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. Introduction

Over the past 15 years the high-resolution spec-
troscopic study of ionic complexes has grown into an
active field with relevance to significant physical,
chemical, and biological phenomena. Progress has
involved the application of traditional experimental
techniques, akin to those used for neutral van der
Waals and radical molecule spectroscopy,*~*° along
with development of specialized approaches that are
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particularly suitable for the study of weakly bound
charged species. High-resolution studies have en-
compassed intermediates in fundamental ion—neu-
tral reactions, elementary solvation complexes, and
charged complexes that exist in the terrestrial at-
mosphere. Although the focus has largely been on
cation systems, during the past few years high-
resolution spectra have also been obtained for several
anion complexes. The advances over the past 15 years
are apparent when it is realized that in 1986, when
an article by Castleman and Keesee on ionic clusters
appeared in Chemical Reviews,? no rotationally
resolved spectrum had been published. The situation
changed soon thereafter, with publication of the
microwave (MW) spectrum of Hs"™—Ar?' and the
infrared (IR) spectrum of FHF~.?2 Since then rota-
tionally resolved spectra have been obtained for more
than 50 different cation and anion complexes (Table
1). A goal of much of the work has been to comple-
ment the vast wealth of information on neutral van
der Waals molecules accrued over the last 25 years
with comparable data on ionic complexes. High-
resolution electronic, mid-IR, and MW spectra pro-
vide direct information on structures, binding ener-
gies, and inter- and intramolecular vibrations and
thus promise a more intimate understanding of the
manner in which charged and neutral species inter-
act at close range.

The focus of this review is on ionic complexes
(larger than diatomics) for which rotationally re-
solved spectra have been obtained, and for the most
part we refrain from considering species for which
spectra have been recorded with only vibrational
resolution. Nor do we discuss complexes involving
metal ions. By limiting the article’s range in this
fashion, we do not intend to discount the importance
of the many spectroscopic studies conducted at the
vibrational level of resolution or of ones on metal-
containing systems. The reasons for imposing the
limitation are rather ones of manageability, along
with a recognition that much of the excluded work
has been covered by other excellent reviews. For
example, the spectroscopy of metal cation—ligand
systems has recently been reviewed.?*=30 Other gen-
eral reviews of cluster ion spectroscopy that include
descriptions of lower resolution studies can be found
in refs 29—42. There are also several excellent
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articles discussing the formation, energetics, and
reactivity of ionic complexes and clusters.?0:43-52
The motivations for spectroscopically character-
izing ionic complexes and clusters are diverse. lonic
complexes, A*—L,, serve as model systems to inves-
tigate the interaction between ions, A*, and neutral
ligands, L, from a microscopic point of view. Both
positively and negatively charged complexes are
known to be important in the ion—molecule chemis-
try of the upper atmosphere.>® lon—molecule reac-
tions dominate the chemistry of low-density media
(e.g., interstellar media) due to the long range of the
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interaction.>*%° lonic complexes are often intermedi-
ates of such reactions (e.g., proton transfer, Sy2
reactions), and their characterization improves our
understanding of the fundamental reaction mecha-
nisms. The characterization of proton-bound com-
plexes is of importance in understanding the micro-
scopic details of proton-transfer reactions and explor-
ing the nature of ionic hydrogen bonds.56-%8 The
transfer of a proton from one base to another is a
fundamental chemical event, playing a role not only
in solution chemistry but also in more rarefied gas-
phase environments. lon—ligand interactions are
relevant for solvation processes, e.g., in electrolytic
media (salt solutions, oceans) and industrial pro-
cesses (hydrometallurgic processes).>® The solvated
proton is of fundamental importance in liquid-phase
chemistry, proton transfer, and proton mobility in
aqueous solutions (proton wires).

lon—neutral interactions bridge the gap between
weak bonds in neutral clusters (van der Waals and
hydrogen bonds) and strong chemical bonds (Figure
1). The interaction in ionic complexes is usually
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Figure 1. Binding energies of selected neutral dimers,
ionic complexes, and chemically bound species (Reprinted
with permission from ref 364. The values cover 8 orders of
magnitude, ranging from the weakest van der Waals
interaction (He—He, ~1073 cm™1) to the strongest covalent
bonds (e.g., C—0, ~10% cm~1). Forces in ionic complexes
(102—10% cm™1) bridge the gap between weak interactions
in neutral dimers (1073-10% cm~1) and strong chemical
bonds (103—-105 cm™1).

stronger than in their neutral counterparts, owing
to additional stabilization from electrostatic and
induction forces, charge transfer, and covalent con-
tributions. The ultimate goal of high-resolution spec-
troscopic studies is the development of accurate
potential energy surfaces (PES). From the analysis
of the spectra employing appropriate model Hamil-
tonians, properties relating to the PES can be ex-
tracted: rotational and centrifugal distortion con-
stants, inter- and intramolecular vibrational fre-
guencies and their IR intensities, line widths, split-
tings due to tunneling motions (e.g., internal rotation
or inversion), hyperfine interactions, and in cases of
open-shell complexes also spectroscopic parameters
related to the electron spin. These data can then be
related to other properties of the complexes, e.g.,
equilibrium geometries, force constants, binding en-
ergies, potential barriers, anharmonicities, relaxation
dynamics, and vibrational coupling strengths.
Relating the spectroscopic data to the PES can be
a nontrivial and sometimes ambiguous task as the
experimental spectrum is usually sensitive to only a
limited part of the multidimensional PES. Conse-
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Table 1. List of lonic Complexes for Which Spectra at the Level of Rotational or Higher Resolution Have Been
Obtained®

cations

spectral range spectroscopy ion source refs
proton-bound
N,H*—He IR PD EI/SS 98, 122
N;H"—Ne IR PD EI/SS 99
NoHT—Ar IR PD EIl/SS 100, 123

IR DA EI/SS 113, 124
N2HT—N; IR DA EI/SS 125
OCH*—He IR PD EI/SS 94
OCH"—Ne IR PD EI/SS 95
OCH*—Ar IR PD EI/SS 96, 126

IR DA EI/SS 112

MW FT Dis/SS 108
OCH*—H, IR PD EI/SS 97, 127
SIOH*—Ar IR PD EI/SS 101
OH*—He IR PD EI/SS 102
OH*—Ne IR PD EI/SS 102
CH3CNH*™—H; IR PD EI/SS 128
H,"—He MW EFD El 109, 110, 129
HNH*—He IR PD EI/SS 103
HNH*—Ar IR PD EI/SS 104
Hst—Ar MM/MW DA HCDisl/cell 21,130—-132

