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The (CQ),~ clusters are thought to accommodate the excess electron by forming a localized molecular anion,
or “core ion”, solvated by the remaining, largely neutral £@olecules. Earlier studies interpreted
discontinuities in the (Cg,~ photoelectron spectra to indicate that both the,Cénd GO, species were

present in a size-dependent fashion. Here we use vibrational predissociation spectroscopy to unambiguously
establish the molecular structures of the core ions in thker2< 17 size range. Spectra are reported in the
2300-3800 cntt region, which allows us to independently monitor the contribution of each ion through its
characteristic overtone and combination bands. These signature bands are observed to be essentially intact in
the larger clusters, establishing that the CL@nd GO, molecular ions are indeed the only electron
accommodation modes at play. The size dependence of the core ion suggested in earlier analyses of the
photoelectron spectra is largely confirmed, although both species are present over a range of clusters near the
expected critical cluster sizes, as opposed to the prompt changes inferred earlier. Perturbations in the bands
associated with the nominally neutral €@olvent” molecules are correlated with the changes in the molecular
structure of the core ion. These observations are discussed in the context of a diabatic model for electron
delocalization over the CQlimer. In this picture, the driving force leading to the transient formation of the
monomer ion is traced to the solvent asymmetry inherent in an incomplete coordination shell.

I. Introduction Il. Review of the Core lon Behavior in (CO,),~ Clusters:

C,04 vs CO™
When a cluster of atoms or molecules accommodates an

excess electron to form the negatively charged species, several The CGQ™ monomer anion is itself interesting. Being isoelec-
possibilities exist according to the availability of low-lying ~tronic with NG, the valence ion is bent (calculatéd= 134°),°
molecular orbitals. In water clusters, for example, there is very but this equilibrium configuration lies about 0.6 &bove the
little penetration of excess electron density into the valence ground state energy of the linear neutral parent and a free
network, while metal clusters delocalize the charge over all of electron. The intersection between the anionic and neutral
the nuclei. Most closed-shell molecular systems fall between potential surfaces is such that the anion is locally stable with a
these limits, and the excess charge is observed to localize on @ubstantial barrier to electron autodetachment, explaining the
smaller molecular structure embedded in an otherwise neutral'elatively long lifetime (10Qus) of this metastable species.
cluster, where the remaining molecules play the role of a solvent. The binding energy of the excess electron is increased by
This is, of course, the cluster analogue of “polaron” formation Solvation?™'*however, and the (Cgh~, n = 2, ions appear to

in molecular crystals, a reconstruction that leads to thermally be stable.

activated conduction of the negative charge carfiénslusters, As with most negatively charged molecular clustér$ 19

the CQ system has attracted particular attention because itthe dimer anions, &', are unique in that they are further
provides a paradigm for solvent-mediated deformation of the Stabilized by the charge-resonance interaction (i.e., mixing
localized molecular framework that accommodates the excessPetween the AA™ and A™-A charge-localized, diabatic states).
charge. In previous studiés? the extent of charge-delocaliza- When there is very little intramolecular geometry change upon
tion has been inferred from the cluster size-dependent patternselectron attachment to form“Athe two diabatic states remain

in the rather broad (C£),~ photoelectron spectra. Here, we deggnerate under intramolecular dlstortlor_L In that case, intro-
report vibrational predissociation spectra of the size-selectedduction of the strong charge-transfer matrix element (typically
clusters, and show that they provide a much clearer picture of 0.5-1.0 eV) generally results in a symmetrical dimer anion, in
both the core ion structures and the intramolecular distortions the sense that the excess charge is delocalized over the two

suffered by the nominally neutral solvent molecules near the Mmolecular centers. The G@ystem represents a more interesting
size-dependent ion core. class of systems, however, where the strong geometry change

in the CQ moiety upon electron attachment leads to the
*To whom correspondence should be addressed. displaced diabatic potential curves (i.e., arising from the zero-
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Figure 1. Charge-resonance mixing between the ,@W,~ and
CO,-CO; charge-localized diabatic states (dotted lines) yields a single-
minimum potential (solid lines) for the O, ion, where the reaction
coordinatefr = 61 — 6,.

