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I. Introduction
One of the most elementary aspects of chemistry is the
dissolution of salts into independently solvated ions.
Virtually all introductory chemistry textbooks discuss the
phenomenon in the context of the formation of shells of
solvent molecules around these ions. Our focus here is
on the nature of halide anions, X-, in the presence of the
first few solvent molecules, M, isolated in a gas-phase
cluster ion, X-‚Mn. Such clusters allow us to directly
explore the solvent exposed to the extreme electric fields
in the vicinity of the ion where the dielectric response is
thought to be saturated.1 While one might suspect that
such clusters form by sequentially filling up the first
solvent shell, recent results from our laboratory lead to
some surprising conclusions2,3 regarding how polar sol-
vent molecules arrange themselves in the primary steps
of solvation. In this paper, we present the photochemical
strategy specifically developed to attack the problem of
solvation morphology and discuss the disposition of the
first two solvent molecules. In addition, we point out an
unexpected spin off from this work, where the photo-
chemistry of the anions suggests an efficient photosyn-
thetic preparation scheme for rare isomers of neutral van
der Waals complexes.

To set the stage, consider the case of a polar solvent,
where dielectric saturation arises primarily due to orien-
tational locking of the molecules in the inner coordination

shell. Acetonitrile is an archetypal example of a polar
solvent with its large molecular electric dipole moment
(µ ) 3.92 D). Calculations4 indicate that the potential
minimum of the binary X-‚CH3CN “ion-dipole complex”
occurs for the linear arrangement, with the ion bound to
the electropositive methyl “pocket”. Intuitively, one might
suspect that the placement of the second solvent molecule
is similarly obvious. If both molecules reside close to the
ion, sequentially building up the solvation shell, then the
dipoles will both be aligned with positive ends toward the
ion and therefore repel one another. Minimization of this
repulsion therefore leads to an arrangement in which the
solvent molecules are antiparallel, located on opposite
poles of the ion. There are alternative structures, however,
such as one where the solvent molecules are bound
together (i.e. end-to-end) to form a linear van der Waals
complex with a very high net dipole moment5 which then
binds to the ion. Thus, we envision the two extreme cases
illustrated in Chart 1.

While the asymmetric structure places the second
molecule in what will ultimately become the second
solvation shell, we will show that this form is indeed
generally adopted for high symmetry (i.e. C3v) dipolar
solvent molecules. We begin this discussion by reviewing
the recent advances in the photophysics of ion-molecule
complexes which lead us to this surprising conclusion.

II. Dipole-Bound Excited States of
Anion-Molecule Complexes and
“Photosynthesis” of Dipole-Bound Anions
IIA. Excess Electrons and Dipole-Bound States. Typical
solvents (water, acetonitrile, acetone, etc.) are clear liquids
composed of closed shell molecules whose first electroni-
cally excited states lie well into the ultraviolet region of
the spectrum. This is, of course, a highly desirable
property for a solvent since it provides for chemically inert
media in which to conduct reactions. The neutral LUMOs
of such molecules are therefore high in energy, and the
valence anions (M-) formed by occupation of the LUMOs
spontaneously eject (autodetach) an electron back into
the continuum. Such unstable valence anions are called
resonances or transient negative ions6 and can only be
observed by electron scattering or via the photon energy
dependence of the negative ion photoelectron spectrum.7

On the other hand, if the dipole moment, µ, of the closed
shell neutral molecule is above a critical value8,9 of about
2 D, a low-energy, so-called “excess” electron can become
trapped outside the molecular orbital network by the long-
range electrostatic field of the neutral. These states are
very weakly bound (∼10 meV) with extremely diffuse
orbitals (∼30 Å).10 With increasing cluster size, this effect
evolves into bulk “solvated electrons”, the most famous
of which is certainly that formed in metal-ammonia