MW FT Dis/SS 107
H3;O0"—H, IR PD CorDis/SS 88
H;0*t—H,0 IR PD CorDis/SS 88, 89
H3;O0*—(H;0), IR PD CorDis/SS 89
NH, —He IR PD EI/SS 133
NH, —Ar IR PD EI/SS 134—-136
NH,—(NHs), IR PD CorDis/SS 87, 137
CHs"—H, IR PD CorDis/SS 138
p/z-bound
CHz"—He IR PD EI/SS 139
CHz"—Ne IR PD EI/SS 106
CHs;™—Ne; IR PD EI/SS 106
CH3™—Ar IR PD EI/SS 105
CH3™—Ar, IR PD EI/SS 105
CH3z*—Ar3 IR PD EI/SS 105
CH3"—H, (=CHs") IR DA HCDisl/cell 140
SiHzt—H, IR PD CorDis/SS 141
CsHst—Ne Rydberg-PFI neutral/SS 142
CeHst—Ar Rydberg-PFI neutral/SS 143, 144
CeHe™—Kr Rydberg-PFI neutral/SS 143
miscellaneous
No*—Hen uv PD EI/SS 90, 145, 146
N2t—N; IR DA EI/SS 111, 147
Argt RDCS sputter 119
metal-bearing
Na™—H,0 ZEKE neutral/SS 120, 121
Al*—H,0 ZEKE neutral/SS 148
Mg*—H,0 uv PD LV/SS 91
Mg*t—H; uv PD LV/SS 92
Ca™—N; VIS PD LV/SS 149
Ca"—D,0 VIS PD LV/SS 93
Ca™—C;H; VIS PD LVISS 150, 151
Ca"—CH, VIS PD LV/SS 152
Co*—0CO VIS PD LV/SS 153
anions

proton-bound
FHF~ IR DA HCDisl/cell 22,154
CIHCI~ IR DA HCDisl/cell 155
1"—H,0 IR PD EI/SS 115
Br——C;H, IR PD EI/SS 118
I"—CHgs; IR PD EI/SS 117
Sn2
ClI-—CH3Br IR PD EI/SS 116

a Abbreviations: MW (microwave), MM (millimeter wave), IR (infrared), VIS (visible), UV (ultraviolet), PD (photodissociation),
DA (direct absorption), FT (Fourier transform), EFD (electric field dissociation), PFI (pulsed field ionization), RDCS (rotational
depletion coherence spectroscopy), ZEKE (zero kinetic energy photoelectron spectroscopy), El (electron impact), Dis (discharge),
CorDis (corona discharge), HCDis (hollow cathode discharge), LV (laser vaporization), SS (supersonic expansion), neutral (neutral
precursor).
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quently, the interpretation of the results can strongly
depend on the model Hamiltonian employed for the
analysis. In strongly bound and semirigid systems,
the traditional concepts developed for molecular
species can be applied (e.g., anharmonic oscillator,
semirigid rotor). However, in weakly bound or flux-
ional systems with shallow minima and low barriers
for internal motions, theoretical information concern-
ing the PES is required for a secure interpretation
of the experimental data, as the wave functions are
more delocalized and probe larger parts of the PES.
In these cases the theoretical PES can be iteratively
refined until agreement between theoretical and
experimental data is achieved. In some cases PESs
have been constructed by combining the empirically
determined potential near the equilibrium geometry
with a theoretical long-range potential. These issues
have been extensively discussed with regard to
the analysis of neutral van der Waals molecule
spectra,1669-68 where fruitful interplay between ex-
periment and theory has led to the construction of
accurate PESs for a number of small dimers and
trimers_8,16,62,69—72

The spectroscopic study of ionic complexes has
often been preceded by their formation and charac-
terization by other means. Of particular importance
has been the use of high-pressure mass spectrometry
to determine association enthalpies and entropies for
a vast number of A*—L, combinations (see refs 20,
73—75 for details). More recently, ion—ligand binding
energies have been ascertained through the analysis
of metastable decay fractions and fragment Kinetic
energy releases within the framework of evaporative
ensemble theory.*®76781 For anion systems, photo-
electron spectra provide comparable ligand binding
energy data.*>8283 |n some cases there are disconti-
nuities in the binding enthalpies or entropies that
signal the closure of the first solvation shell or the
establishment of a central structural unit.204345 The
predominance of particular cluster sizes in mass
spectra (magic numbers) are also often associated
with particularly stable structures or solvent shell
closure. Although these data provide insights into
cluster structures, particularly the formation of sol-
vation shells and the existence of isomers, many
details of the PES remain obscure.

The first high-resolution studies of ionic complexes
were reported in 1987 with a MW absorption spec-
trum of Hz;"—Ar and a diode laser IR absorption
spectrum of FHF~. While in both cases the studies
used traditional techniques with the complexes being
formed in gas discharge cells, several factors con-
tributed to their success. Hs™—Ar has a large dipole
moment and consequently strong MW absorptions,
and FHF is strongly bound and thus can be gener-
ated in high abundances. At around the same time,
IR spectra of several chemically significant proto-
nated cluster ions (e.g., Hs",8 HgO4"—H, and H;O03™—
H2,85 H30+—(H20)173,86 NH4+—(NH3)487) were ob-
tained using a strategy that involved vibrational
predissociation in a tandem mass spectrometer, with
the cluster ions being formed in a corona discharge
supersonic expansion. In some cases the spectra
contained features due to internal rotation of ligands
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(e.g., NH4"—(NH3)4),®” while in others (e.g., H3O"—
H,,88 Hs0,™ 86.89) features due to the overall rotation
of the complex where resolved. The techniques em-
ployed in these investigations (vibrational predis-
sociation, laser excitation in a tandem mass spec-
trometer, ionic complex formation in a supersonic
expansion) played an important role in later studies
and were adopted (with variations) by other groups.
Mass spectrometric and laser techniques were com-
bined to explore the properties of N,*—He, complexes
through their B—X electronic absorptions.®>%° Rota-
tionally resolved electronic transitions of metal—
ligand ionic complexes formed in laser vaporization
sources (e.g., MgT—H,0,! Mg*—H,,%? Ca"—H,0%)
were probed by exciting metal-centered electronic
absorptions in the visible (VIS) or ultraviolet (UV)
and monitoring the fragmentation products.

In the mid-1990s, the mid-IR spectra of a series of
simple linear or T-shaped closed-shell complexes
(OCH+_L,94797 N2H+_|_,987100 SiOH+—L,lOl L = He,
Ne, Ar, H,) were recorded. The spectra were distin-
guished by their simplicity and interpretability and
allowed the exploration of systematic changes in the
intermolecular bond as the attached ligand was
varied. Rotationally resolved combination and over-
tone bands were also observed. The same approach
was used to obtain rotationally resolved spectra of
open-shell complexes (OH"—He, OH* Ng,02 HNH"—
He,® HNH*—Ar%) and trimer complexes (CHz"—
Rgz, Rg = Ne,Ar).195106 Other developments occurred
in the same period: FTMW spectra of OCH™—Ar and
Hs*t—Ar were recorded in a pulsed discharge expan-
sion,197.1% near dissociation spectra of H,™—He were
obtained in a fast ion beam,%®1° and direct IR
absorption spectra of cation complexes (N;7,*** OCH™—
Ar,1*2 N,H*—Ar!3) were recorded in an electron
crossed slit jet source.’'* The first rotationally re-
solved spectra of weakly bound anion complexes were
reported with spectra of 1"—H,0,**> CI-—CH3Br,6
I"—HCH,'Y" (K structure), and Br ——C,H, 8 (J
structure). Novel approaches to the high-resolution
study of ionic complexes in this period included the
rotational depletion coherence (RDCS) studies of
Arst 11 and the zero kinetic energy photoelectron
(ZEKE) studies of Nat—H,0.120.121