mediates interconversion of the two g€bnstituents between
the neutral and anionic forms. Since this conversion most
strongly depends on the intramolecular bending angle, the
coordinate has a large contribution from the collective motion
described byor = 61 — 6,. Note that the two curves are only
degenerate at the point where both Gf©mponent molecules
are partially bentf{r = 0°). When these diabatic states are split
by introduction of the electron transfer matrix element to recover
the actual surface (solid lines in Figure 1), the two states are
strongly repelled only at the degeneracy point, with smaller
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Figure 2. Schematic illustration of €, solvation in a dielectric
medium, indicating how a potential barrier can emerge and collapse
the excess charge distribution onto a single;@®@lecule.

displacements closer to the (double) minima of the diabatic shape of the potential curve in Figure 1 responds to solvation.
curves. Depending on the size of the matrix element and the Consider the extreme, limiting case where the dimer anion is
extent of the displacement between the diabats, the resultingplaced in a dielectric continuum. According to the simple Born

dimer evolves from a double-minimum configuration, where model for ion solvatioft (i.e., AGsoy O 1/R;, whereR is the

the excess charge is localized on a monomeric(G8pecies, radius of a spherical charge distribution), the charge-localized
to a single minimum potential where the charge is equally sharedregions of the intrinsic dimer potential experience larger

by the two molecules at the equilibrium geometry. The latter dielectric stabilization than the more delocalized symmetrical
(C,047) species can be regarded as the singly ionized analogueform. This differential solvation effect can thus cause the barrier

of the covalently bound oxalate anion,@?~. Of primary

to re-emerge in the dimer surface as indicated schematically in

importance in the present study is the observation that we expectrigure 2, which describessolvent-inducedswitching” of the

a relatively flat surface for motion aloréik,2° and displacement

core ion from GO, to CO,~. Note that this effect can occur

along this coordinate leads to large changes in the extent ofeven in the case when an ion is placed in a homogeneous
delocalization of the excess charge. In other words, the system(spherical) dielectrié? Introduction of a molecular solvent thus

undergoes strong vibronic coupling along this coordinate, and
is thus unusually polarizable.
Of course, we invoke the approximate diabatic picture to

raises the more interesting scenario where the “dielectric” can
be added asymmetrically, and indeed the morphology of the
system is likely to be size-dependent.

emphasize conceptual aspects of the binary complex electronic  Several experimental grolfpd23have explored the structures
structure, and systems this small can be accurately treated usin@f the (CQ),~ ions using negative ion photoelectron spectros-

ab initio methods. Fleischman and Jor#facarried out such
calculations on negatively charged gC€lusters in 1987 and
predicted that the dimer anion would be symmetrical, with the
C,04~ species adopting 4@ geometry, indeed reminiscent of
the oxalate ion structure.

The theoretical expectation that the dimer anion is sym-
metrical, together with the fact that excursions away from
equilibrium along the relatively flat potential surface lead to
charge-localization, naturally raises the question of how this
very polarizable species will respond when placed in a solvent.
Fleischman and Jord#hconsidered this issue and suggested
that the attachment of a GAmolecule should stabilize the
system back toward the GE&CO,~ form, creating a situation
where the core ion would likely depend on the size of the cluster.
The underlying physics of this effect lies in following how the

copy. When the C@-CO, and GO, species are close in
energy, the vertical electron detachment energies (VDES) differ
by almost an electronvolt due to the larger geometry change of
the neutral molecular framework in the@;,~ structure. Thus,
Johnson and co-workeérinterpreted the sharp breaks in the
VDEs of the (CQ),~ clusters ah = 2 and 6 to reflect changes

in the core ion, first from to C® to C,0,~ atn = 2 and then
reverting to the monomer core ion in the larger clusters (6