Caroline E. H. Dessent received her M.A. from Jesus College, Oxford University,
in 1991 and obtained her Ph.D. from Yale University in 1997 for work on dipole-
bound excited states with Mark Johnson. She is currently a research fellow at
the University of York, working on the dynamics of molecular clusters with Klaus
Muller-Dethlefs.
Jun Kim received his B.A. degree in chemistry from Franklin and Marshall College
(1994) and is currently a Ph.D. candidate at Yale University. His research interests
involve following the ultrafast kinetics of reactions in clusters.
Mark A. Johnson received his B.S. degree in chemistry from the University of
California at Berkeley (1977) and his Ph.D. from Stanford (1983). After working
as a postdoctoral associate at JILA (1983-1985), he joined the faculty at Yale
where he is currently professor of chemistry. His interests are in the elucidation
of solvent effects in chemistry through the study of size-selected clusters.

Chart 1

Acc. Chem. Res. 1998, 31, 527-534

S0001-4842(95)00061-6 CCC: $15.00  1998 American Chemical Society VOL. 31, NO. 9, 1998 / ACCOUNTS OF CHEMICAL RESEARCH 527
Published on Web 05/30/1998



solutions,11 where their characteristic blue color arises
from “free” electrons trapped within cavities in the
structure of the liquid.12

A solvent molecule’s ability to trap an excess electron
is key to our method. Consider the electronic absorption
spectrum of an isolated halide ion, such as I-. The I-

absorption spectrum is shown at the top of Figure 1,
beginning promptly at the electron affinity with a sloping
onset corresponding to a “Wigner” threshold law.13 Un-
like neutral species, with their associated dense manifolds
of Rydberg states just below each ionization threshold,
atomic anions typically do not possess any bound excited
electronic states (only the excited resonances mentioned
earlier), and therefore the first absorption often occurs
directly to the continuum:

This situation changes dramatically, however, when a
single solvent molecule, M, is complexed with the halide,
since a highly dipolar solvent molecule can itself support
a bound state of the ion-molecule complex, provided µM

> 2D. This state, based on the dipole-bound ground-state
ion, M-, then becomes the first excited state of the cluster:

Note that M- in eq 2 is meant to indicate that the electron
is trapped by the dipole moment of M, and we caution

that this notation is somewhat misleading since the
electron is actually far from M. In fact, the dipole-bound
orbital14 is largely displaced beyond the halogen atom,
away from M rather than toward it.

IIB. Some Experimental Details. Cluster ions, I-‚Mn

(n ) 1, 2) are prepared by ionization at the throat of a
supersonic expansion containing the ambient vapor pres-
sure of a mixture of methyl iodide and the relevant solvent
in 2-3 atm of argon. The clusters are formed in a two-
step process,15 involving production of the iodide ion via
dissociative electron attachment onto methyl iodide

followed by three-body association onto the solvent
molecule, M,

or by direct condensation with a neutral cluster,

Reactions 3b and 3c proceed in a relatively high-density
region of the expansion,15 allowing some cooling of the
ion-molecule complexes as they drift ∼15 cm before
being pulsed into the mass spectrometer. The clusters
are then mass selected by time-of-flight prior to being
analyzed in the photofragmentation spectrometer.15

Photofragmentation action spectra of the iodide clus-
ters were scanned over the region of their electron
detachment thresholds, determined using negative ion
photoelectron spectroscopy.16 Action spectra were ac-
quired for both anionic fragments and (fast) “photoneu-
trals”. The utility of the latter is that, for an electronically
excited complex such as I-‚CH3CN, we can imagine a
variety of decomposition pathways:

where all channels lead to production of a fast neutral
partner possessing typically 2 keV kinetic energy (from the
fast ion beam), which is easily detected using a micro-
channel plate secondary electron multiplier. Thus, the
photoneutral spectra do not discriminate between decay
channels and are most similar to photodestruction spectra
of the ion beam. In the absence of fluorescence (which
can regenerate the ground-state cluster ion), photode-
struction is equivalent to absorption, and we regard the
photoneutral spectra as being largely equivalent to ab-
sorption. The fast neutrals were detected after deflecting
all charged particles away from the beam, while the
photofragment ions were isolated using a tandem time-
of-flight spectrometer.15 The UV photons necessary to
detach the high-electron affinity iodide ion-molecule

FIGURE 1. Absorption (fast photoneutral action) spectra of (a) the
I- ion and (b-f) I-‚M ion-molecule complexes. Arrows indicate
the positions of the vertical detachment energies of the I- ion and
the I-‚M complexes. Electric dipole moments for various solvents
are included in the lower right of each panel.