Table 1 provides a list of complexes for which
rotationally resolved spectra have been obtained,
along with the experimental method that was uti-
lized. Included in the table are complexes for which
spectral structure relating to internal rotation has
been observed. The complexes can be divided into
several general classes. Cation systems include (i)
proton-bound complexes AHg"—Ln with one or k
equivalent protons for which mid-IR and MW spectra
have been measured; (ii) p/7-bound complexes of the
type CH3+_Ln, SiH3+_(H2)n and C5H6+_Rg (Rg =
rare gas); (iii) complexes containing a charged metal
atom, Me"—L, that have generally been studied
either by exciting strong electronic transitions cen-
tered on the Me™ cation or by ZEKE spectroscopy;
and (iv) miscellaneous complexes (N4*, Ars™, Nyt—
He,). The anion complexes are either proton-bound
or Sn2-type complexes.
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The outline of this review is as follows. After a
short description of the experimental techniques
which have been used to obtain high-resolution
spectra of ionic complexes, the details of individual
systems are discussed. For each complex attention
is given to structures, binding energies, force con-
stants, potential barriers, frequency shifts, and in-
termolecular frequencies derived from spectroscopy,
thermochemistry, and calculations. The outlook sheds
some light on prospective developments in the field.

ll. Experimental Strategies

Characterization of cluster ions requires sensitive
spectroscopic detection techniques owing to low con-
centrations usually achieved in cluster ion sources.
The most frequently applied spectroscopic approach
has been resonance-enhanced photodissociation (PD)
spectroscopy conducted in a tandem mass spectrom-
eter. The concept and experimental realization of this
technique have been extensively described and
reviewed.?3729.31.323584,15 Briefly, parent ions (A*—L,)
are mass selected by a mass spectrometer (MS) prior
to resonant excitation by tunable laser radiation (IR,
VIS, UV) into metastable rovibrational or rovibronic
states lying above the dissociation limit. Subsequent
redistribution of the internal energy causes rupture
of the weak intermolecular bond(s) to yield ionic and
neutral fragments:

AT—L,+ hy— (A*—L,)) — A"—L,+ (n—m)L (1)

The photofragment ions (A*—L,) are selected by a
second MS and monitored as a function of the laser
frequency to obtain a PD spectrum. This type of PD
spectroscopy features high selectivity and sensitiv-
ity: (i) it is a (nearly) background-free consequence
technique, as absorption is monitored by fragmenta-
tion; (ii) ion detection is very sensitive owing to the
possibility of single-ion counting with nearly 100%
detection efficiency (leading to detection limits of <10
cm~3); (iii) high selectivity is achieved through mass
selection of both parent and daughter ions. The main
disadvantage of PD spectroscopy is that it can only
be used to detect transitions terminating at levels
above the cluster’s dissociation threshold, and thus,
it is more suitable for complexes with lower binding
energies. Nevertheless, in several cases it has been
possible to spectroscopically probe more strongly
bound ions either by exciting overtone transitions%
or using multiphoton dissociation schemes.®® It is
worthwhile remarking that upper levels accessed in
PD spectroscopy can be homogeneously broadened
due to short lifetimes. This is obviously a nuisance
if it results in obscuration of rotational structure. On
the other hand, the line widths furnish information
on the vibrational predissociation rate, allowing
dynamical effects to be explored (see section I111.A.1.a
for an illustration).

A variant of PD spectroscopy involves using an
electric field to dissociate molecules that have been
photoexcited to near dissociation states. This ap-
proach has been employed to detect rovibronic tran-
sitions induced by IR or MW radiation between levels
close to the dissociation limit (long-range complexes).
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A number of diatomic and triatomic ions including
the weakly bound H,*—He complex have been stud-
ied by this technique.109110.129

Instruments employed for mass selection include
guadrupole mass filters (QMS), time-of-flight MS
(sometimes in combination with mass gates), mag-
netic and electric sectors, and Wien filters. The ions
have been irradiated in quadrupole and octopole ion
guides, field-free flight tubes, and ion traps. Narrow
band tunable radiation in the mid-IR spectral range
is usually provided by optical parametric oscillators
(OPO), difference frequency generation, or color
center lasers, while dye lasers (in combination with
second-harmonic generation) are commonly employed
to investigate the spectrum in the VIS and UV
spectral range.

There have also been a number of non-mass-
selective studies by way of direct MW and millimeter
wave absorption,?-131 FTMW spectroscopy,'?”1% and
direct IR absorption?2114.140.155 in either supersonic
expansions or hollow cathode discharge cells (Table
1). The sensitivity of these techniques is often en-
hanced by modulation techniques (e.g., velocity modu-
lation, frequency and/or intensity modulation, ion
production modulation, etc.) and various ways of
increasing the effective path lengths (e.g., slit jets,
multipass arrangements). Due to the lack of mass
selection, the carrier of the observed spectrum must
be identified by alternative means (e.g., rotational
analysis of the spectrum, isotopic substitution, plasma
chemical arguments, Doppler profiles, etc.).

Sources for the production of ionic complexes must
reconcile the somewhat conflicting requirements of
high ion current and low effective temperatures. Low
temperatures are desirable both for maximizing the
concentration of weakly bound complexes and also
to ensure the preferential population of the lowest
few energy levels so that the spectra are not unduly
congested. The majority of ionic complexes subject to
high-resolution characterization have been generated
by ion sources that generate a plasma in a supersonic
expansion (Table 1). Formation of the plasma usually
involves either a corona discharge,®® electron impact
ionization using an electron gun,'® thermionic fila-
ments adjacent to the nozzle orifice,®®> a pulsed
discharge,”1%® or laser ablation (in the case of
complexes containing metal ions).?328 Some control
over the formation and cooling of the ionic species
can be achieved by varying the electron energy,
moving the nozzle back and forth with respect to the
ionization zone, and by altering the composition of
the expansion gas (Figure 2). Slit jet expansions have
been employed in conjunction with electron impact
ionization for direct IR absorption studies.'%114

There are several possible mechanisms for cluster
ion formation in the expansion. If the plasma is
initiated close to the nozzle orifice, ligands are able
to accrete about a seed ion (which is produced by
ionization of the expanding gas mixture and possibly
subsequent ion—molecule reactions) via three-body
association reactions. Subsequent collisions then
serve to effectively cool the nascent clusters to
relatively low temperatures (10—50 K). Rotationally
resolved spectra show that the complexes are usually
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Figure 2. Mass spectra obtained in a supersonic expan-
sion coupled to electron impact ionization using the mix-
tures CH,/He/Ar = 1/100/500 (a) and CH4/H,/He/Ar = 1/25/
100/500 (b) at 5 bar stagnation pressure (Reprinted with
permission from ref 105. Copyright 1998 American Insti-
tute of Physics). Due to saturation effects, relative intensi-
ties can only be compared for peaks with intensities of less
than 5 au. The spectra are dominated by ions of the form
CH,*, CoH, ™ andlor CoHyt—(H2)m and/or CHt—CHy, Ar-
H,™ and CH,"—Ar. Though the addition of H, increases
the relative abundance of CH3™ versus other CH, " ions, it
does not enhance the absolute ion currents of either CHs™
or CHz™—Ar.
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Figure 3. Boltzmann plot for the IT—II band of the parallel
transition of the H—H stretch fundamental of OCH*—H>
(Reprinted with permission from ref 127. Copyright 1997
American Institute of Physics). The complex was produced
in a supersonic expansion of a CO/H,/He mixture (with a
ratio 1/50/50, backing pressure 5 bar) exposed to electron
impact ionization. Plotted is the relative population of
ground-state rotational levels as a function of their energy.
The distribution is nonthermal: the population of the
lowest J levels corresponds to a temperature T = 20 K,
while higher J levels are best characterized by T = 160 K.

