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Z. Zntroducllon 
Ionic clusters are ubiquitous in all gas-phase envi- 

ronments, being particularly abundant in plasmas, 
flames, and the terrestrial atmosphere'J and are also 
likely constituents of the interstellar medium. Ion- 
induced dipole and ion-dipole forces result in bonded 
entities whose dissociation energies (lO(t5000 cm-') 
lie between those of van der Waals and fully chemically 
bound species. Besides possessing technological and 
environmental relevance, they serve as convenient 
systems to investigate liquid-phase structures sur- 
rounding a solvated ion. Despite this fundamental 
importance, i t  is only in the last 5-10 years that there 
have been successful attempts to harness the techniques 
of modern spectroscopy to explore ionic cluster struc- 
tures. Hitherto efforts had focused more on measuring 
abundances in particular environments,' formation 
mechanisms, enthalpies and entropies of f o r m a t i ~ n ~ , ~  
and rea~tivities.4~~ While a certain amount of structural 
information can be inferred from these sorts of studies, 
it is from microwave, infrared (IR), and optical spec- 
troscopy that one can in principle learn most. In 1986 
Castleman and Keesee provided a commendable review 
ofearlier work.4 Since that time spectrhscopic activities 
have flourished making a survey of recent results 
appropriate. 

This review is primarily devoted to discussing the 
spectroscopic characterization of relatively weakly 
bound ionic complexes. It concentrates on results 
obtained for quite disparate chemical species including 
metal ions solvated by noble gas, water or inorganic 
molecular ligands, protonated hydrogen, ammonia and 
water complexes, inorganic molecular chromophores 
such as Nz+ surrounded by rare gas atoms, and aromatic 
rings with one or more rare gas atoms attached. 
Different experimental groups have undertaken spec- 
troscopic studies in the microwave, infrared, and visible 
regions. Although spectroscopic exploration of ionic 
complexes has been accomplished across the electro- 
magnetic spectrum it appears that no single species 
has been observed in more than one spectral range. 
This is a measure of the field's infancy and is a situation 
that surely will not persist. 

The relatively strong binding arising from charge- 
induced dipole forces ensures the existence of a variety 
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of different clusters in any cool, ionized gas-phase 
environment. The blooming of cluster and complex 
ion spectroscopic investigations has paralleled the 
development of spectroscopic methods that permit the 
selective study of one particular component. The two 
most common methods have involved zero kinetic 
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energy photoelectron spectroscopy (ZEKE) and the use 
of mass spectroscopic methods for the preparation of 
a pure cluster population followed by resonant pho- 
todissociation. While conventional laser-excited flu- 
orescence and microwave methods have been of some 
importance, most recent studies have exploited species 
selective techniques. 

A review of the ZEKE method by Muller-Dethlefs 
and Schlag has recently appeared6 and the interested 
reader should consult this for a comprehensive dis- 
cussion of techniques and results. Briefly, the proce- 
dure involves the detection of zero kinetic energy 
electrons while a tunable ionizing light source is scanned 
in frequency. Only transitions which resonantly access 
ion rovibronic states and produce accompanying zero 
kinetic energy electrons are detected. The resolution 
of the method (-0.5 cm-l) is such that for small 
molecules individual rotational levels can be observed 
using standard laser equipment. 

In favorable situations ZEKE is ideally suited to the 
measurement of adiabatic ionization energies and hence 
cluster binding energies. Both single and multiphoton 
ionization are possible, the former having the advantage 
that one needs to consider only the ground states of 
neutral and cation and can forget the spectroscopy of 
intermediate states, although generation of the VUV 
light necessary for single photon ionization can be a 
problem and generally requires frequency tripling in 
either metal vapor or a rare gas cell or expansion. As 
well, with one-photon VUV ionization, all species 
present in the ionization volume are able to contribute 
to the spectrum, limiting the species selectivity of the 
technique. Resonance-enhanced multiphoton ioniza- 
tion on the other hand accesses the cation levels through 
intermediate rovibronic levels of the neutral complex, 
promoting species selectivity but requiring spectro- 
scopic knowledge of the intermediate states of the 
neutral cluster. In many instances this is not a problem, 
as the vibronic structure of intermediate states is well 
understood. There are some instances where there are 
difficulties in employing ZEKE spectroscopy for the 
investigation of the ground states of ionic complexes, 
either because of unfavorable Franck-Condon factors 
linking the neutral and ionic vibronic states, or because 
the ground state of the neutral does not exist as a bound 
species. This latter situation pertains in the case of 
the odd-hydrogen cation cluster series (Hz,+l+). 

Resonance-enhanced photodissociation of mass-se- 
lected ions has been the most commonly practiced 
species-selective technique. Absorption of a photon 
whose energy is in excess of the cluster's binding energy 
can lead directly or indirectly to dissociation with 
subsequent efficient detection of the ionic fragment. 
When the absorbed photon is in the infrared vibrational 
predissociation can occur. If an electronic transition 
is excited dissociation can occur on the upper electronic 
surface or may follow fluorescence or internal conversion 
to lower electronic states. One problem occurring when 
absorption of light is inferred from cluster photodis- 
sociation is that spectral band intensities represent a 
convolution of absorption cross section and a state- 
dependent photofragmentation yield. Radiation may 
or may not be followed by dissociation depending upon 
the relevant Franck-Condon factors and dissociation 
energies. 

Calculations of ionic structures and vibrational 
frequencies have been of some importance in assisting 
experimentalists to choose appropriate spectral ranges 
for their investigations and also in providing insights 
and geometries. Given their open-shell electronic 
structure and the dominant cohesive role of rather weak 
dispersion and induction forces, construction of accurate 
ab initio potential surfaces for ionic complexes is not 
an easy task. Moreover, the calculational difficulties 
do not end once a reliable potential energy surface has 
been obtained. Many ionic systems undergo large 
amplitude anharmonic motions with modest internal 
energies. While many determinations of rovibrational 
energies have used harmonic oscillatoririgid rotor 
approximations, general variational rovibrational cal- 
culations have been performed for several ionic tri- 
atomic The problem of large amplitude 
motions becomes more severe the larger the system, 
and to date there does not seem to be a general method 
for determining the rovibrational energy levels of 
systems with four or more atoms. One ionic system 
where such calculations would be particularly useful is 
Hs+. Ab initio calculations show that barriers for 
nuclear rearrangement are small, rendering harmonic 
oscillator analyses of the vibrational motion suspicious. 

The focus of this review is on spectroscopic studies 
that provide direct evidence to structure. We do not 
consider the considerable body of experimental and 
theoretical work concerned with bound-free electronic 
transitions in ionic complexes. Generally cation com- 
plexes consisting of two like moieties, one minus an 
electron, have one bound and one repulsive electronic 
state correlating with ground-state fragments. Al- 
though observation of transitions between these two 
states leads to limited structural information on the 
ground state of the complex, it is possible to determine 
binding energies and the symmetry of the transition by 
measuring the angular and kinetic energy distributions 
of the fragments. Further details of these types of 
studies can be found in ref 9. Conventional photo- 
electron spectroscopy and photoion studies of super- 
sonic expansions of various gas mixtures have also been 
of importance in the determination of ionic complex 
properties but the limited resolution of these techniques 
means that they are incapable of providing direct 
structural information. A partial list of dimer and 
trimer systems studied by these and other means is 
given in Table I. 

11. Aromatic Cation-Ligand Systems 

A number of different aromatic cation-ligand com- 
plexes have been studied in the last few years; the 
activity due to the well-characterized spectroscopy of 
the neutral state of the aromatic core which facilitates 
preparation of cation complexes in well-defined vibra- 
tional levels using resonant multiphoton ionization 
(REMPI). Although studies of substituted benzene 
cations with rare gas atom ligands have been most 
common, complexes involving chemically more inter- 
esting ligands such as H20 and CH, have also been 
investigated. 

A. Benzene+-Ar 

The benzene+-argon complex has been studied using 
ZEKE spectroscopy.73 An increase in the rare gas-ring 



Ionlc Complexes and Clusters 

Table I. Selected Dimer and Trimer Cation Binding 
Energies and Reference Sources 

species Do (ev) ref@) 
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e&* 5-3,o: - 

2.475 

0.11 

1.176 
1.02 
0.699 
0.026 
0.023 
0.042 

0.055 
0.041 

<0.568 
0.179 
0.385 
0.16 
0.21 
0.9 

0.4 

1.07 

0.129 

0.79 
0.182 

0.97 

0.143 
0.598 
0.568 
0.759 
0.746 
0.66 

0.228 
0.393 
0.748 

10-12 
13 
14 
13,15-17 
13,15,18,19 
13,18,20 
21-24 
21,22,25 
21,22,26 
22,26,27 
22,26,27 
26 
26 
28,27 
28,29 

14,30 
14,16,31-37 
37-41 
37,39,40 
42,43 
44 
45 
46 
37,47,48 
37,49 
50,51 
52 
53 
53 
54 
55 
56 
57-59 
39,60,61 
39,61 
62,63 
62,63 
39,64,65 
62 
66,67 
68 
69 
70 
71 
72 
72 

27,2a 

binding energy of 172 f 2.5 cm-l is found to accompany 
ionization, although this increase in stabilization does 
not appear to be marked by large geometry changes as 
no intermolecular vibrations were observed in the 
spectrum. 

B. Hexafluorobenzene+-He,,, Ne,,, Ar, 
Miller and co-workers have undertaken extensive 

investigations of the hexafluorobenzene cation com- 
plexed with He,74 Ne, and ligands using laser- 
excited fluorescence (LIF). Hexafluorobenzene, en- 
trained in an inert gas expansion, is ionized by the 
output of an ArF excimer laser with subsequent 
clustering occurring around the ion seed. Although the 
LIF spectra contain contributions from clusters with 
various numbers of rare gas atoms, judicious adjustment 
of experimental conditions permits attribution of the 
various spectral peaks to clusters with a specific 
constitution. 