I- + hν f I + e- (1)

I-‚M + hν f I‚M- (2)

CH3I + e- f I- + CH3 (3a)

I- + M + Ar f I-‚M + Ar (3b)

I- + Mn f I-‚M2 + (n - 2)M (3c)

I-‚CH3CN + hν f I- + CH3CN (4a)

f CH3I + CN- (4b)

f I + CH3CN- (4c)

f I‚CH3CN + e- (4d)
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complexes were generated by a broadly tunable optical
parametric oscillator (OPO). The OPO output was either
summed with the fundamental to produce 3.35-3.70 eV
photons or frequency doubled to generate 3.70-4.20 eV
photons.

III. I-‚M Binary Complexes
IIIA. Electronic Spectra of the I-‚M Binary Complexes.
To explore the influence of a solvent molecule on the I-

electronic chromophore, we display in Figure 1 the
photoneutral action spectra for several I-‚M complexes,
where M has a sequentially increasing dipole moment.
The arrows represent the so-called vertical electron de-
tachment energies (VDEs) of the complexes (obtained
from the negative ion photoelectron spectra16-22), corre-
sponding to the electron binding energies with the
complexes frozen at the equilibrium geometries of the
anions. Solvation of the iodide ion by a nitrogen molecule
(Figure 1b) leaves the absorption spectrum largely un-
changed, but the bare I- profile is significantly perturbed
when the halide ion is solvated by a polar molecule (Figure
1c-f), with the onset becoming much more gradual. Most
noticeably, an absorption maximum develops just below
the VDE, before the spectrum smoothly tails off toward
higher photon energies. The prominence of this maxi-
mum evolves with the dipole moment of the solvent
molecule, developing into a clear peak below the VDE in
the I-‚CH3NO2 and I-‚CH3CN complexes.

IIIB. Photoproduction of Dipole-Bound Solvent An-
ions. To probe the nature of the excited-state evident in
the I-‚CH3NO2 and I-‚CH3CN absorption spectra (Figure
1e,f), the ionic photofragments produced at each maxi-
mum were dispersed in a reflectron secondary mass
analyzer. The photofragment mass spectrum from
I-‚CH3CN, for example, reveals that the only ionic photo-
fragment is CH3CN-sa known dipole-bound, ground-state
anion!23 Note that photoexcitation has effectively cleaved
the solvent molecule from the halide ionsthis property
will be exploited in our synthesis of van der Waals isomers
in section IV. The action spectra for production of the
CH3CN- and CH3NO2

- anions upon photoexcitation of
I-‚CH3CN and I-‚CH3NO2, respectively, are shown by the
dashed lines in Figure 2. In each case, the peak in the
absorption spectrum results from excitation to a state
which decays by fragmentation into the corresponding
dipole-bound anion, M-:

The fragmentation of the excited states into dipole-bound
anions implies that the excited states also possess diffuse
excess electrons. Since the peaks in the absorption
spectra evolve as a function of solvent molecule’s dipole
moment, they are assigned as excitations to dipole-bound
excited states of the ion-molecule complexes.

IIIC. Characterization of the Dipole-Bound Anions
of Single Solvent Molecules. It is worthwhile emphasizing
that this photochemical method (eq 5) is an extremely
efficient synthetic route to the delicate24 ground-state,

dipole-bound anions as more than 50% of the intense
parent cluster ion can be converted to the dipole-bound
photofragment ion. For example, using this method we
were able to conduct the first spectroscopic characteriza-
tion7 of an isolated ground-state, dipole-bound anion,
CH3CN-, by photoelectron spectroscopy. However, there
is a simpler test for identifying a diffuse, dipole-bound
electron, which involves charge stripping with a moderate
electric field.25 The CH3CN- photofragment was therefore
subjected to an electric field generated with the apparatus
depicted in Figure 3. The raw data from a stripping
experiment are presented in Figure 4a, which displays the
arrival time spectra on a detector placed at the output of
the high-field region. The upper trace consists of just the
CH3CN- anion peak at zero field. As the field is increased,