not in thermal equilibrium, with ineffective cooling
of the complexes in higher rotational energy levels
due to large gaps between the rotational energy
levels. A Boltzmann plot demonstrating this effect
in OCH"™—H; is shown in Figure 3.1%7

Positive cluster ions can also be formed by bom-
barding neutral clusters with electrons downstream
in the collision-free part the expansion. In this case
the nascent complexes are usually highly energized
owing to substantial changes in the intermolecular
potential accompanying ionization. The only agency
for dissipation of the excess energy is through evapo-
ration of neutral ligands, so that the resulting
clusters can have substantial internal energies.
Negative cluster ions can also be formed downstream
in the expansion through the dissociative attachment
of an electron to a molecular constituent (intracluster
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dissociative attachment).'>” For example, ClI-—(H,0),
complexes can be formed through dissociative elec-
tron attachment to neutral CCl;—(H,0), clusters
followed by loss of CCl; and H,0 ligands.?®® Again,
the clusters are cooled through evaporation.

High-resolution spectra of a few cation dimers have
been obtained by photoionization of the corresponding
neutral precursors produced in supersonic expansions
(Table 1). The applicable techniques are ZEKE
spectroscopy’® and mass-analyzed threshold ioniza-
tion (MATI) spectroscopy*®® and rely on pulsed field
ionization (PFI) of highly excited Rydberg states of
the neutral species (n > 150) with subsequent detec-
tion of electrons (ZEKE) and/or ions (MATI). Mass
selectivity in these experiments is achieved either via
resonance-enhanced multiphoton excitation (ZEKE)
and/or the detection of the parent or fragment
ions (MATI). The application of ZEKE and MATI
spectroscopy to clusters has been extensively re-
viewed 36739161162 Only a few spectra of ionic com-
plexes have been obtained with rotational resolution
using ZEKE or MATI (Table 1), due to the limited
resolution achieved so far (>0.1 cm™1). Recently,
high-resolution spectra of lower lying Rydberg states
(40 < n < 120) were recorded for C¢Hs—Rg dimers
and yielded, via extrapolation to the series limit (n
— o), rotational constants of the cationic ground
states.142143.163 |n general, high-resolution spectra of
ionic complexes are difficult to obtain by means of
photoionization of the neutral species if (i) the neutral
precursor is unstable or (ii) neutral and cationic
species have very different equilibrium geometries
(unfavorable Franck—Condon factors).

Rotational depletion coherence spectroscopy (RDCS)
is a time domain technique suitable for furnishing
structural information on cluster ions that possess
directly dissociative excited electronic states.'® Its
application to the Ars™ ion is described in section
I11.C.3. The technique depends on the preparation
and subsequent detection of rotational coherences
using short (ps) polarized laser pulses. The prepara-
tion laser pulse (Z polarization) serves to preferen-
tially dissociate ions with transition moments aligned
along the polarization vector (for a parallel transi-
tion). The remaining subassembly of ions with tran-
sition moments preferentially aligned toward the XY
plane continues to rotate, but the transition moments
are periodically realigned in the XY plane at times
tn — to = n/(4B). A measure of the realignment is
provided by the ratio of the population dissociated
by a time delayed probe laser pulse whose polariza-
tion is aligned along the Y or Z axes. Although the
technique has only been applied to Arz*, it appears
to have much wider potential application.

Valuable spectral information on ionic complexes
has been obtained by several other techniques,
including laser-induced fluorescence (LIF),164165 vari-
ous variants of photoelectron spectroscopy (X-ray-
PES,* UV—PES,*4 REMPI—-PES5167) photoion-
ization efficiency measurements (REMPI—-PIE),68.169
and REMPI-IR ion dip spectroscopy.t’® There have
also been several spectroscopic studies in which the
cluster ions have been formed by REMPI of neutral
complexes followed by electronic excitation and pho-
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todissociation (e.g., CgHio"—Ar,"t CeH4F, T —ArS172),
As the spectra were not at the level of rotational (or
higher) resolution, the techniques are not discussed
in detail in this review.

lll. Cation Complexes

A. Proton-Bound Complexes

1. AHT-L

In proton-bound A—H*—L dimers, two bases A and
L share an intermediate proton (Figure 4). Part of

H
A—H -Rg  A— H+| A—HFN—N
H

Figure 4. Equilibrium structures of selected proton-bound
dimers.

the interest in such complexes arises from the fact
that they are stabilized intermediates of proton-
transfer reactions, which play a key role in a broad
range of chemical and biological contexts. The proton-
bound complexes feature properties that are charac-
teristic for hydrogen bonding:%7:58173 (i) the separation
between A and L is smaller than the sum of their
van der Waals radii; (ii) the intermolecular bond is
strongly directional and rarely deviates significantly
from linearity; (iii) the formation of the intermolecu-
lar bond between the proton donor, A—H*, and the
proton acceptor, L, leads to a destabilization of the
A—H bond. The partial proton transfer from A to L
results in a red shift of the A—H stretching funda-
mental, va_n, Which is accompanied by an increase
in its IR oscillator strength. Moreover, anharmonic
coupling between the intra- and intermolecular bonds
activates combination bands involving the A—H
stretch and the intermolecular stretch modes (va-n
+ vs). IR spectroscopy is thus an ideal tool for the
investigation of proton bonds, and most high-resolu-
tion spectra have been obtained in this spectral
range.

a. N;H*—He,Ne,Ar,H,,N,. Complexes consisting
of He, Ne, Ar, H,, and N, ligands attached to the
linear closed-shell NH™ ion have been extensively
examined using IR spectroscopy and theoretical
techniques. The NH*—L complexes can be viewed
as ones where a proton is shared between two Lewis
bases (N, and L) and serve as prototypical examples
of proton-bound species. As the proton affinity (PA)
of N, (118.2 kcal/mol) exceeds the ones of He, Ne, Ar,
and H, (42.5, 48.1, 88.6, and 101 kcal/mol),*”* com-
plexes containing these ligands essentially consist of
an NpH' core to which the perturbing ligand is
attached. The IR spectra along with ab initio calcula-
tions show that the complexes possess structures in
which the proton is shared most effectively with the
ligand. Thus, the rare gas (Rg) containing complexes
are linear, N;H"—H; is T-shaped with the shared
proton attached to the midpoint of the H—H bond,
and the N,—H*—N, complex is linear and centrosym-
metric, with the intermediate proton shared by
equivalent N, ligands (Figure 4).