As an example, Figure 1 shows the LIF spectrum 
obtained near the B - X origin transition of C6F6+ 
when C6F6 is expanded in pure helium.74 All the weaker 
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Figure 1. Fluorescence excitation spectrum close to the origin 
of the B - X system of CsF,3+. The numbered lines (1-6) 
correspond respectively to the Ot, SA, b:, b:, and s: transitions 
of CsF!+-He. The intensities are not proportional to the 
intrinsic oscillator strength as partial saturation exists. 
(Reprinted from ref 74. Copyright 1986 American Institute 
of Physics.) 

bands in the spectrum are attributed to the CsFe+-He 
complex. Vibrational energy levels have been calculated 
by first generating a potential energy surface in terms 
of atom-atom interactions with the inclusion of charge- 
induced dipole terms, followed by numerical solution 
of the Schroedinger equation. Band shifts for the 

and 81 cm-l, respectively, the approximate propor- 
tionality between ligand number and electronic shift 
constituting evidence that the first two helium ligands 
bind in equivalent sites above and below the center of 
the aromatic ring. 

Complexes formed with C6F6+ and Ne76 or A r 7 6 7 7 7  
ligands have also been studied using the LIF technique76 
although in these cases the spectra exhibit a profusion 
of lines due to the presence of many different cluster 
stoichiometries and structures, and to the activity of 
the low-frequency intermolecular vibrations accompa- 
nying the electronic transition making interpretation 
of the spectra less straightforward than it is for 
complexes involving He. With argon expansions, bands 
displaced by 420 and 785 cm-l to the red of the c a s +  
origin have been assigned as the origins of the c a s + -  
Ar and CsF6+-Ar2 complexes with the noble gas atoms 
positioned above and below the ring center.77 For 
CsFs+-Ne, the origin transition occurs 56 cm-' to the 
red of the c86+ origin.76 At  higher expansion pressures, 
the LIF spectra display extremely broad bands with no 
discrete features. 

Cas+-He and C6F6+-& species are reported 88 38 

C. Anillne+-Ar, 

Ionic complexes of aniline and argon (An+-Ar and 
An+-Ar2) have been characterized using two color, 
resonant ionization ZEKE spectros~opy.~~J~ As in the 
corresponding neutral van der Waals molecules,s0 the 
geometry of the An+-Ar complex appears to be such 
that the Ar atom occupies a position above the ring (C, 
symmetry). For An+-Ar2 the argon atoms take up 
equivalent positions on opposite sides of the ring. 
Ionization through the SI state of the neutral results in 
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Figure 2. Two-photon two-color ZEKE spectrum of the 
phenol-HzO complex obtained using the vibrationless S1 state 
as an intermediate. Three intermolecular vibrational modes 
are active in the spectrum-vl a hydrogen bond stretch mode 
(240 cm-'1, vz an out-of-plane bend mode (18 cm-9 only seen 
in combination with the stretch, and VI3 an in-plane bend mode 
(203 cm-l). (Reprinted from ref 82. Copyright 1992 VCH.) 

long progressions in the symmetric bending coordinate, 
a consequence of the ionization affecting the nonbond- 
ing orbital on the nitrogen atom. The binding energy 
of An+-Ar, inferred from the ionization potential and 
the binding energy of the neutral complex, is 510 cm-l, 
marginally larger than the 400 cm-l binding energy for 
the So state of the neutral.81 

The intermolecular vibrational frequencies observed 
for the ground state of the An+-Ar and An+-Arz 
complexes are comparable to those of the neutral 
complexes in the S1 state, demonstrating that removal 
of a single electron in a system as large as aniline has 
a relatively minor effect on its interaction with a rare 
gas atom whose ionization potential is much higher. 
Although ionization increases the stretching sz fre- 
quency from 49 to 66 cm-l, the b, bending frequency 
actually decreases from 22 to 15 cm-l, a phenomenon 
attributed to the flattening of the potential along this 
coordinate due to competition between ion-induced 
dipole forces that attract the argon toward the nitrogen 
atom and dispersion forces that encourage it to stay 
above the ring.79 For An+-CHd a binding energy of 
around 570 cm-' has been deduced, a modest increase 
compared to the corresponding neutral van der Waals 
molecule (SI state D,' = 480 cm-l; SO state D,," = 400 
~ m - 9 . ' ~  The only progression apparent in the ZEKE 
spectrum has a spacing of around 20 cm-' and has been 
assigned to the b, bending vibration. 

D. PhmOl+-H20 
Pronounced interactions between an ionized aromatic 

and ligand occur in the phenol+-HzO s y ~ t e m . ~ ~ ~ ~ ~  
Ionization of the neutral complex results inrthe for- 
mation of an ion-dipole bond, with a consequence 
increase in the binding energy of the complex by 602 
cm-I and significant geometrical rearrangements. The 
ZEKE spectrum of phenol+-HzO shown in Figure 2 
exhibits activity in three intermolecular modes-a 
hydrogen bond stretch mode (240 cm-'1, an out-of-plane 
bend mode (18 cm-l) only seen in combination with the 
stretch and an in-plane bend mode (203 cm-'1. 

E. Fluorobenzene+-Ar, Chlorobenzene+-Ar, and 
Paradlf luorobenzene+-Ar 

Electronic transitions in the fluorobenzeneargon 
(FB+-Ar) and chlorobenzene-argon (CB+-Ar) cation 
complexes have been studied by monitoring laser- 
induced photodissociation following excitation of the 
B - X transition.&b The ground-state ions were created 
by resonance enhanced multiphoton ionization (REM- 

%? 
-c 
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and have approximately the same stretching force 
constant as in pdFB+-Arl. 

F. pDimet hoxybenzene+-Ar, Complexes 

The cis and trans isomers of the p-dimethoxyben- 
zene+-Ar,, (n = 1,2) complexes have been investigated 
using two-color resonant ZEKE spectroscopy.m Quite 
different vibrational structures were observed for the 
two isomers. Conspicuous in the p-dimethoxyben- 
zene+-Arl spectra are bands resulting from excitation 
of the intermolecular stretching vibrations-43 cm-l 
for the cis and 47 cm-l for the trans isomer. 
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G. Phenyiacetylene+-Ar and Styrene+-Ar 

The ground electronic states of the phenylacetylene+- 
Ar and styrene+-Ar complexes have been studied using 
ZEKE spectros~opy.~~ Binding energies of 554 f 10 
cm-' for phenylacetylene+-Ar and 512 f 26 cm-l for 
styrene+-Ar can be compared to the neutral (SO state) 
binding energies of 40690 and 396 f 16 ~ m - l , ~ l  respec- 
tively. As in the case of aniline-Ar, the ZEKE spectrum 
of both species displays a 15-cm-1 progression arising 
from excitation of the low-frequency bending mode (a' 
symmetry) accompanying ionization. 

H. Phenol+-Trimethylamine 

The wavelength-dependent photodissociation spec- 
trum of (phenol-trimethylamine)+ has been obtained 
in the 350-430-nm range by monitoring the HN(CH3)3+ 
p h ~ t o y i e l d . ~ ~  The complex is prepared using REMPI 
of the neutral complex, a process that essentially 
removes an electron from the phenol moiety. The 
spectrum is similar to solution absorption spectrum of 
the phenoxy radical prepared by pulse radiolysis, 
suggesting a ground-state structure for the ion more 
akin to  a phenoxy radical-trimethylammonium 
(C6H50-H+N(CH3)3) structure. Because the ionization 
process does not access the vibrational ground-state of 
the complex, subsequently probed molecules are likely 
to have considerable internal energy accounting for the 
broad peaks observed in the spectrum. 

I. Benzene Dimer and Trlmer Cations 

Photoabsorption by the benzene dimer, trimer, and 
tetramer cations have been investigated by monitoring 
the wavelength-dependent photodissociation yield of 
CsHs+ in the 410-750-nm range.57g93 Cation clusters 
were prepared using nonresonant MPI at  210 nm of 
benzene clusters formed in a mixed argon and benzene 
supersonic expansion and were dissociated in the source 
region of a reflection time of flight mass spectrometer. 
Multiphoton ionization at  210 nm possibly imparts 
considerable internal energy to the cation complexes 
leading to broad bands in the cation spectrum. For 
both the dimer and trimer cations only CsHs+ fragments 
were observed, though the tetramer yielded both CsH6+ 
and (CsH6)2+ fragments. Two broad bands centered at  
440 and 580 nm in the dimer spectrum (Figure 4) have 
been assigned respectively to the AzU - El, and E2, - 
El, transitions localized on CsHs'. Transitions that 
would be symmetry forbidden in the monomer are 
allowed in the dimer because of its lower symmetry. 
Further photodissociation signal extending into the near 
IR is probably due to an intravalence transition common 

Wavelength / nm 
Figure 4. Photodissociation spectrum (plots of the photo- 
fragment ion yield against laser wavelength) of the benzene 
cationdimer [(C6H&+l between 400 and 700 nm. The C(Ad - X(E1 ) and B(Ezg) +X(EI,) transitions localized on C6H6+ 
are labefed. (Reprinted from ref 57. Copyright 1991 American 
Institute of Physics.) 

to most cationic homodimers. Measurements of the 
fragment kinetic energy after excitation into the 440- 
nm band suggests that the transition is to a bound 
state.59 The trimer cation exhibits similar spectral 
structure to the dimer though the E2, - El, band is 
shifted to 620 nm. There have been other studies on 
the photodissociation of benzene cation clusters con- 
cerned more with the fragmentation patterns for the 
larger c l u ~ t e r . ~ ~ ? ~ ~  