I-‚M + hν f [I‚M]-* f I + M- (5)

FIGURE 2. Overlay of the absorption (solid lines) and photofrag-
mentation action spectra (dashed lines) from (a) I-‚CH3CN and (b)
I-‚CH3NO2. The dashed lines are the action spectra for production
of the CH3CN- and CH3NO2

- dipole-bound photofragment ions in a
and b, respectively.

FIGURE 3. Illustration of the experimental apparatus used to field-
detach excess electrons from photogenerated dipole-bound anions,
consisting of three equally spaced (0.30 cm) grids, which are oriented
perpendicular to the ion beam axis. The outer grids are grounded
while a positive voltage (0-10 kV) is applied to the central grid. A
fourth grid placed after this arrangement can be negatively biased,
which allows fast neutrals to be completely isolated from the parent
ions.
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a new peak grows in corresponding to the stripped CH3CN
neutral, which appears at shorter time since the ion is
accelerated before the electron falls off with a unimolecu-
lar rate, k(E):

where k(E) is a strongly increasing function of electric
field, E. As the field is increased above 10 kV, the ion
strips earlier in the high-field region, and the neutral
acquires less kinetic energy and hence arrives closer to
the parent ion. Note that the fast neutral peak is indeed
about the same magnitude as that of the parent ion,
indicating that the detection efficiencies of ions and fast
neutrals are similar. Figure 4b presents the stripping
efficiency (i.e. fraction of anions stripped at each field
value). We will return to field detachment in section IV
as it proves to be a promising technique for the final step
in our synthesis of van der Waals isomers. We first review
the photophysics of dipole-bound excited states; more
casual readers may wish to proceed directly to section IV
to continue the discussion of anionic solvation.

IIID. Remarks on the Photofragmentation Mecha-
nism. It is useful to consider the decay mechanism of a
dipole-bound excited state which leads to ejection of the
neutral iodine atom (eq 5). Since the interatomic force
field describing diffuse dipole-bound excited states is
largely that of the neutral core, we can infer the ionic

photophysics from that of the neutral complexes formed
in photodetachment. The I‚M neutral clusters have been
studied by Neumark and co-workers22,26 using very high-
resolution zero electron kinetic energy (ZEKE) spectros-
copy of anions such as I-‚Ar. The ZEKE spectra reveal
two low-lying electronic states of the neutral complex, X
and I, derived from the lower energy 2P3/2 spin-orbit state
of the halogen. Qualitatively, these arise from the different
(Σ, Π) orientations of the p-electron in the radical atom
relative to the molecular axis of M. The upper state, I, is
a Π state (in cylindrical symmetry) with the lone pair
oriented toward M, and is often repulsive over the
geometry of the ground-state complex. This was particu-
larly evident in the I‚CH3I complex,22 where bound (i.e.
vibrational) structure was only found in the X state.

When the dipole moment of M is larger than the critical
value (∼2 D), one dipole-bound anionic excited state
should be associated with each of the neutral states, as
depicted by the dashed lines in Figure 5. We therefore
expect that the first excited anionic state is often built on
a repulsive neutral core. This repulsive state produces the
dipole-bound solvent anions since the ejected neutral
iodine atom is ineffective at retrapping the diffuse electron
into its atomic orbitals27 to re-form I-, leaving the
delocalized electron dipole-bound to the polar solvent
molecule as the core dissociates. These photophysics are
fundamentally equivalent to a half-collision analogue of
the Rydberg electron-transfer method of preparing ground-
state, dipole-bound anions [RG** + CH3CN f CH3CN- +
RG+ (RG ) rare gas)], first demonstrated by Compton in
1974.28

IIIE. Qualitative Interpretation of the Absorption
Profiles. The assignment of the prethreshold peak in the
I-‚M absorption spectra to a diffuse, dipole-bound excited
state nicely explains the qualitative evolution of the peak
intensity with increasing dipole moment of M (Figure 1).
Recall that the optical absorption cross section, σ(hν), is
generally governed by the transition dipole matrix ele-
ment:

FIGURE 4. (a) Time-of-flight spectra of the dipole-bound CH3CN-

photofragment anion at various electric fields. As the field increases,
a new peak grows in corresponding to the formation of the CH3CN
neutral. (b) Plot of the fraction of neutrals produced by stripping the
weakly bound electron from the CH3CN- anion as a function of field
strength.