Vibrational predissociation investigations (N;H™—
He’98,122 N2H+—Ne,99 N2H+_Ar'100,123,126 and N2H+—
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Figure 5. (a) IRPD spectrum of N,H™—He between 3100
and 3400 cm~*. The rotationally resolved transitions cor-
respond to the N—H stretch fundamental (v;, Z—X) and its
combination bands with the intermolecular bend (v1 + vy,
I1-Z) and stretch (v; + vs, 2—Z) modes. (b) Line profiles of
individual rotational transitions of the v, v1 + v, and v,
+ vs bands of NoHT™—He. The line widths of the fitted
Lorentian curves (0.14, 0.07, 0.28 cm™!) correspond to
lifetimes of 38, 76, and 19 ps, respectively. (Reprinted with
permission from ref 98. Copyright 1996 American Institute
of Physics.)

H,'7) using a pulsed OPO light source (0.02 cm™?
bandwidth) have been directed principally in the
region of the chromphore v, band (N—H stretch) in
the 3000 cm™! region, although combination and
overtone bands have also been observed. The NoH™—
Rg species were among the first complexes to display
fully rotationally resolved vibrational predissociation
spectra, demonstrating the effectiveness of the strat-
egy for sensitively recording high-resolution IR spec-
tra. The limitations of this approach are also appar-
ent. For example, due to rapid vibrational predissocia-
tion and consequent lifetime broadening, rotational
structure has not been observed in the predissociat-
ing bands of N,H*—H,. Direct diode laser IR absorp-
tion spectroscopy in a slit jet plasma has also been
employed to provide complementary information on
nondissociative levels of NoHt—Ar'3124 and new
information on the strongly bound N,—H™—N, com-
plex.125

To illustrate the sort of spectroscopic information
that is obtained for the N,H*—Rg dimers, the IRPD
spectrum of NpH"—He is shown in Figure 5. Con-
spicuous in the spectrum are rotationally resolved
bands that correspond to the N—H stretch funda-
mental (v1, Z—%) and its combination bands with the
intermolecular bend (v, + vy, I[1—-X) and stretch (v, +
vs, 2—2) modes. The three bands can be analyzed in
terms of standard pseudodiatomic energy level ex-
pressions to yield lower- and upper-state rotational
and centrifugal distortion constants that deliver
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information on the vibrationally averaged bond length,
R.m, and radial flexibility of the intermolecular bond,
ks. Information on the angular flexibility of the
intermolecular bond, k, is provided by the spacing
between v; and v; + v,. Corresponding IRPD spectra
to the one shown for N,H*—He (Figure 5) have been
recorded for N,H"—Ne*?2 and N,H™—Ar,100123126 Gen-
erally, the rotational structure in the N;H*—Ne and
N,H™—Ar bands is more complex than for N,H*—He
due to disruptions of the upper-state rotational
manifolds by interacting dark states. Besides making
analysis and assignment of the higher vibrational
transitions problematic, these effects mean that it is
often difficult to extract excited-state constants (es-
pecially centrifugal distortion constants).00.126

In the case of N,H"—Ne, rotationally resolved
bands assigned to vy, v, + v3 + v, (v3 = N—N stretch),
v1 + b, v1 + vs, v1 + 21y, and 2v; have been observed.*®
The v, state is found to be in resonance with a nearby
level, which on the basis of NoHT—22Ne and *N,H*—
Ne isotopomer spectra is assigned to the I = 0
component of v, + vz + w,. For NH"—Ar, the
vibrational energy level structure is complicated by
exceptionally strong interactions between the N—N
and N—H stretch modes. In all, 25 different vibra-
tional predissociation bands have been recorded
between 2470 and 6000 cm™1, over one-half of which
display rotational resolution.'%%1%6 At this stage, only
the few lowest lying bands have been assigned and
analyzed. Initially, it was thought that a strong band
with origin at 2505.5 cm~! was the v; + vs combina-
tion band.’® However, more recent diode laser ab-
sorption studies, along with theoretical work,*?* show
that it is more likely due to the v; fundamental that
is displaced upward due to strong coupling with the
N—N stretch level. Transitions to the latter level have
been observed using diode laser spectroscopy. The
rotational constants for the two levels are similar,
constituting further evidence for the mixing.'?*

The degree to which the properties of the N,H™ core
are disrupted by the attached ligand and the strength
of the intermolecular interaction depend sensitively
upon the difference between the PAs of N, and the
participating ligand, APA. As APA diminishes, the
proton becomes increasingly delocalized, resulting in
a displacement to lower frequency for the NoH™ v,
absorption. Thus, the v, origins for N,H*—He, NoH —
Ne, and NoH*™—Ar are red shifted by —75.5, —180.5,
—728.5 cm™! with respect to the monomer band
(3233.95 cm™1).178 In comparison, vibrational band
shifts for analogous neutral Rg-containing van der
Waals complexes are invariably small.* For example,
the complexation-induced vibrational band shift is
—2.69 cm™! for the linear hydrogen-bonded NCH—
Ar dimer (which is isoelectronic with NoH™—Ar).177

A diminishing APA is accompanied by an increase
in the radial and angular rigidity of the intermolecu-
lar bond and also in the bond dissociation energy. For
example, the harmonic stretching force constants for
N,H*—Rg are ks = 4.8, 12.8, 37.8 N/m for Rg = He,
Ne, Ar. The radial force constants reflect the strength
of the charge-induced dipole interaction and are of
similar magnitude to those found for strongly bound
neutral hydrogen-bonded systems (e.g., HLO—HCCH,
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Figure 6. IRPD spectrum of N;H*—Ar showing the onset
of dissociation at J' = 31 in an unassigned vibrational state
with band origin vo = 2707 cm~! (Reprinted with permis-
sion from ref 126.

ks = 6.5 N/m).1"® The separation between the attached
Rg atom and the intermediate proton is also much
shorter in NoH*—He (1.72 A), N,HT—Ne (1.76 A), and
N,H*—Ar (1.90 A) than in the corresponding NCH—
Ar dimer (2.721 A).17® The bond is even shorter in
the strongly bound N,—H*—N, complex (1.28 A).1%

Observation of v; + », combination bands for
N,H*—He and N;H™—Ne furnishes information on
the bending potential for the Rg interacting with
vibrationally excited N,H". These bands occur 96 and
128 cm™! above the v; transition, corresponding to
harmonic force constants of k, = 4.5 x 1072 and 9.6
x 1072 Nm. The bending frequencies are much
larger than those for related neutral complexes (e.g.,
kp = 7 x 10722 Nm for NCH—Ar)'"® and prove that
N,H™—Rg bonds are quite directional. It is worth
noting that not all He-containing ionic complexes
feature strongly directional intermolecular bonds.
For example, N,"—He and NH; —He have been
shown through calculations and spectroscopic studies
to have a PES where the intermolecular angular
motion is almost unhindered (sections 111.C.1 and
I11.A.2.e).90133.146