I I I .  Small Inorganic Cation-Ligand Systems 

A. N2+-Hen and N2+-Nen 
Because of its strong 390-nm B 2Eu+ - X 2Z,+ 

transition, N2+ serves as convenient chromophore to 
which one or more noble gas ligands can be attached?&% 
While the electronic structure of the N2+ core is mildly 
perturbed for He and Ne adducts, when the ionization 
potential of the rare gas is close to that of N2, e.g. 
N2Ar+, the complex has considerable charge-transfer 
character and can exhibit electronic transitions that 
are intrinsic to neither of its constituents but which are 
characteristic of the species as a whole.37 

Photoabsorption of N2+-Hen complexes has been 
investigated by monitoring resonant photodissociation 
in a quadrupole-octopole-quadrupole apparatus.~~96g7 
Twin electron beams emanating from two filaments 
positioned close to a nozzle orifice serve to ionize N2 
molecules in the initial region of a supersonic expansion 
(NdHe ratio 1:1000, stagnation pressure 4 bar) either 
through Penning or direct ionization. Clusters are 
extracted from the expansion region through a skimmer/ 
electrostatic lens assembly and focused into the first 
quadrupole where primary mass filtering of the desired 
cluster occurred. After leaving this quadrupole the ion 
beam is deflected through 90' by an electrostatic 
quadrupole bender and injected into an octopole ion 
trap where interaction with the pulsed laser beam 
occurs. The second quadrupole mass filter is tuned to 
transmit Nz+ fragments resulting from photodissoci- 
ation. 

In Figure 5 the observed electronic spectrum of N2+- 
He,, (n = 1-3) in the 390-nm region is reproduced. 
Structure in the N2+-Hel spectrum resembles the 
rotational structure of the B2EU+ - X2Z,+ transition of 
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Figure 5. The B - X electronic spectra of the Nz+-Hen (n 
= 1-3) complexes in the 390-nm region along with a simulation 
of the free Nz+ spectrum at 30 K. Spectra are obtained by 
mass selecting the Nz+-Hen complexes and detecting the Nz+ 
photodissociation product. The similarity of the N2+-Hen 
spectra and the Nz+ simulation is taken as evidence for free 
internal rotor structure for the complexes. 

N2+ at a rotational temperature of 20-30 K (shown in 
the bottom part of the figure). Of note is the 2:l 
intensity alternation, a consequence of the equivalence 
of the N atoms in the complex and the nuclear spin of 
14N (I = 1). When analogous measurements are carried 
out on 15N2+-He, the spectrum reveals instead a 1:3 
intensity pattern due to the I = l / 2  nuclear spin of 15N2. 
Both "T"-shaped or "freen internal rotor structures, 
where the He does not have a well-defined angular 
location, are consistent with equivalent N atoms. 
Simulation of the band profile excludes the possibility 
that the structure of the N2+-He cluster is T-shaped; 
the conclusion is that there is free internal rotation of 
the N2+ moiety in both the X and B states. This is in 
accord with ab initio and rovibrational calculations 
undertaken for this complex in which the zero-point 
energy was found to be above the barrier for internal 
rotation.8 The band profile of N2+-He arises chiefly 
from f 1 changes in the quantum number pertaining to 
the internal rotation of the N2+ core. 

The band origin of N2+-He is shifted by merely - 1 
cm-' from that of N2+, indicating almost identical 
binding energies in the X and B states, consistent with 
the absence of any discernible progression in the 
He--N2+ stretching vibration in the spectrum. Fur- 
thermore, from the breaking off in the internal rota- 

tional structure in the R-branch (at j = 71, a lower 
estimate for the dissociation energy of N2+-He of 100- 
130 cm-l may be inferred, comparable with the calcu- 
lated X state Do value of -98 cm-lq8 

The B - X electronic transition of the cluster ions 
N2+-Hen, n = 2-6 have also be observed.% For the 
species with n = 2 and 3 the spectra (Figure 5) show 
similar features to that of n = 1, supporting the notion 
that free internal rotation persists with several helium 
atoms attached. Similar structure occurs for clusters 
with up to six He atoms, the largest cluster for which 
spectra have been recorded. It can be seen that as for 
the n = 1 case, the R-branch extends to the same point 
for n 1 2, suggesting similar binding energies for 
additional He atoms (-100 cm-l). This seems rea- 
sonable if one considers that binding of He atoms should 
be dominated by interactions with the N2+ core, with 
He-He interactions making a minor cohesive contri- 
bution. 

Spectra of N2+-He display a hot band due the B - 
X (1-1) transition, displaced - 195 cm-l to higher energy 
from the origin band.Ba Initially the observation of the 
hot band is surprising as it is evidence that N2+-He (v 
= 1) complexes with energy far above the dissociation 
limit survive the 100-300-rs journey from source to 
octopole ion guide. The vibrational predissociation 
lifetime of N2+-He in the (Y = 1) level has been 
determined as 220 f 30 rs by measuring the relative 
intensities of the origin band and the hot band as the 
flight time from the ion source to the octopole is varied 
by changing electrical potentials in the machine.98 The 
relatively slow rate of decay for N2+-He (Y = 1) reflecta 
the adiabatic decoupling of the fast N-N stretching 
vibration from the slower He--N2+ intermolecular 
motion. Dissociation requires that considerable energy 
be deposited into the relative translational motion of 
the fragments and/or N2+ rotation with correspondingly 
large changes in the effective quantum numbers for 
these two motions. 

The first recorded observation of a transition in an 
N2+-Nen complex was by David et al. who observed 
bands due to the B - X (1-0) transition of N2+-Ne4 
and N2+-Ne5 by recording photofragment intensities 
as a function of wavelength.9e Their experiment, carried 
out in a triple quadrupole apparatus, employed an ion 
source consisting of a solid matrix of N2 in Ne 
bombarded by an Ar+ beam. Subsequently the B - X 
spectra of the N2+-Nen (n I 8) series were obtained 
near the 390-nm B - X origin band system by the 
Base1 group, using the same approach as for the N2+- 
Hen studies.g5 

Fits of the rotational profile of the origin band (band 
b in Figure 6) lead to the conclusion that the N2+-Ne 
complex is probably quasilinear in the X and B states, 
with a decrease in the Ne--N2+ bond of 0.1 A accom- 
panying excitation into the B state.ss The vibrational 
structure apparent in the lower segment of Figure 6 
corresponds to progression, sequence, and combination 
bands involving the low-frequency van der Waals type 
modes. Thus, for example, the Na-N2+ stretching mode 
has a frequency of - 104 cm-' (band b to band h spacing 
in Figure 6) in the B state. The bands labeled c, d, e, 
f, and g are due to hot bands of the bending vibration, 
their shift to higher energy from the origin indicating 
a complex stiffer in the B than the X state. As the 
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Figure 6. The B - X electronic spectrum of NZ+-Ne in the 
390-nm region. The N2+-Ne complexes responsible for the 
three spectra have different effective temperatures as indi- 
cated by the labels. Band assignments are discussed in the 
text. 

temperature is increased (middle segment of Figure 61, 
higher lying vibrational levels in the X state, more like 
the free internal rotor levels observed in N2+-He are 
populated. The profile a t  the highest temperature 
(upper segment of Figure 6) then comes to resemble 
that of N2+. 

The spectroscopic studies of N2+-Ne complement 
those on the isoelectronic neutral species CN-Ne," 
where the intermolecular potential energy surface has 
a decided linear minimum with a barrier of around 17 
cm-I to internal rotation in the X state, although it was 
impossible from the experimental data to decide 
whether a CN-Ne or an NC-Ne structure was preferred. 
In contrast to the N2+-Ne system there appears to be 
very little change in either the angular or radial form 
of the intermolecular potential accompanying B - X 
electronic excitation. 

B. N20+-Ne and N20+-Ar 

Similar experimental techniques as used for the N2+- 
He,, and N2+-Ne studies were used to investigate the 
N20+-Ne complex.101 The situation is complicated by 
the fact that the ground state of the N2O+ ion core 
possesses orbital angular momentum (211 ground state). 
An off-axis perturber mixes the 2113/2 and 2 1 1 ~ / 2  spin- 
orbit components to produce substates of A' and A" 
symmetries, the lower lying of which is expected to be 
preferentially populated among the ions produced by 
a supersonic source. The N20+-Ne complex was formed 
(with an effective temperature of -30 K) in the same 
manner as the N2+-He, and Nz+-Ne,, complexes, and 
the A - X electronic spectrum was detected when the 
N20+ product ion was monitored.'"l The most prom- 
inent peak in the spectrum is due to transitions from 
the lower electronic substate, while a smaller band 
shifted to lower energy by 141 cm-l arises from 

I " " " " '  ' 
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Figure 7. Spectra of the NzO+-Ar complex, extending from 
450 nm down to below 335 nm, recorded by monitoring the 
NzO+ and Ar+ fragment yield as the laser wavelength was 
scanned. The prominent bands between 380 and 460 nm 
arise from charge-transfer transitions while the weaker bands 
between 330 and 350 nm are due to an A - X transition 
localized on the NzO+ moiety. See text for further discussion 
of band assignments. 

transitions from the upper substate. The splitting 
between the A' and A" states is given by (Am2 + e2)II2 
where A,, is the spin-orbit coupling constant of X state 
N2O+, with the ordering of the A' and A" states 
depending on the sign of the interaction parameter E. 
From the observed splitting and the previously deter- 
mined value for A,, = 133.2 cm-'; a le1 = 50 f 8 cm-' can 
be deduced. A nonzero E value implies a nonlinear 
geometry for N20+-Ne. 