CH3CN- 98
k(E)

CH3CN + e- (6)

FIGURE 5. Schematic diagram illustrating the two surfaces, X (Ω
) 1/2) and I (Ω ) 3/2), of the neutral I‚M complex accessed in
photodetachment of the I-‚M ion-molecule cluster (over the lower
energy, 2P3/2, spin-orbit state of the iodine atom). The dashed lines
represent the dipole-bound excited states of the anionic complex
that are built on these neutral states.
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between the ground-state orbital, φg(r), from which the
electron is ejected and the final state (one electron) wave
function, φf

E(r), which is either a bound or continuum
state at energy, E. In the present case, φg(r) corresponds
to a rather well-localized 5p orbital on the iodine atom,
but the excited state is diffuse, whether it is weakly bound
or the continuum itself. For excitation of a diffuse, dipole-
bound state, we can approximate the relatively small
ground state as a δ-function centered at the iodine atom,
in which case the cross-section becomes simply propor-
tional to the value of the electron density in the dipole-
bound excited state in the vicinity of the iodine atom
(located at position RI-):

In this picture, a larger dipole moment on M compresses
the diffuse, dipole-bound state closer to the core, giving
rise to a larger value of the wave function, φf

E(RI-), at the
position of the iodine atom. As the transition to the dipole
bound state grows in intensity, this increase comes at the
expense of the integrated cross-section for excitation of
the continuum since the total cross-section is constrained
by the oscillator strength sum rule.29 We have found a
rough correlation between the ratio of the peak absorption
to that of the adjoining continuum, σDB/σcont, as a function
of the dipole moment of the solvent molecule. This trend
is displayed in Figure 6, where the filled data symbols are
taken from I-‚M monosolvated species while the open
symbols correspond to two solvent molecules (with µcluster

≡ 2µmonomer), as we will discuss in the next section.

IV. Application to Ternary (I-·M2) Systems
IVA. Evidence for Asymmetric Ion Solvation. The
increasing prominence of the absorption peak with the
dipole moment of the solvent molecule (Figure 1) suggests
that the electronic absorption envelope of an anion-
molecule complex can be used to estimate the dipole
moment of the neutral cluster formed upon photodetach-
ment (i.e. at the geometry of the ion). This, in turn, yields
a “first-order” description of the anionic cluster structure
by constraining the possible relative orientations of the
two (or more) solvent molecules contributing to the net
dipole. Consider, for example, the simple I-‚(CH3CN)2

cluster discussed in the Introduction. The solvent mol-
ecules may be arranged around the halide ion in two
extreme ways, that is, either symmetrically (with the two
solvent molecules on opposite sides of the ion) or asym-
metrically (with both solvents on the same side of the ion).
In earlier work, Hiroaka et al.30 analyzed thermochemical
measurements in the context of ab initio calculations (at
the HF/3-21G* level) on the symmetric structure, and
Markovich et al.4 also found the symmetric structure in
MD simulations on I-‚(CH3CN)2. Dipole-bound, excited-
state spectroscopy provides a relatively simple check of
this assignment since the symmetrical arrangement has
no net vertical dipole moment and would not therefore

support a dipole-bound excited state, while the asym-
metric structure has a very large (2µCH3CN ≈ 8 D) dipole.