< 13). Nagata and co-workérsubsequently explored even
larger sizes and, interestingly, obsenaabtherbreak in the
VDE at n = 14, but in the opposite direction to that found
aroundn = 6. This indicated that the dimer ion re-appears near
the strong “magic numbers” at = 14 and 16 in the ion
distribution?* The n = 6 cluster is unique in that both ions
appear to coexist in the sense that they could not be separated
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using selective laser depopulation of the lower VDE, monomer
anion-based form. Very recently, Sanov and co-workers
examined the (Cg),~ clusters ( = 4—9) using photoelectron
imaging# This added dimension allowed them to study the
orbital nature of the two competing core ions. Interestingly, the
photoelectron angular distributions of clusters turned out to be
similar for all the clusters and are thus insensitive to the nature
of the core ion. They attributed this similarity to the fact that
the dimer core anion electronic structure can be largely
expressed as a linear combination of two monomeric contribu-
tions.

Recent advancésin infrared spectroscopy now enable us
to make much more definitive determinations of cluster ion
structures, and here we report mid-infrared spectra of size-
selected (C@n~ clusters in the 23063800 cnt! region. Clear

spectral signatures of both core ions are observed, and we use

this information to establish the relative contributions of the
two classes of electron accommodation motif to the cluster ion
ensemble created in an electron impact ion source.

Ill. Experimental Section

The (CQ),~ (1 < n < 17) clusters are produced by expansion
of CO, vapor through a pulsed supersonic jet and are analyzed
using tandem time-of-flight photofragmentation spectroscopy
as described previoust Briefly, bombardment of the expand-
ing vapor by a counterpropagating 1-keV electron beam ionizes
the CQ molecules, which produces slow secondary electrons
that are efficiently attached to (GJa clusters formed early in
the expansion.

Vibrational predissociation spectra are obtained by excitation
of the mass-selected clusters with a tunable infrared laser
(Nd:YAG-pumped, KTP/KTA optical parametric oscillator/
amplifier, LaserVision), which delivers an energy of about 5
mJ per pulse in a bandwidth of approximately 2énThe mid-
infrared beam is scanned over the range 238800 cnt?, and
each spectrum represents the accumulation of many individual
scans (depending on the parent intensity) as required to achiev

range of the Karslruhe infrared laser enables us to cover the
region of the CQ v3 fundamental. The Karlsruhe instrument
features mass selection using a pulsed mas< gatel fragment
ions due to metastable decay or collision-induced dissociation
are discriminated against by employing a decelerating lens. This
is advantageous because ions that decay in the source regio

For clusters above = 3, photoexcitation results in evaporative
loss of CQ molecules, with the number of GOnolecules

ejected depending strongly on the parent size as reported earlie

by Alexander et a* In the cases of (CQ,~ and (CQ)s™,

photoinduced autodetachment of the excess electron compete
with the fragmentation channel, and their spectra are obtained

in the Yale instrument by collecting all photoelectrons generated
in the excitation region using a constant extraction field of about
50 Vicm.

IV. Results and Discussion

A. Vibrational Characterization of the Core lons. Figure
3 presents the predissociation spectrarfer 3 and 8, chosen
to highlight the two distinct spectral signatures at play in the
(COyn~ clusters. Both spectra are dominated by a strong
transition slightly to the red of 2349 crh which can be
immediately assigned to thg fundamental of a neutral, nearly
unperturbed C®molecule. Two additional CObands appear
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Figure 3. Predissociation spectra of (G clusters, (an = 8 and
(b) n= 3, showing spectral signatures of the monomeri v; andv,
+ v, + v3) and the dimer¥s + v7 + xv,) core ion combination bands,
respectively. The (2 + v3)/(v1 + v3) bands are built on the12/v,
Fermi resonant interaction in neutral €0

at the upper end of the excitation energy range (e.g., at 3595
and 3710 cm? for n = 3) and are due to the (Fermi mixed)
2v, + vz andv; + vz levels. This is an excited-state analogue
of the well-known doubling observed for the fundamental.
These three bands signal the presence of neutral Spécies

8n the cluster, playing the anticipated role of solvent molecules
comparable signal-to-noise ratios. Spectra are recorded usinq ; Paying P

the instruments at Karlsruhe and Yale, where the larger spectral

n the cluster ions.