The shift of the origin band for the cluster ion is 33 
cm-' to the blue from the monomer, in line with shifts 
in this energy direction observed for 22-II transitions 
of ions embedded in neon matrices. Whereas for the 
lowest and 19 = 1 (NNO bend) levels of the A state of 
NzO+-Ne, only N2O+ fragment ions are produced, for 
the V I  = 1 (NNO stretch) level, both N2O+ and a small 
fraction NO+ ions are observed. 

The N20+-Ar complex differs from N20+-Ne, in that 
the ionization potentials of its two constituents are 
separated by only -2.9 eV suggesting that the complex 
should have considerable charge-transfer characterag7 
Spectra of the N20+-Ar complex in the -450-335-nm 
range, recorded on both the Ar+ and N2O+ mass 
channels, are shown in Figure 7.9' As the -435 nm 
onset of the system corresponds approximately to the 
difference in the ionization potentials of N2O (12.89 
eV) and Ar (15.76 eV), one is encouraged to suppose 
that the bands arise from intracluster photoinduced 
charge-transfer transitions between a ground state 
where the positive charge is localized principally on 
the N20, to states where the charge resides on the Ar. 
The broad bands are in fact composed of extensive 
overlapping vibrational progressions with spacings of 
the order of 50 cm-l implying considerable rearrange- 
ment of the Ar.-N20 bond accompanying the electronic 
excitation. 

The bands centered a t  435,401, and 387 nm (Figure 
7) probably derive from transitions between the X state 
and the three charge-transfer states (CT1, CT2, and 
CTd, expected to originate from the N20 [X'Z+I + 
Ar+ [ 2 P ~ l  (J  = I/z, 3/2) limits. The general form of the 
wavelength-dependent photodissociation cross section 
and the Ar+/N20+ branching ratios are explicable in 
terms of several predissociation processes. At the onset 
of the first band (labeled CT1 - X in Figure 7), 
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photofragmentation to produce Ar+ is energetically 
impossible; however, production of NzO+ may result 
from post fluorescence vibrational predissociation on 
the X state surface. Such a process accounts for the 
spectral features observed on the N2O+ mass channel 
between 445 and 415 nm. At  higher energies, vibrational 
predissociation on the CT1 surface to produce Ar+ ('P3/2) 
becomes possible; sufficient vibrational energy is de- 
posited in the CT1 manifold for vibrational predisso- 
ciation to occur before fluorescence. 

From the ionization potentials of Ar and N20 and 
onset energy for NzO+ and Ar+ photoproduction, it is 
possible to estimate a binding energy of 650 cm-l for 
the X state and 1340 cm-l for the CT1 state of the ionic 
complex. A t  342 nm there is a sharp increase in N2O+ 
photoproduction that complements a reduction in Ar+ 
signal. This is presumably due to rapid vibrational 
predissociation (vp) on the A-state potential energy 
surface producing N20+ in the A state: 

N20+-Ar [XI + hv - N,O+-Ar [A: E,,, > D,'] - Vp 

N20+ [A2Z+l + Ar ['Sol 

The A + X 1; transition of the N2O+ monomer occurs 
a t  338 nm, and the corresponding transition in NzO+- 
Ar is probably responsible for the production of N20+ 
between 342 and 335 nm. 

c. (co)*+ 
The (CO)Z+ ionic homodimer stands apart from most 

similar species in that it does not exhibit a broad 
unstructured dissociative absorption band in the visible 
or near UV region due to an intravalence t r a n s i t i ~ n . ~ , ~  
Instead its wavelength-dependent photofragmentation 
spectrum displays a long, well-resolved progression 
(spacing of 470-490 cm-l), tentatively assigned to a 
torsional or bending mode, beginning at  around 310 
nm and extending at  least as far down as 270 nm?O It 
appears that (C0)2+ has an unusual ground-state 
geometry. According to ab initio calculations it has a 
C2h symmetry with adjacent carbon atoms and a rather 
short C-C bond (rw = 1.58 A).1o2 Transitions from a 
geometry with such a short C-C bond access the 
intravalence repulsive curve at much higher energy than 
is usual for these types of homodimers, hence the 
absence of visible absorption. The nature of the 
predissociative excited state probed in these experi- 
ments remains uncertain. 

D. (NO)*+ 

The vibrational structure of the NO dimer cation 
has been studied using the ZEKE technique.@ Ion- 
ization of the dimer was by way of a nonresonant one- 
color, two-photon process. The neutral NO dimer has 
been well characterized using microwave,lo3 Raman, and 
infrared spectroscopies.lM It has a planar cis structure 
(CZ"), adjacent N atoms and structural parameters: rN-N 
=\ 2.33 A, m-o = 1.15 A, bonding angle 4 = 95O, and 
-AHf = 787 cm-' (see inset to Figure 8b). Ionization 
incieases the binding energy of the dimer by 4192 cm-' 
and leads to a substantial change in the geometry, as 
evidenced by progressions in the low-frequency vibra- 
tional motions apparent in the ZEKE spectrum (Figure 
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Figure 8. (a) Nonresonant two-photon ionization ZEKE 
electron spectrum of the NO dimer, (Noh. Tentative 
assignments of the peaks refer to a comparison with the neutral 
(NO12 modes known from earlier IR and Raman studies (ref 
104). The inset shows a high accuracy scan of the rotationally 
broadened 6; band. (b) Same as a but at higher photon 
energy. The vibrational band pattern is repeated but shifted 
by 2090 cm-1 in total energy indicating NO stretch excitation 
in the (NO)2+. The inset shows the well-known structure of 
neutral (N0)z. (Reprinted from ref 65. Copyright 1992 
American Institute of Physics.) 

8a). The 118-cm-1 progression has been assigned to an 
out-of-plane a2 mode implying that the dimer ion has 
a nonplanar Ca geometry.@ The pattern of bands 
observed near the origin is repeated 2090 cm-' higher 
(Figure 8b), corresponding to an excitation of the N-O 
bond stretch vibration. The 2090-cm-1 band lies 
between the NO and NO+ stretch frequencies (1876 
and 2344 cm-l, respectively), suggesting that in the 
dimer cation, the charge is shared between the two NO 
constituents. There should in fact be two high- 
frequency stretching motions in the complex, corre- 
sponding to in-phase and out-of-phase deformation of 
the N-0 bonds. The activity of only one vibration in 
the ZEKE spectrum is consistent with a structure where 
the two N-0 bonds are equivalent in upper and lower 
states and where excitation of only the symmetric 
combination accompanies ionization. 

E. NO+-Ar 

The applicability of the ZEKE technique to smaller 
atom-diatom ionic complexes is underlined by the 
Takahmhi's recent studies of the NO+-& complexs1 
where ionization was accomplished with a 2 + 1 REMPI 
process: 
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Table 11. Geometrical Parameters for NO-Ar and 
NO+-Ar 

A +  A 

State" r ~ - o  (A) m-~r (A) 0-N-Ar (de@ 
Ar-NO X 'IJ.1/2 1.15077' 3.711' 80.483c 
Ar-NO C 211 1.062 2.94 80.5 
(Ar-NO)+ X lX+ 1.06322d 2.68d 69.2d 

The electronic states are denoted by analogy with those of 
NO. Reference 106. Reference 105. Reference 51. 

Ar-NO (X2111,, Y" = 0) + 2hv1 - 
Ar-NO* (C2111,, Y' = 0) + hv, - APNO' (XIZfv+) 

Measurement of the adiabatic ionization potential 
allowed a binding energy of 951 cm-l to be established 
for the ion ground state, considerably more than the 
neutral complex binding energy of 98 cm-l.lo5 Two 
strong progressions with spacings of 79 and 94 cm-', 
corresponding to the bending and stretching vibrations 
of NO+-Ar are apparent in the spectrum. Although 
rotational structure was not resolved, a Franck-Condon 
analysis together with the neutral geometry known from 
microwave studiedo5 yielded the structural parameters 
for the cation ground state (Table 11). 

F. Hydrogen Cluster Ions 
The positive hydrogen cluster ions constitute the most 

fundamental series of protonated clusters and have 
attracted considerable experimental and theoretical 
attention. It has been found that the even H2n+ and 
odd H2n+l+ series have distinct p r o p e r t i e ~ ; ~ ~ ~ J ~  however, 
as ion sources preferentially produce the odd series, 
spectroscopic attention has concentrated on them. 
Formation of the odd cluster series begins with the 
exothermic association reaction: 

Hz+ + H, --+ H3+ + H 
and continues with further H2 additions. The enthal- 
pies for the reactions 

have been measured by a number of  group^,^^-^^^ with 
values for n = 2 ranging between 1750 and 3400 cm-l, 
n = 3 between 630 and 1435 cm-l, and the single 
determinations for n = 4 and n = 5 giving 1330 and 840 
cm-l respectively. A possible role for H5+ in interstellar 
chemistry has been suggested and in recent experiments 
an upper limit for the radiative association rate of H3+ 
and HZ has been e~tab1ished.l'~ 

Calculations of binding energies and equilibrium 
geometries for the odd hydrogen cluster ions indicate 
that the smaller Hzn+l+ clusters may be considered as 
an equilateral triangle H3+ unit, with HZ molecules 
bound first to the apices of the triangle (for the first 
three HZ units) and for larger clusters, above and below 
the triangle (see Figure 9).ll6lZ1 It seems that H5+ 
deviates from this simple picture; the CI calculations 
performed by Yamaguchi et al. suggest that barriers in 
the potential energy surface for the rearrangement of 
nuclei are low.12o The D2d barrier for the &+-HZ - 
H2-H3+ isomerization is calculated to lie only 30 cm-l 
above the potential minimum and in fact four stationary 
points on the H5+ potential hypersurface have been 
identified which lie within 1 kcal/mol of the minimum." 