Absorption spectra for the series I-‚M2 (M ) CH3I,
CH3F, CH3CN), as well as several mixed variations, are
reproduced in Figure 7. The dipole moments of CH3I,
CH3F, and CH3CN monomers are 1.62, 1.85, and 3.92 D,
respectively. Solvation by methyl fluoride and methyl
iodide dimers (upper two traces) yields a clear absorption
feature below the detachment continuum, similar to that
of the nitromethane monomer (3.46 D), while the spectra

FIGURE 6. Plot of the cross-section for excitation of the dipole-
bound state relative to the continuum as a function of the dipole
moment of the neutral solvent molecule M. The filled symbols
represent I-‚M ion-molecule complexes, while the open symbols
correspond to the ternary complexes, I-‚M2, for M: ( ) N2, b )
CH3I, 2 ) CH3F, * ) (CH3)2CO, 1 dCH3NO2, 9 ) CH3CN, O ) (CH3I)2,
4 ) (CH3F)2, ) ) (CH3CN‚CH3F), and 0 ) (CH3CN)2.

FIGURE 7. Absorption (fast photoneutral action) spectra of mixed
and pure ternary complexes, I-‚M2. The solid arrows mark the
experimental VDEs of the complexes, while the dashed arrows mark
the VDEs calculated from thermochemical data.31

σ(hν) ∝ 〈φg(r)|r|φf
E(r)〉2 (7)

σ(hν) ∝ φf
E(RI-)2 (8)
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from the mixed CH3F‚CH3CN and pure (CH3CN)2 clusters
are dominated by transitions to excited states located well
below their corresponding VDEs. Interestingly, we ob-
served strong absorption maxima for all of the pure and
mixed C3v systems, while the mixed cluster with water,
CH3I‚H2O, (Figure 7d) shows very little enhancement, even
though the dipole moment of water (1.8 D) is quite close
to that of CH3F. Thus, the occurrence of the peak below
the VDE is not simply related to the magnitudes of the
solvent molecules’ dipole moments but how they are
arranged in the cluster.

In the C3v systems, the intense, localized absorption
bands below their VDEs strongly suggest that I- is solvated
in the asymmetric, high-dipole moment configuration
(I-‚M-M) in all three cases. We note that a second, much
weaker and broader peak occurs near the VDE in traces
b-e in Figure 7. The origin of this peak is unclear; it may
correspond to an isomer of the cluster with a considerably
smaller vertical dipole moment20 or to the onset of a
second dipole-bound excited state of the cluster.10,32 As
mentioned above, the ratio of bound and continuum
cross-sections was included in Figure 6 for the C3v systems,
plotted on the assumption that µdimer ≡ 2µmonomer. There
is a smooth trend extending from monomers to pure and
mixed dimers, and these absorption spectra represent the
first direct evidence for asymmetric anion solvation in the
gas phase.33

IVB. Photochemistry of the Asymmetrically Solvated
Ions: Precursors to High-Energy neutral van der Waals
Isomers? By analogy with the photochemistry of the I-‚M
binary complexes presented in section III, photoexcitation
of I-‚(CH3CN)2, for example, should again cleave the
solvent molecules from the halide to form the dipole-
bound anion of the neutral dimer. Figure 8 presents the
photofragment mass spectra observed for excitation of
three C3v complexes at the peaks of their respective
electronic spectra (Figure 7). The I-‚(CH3F)2 system, built
upon the monomer with the smallest dipole moment,
does not yield anionic fragments (Figure 8a), while the
mixed I-‚(CH3CN‚CH3F) system decays primarily to the
CH3CN- anion with a small amount of the binary com-
plex, (CH3CN‚CH3F)- (Figure 8b). Excitation of the
I-‚(CH3CN)2 complex, on the other hand, creates primarily
the (CH3CN)2

- anion (Figure 8c). To establish whether
these binary complexes are indeed dipole-bound excess
electron systems, we utilize the field detachment scheme
described in section IIIC (see Figures 3 and 4). The results
for the acetonitrile dimer anion are shown in Figure 9,
indicating that about 80% of these anions are readily
stripped of their excess electron, as expected for a dipole-
bound system.

