [20]. Each of
the monomers belongs to the C2v point group and
their individual HOMOs are of A1 symmetry.
Under the electric-dipole approximation, hwf;j jzwj i
6¼ 0, where z is proportional to the active component of the dipole operator and j ¼ a; b. The
symmetry species of z in the frames of a and b are
determined by the orientation of the dimer frame
and are given in Fig. 4. For orientation I, only B2
waves are allowed from a, while b yields waves of
B1 symmetry. For orientation II, both monomer
groups yield waves of A1 symmetry.
Under the s and p approximation, wf;a and wf;b
are expanded in the basis of s, p, etc. partial waves
emitted from centers a and b, respectively, and all
components with ‘ > 1 are disregarded [20]. For
orientation I, this leaves only p waves, as s waves
satisfy neither the B2 nor B1 restrictions obtained
above. Transformed to the LF, the p waves of B2
(for aÞ and B1 (for bÞ symmetry correspond to the
pz waves sketched in Fig. 4. For orientation II,
both s and p waves are allowed, with the p waves
limited to pz components only.
The phase shift between wf;a and wf;b at their
respective origins is determined by symmetry and
largely unaﬀected by distance D between the
emission centers. This assumption is well justiﬁed
in the limit of D  k, where k ¼ 400 nm. From
symmetry, the overall free-electron wavefunction
wf must transform as the dipole component coincident with the laser polarization vector, because
wdimer is totally symmetric.
For orientation I, the z component of the dipole
belongs to the E i.r. of the D2d point group. Hence
wf ¼ wf;a + wf;b must be of E symmetry, allowing
for both constructive and destructive interference
between w f;a and wf;b (combinations I-a and I-b in
Fig. 4), as well as for any intermediate phase shift.
In addition, the amplitudes of w f;a and wf;b are not
constrained to be equal.
In a similar fashion, for orientation II the z
dipole component belongs to the B2 i.r. of the D2d
group and the overall wavefunction wf ¼ wf;a + wf;b
is of B2 symmetry. This requirement dictates that
the s components of wf;a and wf;b be phase-shifted
by p, while the pz waves contribute with the same
sign. In addition, the wf;a and wf;b amplitudes are
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equal. The relevant s and p waves are sketched in
Fig. 4(II-a and II-b).
Thus, the problem of (CO2 )
2 photodetachment
is reduced to interference of s and p waves from
two sources. These sources can be thought of as
Ôcenters of massÕ of the monomer orbitals and thus
separation D between them is in slight excess of the
 is a reasonable
C–C bond length [16]. D  2 A
value to use.
For correlation between the dimer and monomer anion photodetachment, we note that the
latter is described by the same waves as those
emitted from one of the two hypothetical centers
in the dual-source model, e.g., center a. The
monomer moiety belongs to the C2v point group,
in which the dipole operator spans three irreducible representations A1 + B1 + B2 , yielding three
principal orientations with respect to z. In the s
and p treatment, each of these orientations yields a
pz wave, in addition to an s wave from the orientation with the A1 active dipole component [20,26].
The three pz waves correspond to the a components of the I-a, I-b, and II-b wave pairs (Fig. 4),
while the s wave is the a component of II-a.
To compare the monomer and dimer anion
PADs, one needs to examine the eﬀect of interference of waves emitted from a and b. The key to
the outcome is the de Broglie wavelength ke of the
emitted electrons. In the energy range characteristic of these measurements, ke by far exceeds D.
For example, the mid range in Fig. 3 corresponds
. On this scale, the wave
to 0.7 eV and ke ¼ 15 A
 appear alsources a and b separated by D  2 A
most overlapped. For a zero initial phase-shift, the
overall wave from the dimer anion will appear
similar to that from just one source (a monomer),
yielding a similar PAD. In the case of opposite
phases, the overall wave structure will be diﬀerent
from the monomer-emitted wave, but the corresponding contributions are minimized by destructive interference. Thus, the waves emitted with
similar phases contribute the most to the dimeranion PAD.
In summary, preferential electron ejection along
the laser polarization axis occurs for both monomer and dimer anions, independent of their LF
orientation. Moreover, the dimer-emitted waves
tend to be qualitatively similar to those originating
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from the monomer anions, resulting in the similar
PADs observed for the monomer and dimer based
(CO2 )
n.
The question then arises: what makes the PAD

from (CS2 )
2 so diﬀerent from that from CS2 ?
As was already noted, the covalent dimer anions of CO2 and CS2 have diﬀerent electron conﬁgurations. Contrary to (CO2 )
2 , the excess
electron in (CS2 )
occupies
a
vacant
orbital of a
2
(hypothetical) neutral species whose electron conﬁguration is doubly excited compared to that of a
(CS2 )2 van der Waals dimer [12,17]. Although
ambiguity exists as to the electronic symmetry of
2
2
the (CS2 )
2 ground state ( b1 or b2 ) [6,17,18], it is
not directly relevant to the present work. Important are the following: (i) the electronic structure
of covalent (CS2 )
2 is not directly related to that of

CS
;
(ii)
the
(CS
2 )2 HOMO (b1 or b2 ) cannot be
2
described in the spirit of Eq. (1) as a superposition
of the a1 HOMOs of two CS
2 monomers. Thus,
the diﬀerent PADs obtained in the detachment of

CS
2 and covalent (CS2 )2 should be expected.
The LCMO approximation can still be used to
describe the (CS2 )
2 HOMO in terms of superposition of two monomer-anion orbitals other than
their HOMOs. If we assume that the (CS2 )
2
HOMO is of B2 symmetry, it can be viewed as a
superposition of the b2 (HOMO–1) orbitals of two
CS
2 monomers. Following the dual-source s and p
formalism outlined above, we will conclude that
the PAD in the (CS2 )
2 HOMO detachment should
be compared to that from the b2 (HOMO–1) orbital of CS
2 . The latter corresponds to the second
detachment transition in CS
2 yielding CS2 in the
a3 B2 state. This transition was imaged previously
(at 267 nm) [20], and indeed its PAD (at a comparable energy) is similar to that for (CS2 )
2:

b ¼ )0.24 for the b1
transition
in
CS
versus
2
2
b ¼ 0:17 for the HOMO detachment in covalent
(CS2 )
2.
5. Summary
Photoelectron images reveal dissimilar lowestenergy detachment transitions in CS
2 and covalent
(CS2 )
,
yet
the
PADs
in
detachment
from the
2
monomer and dimer anion cores of (CO2 )
n clus-

ters are surprisingly similar. These results are a
consequence of distinct electronic–structural

properties of (CS2 )
2 and (CO2 )2 . In the LCMO

representation, the (CO2 )2 HOMO is comprised of
two monomer-anion HOMOs, while the (CS2 )
2
HOMO is of diﬀerent nature, involving lower-lying orbitals of the monomer anion.
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