Two experimental groups have studied the wave- 
length-dependent dissociation of hydrogen cluster ions. 

6 
Figure 9. Sketch of Hn+ (n = 5,7,9) cluster ions based on 
ab initio predicted geometries. (Reprinted from ref 123. 
Copyright 1988 American Institute of Physics.) 
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Figure 10. Experimental arrangement for the observation 
of the IR photodissociation of mass-selected cation clusters. 
Cluster ions produced by the ion source are mass selected by 
the magnetic sector before being deflected by 90° and 
introduced into an octopole ion guide where the laser/ion 
interaction occurs. Fragment ions are transmitted by a 
quadrupole mass filter and are eventually detected by a Daly 
scintillation detector. (Reprinted from ref 151. Copyright 
1991 American Chemical Society.) 

Okumura, Yeh, and Lee have recorded spectra of (H)n+ 
(5 < n < 15) between 3000 and 4200 cm-l, a region that 
is expected to include the H3+ symmetric stretch and 
the H2 stretch v i b r a t i o n ~ . ' ~ ~ J ~ ~  Bae on the other hand, 
has searched for wavelength-dependent dissociation of 
H5+ between 5400 and 10 000 cm-l where overtone and 
combination bands are to be expected.124 

It is worth pausing at  this point to discuss the 
experimental arrangement employed by Okumura, Y eh, 
and Lee, as the same equipment has been used in the 
study of several other cluster systems, including the 
protonated ammonia and protonated water cluster ions 
discussed below. An overview of their apparatus is 
shown in Figure 10. In a typical experiment, H2n+l+ 
clusters are produced either by electron impact of 
neutral clusters formed in a continuous supersonic 
expansion (20-30 bar of pure Ha, 10 pm nozzle),122 or 
with a corona discharge supersonic source123 of a type 
first developed by Searcy and shown in Figure 
11. The cluster ions pass through a skimmer, and are 
mass selected by a magnetic mass filter before being 
decelerated and trapped in an octopole ion guide. After 
0.5 ms the ions are irradiated with IR light before being 
released 1 ms later with fragment ions transmitted by 
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Figure 11. Corona discharge supersonic source of a type 
f i t  developed by Searcy and Fenn (Ref 125) and as used by 
Okamura, Yeh, Lee, and co-workers in their investigations of 
protonated hydrogen, water, and ammonia clusters. (Re- 
printed from ref 151. Copyright 1991 American Chemical 
Society.) 

Bleske and Mek 

a quadrupole mass filter and detected with a Daly 
scintillation detector.126 The apparatus used by Bae 
was similar except that electron impact was used to 
produce the hydrogen cluster ions in the early part of 
the supersonic expansion.124 

While the H2 ligand stretch in the 4000-~m-~ region 
was observed in all the H3+-(H2)n clusters with 1 < n 
< 6, the perturbed H3+ core symmetric stretching 
vibration was only apparent in the H5+ cluster (band 
maximum at  3532 cm-l). There is some spectral 
evidence that the first three ligand hydrogen molecules 
do indeed occupy equivalent apical sites with further 
ligands positioned farther from the Ha+ core as sug- 
gested by calculations. While the band associated with 
the H2 stretch increases in frequency as one goes from 
Hs+ (3910 cm-l) to H7+ (3980 cm-l) to Hg+ (4020 cm-l) 
addition of further H2 ligands does not result in a 
substantial change in the spectrum, with band centers 
for He+ appearing at 4028 cm-l, for H11+ at 4035 cm-l, 
and for H13+ at  4048 cm-l. On this basis it is suggested 
that the Hg+ structure shown in Figure 9 constitutes 
the core of larger clusters. H2 units add to the core are 
not sufficiently perturbed to have appreciable IR 
oscillator strength, and in turn they do not greatly affect 
the vibrational frequencies of the H2 molecules closer 
to the core. Four broad bands have also been observed 
in the vibrational overtone region (5400-1000 cm-I); 
however, the assignments appear uncertain at present.l% 

The solution of the rovibrational problem for Hs+ 
can be seen as a central problem not only for cluster ion 
spectroscopy but also for the vibrational dynamics of 
five-atom systems. As noted by Yamaguchi et al.,120 
points on the Hs+ potential hypersurface have been 
calculated with greater reliability than for any other 
five-atom system, rendering it attractive to those who 
wish to ascertain from first principles the rovibrational 
energy levels of a nonrigid five-atom system. Rotational 
structure has not been observed in any of the observed 
vibrational bands even though the predicted rotational 
spacing for H5+ is 6-7 cm-1.122J23 Theoretical deter- 
minations of the homogeneous widths of quasibound 
levels lying above the dissociation threshold may help 
decide whether the lack of structure in the spectrum 
between 3400 and 4200 cm-l is due to lifetime broad- 
ening. 

0. Ar-HSt 
Related to the H2n+l series of clusters are those where 

one of the ligand H2 molecules is replaced by a rare gas 

atom, leading in the first instance to species of the type 
RGH3+ (RG = He, Ne, Ar). While mass spectroscopic 
and ion-neutral reactivity studies127 have been made 
for Ar-H3+, it is from the remarkable microwave 
absorption work on Ar-H&+ by Bogey et al. that the 
most detailed structural information on an ionic com- 
plex has come.128J29 These studies show that the 
molecule has a planar CZU structure with Ar adjacent 
to the vertex of an equilateral triangular H3+ (side 0.876 
A) with an Ar-*H3+ centroid distance of 2.384 A. 
Estimates for the Ar*-H3+ bond stretching frequency 
and binding energy of 352 and 2300 cm-l, respectively, 
were obtained from the centrifugal distortion constant. 
The latter value assumes a 12-4 Lennard-Jones po- 
tential, although if an 8-4 form of the potential is chosen 
instead, a binding energy of 3400 cm-l is determined, 
which compares slightly more favorably with the 
calculated value of 2900 cm-l.130 It appears from the 
experimentally observed tunneling splittings and ab 
initio calculations, that the barrier for the planar 
internal rotation of the H3+ lies between lo00 and 2000 
cm-l. 

Experimental and theoretical explorations of the 
properties of other RG-H3+ complexes have ala0 been 
made. Calculations of the structure and binding 
energies for He-H3+131 point to a C2, geometry, a binding 
energy of 1.05 kcal/mol and a distance between the He 
atom and the H3+ center of mass of 2.95 A. (He),-Hs+ 
(n I 13) clusters have been synthesized by accretion of 
He atoms onto H3+ seed ions injected into a cooled He 
filled drift tube132 although structures and binding 
energies for these species remain to be established. 

H. Solvated Hydronium Ions 
Protonated water clusters H30+(HzO), are of par- 

ticular significance because of their close relationship 
to the water-solvated proton and because of their 
abundance in the D region of the ionosphere.l33 The 
core hydronium ion (H30+) has been characterized using 
high-resolution velocity modulation IR absorption in 
an electric di~charge. '~ '~ '  Infrared absorption studies 
of the protonated water cluster were initiated by 
Schwarz who employed a pulsed radiolysis cell in 
combination with a globar radiation source and mono- 
chromator to record absorptions between 2000 and 4000 
cm-' in H30+(H20)n (n = 3-5) at  40-cm-l reso1ution.lM 
His method involved measuring the time-dependent 
absorption after cluster ion formation was initiated by 
the radiolysis beam and using clustering enthalpies139 
to deconvolute the measured spectra and so yield 
spectra of specific cluster sizes. 

The earlier work has been extended by employing 
the technique of mass-selected cluster ion photodis- 
sociation.140 Due to the large binding energies of the 
protonated water clusters, one 3000-4000-~m-~ IR 
photon is,insufficient to cause cluster fiision and it was 
necessary to employ an IR multiphoton excitation 
scheme to probe and fragment the clusters. Tunable 
light from an F-center laser is fmt used to excite clusters 
to bound levels between 3550 and 3800 cm-l. Absorp- 
tion of further photons from a CW C02 laser then takes 
the clusters into a vibrational quasicontinuum from 
where dissociation is energetically possible. Assignment 
of H30+(H20)n spectral features have relied on the 
calculations of cluster structures, vibrational frequen- 
cies, and transition intensities by Remington and 
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Figure 12. Lowest energy calculated structures for H602+, H,03+, and H&+ complexes. (Reprinted from ref 140. Copyright 
1989 American Institute of Physics.) 

Schaeffer. Predicted structures for the first few mem- 
bers of the series are shown in Figure 12. 

Water has strongly allowed infrared transitions so 
that in contrast to the protonated hydrogen clusters, 
IR absorption by the ligands does not depend on 
perturbation by the cluster core. As the cluster becomes 
larger, the bands corresponding to H2O symmetric and 
antisymmetric stretches increase in frequency, possibly 
due to the diminishing effect of the ion core on the 
solvent ligands. As shown in Figure 13 rotational 
structure was partially resolved for the 3684.4-cm-' band 
of HsOz+. The sharp peaks are assigned as a Q-branch 
progression with the observed spacing of 11.6 cm-I 
consistent with the 2(A - B) = 11.65 cm-I spacing 
predicted for a perpendicular transition in the calcu- 
lated CZ structure shown in Figure 12. 

Infrared resonant dissociation spectra have also been 
obtained for the hydronium ion solvated by both Hz 
and HzO ligands-H30+(HzO),(H~)~.~~~J~~ The fact 
that the proton affinity of H20 is -66 kcal/mol higher 
than that of H2143 means that these species can be 
approximately considered as a hydronium ion solvated 
by neutral HzO and Hz ligands. 