Since the (CH3CN)2
- anion contains a diffuse excess

electron, we can be sure that the arrangement of the
acetonitrile molecules will be largely governed by the
neutral force field. We therefore conclude that the anion
structure must derive from a stable neutral van der Waals
core with a high dipole moment. Spectroscopic studies
have confirmed, however, that the only dimeric species
isolated upon condensation of acetonitrile (in a free jet)

corresponds to the most stable form where the molecular
dipoles align in an antiparallel configuration.34,35 Thus,
the linear form inferred from the existence of the dipole-
bound anion must be a locally stable, high-energy isomer.
Interestingly, Bohm36 and Chandler37 showed in their
calculations that the local structure of liquid CH3CN
displays the linear binding motif in which two acetonitrile
molecules lie parallel to each other, maximizing the
number of N-H contacts. In more recent calculations,
Wales and co-workers5 postulated the existence of a high-
energy isomer of the dimer where, like the liquid, the
acetonitrile molecules are aligned in this collinear con-
figuration. This high-energy isomer is thought to reside
in a shallow well, 0.125 eV above the ground-state
complex. While the barrier to interconversion is only

FIGURE 8. Photofragment ion mass spectra from the excitation of
(a) I-‚(CH3F)2, (b) I-‚(CH3CN‚CH3F), and (c) I-‚(CH3CN)2 complexes
at their absorption maxima.

FIGURE 9. Fraction of neutrals produced by field detaching the
weakly bound excess electron from the (CH3CN)-2 photofragment
using the apparatus displayed in Figure 3.
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0.025 eV, it is apparently sufficiently high to support a
long-lived isomer before it relaxes back to the antiparallel
form. The situation is depicted in Figure 10, where the
dotted line indicates the dipole-bound anionic state,
which disappears as the two molecules rotate about one
another and cancel each other’s dipole.

The increasing propensity for formation of the anionic
dimers with increasing dipole moments of the constitu-
ents (Figure 8) is significant, suggesting that the upper
minimum in the potential (Figure 10) becomes more
pronounced due to the dipole-dipole interaction. Indeed,
the photosynthetic scheme for preparing these species
provides a straightforward means with which to explore
how such minima evolve as the components of the binary
complexes are systematically varied. This application is
still in its infancy, but the method is general and should
be readily extendable to other (e.g. non-C3v symmetry)
classes of solvent molecules.

Returning to the neutral complexes which lie at the
core of the diffuse, dipole-bound binary anions, we note
that the field detachment technique used to probe for
weak electron binding in the (CH3CN)2

- anion (Figure 9)
is an ideal method for preparing the linear neutral van
der Waals dimer once we have the dipole-bound anion.
This approach exploits the strong electric field around an
atomic ion to overcome the intermolecular potential
between two solvent molecules and establish a unique
arrangement resulting from the competition between van
der Waals and electrostatic forces. Basically, the ion acts
as a “template” to enforce a particular relative orientation
of the solvent molecules. We then photocleave the
oriented complex away from the ion template without
causing it to rearrange into a more stable form, provided

that the ion-enforced structure corresponds to a local
minimum on the neutral intermolecular potential energy
surface.

V. Summary
We have demonstrated that the long-range interaction
between a photoejected electron and the cluster core can
be used to deduce the arrangement of solvent molecules
around halide anions. The spectra reveal that when a
second solvent molecule binds to a monosolvated anion,
it occupies an asymmetric position (i.e. X-‚M‚M, with the
outer M in the second solvation shell). The neutral
frameworks of these asymmetric ionic forms display very
large dipole moments, leading to the formation of dipole-
bound excited states just below the vertical electron
detachment energies of the anions. Asymmetric solvation
is generally observed for polar solvent molecules with C3v

symmetry. Photoexcitation of the complexes to their
dipole-bound excited states releases the solvent from the
halogen atom as a ground-state, dipole-bound anion,
providing an efficient means for studying these fragile
anions. For the X-‚M2 clusters, the solvents are released
with retention of the high dipole geometry of the core
complex and the excess electron can be field stripped as
the final step in an efficient “photosynthetic” route to
high-energy isomers of neutral vdW complexes.

We thank the National Science Foundation for support of this
work.
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