The smaller features lying between those arising from
essentially neutral COare of primary interest here, and are
observed to be highly dependent on cluster size. Two groups
of such bands are evident, which typically appear exclusive of
each other. These can be assigned to the @@d GO, anions
with the aid of the rare gas matrix measurements reported by

Fhompson and Jacd® They assigned the, + vs transition of
reach the detector somewhat after the photodissociation productst P y g oL

he CQ~ monomer to a band at 2894.7 cin27 cnt! below

the isolated 2921 cmi feature in Figure 3a. Because we
anticipated thah = 8 would occur with a monomer core ion
based on the photoelectron results, we assign the 2921 cm
feature to thev; + v3 transition in a charge-localized GO
?hoiety within the (CQ)s~ cluster. The 27 cmt blue-shift
relative to the rare gas (Ne) value is interesting, perhaps
indicating that the monomer anion is slightly perturbed when
embedded in the homogeneous cluster medium (i.e., the blue-
shift could be a consequence of partial charge-transfer, for
example, which would cause the intramolecular frequencies of
the anion to increase toward those of neutrabC@he 2921
cm~1 (v, + v3) feature is always accompanied by a second band
about 710 cm! above it at 3636 cmt, which falls between

the Fermi doublet associated with the neutral,®@lecules.
This interloper lies very close to the expected location (3626.3
cm~1)28 of thev; + v, + v3 combination band of the monomer
anion and is so assigned on this basis, as indicated in Figure
3a. Note that, even though the fundamental transitions gf CO
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photoelectron spectroscopy (PES) restilise infrared spectra
reveal that the core ion changes from the dimer to the monomer
aroundn = 6 and therbackto the dimer ain = 14, with the
switchover regions indicated in gray. The vibrational spectra
are more sensitive to the relative contributions from each core
ion than PES because their IR transitions are mutually exclusive.
Thus, it is now clear that both core ions contribute in ithe

4—6 clusters.

To extract the relative contributions from each isomer
(differing by their core ions) to the ensemble of clusters, it is
necessary to correct the raw data for both the changing
fragmentation distributions and the relative absorption cross
sections of the two core ions. For example, in the 11 and
15 clusters, which are just above very strong peaks in the parent
mass spectrum, removal of a second,Gfiblecule from the
stablen = 10 and 14 clusters is not observed, so that these
spectra are severely compromised when selectively observed
in then — 2 fragmentation channel (in those cases,rihel
channel must therefore be employed in the population analysis).
First, we correct the action spectra in Figure 4, which are taken
Photon Energy (cm ) by detecting then — 2 fragment channelS,_(v), to recover

Figure 4. Survey of (CQ),~ spectra obtained from electron autode- the total fragment yield(v), by independently measuring the

tachmenti§ = 3) and predissociatiom( 4). Spectra that are associated fragmentation dlstrlbutlon at each Waveler_lgth._ Rf—2(v)
with a core ion switch are shaded gray. Labels denote bands assigned€Presents the fraction of fragments appearing inrthe 2

2800 3000 3200 3400 3600 3800

to CO,” and GO4~ (see Figure 3). channel,§v) can be obtained from

fall outside of the range of the lasers used in this work, these Sv) = S_W)/F,_,(v) (1)
combination bands can be used to identify its presence within