The first member of the H30+(HzIn series-H30+- 
(Hdl is of special interest as it represents the transition 
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Figure 13. The infrared spectrum of H502+ obtained using 
two-color IRMPD technique. The dashed lines correspond 
to calculated frequencies and intensities for the Cp symmetry 
structure shown in Figure 12. (Reprinted from ref 140. 
Copyright 1989 American Institute of Physics.) 

state for the fundamental protonation reaction: H3+ + 
H20 - HZ + H30+. Here the structure is predicted on 
the basis of calculations to be a hydrogen bonded one 
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Figure 14. Geometry of H30+(Hz) predicted by ab initio 
calculations of Remington and Schaefer. Linear dimensions 
are in angstroms. (Reprinted from ref 142. Copyright 1990 
American Chemical Society.) 

as illustrated in Figure 14.142 The infrared spectrum 
of H30+(Hz)l exhibits bands due OH and Hz stretches, 
several of which display rotational structure. The 
spacings in these bands accord with the calculated 
structure shown in Figure 14. Spectra of the larger 
H30+(H2)n clusters are also consistent with geometries 
where the H2 ligands are hydrogen bonded to the central 
H30+ core. From the fragmentation patterns binding 
energies of the H2 ligands are estimated to be between 
3.1 and 3.8 kcaUm01.l~~ For clusters that include both 
H2 and H20 ligands it appears that the H2O units 
preferentially occupy the sites close to the core in much 
the same manner as for the H30+(&0), structures 
shown in Figure 12, with the H2 ligands left to bond 
either to unoccupied central sites or to the H2O 
ligands.142 

The technique of attaching a weakly interacting entity 
or "messenger" to an ionic cluster in the hope that 
excitation of vibrations localized to the ionic core will 
lead to mass spectroscopically detectable vibrational 
predissociation occurring at  the frequencies of the 
unperturbed core ion transitions, has been employed 
on several occasions by the Berkeley g r o ~ p . ~ ~ O - ' ~ ~  
Studies show that a Ne atom perturbs the energies and 
transition moments of the H30+(HzO), clusters much 
less than does Hz." A t  first approximation one would 
expect that the degree of interaction between a pro- 
tonated cluster and a ligand would depend on the 
ligand's proton affinity, so that Ne with a proton affinity 
of -48 kcal/mol should bind less disruptively than H2 
which has a proton affinity of 101 kcal/mol. 

I. Protonated Ammonia Clusters 
Much of the experimental and theoretical work on 

the protonated ammonia clusters parallels that on the 
protonated water clusters. Initially high-pressure mass 
spectrometry measurements of Kebarle144J46 yielded 
thermochemical data, while the later low-resolution 
absorption spectra of Schwarz pointed to the coarse 
features of the clusters' spectra.l@ The high-resolution 
infrared spectroscopy of the central NH4+ core (v3 band) 
has been investigated by Crofton and Oka147J4s and 
Schafer and Sa~ka l ly . ' ~~  More recently, the impressive 
higher resolution dissociation spectra of mass selected 
clusters obtained by Price, Crofton, and Lee1wJ51 have 
illuminated aspects of the structures determined in the 
calculations of Remington and Schaeffer. 

As in the case of the analogous water species, the 
larger protonated ammonia clusters appear to consist 
of a central NH4+ core surrounded by solvent ammonia 
molecules hydrogen bonded to the core. Due to the 
large number of infrared-active vibrations in both the 
ion core and in the surrounding NH3 ligands, the IR 
predissociation spectra tend to become a little confusing 
for these clusters. Spectral assignments have relied on 
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Figure 16. Infrared vibrational predissociation spectrum of 
(N&)+(NH& illustrating structure that is a consequence of 
internal rotation of the NH3 solvents about their C3 axes. 
Signal is product (N&)+(NH& counts: (a) medium reso- 
lution spectrum and (b) finer detail of the region around 3420 
cm-'. (Reprinted from ref 150. Copyright 1989 American 
Institute of Physics.) 
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Figure 16. Energy diagram based on the thermochemical 
studies of ref 153 of classical and bridged structures of CzH7+. 
Energies are in kcal/mol. (Reprinted from ref 152. Copyright 
1989 American Chemical Society.) 
arguments based on symmetry and the shifting positions 
of bands as more ligands are added.lmJsl Infrared- 
active vibrations attributable to the N&+ core include 
the v3 (antisymmetric stretch), V I  (symmetric stretch), 
and 2v4 (degenerate bend). The strongest bands arising 
from the solvent NH3 molecules are the v3 (doubly 
degenerate asymmetric stretch) and 2v4 (bending mode) 
bands. 

In the smaller (NHd)+(NHs)n clusters (n < 8), bands 
involving the v3 mode near 3420 cm-' have structure 
that is a consequence of internal rotation of the NHs 
solvents about their C3 axes (Figure 15). The band 
displays well resolved subbands separated by 12.5 cm-', 
roughly twice the rotational constant of ammonia about 
its C3 axis.150J51 

J. CsH7' 
The infrared dissociation spectrum of the protonated 

ethane cluster CzH7+ has been important because of its 
bearing on the dispute between classical and bridged 
forms of the carbonium ions.152 (Figure 16 shows the 
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energetics of classical and bridged structures derived 
from the thermochemical studies of Hiraoka and 
Kebarle.ls3) The IR spectra display two sets of bands 
that exhibit different behavior according to the gas 
mixture and nozzle expansion conditions, and whether 
the output of a COZ laser is used along with the tunable 
IR beam. One set of bands, assigned as due to the 
classical structure, is most apparent when the fraction 
of CzH6 compared to H2 is tiny and does not require 
additional photons from the C02 laser, while the other 
set, due to the more stable bridged structure, requires 
the C02 laser beam and persists with higher proportions 
of CzH6 in the expansion. 

I V. Metal Cation-Llgand Complexes 

Group I and transition metal cations bound to one 
or more substituent ligands have been the object of 
studies of four groups in the past 4 years. Three of the 
groups use electronic transitions to obtain spectroscopic 
constants and information on the bonding in these 
complexes characterized by charge-dipole, or charge- 
induced dipole interactions. The other group infers 
such data from the infrared vibrational transitions. In 
all cases the essence of the experiments is mass selection 
of the complex of interest, followed by laser photon 
absorption in the IR or visible, and detection of a 
fragment ion (usually the bare atomic ion) produced as 
a result of vibrational or electronic predissociation. In 
the IR experiments the discrete lines of a COZ laser are 
utilized, and for the electronic excitation studies 
continuously tunable, pulsed dye lasers. Two of the 
groups generate metal ion complexes by laser vapor- 
ization of the appropriate metal (Mg, V, Cr, CO) within 
a pulsed supersonic expansion of the ligand (CO2, Ar, 
Kr, HzO, N2) in excess of helium, and the other two 
groups generate them by thermoemission using a 
filament coated with the metal (Sr, Na, Cs), again within 
a supersonic free jet  which includes the ligand 

In the studies utilizing electronic transitions to probe 
the atomic ion complexes, one induces a perturbed 
electronic transition of the bare metal ion whose location 
is well known. For example, Mg+ has a strongly allowed 
2P2S transition (analogous to the D line of sodium) 
near 280 nm. The effect of adding a ligand to the metal 
ion core is illustrated schematically in Figure 17 for the 
case of M g + c O ~ . l ~ ~  Two electronic transitions are 
observed in a similar wavelength region to the 2P2S 
one of the metal. As can be seen in Figure 18, the lower 
energy of these is well structured and has 211-?2 
symmetry for a linear molecule (cf. correlation in Figure 
17).155J56 In this case only the Mg+ product ion is 
detected. The vibrational structure of the band is 
assigned to a progression (v = 0-5) in the Mg+-.C02 
stretching mode (-380 cm--l) in the excited electronic 
state. The doubling of the lines is associated with spin- 
orbit splitting (92 cm-'). By means of a Birge-Sponer 
extrapolation the dissociation energy for the excited 
state is inferred (D/  = 11 194 cm-l), and from this, 
using the Mg+ term values, the binding energy for the 
ground state is deduced (D," = 5150 cm-l). The 
observed spin-orbit splitting and a good agreement 
between the inferred vibrational constants, excitation 
energy, and dissociation energies,lS5JM with theoretical 
calculation~l~~ lead to the conclusion that the complex 
is linear. 

(CH30H, NHs, H2O). 

Mg+( %) + COz 
O 0  1 I - 1 6 4  

Mg' - COa ( ' Z' ) 

Figure 17. Energy level diagram for the Mg+/C02 system. 
The center levels are the calculated molecular orbital energies. 
The energy of MgO+ + CO is an upper limit derived from a 
corresponding upper limit obtained for the dissociation energy 
of M e + .  (Reprinted from ref 154. Copyright 1992 American 
Chemical Society.) 
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Figure 18. The photodissociation spectrum of the complex 
Mg+-C02. The spectrum was obtained by monitoring the 
intensity of the Mg+ fragment ion from the mass-selected 
parent while the excitation laser was scanned. The origin of 
the electronic spectrum is at 29 625 cm-l. (Reprinted from 
ref 154. Copyright 1992 American Chemical Society.) 

For the higher 28 - 28 transition, MgO+ product 
ions are detected in addition to Mg+ ions. Because 
MgO+ is energetically accessible from both the excited 
electronic states (22,211) it is argued that the preferential 
formation is an aligment effect.'" In case of the 2E 
state, the metal insertion reaction is suggested to be 
more efficient because of the on-axis p-A0 of the metal 
donating to the antibonding 2 ' ~ ~  MO of C02, whereas 
for the 211 excited state, the corresponding metal p-A0 
is perpendicular to the interatomic axis. 