Theoretical estimates for the dissociation energies
of NoH"—He (378 cm™1),8 N,H*—Ne (795 cm™1),%81
NoH*—Ar (2800 cm™1),123124 and N,—H*™—N, (5911
cm~1)125 follow the trends expected from the ordering
of the ligands’ PAs (He < Ne < Ar < H; < Ny). The
Do for N;H™—H; is calculated to be 2000 cm™2,175
which is somewhat lower than might be expected.
The calculated binding energies for N,H™—H, and
N,—H™—N; are supported by association enthalpies
measured using high-pressure mass spectrometry.!8
For NoH*—Ar, an accurate experimental value for the
dissociation energy can be derived from the IRPD
spectrum, as the onset of dissociation occurs at
specific rotational levels in v, v; + vs, and a higher
unidentified level.?® Thus, the lower J lines are
absent from the vibrational predissociation spectrum
(Figure 6), although they are apparent in diode laser
absorption spectra of the v; transition.'*® By combin-
ing the charge-induced dipole and centrifugal poten-
tials, independent assessments of the dissociation
energy can be made for each of the three levels,
leading to Do = 2781.5 & 1.5 cm~1.2% Currently, this
is perhaps the most accurately determined dissocia-
tion energy for an ionic complex and accords well
with recent ab initio values.
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Excitation of the monomer N;H™ v; mode causes a
stiffening and shortening of the intermolecular bond.
This is a characteristic of proton-bound complexes
(cation and anions) and can be seen as evidence for
incipient proton transfer to the base with the lower
PA. For N;H™—He, N;H™—Ne, and N,H*—Ar, the v,
level is associated with H—Rg bond contractions of
0.04, 0.04, and 0.02 A with respect to the ground
state. Analysis of the 2v; band of N,H"—Ne shows
that the H—Ne bond for the 2v; level is 0.05 A shorter
than in the ground state, proving that the bond
continues to contract as more quanta are added to
the v, mode. The excited-state bond contraction is
accompanied by a stiffening of the radial bond, so
that, for example, in N;H"—He the stretching force
constant increases from 4.8 to 7.5 N/m while for
N,H*—Ar there is an increase from 37.8 to 42.2 N/m.

For N,H*™—He, the spectroscopically determined
molecular constants have been used to generate
radial potential energy curves near the well mini-
mum using a modified Rydberg—Klein—Rees (RKR)
procedure.®® These short-range potentials have been
combined with long-range potentials determined by
considering the interaction between the Rg atom and
multipoles distributed on the N;H™ ion, obtained
through an ab initio distributed multipole analysis
(DMA). The resulting radial RKR/DMA potentials
have been used to determine energies of excited
intermolecular stretching states, dissociation ener-
gies, and equilibrium bond distances. On the basis
of these potentials the binding energies for He
interacting with the ground and v, vibrational states
are predicted to be Dy = 378 and 431 cm™L.

The ground- and excited-state properties of NoH*—
He, N;H™—Ne, N,H*—Ar, and N,—H*—N, have also
been explored from an entirely theoretical viewpoint.
In the case of N,H"—He®® and N,H™—Ne,*%18! rovi-
brational calculations have been conducted using ab
initio PESs. An important feature of this work is that
the effect of the proton stretching motion on the
intermolecular potential has been included in an
adiabatic fashion. This is done by, first of all,
calculating effective N—H stretching potentials for
different angular and radial positions of the Rg atom
with respect to the N,H™ core. Subsequently, energies
for ground- and excited-state N—H stretching levels
are calculated for each of the points and used to
correct the intermolecular PES for the Rg atom
interacting with a frozen NoH™. This procedure yields
effective two-dimensional intermolecular PESs for
N,H*—Rg in its ground and v; states that are then
used for the rovibrational calculations. Generally, the
calculated ground- and excited-state rotational con-
stants and intermolecular stretching and bending
frequencies match the experimental values quite
well. Distinctive features of the N,H"—He and N,H*—
Ne complexes, such as the contraction and stiffening
of the intermolecular bond accompanying the excita-
tion of the v, stretch, are reproduced by the approach.
The v, band shifts tend to be overestimated (e.g., —93
vs —75.5 cm™! for N,H™—He, —210 vs —180.5 cm™?
for N;H™—Ne), an effect that has been attributed to
the neglect of the N,H* bending vibration on the
intermolecular interaction.
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For NoH'—Ar, the shared proton is far more
delocalized than in N,H*—He and N,H*—Ne. This is
reflected in a large reduction in the N—H stretch
frequency and also a strong coupling between the
intramolecular and intermolecular degrees of free-
dom. The first theoretical predictions of the v,
fundamental for N,H"—Ar (2330 cm™1) were made
on the basis of one-dimensional proton potentials
developed by fixing the Ar atom in reasonable posi-
tions.'8 Subsequently, the stretching vibrational
energy levels of N,H"—Ar have been calculated using
a three-dimensional coupled oscillator model that
includes all three stretching coordinates.*?* The pres-
ence of the Ar atom leads to strong anharmonic
interactions between the N—N and N—H stretches,
resulting in substantial mixing of the zero-order
states, shifts in their energies, and a large increase
in the IR intensity of the N—N stretch. Significantly,
the experimentally observed frequencies for the v,
vs, and v; + vs modes are successfully matched by
calculated vibrational energies.

Information on excited-state predissociation dy-
namics is provided by the rotational line widths. Line
widths for the v, levels of No,H™—Ne% and NoH™—
Arl® are limited by the laser bandwidth (0.02 cm™1),
proving that dissociation ensues on time scales longer
than 250 ps. Dissociation is more rapid for NoH™—
He, where rotational line widths for the v, v1 + w,
and v, + v transitions (Figure 5) are consistent with
upper-state lifetimes of 38, 76, and 19 ps.'??2 The
longer lifetime for the v, + v, combination level is
probably due to a diminished average projection of
the v; stretch displacement onto the intermolecular
bond (the dissociation coordinate), while the shorter
lifetime of the v; + v combination is consistent with
a better overlap between the bound and continuum
wave functions. As already mentioned, for N,HT—H,
predissociation is sufficiently rapid for both the N—H
and the H—H stretch levels for rotational structure
to be obscured through lifetime broadening.t”®

b. OCH*—He,Ne,Ar,H,. The OCH*—He,** OCH*—
Ne,® OCH*—Ar,% and OCH"—H,%"*?" proton-bound
complexes have been studied using IRPD spectros-
copy. Additional information on OCH*—Ar has been
provided by FTMW studies of four isotopomers'® and
direct diode laser spectroscopy of the v3 (C—O stretch)
band.**? The OCHT" ion is isoelectronic with NoH*,
and the properties of the OCH*—Rg complexes are
similar in most regards to those of the N,H™—Rg
ones. They possess linear proton-bound structures,
and their v; absorptions are red shifted from the v,
band of free OCH™ at 3089 cm~1.184 However, because
of the CO molecule’s higher PA, the intermolecular
interaction is weaker for the OCH™ complexes than
the N>H™ ones, and this is reflected in smaller v; red
shifts, stretching and bending force constants, longer
intermolecular bonds, and lower dissociation ener-
gies. The relative interaction strengths for OCH*—
Rg and N;H"—Rg complexes are apparent by noting
that the v, band shift in OCH*—He is only —12.4
cm~! compared to —75 cm™! in No,H"—He.