a cluster. We can then use this net action spectr8ifv) to estimate the

The second group of distinct bands displayed by theJ€O  relative cross sections of the two core ions. Here we adopt an
clusters is indicated in Figure 3b and consists of a closely spacedapproximate model where we assume that the intensities of the
set of peaks in the vicinity of 3100 crh well separated from  strongest bands (at3700 cnt?) are proportional to the number
the transitions associated with neutral £&hd the monomer  of neutral CQ molecules. We can first check the validity of
anion, CQ". These features appear in the spectra of tker8 this hypothesis by considering cluster sizes that only display
< 6 clusters, the size range where the photoelectron spettra one type of core ion, so that the number of solvent molecules,
indicated the formation of a dimer core ion. Again, we turn to  m, contributing to the strong Fermi doublet is well defined. In
the matrix results to aid in the band assignments, where recentthat case, the integrated core ion absorption strehgirelative
work on GO4~ in argorf® identified thevs symmetric (B) and to that of a single C@solvent moleculelsoy, is related to the
v7 asymmetric (E) G-C—O stretching fundamentals to be at raw values in the spectr&vion) and (vson), as
1184.7 and 1856.7 cm, respectively. Like the case of GQ
all of the GO4~ fundamental transitions lie below the energy lion/lson = M SWign) Vs 2
cutoff of the lasers used in this work, but a combination B
E = E) of these two fundamentals yields an allowed transition and should be constant over all clusters with the same core ion.
at 3041.4 cm?, only 9 cn! above the most intense interloper  This is indeed observed to be the case over the rarg@—12
between the neutral CGased bands in Figure 3b. We therefore for the monomer core and = 14, 16, and 17 for the dimer
assign this band to the combinationsgfandv;. With the aid core. Since both of these relative absorption strengths involve
of our ab initic® (MP2/aug-cc-pVDZ) and the existing density internal calibration to the neutral G@olvent absorption, we
functional theor§® calculations, we identify the displacements can then estimate thddime/Imonomer~ 2.0. With the relative
corresponding to these modes to be principally the out-of-phasecross sections in hand, it is straightforward to determine the
symmetric and asymmetric-&C—O stretching motions of the  relative contributions of the two core ions as a function of cluster
two CO; moieties in GO4~. Interestingly, this band is doubled  size, which is presented in Figure 5.
with a shoulder split by 16 cnt on the high energy side, with C. Solvent Response to Core lon SwitchingThe mecha-

a second feature displaced about 76 €above it. Comparison  nism of the core switch is interesting, in that going from the
with the calculate® harmonic vibrations suggests that the latter dimer to the monomer core, for example, one of the,CO

band involves the relative torsion,j of the two CQ constitu- constituents in the dimer anion evolves into a neutral solvent
ents in the @04~ core. molecule. Just at the transition, one might expect that the
B. Vibrational Spectra of the (CO,);_,; Clusters: Size energies of the two forms are quite similar, and that one of the

Dependence of the Core lonFigure 4 presents the evolution nominally neutral C@Q molecules around a monomer core ion
of the spectra with cluster size in the range 8 < 17, isolating would be somewhat deformed according to the solvent config-
the signature regions of the GOand GO,~ ions. With the uration, effectively anticipating the delocalization event.
exception ofn = 3, which is measured by electron photode- To explore the perturbations at play in the surrounding
tachment, these spectra are obtained by monitoring fragmentasolvent, we focus on the bands arising from the neutra} CO
tion into the loss-of-two C@molecules channel. This selective  molecules in Figure 6. Interestingly, the lower-energy band of
detection scheme introduces a bias in the relative intensities ashe Fermi doublet undergoes a dramatic transformation during
discussed below. Note that, as anticipated from the earlier the core-ion switch from dimer to monomer aroune 6, first
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Figure 6. Expanded view of (C&,~ spectra from Figure 3, highlight-
ing the region of the C®Fermi resonance. An abrupt red-shift in the
lower-energy member of the diad, mostly derived from the 2 v3
level involving the intramolecular bend, is observed in the= 6
spectrum. A band at higher energy also emerges atevé4, signaling
the beginning of a second solvation shell. Also visible in this region is
the v1 + v, + v3 CO,~ combination band, which is present in the

monomer-core species$ n < 13.
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basis), and it is much more distorted than the stronger stretch-
based transition at 3708 crh The latter (nominally; + v3)

band develops a shoulder on the red side that gradually subsides
with increasing cluster size until it reappears just before the
second core switch at = 14. The weaker deflection of the
upper band mirrors the shift of the lower band, as would be
expected if it were responding to the relieved Fermi mixing
from a more distant perturber as opposed to directly interacting
with the core ion.