Most recently the photodissociation spectrum of 
Mg+H20 has been observed in the 270-360-nm re- 
gion.168JM Although the transition intensity is lower 
than with C02 as ligand, vibrational and to some extent 
rotational structure are resolved. On the basis of simple 
symmetry arguments, one expects three near-lying 
electronic states, resulting from the different orienta- 
tions of the excited metal p-orbital with respect to the 
water molecule. In the spectrum, two electronic band 
systems are identified and vibrationally analyzed. For 
the lowest excited electronic state, one observes rich 
vibrational structure. By means of a vibrational 
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Figure 19. (a) Total photodissociation cross sections for Sr+(NH3)1,2. The data are normalized to the maxima in the low-energy 
peaks of the absorption cross sections. Data are plotted as a function of photon energy (cm-l) and wavelength. (b) Schematic 
potential energy curves of the Sr+(NH3)2 systems. The dissociation may occur through an electronic predissociation mechanism, 
i.e., through an initially bound transition followed by a crossing to repulsive walls of a family of curves correlating with 
ground-state Sr+ and vibrationally-rotationally excited NHs products. (Part a: Reprinted from ref 163. Copyright 1991 
American Institute of Physics. Part b: Reprinted from ref 162. Copyright 1989 American Chemical Society.) 

analysis, and comparison with the spectrum of Mg+- 
D20,l56 it is possible to confirm the origin of the 
transition (28 396 zk 10 cm-l) and identify all six 
fundamental modes. The vibrational assignments, and 
vibronic selection rules are consistent with the sym- 
metry properties of a zB2 - 2A1 transition of an ionic 
complex with Czu structure. A Birge-Sponer extrap- 
olation of the extended progression in the Mg+-H20 
stretching mode (0, = 518 cm-l) yields the excited state 
dissociation energy (-16 000 cm-l), and then the 
ground-state value (- 8500 cm-l) from the known Mg+ 
energetics. There is good agreement of the experi- 
mentally inferred vibrational frequencies and dissoci- 
ation energies and those calculated for an optimized 
Czu structure.159 The CzU structure is supported by 
simulation of the partially resolved rotational contours 
(at a rotational temperature = 10 K), which reproduce 
the experimental data for a Mg-0 distance of 2.026 A 
in the ground state. 1.969 A in the excited one, and a 
H-O-H bond angle of 109O. The calculations and the 
spectral observations indicate that the system is char- 
acterized by weak electrostatic bonding, where although 
the ligand is polarized by the metal centered positive 
charge, its character is not greatly perturbed (e.g. 
similarity of the vibrational frequency of free and 
complexed HzO). The second electronic transition with 
origin at 30 267 cm-l is of 2B1 - 2A1 symmetry and the 
analysis yields the frequencies of four fundamental 
vibrations in the excited state. 

In another study,160 similar photodissociation spectra 
have been reported for Mg+H,O and Mg+(H20)2, though 
no vibrational structure was resolved. Assignments of 
the electronic transitions were as discussed above, with 
a Cpu symmetry structure deduced for Mg+HzO. For 
Mg+(H20)2, a bent CZ symmetry geometry with a 
staggered arrangement of the H2O moieties was inferred. 

In the photodissociation studies of Sr+ solvated by 
ammonia or water molecules, the information on the 
bonding and interactions is again inferred from the 
electronic ~ p e c t r a . l ~ l - l ~ ~  The observed transitions are 
significantly shifted with respect to those in the free 
atom. The spectra for Sr+L, L = NH3, Hz0 were 
recorded by monitoring the intensity of the Sr+ ion 

produced by an electronic predissociation process. For 
the complexes with more than one ligand Sr+L,, both 
Sr+ and Sr+Ln-l fragment ions were monitored. By these 
means the mass-selected complexes Sr+(NH& (n  = 
1-4) and Sr+(H20), (n  = 1,2) have been studied. The 
dissociation energy in the excited state of Sr+H20 (D: 
= 1.94 eV) is estimated from the onset of the photo- 
dissociation spectrum. Barely resolvable vibrational 
structure is most probably due to extensive sequence 
bands,161 implying that the cluster ions are vibrationally 
quite hot. 

As an example, the measured spectra for Sr+(NH3), 
(n = 1, 2) are shown in Figure 19, where also the 
pertinent potential energy curves and dissociation limits 
are schematically drawn.162 The 560-nm band is based 
on a W 2 P  transition of Sr+ (zE-zA1 in C3,, molecular 
symmetry). The 480-nm band is assigned to a 2A1-zA1 
transition, again localized mainly on the strontium ion. 
The spectra of SrC(NH3), (n  = 3, 4) show a new 
absorption feature to lower wavelengths (680 nm for n 
= 3; 900 nm for n = 4).162 These are ascribed to an 
intramolecular electron-transfer transition associated 
with Sr2+(NH3)n-m(NH3)m- excited-state structure. 

The photodissociation spectra of Sr+(HzO), (n = 1, 
2) have also been recorded (Figure 20).'62 The principal 
difference between the n = 1 complex of H20 (Czu 
symmetry) and that of NHB (Cso) is the appearance of 
three bands rather than two as consequence of the 
removal of the degeneracy of the zE excited electronic 
state. The similarity of the spectra for the complexes 
with one or two water molecules attached implies that 
the transition is essentially a localized atomic transition. 
The main drawback of these measurements appears to 
be the apparent high internal excitation of the complex 
ions. 

The spectra of the Sr+L, (L = NH3, HzO) complexes 
were rationalized with a simple molecular orbital 
analysis, assuming atom, and ligand basis 0rbita1s.l~~ 
The electrostatic interactions are included via the off- 
diagonal elements in a Huckel-type approach. This 
accounts for the smaller red shift (relative to the free 
atom transition), and reduced width, of the bands for 
the H20 complexes compared to their NHs counter- 
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Figure 20. Photodissociation spectrum for Sr+(H20)1, show- 
ing Sr+ counts as a function of photon energy and wavelength. 
Band assignments are discussed in the text. The lower panel 
shows the photodissociation spectra for Sr+(HzO)z, showing 
signals for Sr+(HzO) and Sr+. (Reprinted from ref 163. 
Copyright 1991 American Institute of Physics.) 

parts: a consequence of the 2.4 eV larger ionization 
potential of H2O and the resulting reduced interactions 
with the &+-based orbitals. 

The studies of Lisy and co-workers are focused on 
similar systems, Cs+(CH30H), (n = 4-16)16LJ65and Na+- 
(NH3, (m = 6-12),166 although the experiments are 
carried out in the infrared. A multiline C02 laser is 
used to excite either the u4 (C-0 stretch) of the CH30H 
ligand or the u2 (N-H bend) of NH3. The vibrationally 
excited mass-selected cluster ion undergoes vibrational 
predissociation leading to a decrease in intensity in the 
parent ion signal. Spectra are obtained by recording 
the depletion as function of the IR laser wavelength. 
Spectra of the Cs+(CH30H), (n = 4-16) complexes show 
a broad maximum centered around 1031 cm-l, whereas 
CH30H itself absorbs at  1034 cm-l in the gas phase.lU 
For n = 4-10 there is only a single peak; however, for 
n = 11-16, a second broad peak appears at  - 1040 cm-l 
(Figure 21).165 The interpretation of this is that the 
first solvent shell comprises 10 methanol molecules, 
after which the second shell starts to be filled. With 
n = 19-25, another feature attributable to the devel- 
opment of the third solvation shell appears in the 
spectrum (Figure 21 lower). 

The interpretation is supported by Monte Carlo 
simulations using model pairwise interaction poten- 
tials.lG These suggest that in the first shell the 0 atoms 
are nearest to Cs+ and emphasize the importance of 
hydrogen bonding to cluster structure. Close to 90% 
of the solvation enthalpy is accounted for by the first 
shell. The second shell requires 6-8 CH30H ligands 
however the methanol molecules start to occupy the 
third shell before the second one is completely filled. 

A corresponding study on Na+(NHa), (m = 6-12) has 
been performed.166 Vibrational predissociation spectra 
are observed only for m 1 6 and the two main spectral 
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Figure 21. Photodissociation spectra of Cs(CH30H),+. 
(Reprinted from ref 165. Copyright 1990 American Institute 
of Physics.) 

features are interpreted as (1) a peak at  - 1085 cm-l for 
m = 6-9 is characteristic of an isolated ammonia 
molecule coordinated to other ammonia molecules in 
the first solvent shell; (2) form > 9 two to three further 
absorption peaks appear in the 1045-1080-~m-~ region 
that have previously been associated with larger pure 
ammonia clusters and liquid ammonia. These obser- 
vations are taken as an indication of the onset of bulklike 
behavior. 

The nature of the binding in solvated metal ions of 
V+L with L = Ar, Kr,16' H20,168 Cr+L with L = Ar, 
N2,169 Ni+Ar,170 and Co+L with L = Ar, Kr171 has been 
investigated by electronic-predissociation spectroscopy 
with a tunable, pulsed dye laser. For this purpose, the 
metal ions are produced by laser vaporization of a metal 
rod within a supersonic pulse of a carrier gas, the latter 
consisting of a mixture of the ligand in helium. 

Most of the spectra show resolved vibrational struc- 
ture, as illustrated in Figure 22 for C0+Ar.171 Three 
band systems are identified, A - X, B - X, C - X, 
with the extensive vibrational progressions of up to u' 
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Figure 22. A portion of the CoAr+ resonant photodissociation 
spectrum. The smaller dissociation at the low- and high- 
frequency ends of the plot represent a drop-off in the 
dissociation laser output intensity and not a systematic change 
in the peak dissociation cross section. Three upper-state 
vibrational progressions corresponding to three different 
electronic states are evident in the figure. (Reprinted from 
ref 172. Copyright 1990 Elsevier.) 