The IRPD spectra of the OCH*™—Rg complexes are
generally less complicated than the corresponding
N,H*—Rg ones. While the v; band of OCH*—He is
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perturbed, with displacements and splittings of ro-
tational lines, the corresponding OCH*—Ne and
OCHT—Ar v, spectra are relatively unperturbed. For
OCHT'—He, the perturbations were tentatively as-
cribed to an accidental resonance between v; and the
combination of the intramolecular v, + v3 vibration
with quanta of intermolecular modes (v, + v3 = 3012
cm™t for OCH").%* In OCH"—Ne, the v; level is
depressed by roughly 30 cm~! compared to OCH*—
He and it is possible that the interacting states have
moved away from resonance.®® Further support for
this hypothesis arises from the apparent absence of
perturbations for the OCH*—Ar v; band where the
decrease in the v; frequency is even more substan-
tial.%

The spectroscopic data show that, as expected, the
strength of the intermolecular bond of the OCH*—
Rg complexes increases in the order He < Ne < Ar,
in line with PAs and polarizabilities of the attached
bases. Thus, the radial force constants for OCH*—
He, OCH"—Ne, and OCH*—Ar are 1.6, 4.8, and 17
N/m. The v; red shifts, which reflect the influence of
the Rg atom on the effective proton potential, vary
in the same way: —12.5, —42.5, =274 cm™! for Rg =
He, Ne, Ar. Interestingly, the vibrationally averaged
intermolecular separation does not depend strongly
upon the Rg atom: in OCH*—He (2.00 A) it is almost
the same as in OCH*—Ne (1.99 A) and OCH*—Ar
(2.13 A). The similarity is most probably due to a
cancellation of competing effects. While the polariza-
tion attraction is stronger for larger Rg atoms,
overlap repulsion becomes important at longer dis-
tances.

Currently, there are few empirical data concerning
the effective bending potentials for the OCH™—Rg
dimers. In the case of OCH"—Ar, the FTMW isoto-
pomer spectra have been used to determine the
average angular zero-point excursion (9.6°), effective
bending force constant (7.95 x 1072° Nm), and
estimated harmonic bending frequency (110 cm™1).108
Ab initio intermolecular harmonic bending frequen-
cies have been calculated for OCH*—He (65 cm~1)185
and OCH*—Ar (135 or 171 cm™1).123.18

The mid-IR spectra of OCH*—Ne and OCH*—Ar
provide information on the interaction of the Rg atom
with the vibrationally excited OCH* monomer. Due
to perturbations in the OCH™—He »; spectrum, the
upper-state rotational constants are not well defined,
making it difficult to extract accurate estimates for
the bond distance and stretching force constant. For
OCH*—Ne, excitation of the v; mode leads to an
intermolecular bond contraction of 0.01 A and a 10%
increase in ks. For OCH"—Ar, the contraction is
somewhat larger (0.04 A). In this case there is also
an increase in ks, although a precise determination
of its magnitude is not possible due to the relatively
large uncertainty in the upper state D value. Excita-
tion of the v3 mode (principally a C—0O stretch) in
OCH*—Ar also affects the intermolecular potential
and results in a 0.01 A bond contraction compared
to the ground-state geometry.'*? It might be expected
that the v; vibration should be decoupled from the
intermolecular potential. However, the v; mode is not
a pure C—O stretch and also involves motion of the
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intermediate proton. This is emphasized by the 48.2
cm™1 red shift of the v; transition in the complex with
respect to the OCH™ »; transition.

Currently there are no accurate experimental
measurements of OCH*™—Rg binding energies and
estimates are based upon ab initio calculations
(OCH*—He, OCH"—Ar) and RKR/DMA potentials
(OCH*—Ne). Binding energy estimates are 130—170
cm™! for OCH™—He,818 438 cm~* for OCH*—Ne,%
and 1470—1550 cm™! for OCH"—Ar, 123185

Mid-IR spectra of both OCH*—H,°"1?” and OCD*—
D,*?” have been obtained using IRPD spectroscopy.
Interest in the isomeric forms of H;CO™ followed the
proposal that formaldehyde may be produced in dark
interstellar clouds through a mechanism in which the
primary step was the radiative association of OCH*
and H,.%® The association product was presumed to
be protonated formaldehyde, H,COH™, which pro-
duced formaldehyde after dissociative recombination
with electrons. Subsequently, it was shown that
H3;CO™ ions formed in such low-energy encounters
rapidly exchange H, for CO to form (CO),H*, sug-
gesting that they have an OCH*—H, form, rather
than the more stable H,COH™ structure.'®” This
conjecture was given firm foundation by high-pres-
sure mass spectrometry measurements which pro-
vided an association energy for the complex of ~3.9
kcal/mol with respect to the OCH* + H, limit.18
Theoretical studies!®®~1% have identified three stable
isomers of H3CO™, the H,COH™ cation (the most
stable form), and the OCH"—H, and COH*—H,
proton-bound complexes. Barriers for isomerization
between the three forms exceed the Hs;* + CO and
OCH + H; dissociation limits, making it appropriate
to think of them as distinct molecular species. Prior
to the OCH*—Hj, studies, only H,COH* had received
spectroscopic attention.%°

While rotational structure is not apparent in the
band corresponding to C—H excitation of OCH"—H,
(shifted by —249 cm~* with respect to v; of OCHT)
due to lifetime broadening, the H—H (D—D) stretch
band (which becomes IR active due to the presence
of the OCH™) is rotationally resolved and furnishes
structural information. The charge—quadrupole in-
teraction favors a T-shaped equilibrium structure
with the shared proton (deuteron) bound to the
midpoint of the H—H (D—D) bond (Figure 4).°71” The
spectra are consistent with such a T-shaped equilib-
rium geometry but also provide evidence of large-
amplitude H,/D, hindered internal rotation. For
OCH™*—H,, parallel Z-X and II-II bands are ob-
served corresponding to para and ortho H,.°"'?” The
OCD"—D; spectrum features parallel =—=, IT-I1, and
A—A bands.'?’ Fitting the observed line positions to
a semirigid Watson A-type Hamiltonian yields anoma-
lous rotational constants reflecting the appreciable
zero-point excursions of the H,/D, molecule.’?” Ab
initio calculations predict that the barrier for internal
rotation through a linear C., transition state is 1153
cm~1,°7 a value that is consistent with the IR spectra
when analyzed using a hindered rotor model. Accord-
ing to the model, the effective barrier for internal
rotation increases by about 15% upon excitation of
the H—H stretch. A crude pseudodiatomic analysis
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of the spectrum yields an estimated distance between
the H,; midpoint and the intermediate proton of 1.84
A. An increase in bond strength upon vibrational
excitation is indicated by the decrease of the inter-
molecular separations of 0.008 and 0.005 A for
OCH*—H, and OCD*—D,. The enhanced excited-
state barrier and shorter intermolecular bond can be
rationalized by the larger quadrupole moment of
molecular hydrogen in the vibrationally excited state.