Then = 6 spectrum displays the largest distortion, with the
nominally 2v, + v3 transition appearing with a sharp peak on
a broadened pedestal that extends about 30'dmelow the
position of the band in isolated GOThis broadening is
interesting in light of the hole-burning experiments reported by
Nagata and co-workefsyhich indicated that the two core ions
interconvert on a ns time scale. Note that while this broadening
is occurring in the solvent bands, the monomer core ion
absorption at about 2920 cthremains sharp (Figure 4).

A curious feature of the solvent-dependent 2- v3 band is
that the entire envelope shifts down in energy and broadens
after the first core switch. One might have expected, for
example, that one CGolvent molecule might be compromised
by close association with the monomer core, while the remaining
molecules would remain more or less intact. In such a case, the
primary solvent band would have been maintained while a new
band appeared at lower energy. Moreover, the observed band
recovers its original location before the core switches back to
the dimer atn = 14. One possibility is that the red-shift is a
property of the excited bending vibrational states of neutral
molecules near the monomer core ion. It is clear, for example,
that this motion is the key coordinate that drives the charge
transfer as depicted in Figure 1. When a solvent molecule is
selectively excited along this coordinate, it seems likely that
this bent configuration will experience enhanced electronic
stabilization as the charge-transfer matrix element begins to mix
the neutral solvent molecule with the ionic core. Thus, even in
an inhomogeneous ensemble of solvent molecules, excited
vibrational states oeachmolecule could be lowered. In this
context, it seems likely that the observed broadening reflects
the distribution of binding sites around the ion, and hence a
range of electronic mixing interactions. In effect, the excited
bending states retain a memory of the fact that the dimer core
is energetically close in the size range above the core switch.

The solvent response to the second core switch meail3
is more subtle. The = 11 spectrum is particularly interesting
as it displays an unusually broad, low-energy tail on the (2
+ wv3) bending overtone band, indicating that a subset of
molecules are, in fact, becoming susceptible to charge transfer,
ultimately leading to ground-state dimer core formation &t
14. We also note, however, that= 11 appears only one size
above the more strongly bound= 10 “magic number” species,
and thus, some of the unique spectral characteristics of this size
could arise from a variation in internal energy content for
clusters near such discontinuities in monomer binding energy.

D. Origin of the Core lon Switch: Solvent Asymmetry
vs Intrinsic Delocalization. As mentioned in the introductory
discussion, in the limit of solvation in a continuum dielectric
medium with dielectric constart a polarizable A~ core ion
can be forced back to a charge-localized monomer ion as the
dielectric constant is increased above a critical vafualith
this in mind, the behavior of the homogeneous ;Gfluster

broadening and red-shifting, and then gradually returning to its anions is curious since the first few solvent molecules indeed
original location and sharpening. Note that this feature involves force charge localization, but then further increasing the number
the intramolecular bending motion (in the zero-order vibrational of solvent molecules leads to a reemergence of the dimer core
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at n = 14. Thus, the C@ case is not driven by simple interpret this effect as due to the introduction of electronic

accumulation of dielectric medium, but is rather intimately mixing upon excitation of the intramolecular bending vibrations.

linked to the molecular nature of the solvation. That is, the nominally monomer ion-based clusters undergo
The solvation morphologies in the size range where #$@,C charge delocalization in the vibrationally excited states of the

dimer is recovered have actually been studied extensively by nearby neutrals. The collapse to the monomer ion inntie

the Lineberger and Neumark grodps4 in a series of “cage ~ 6—13 range is traced to incomplete solvation in the asymmetrical

effect” photodissociation experiments. In particular, they inter- n = 6—11 clusters. This can be understood in the context of

preted the relatively prompt onset for geminate recombination underlying diabatic states, where one of the monomeric

of a photodissociated diatomic ion (such @) lupon addition constituents of the dimer anion becomes preferentially stabilized

of n = 12—16 CQ molecules to reflect the completion of a in the asymmetric solvation regime, breaking the intrinsic

solvation shell around the ion. Indeed, the icosahedral cage-propensity of this system to be charge-delocalized over twp CO

like structures associated with packing 12 spheres are well- molecules.

known3® Moreover, then = 14 cluster also appears as an
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