Table 111. Experimentally Determined Ground (De") 
and Excited State Binding Energies ( D i )  Binding 
Energies of Transition Metal-Rare Gas Diatomic 
Cations (from Ref 172. Copyright 1990 Elsevier.). 

ion configuration D." (eV) D.' (eV) 
VAr+ 
VAr+ 
CrAr+ 
coAr+ 
CoAr+ (A state) 
CoAr+ (B state) 
coAr+ (C state) 
VKr+ 
VKr+ 
CoKr+ 
CoKr+ (A state) 
CoKr+ (B state) 
CoKr+ (C state) 
LiAr+ 

N&+ 

KAr+ 

3d4 
3d34s 
3d6 
3ds 

3d74s 
3de 
3d4 
3d34s 
3d8 

3d74s 
3d8 
ls2 

2s22p6 

3s23p6 

0.381 

0.27 
0.524 

0.485 

0.682 

0.5506 
0.303' 
0.276d 
0.318e 
0.2116 
0.1w 
0.1196 
0.064J 
0.0858 
0.12h 
0.14' 

0.175 

0.331 
0.254 
0.36 

0.263 

0.455 
0.354 
0.494 

'Metal ion atomic configuration in separated atom limit. 
Reference 173. Reference 174. Reference 175. e Reference 

176. f Reference 177.8 Reference 178. Reference 179. Refer- 
ence 180. 

= 35, 41, and 46, respectively, allowing the determi- 
nation of we and vibrational constants. The 
dissociation energies of the metal ion complexes in their 
excited states were evaluated from the vibrational data 
by fitting the spacings of the higher vibrational levels 
with those expected to arise from the long-range llla 
charge ion-induced dipole force. A knowledge of the 
relevant dissociation limits allows the ground state 
values to be obtained. Values for the studied metal ion 
complexes are given in Table III.172 The variation 
apparent for the D," values listed in the Table I11 is 
rationalized by noting that for transition metal cations 
with more than half-filled d subshells the 3d orbitals 
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Figure 23. Resonant photodissociation of V(OH2)+ - V+ + 
HzO. Noticeable is a vibrational progression with frequency 
of ca. 350 cm-l and the complex substructure associated with 
each band. This vibrational progression is assigned to the 
V-Hz0 stretch via isotope shifts, firmly establishing this ion 
as electrostatically bound and not an inserted (H-V-OH) 
structure. (Reprinted from ref 168. Copyright 1990American 
Institute of Physics.) 

contract with increasing nuclear charge allowing a closer 
approach of the rare gas atom and an decrease in the 
ion-induced dipole interaction energy. 

The interactions in such metal ion complexes were 
modeled with a two adjustable-parameter potentials: 
172 U(r) = b exp(-rlp) - q2a/(2 la) where a is the 
polarizability of the rare gas atom. The parameters b 
and p were varied so that calculated Do' and wgl values 
agreed with the experimental values.. For the ground 
state, wgl' was not available directly but was determined 
by varying the one adjustable parameter of an 8-4 
Lennard-Jones potential to yield the experimentally 
determined D,". Experimentally it is observed that 
Coke+ lal and VAr4+ le7 appear to have especially stable 
structures. Using the empirically determined potentials 
for the metal ion-argon interactions and by including 
the Lennard-Jones (12,6) potential for the two body 
argon-argon ones, the geometry of the complexes was 
optimized. These simulations suggest that for VArld+ 
the bulk limit has almost been reached and that all 
VAr,+ (n L 4) clusters have a tetrahedral core with four 
argon atoms constituting the f i s t  solvation shell. 

One transition metal ion complexed with a molecular 
ligand has also been investigated-V+(HzO). The 
measured electronic spectrum is reproduced in Figure 
23." By studying the l80 and 2H isotopically substi- 
tuted derivatives, it has been shown that the spectrum 
is due to an electrostatically bound V+-.H20 structure. 
The analysis leads to wgl' = 420 f 75 cm-l, wgl = 339 * 
5 cm-', and Dgl I 1.97 eV. 

V. Negatlve Ion Clusters 

Of the experiments carried out on anion clusters, the 
m'ajority have focused their attention to the study of 
photofragmentation pathways IC,- (4 I n I 20); 
(H~O),-l,182J83 [Br2-(C02), (n I 24); 12-(C02), (n I 
16)1.185Jss Only the few studies involving the photo- 
electron spectra of mass-selected anions leading to 
relatively direct conclusions on the structure of the 
complexes are discussed here. Anions are formed either 
in an electron-beam crossed-seeded pulsed supersonic 
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Figure 24. Photoelectron spectra taken at 532 nm of (left) 0 2 -  and 02--Nz (from 5 %  02 in Nz), (middle) 0- and O--NzO (from 
neat NzO), and (right) NO- and NO--NO (from NO/Ar). (Reprinted from ref 184. Copyright 1988 American Institute of 
Physics.) 

expansion with the anions formed by dissociative 
electron attachment on the neutral or by 
continuous production in an anion source.1@ After mass 
selection, either by time of flight in the pulsed source, 
or Wien filter in the cw one, the photoelectron spectrum 
is measured following irradiation with a pulsed Nd: 
YAG (355 nm) or cw Ar+ (488 nm) laser in the two 
approaches, respectively. The pulsed studies investi- 
gated the (COdn-1 (021n-9 (COdnH20-, I-(CWn, and 
N202- species and the cw ones NO-(N20)n. 

The clearest example of spectroscopic evidence for 
different geometric structures is for the NzOz-anions.ls4 
Using three different precursors in the supersonic 
expansion, one obtains characteristically distinct pho- 
toelectron spectra for the mass-selected N202- anions. 
In one case when 0 2  is seeded in N2, the structure is 
inferred to be 02--N2, because apart from a small energy 
shift the photoelectron spectrum is very similar to that 
of 02-. This is seen in Figure 24 (left). It can also be 
deduced that the binding energy of the anion complex 
is 0.26 0.03 eV. On the other hand, N202- produced 
with N2O as source gas in the expansion leads to a single 
photoelectron peak [Figure 24 (middle)], near the 
electron affinity of 0-, suggesting an 0--N20 structure. 
The third spectrum of N202-, synthesized this time from 
NO in Ar, resembles that of NO- [electron affinity 0.02 
eV, Figure 24 (right)], leading to the conclusion that 
the structure is that of NO--NO. An earlier study1@ 
also used photoelectron spectroscopy to surmise that 
the structure of N302- and N205- anions is NO-(N20)n 
(n = 1, 2) on the basis of the similarity of the spectra 
with that of NO. The dissociation energy of these two 
anion complexes was inferred to be -0.22 and 0.26 eV 
respectively. 

In the case of the (C02)n- and (O2)n- clusters, the 
photoelectron spectra are featureless and the structural 
inferences are made on the basis of the determined 
vertical detachment energies. Thus for (CO&- these 
values increase from n = 2-5 and are interpreted as 
changes in solvation of a dimer core ion of D2d 

on addition of each additional C02. A t  n 
= 6 the detachment energy decreases by -0.8 eV but 
then increases again steadily for n > 6. This is ascribed 
to a change in the structure of the core ion, from the 
dimeric to a monomeric one at  n = 6. 

In one related study,lgO the photoelectron spectra of 
(COz)nH20- (n = 2-8) were investigated and show a 
discontinuity in the vertical detachment energies be- 
tween n = 3 and n = 4. This is explained in an analogous 
way to the carbon dioxide anion clusters: the (C02)~- 
dimer is the core for n I 3, but for n 1 4  it is the solvated 
monomer. 

The other investigations have concerned I-(C02)n (n 
= 1-13), complexes which are bound by electrostatic 
charge-quadrupole interactions.lgl After their pro- 
duction from 2 % HI in COZ in an electron-beam crossed- 
pulsed free jet, the photoelectron spectra of the mass- 
selected anion complex were measured. The spectra 
show two main peaks, correlating with the 2P3/2 and 
2P1p states of I, within which vibrational structure is 
discernible to different degree depending on the peak 
and size of the anion complex. The progressions involve 
the bending vibrational mode of the solvating C02 
molecules with frequencies in the 665 * 90-cm-l range. 
These photoelectron spectra were in fact measured 
before,lg2 but the vibrational structure was not resolved. 

An analysis of the spectral data is taken to indicate 
that in I-CO2, which is expected to be T-shaped, the 
C02 ligand is slightly bent. A one-dimensional Franck- 
Condon simulation of the peak intensity distribution 
leads to an OCO angle of 175O. The overall peak widths, 
and presence or absence of vibrational structure, are 
interpreted as indicating that with increasing n the OCO 
ligands approach tend to become linear and occupy 
equivalent sites and that a closed solvation shell sets 
in with at  least nine CO2 molecules. 

For the ( 0 ~ ) ~ -  system,182 both the photoelectron 
spectra and photofragmentation patterns were studied. 
It appears that for n 1 2 the excess electron delocalizes 
on an 04- core within the cluster. The observed 
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photoabsorption is attributed to a charge transfer 
transition from the Oh- ion core to the 02 solvent-ligand. 

VZ, Conclusions 
The aim of this review has been to furnish an 

assessment of the current status of ionic complex 
spectroscopic research. The reader has probably be- 
come aware of the conspicuous gaps in our present 
knowledge and that, despite the volume of published 
material, many questions remain open. Scant progress 
has been made in the characterization of whole classes 
of ionic complexes (e.g. anionic complexes) and there 
are few ionic complexes for which the quality of 
spectroscopic data matches that obtained for neutral 
complexes. Reliable potential energy surfaces and 
rovibrational energy levels have been calculated for only 
a handful of molecules. With such outstanding prob- 
lems the following years are worth looking forward to. 
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