c. SiOH"—He,Ne,Ar,N;. SiO is isovalent with N,
and CO and prefers protonation at the oxygen
end.1%6-19% |RPD spectra of linear SiOH" complexed
with He, Ne, Ar, and N; have been recorded°%1% in
the vicinity of the O—H stretch vibration of SiOH™
(v1 = 3662 cm~1).1%8 The SiOH™ ion was produced by
electron impact ionization of a SiH4/O,/L mixture,
and subsequent dimerization with a ligand L was
achieved via three-body collisions in the expanding
plasma. As for the related N,H*—L and OCH*—L
complexes, the mid-IR spectra of SIOH*—L dimers
are dominated by red shifted v, bands, indicative of
linear proton-bound geometries.°%1%° The magnitude
of the observed red shifts increases with the interac-
tion strength: Av; = —8, —36, —217, =517 cm™! for
L = He, Ne, Ar, N,. Ab initio calculations confirm
that the global minimum of the intermolecular PES
of all investigated SiOH*—L dimers corresponds to
the linear proton-bound structure (C.,, Figure 4).101.199
The major effects of complexation on the SiOH*
properties are a lengthening of the O—H bond,
accompanied by a red shift and intensity enhance-
ment of the O—H stretch fundamental, Av, and Alj;.
These effects are typical for hydrogen-bonded systems
and become more pronounced as the interaction
strength increases: Arpo-y = 0.0011, 0.0022, 0.0114,
0.0276 A, Avy = —23, =52, —246, —566 cm™1, Al, =
29, 53, 206, 386%, D, = 190, 332, 1117, 2642 cm™*
for L = He, Ne, Ar, N,.1%

As an example, the spectrum of the SiOH"—Ar
dimer is reproduced in Figure 7.1* Three rotationally
resolved =—2-type bands were observed and assigned
to v; (3445.0 cm™1) and its combination bands with
the intermolecular stretch (v1 + vs, 3554.6 cm™?) and
bend vibrations (v; + 2v,, 3581.5 cm™?) of linear
SiOH™—Ar.2%? From the rotational constants, the
interatomic bond length in the ground vibrational
state is found to be Ry_ar = 2.19 A. Excitation of v,
results in a stabilization of the intermolecular bond,
indicated by the v; red shift (Avy = —217 cm™?) and
a contraction of the bond (~0.05 A). Excitation of v,
in combination with v; elongates the bond by 0.03 A,
while excitation of 2v, reduces the bond length by
0.014 A. These observations are typical for a proton-
bound rod-and-ball complex. As the PAs decrease in
the order SiO > CO > Ny, the intermolecular interac-
tion strengths in complexes composed of their pro-
tonated ions with Rg or N; increase in the same
order. This trend is reflected in the intermolecular
binding energies, bond lengths, stretching force con-
stants, and complexation-induced v; red shifts.10?

The topologies of the calculated PESs of SiOH"—
Ar, No,HT—Ar, and OCH*—Ar are qualitatively dif-
ferent owing to differences in the charge distributions
and molecular shapes of the protonated core ions.10%123
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Figure 7. IRPD spectrum of SiOH*—Ar in the vicinity of
the O—H stretch (v,) vibration (Reprinted with permission
from ref 101. Copyright 1998 Elsevier Science). Three
rotationally resolved 2—X bands are assigned to »; and
combination bands with intermolecular modes of the linear
proton-bound isomer, while the broad band near 3670 cm—!
is attributed to a less stable T-shaped isomer. The v; band
of the linear isomer is 217 cm~1 shifted to the red from the
monomer absorption (3662 cm™1, indicated by the arrow),
while the v, band of the T-shaped isomer exhibits a small
blue shift of 11 + 5 cm™1.

All PESs feature a deep global minimum at the
proton-bound site, and for NH™—Ar and OCH*—Ar
this structure is the only minimum.'?® In contrast,
due to significant charge density on Si, the PES of
SiOH*—Ar has an additional local minimum at the
T-shaped configuration (D = 938 cm™, Rar—si = 3.099
A, OAr—Si—0 = 94.1°) which is separated by a high
barrier (~500 cm™?1) from the slightly more stable
proton-bound minimum (D = 1117 cm™%, Ry-ar =
2.099 A). As the two isomers have similar binding
energies, they are both produced in the cluster ion
source and observed in the IR spectrum (Figure 7).101
They can easily be identified by their characteristic
v, frequency shifts: the calculated values of —246 and
+16 cm™1 for the proton-bound and T-shaped isomers
are in good agreement with the observed shifts of
—217 and +11 4+ 5 cm™*. The analysis of photofrag-
mentation branching ratios of larger SiOH"—Ar,
complexes provides rough experimental estimates for
the binding energies of the T-shaped (700 < Dy < 875
cm™1) and proton-bound isomers (875 < Dy < 1400
cm™1), which are consistent with the ab initio data.?0!
T-shaped local minima were also predicted for the
dimers with L = He, Ne, and N3; however, experi-
mentally only the one for N, was identified.1%

d. OH*—He,Ne. The OH"—Rg complexes differ in
two ways from the AH™—Rg systems discussed in the
preceding sections. First, OH" is a diradical with a
33" ground electronic state, and thus the spectra of
OH™—Rg complexes exhibit the effects of electron—
spin interaction, providing valuable information on
the angular anisotropy of the intermolecular PES.?%
Second, as they are triatomic systems, they are at-
tractive from a theoretical point of view, because it
is feasible to calculate full-dimensional PESs at high
levels of theory, with subsequent solution of the ro-
vibrational Hamiltonian. In particular, the electron-
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Figure 8. IRPD spectrum of the v; band of OH*—He in
its °>~ electronic ground state (Reprinted with permission
from ref 102. Copyright 1998 American Institute of Phys-
ics). (a) Overview spectrum of the Z—ZX-type transition. (b)
Comparison of experimental (top) and simulated (bottom,
T = 24 K) spectrum near the band origin, along with
assignments for allowed and forbidden transitions. The
electron spin (S = 1) splits each rotational level in three
components (Fj, i = 1-3), according to J = N, N + 1.

sparse OH™—He complex serves as a prototype sys-
tem (similar to Hy"—He) to study intermolecular
interactions in weakly bound open-shell ionic com-
plexes.

The IRPD spectra of OH*—He and OH*—Ne rep-
resent the first high-resolution IR spectra of open-
shell ionic dimers.1%2 The clusters were produced in
an electron impact ionization source by coexpanding
a mixture of Oy, H,, and He/Ne. For both dimers, the
O—H stretch fundamental (v,) and its combination
band with the intermolecular bending vibration (v;
+ vp) were observed at rotational resolution. As an
example, Figure 8 shows the experimental v, spec-
trum of OH*—He along with a simulation (T = 24
K) and assignments of allowed and forbidden transi-
tions. The rovibrational analyses of the observed
bands are consistent with the linear proton-bound
equilibrium geometries predicted by ab initio calcula-
tions.?9%202 The rotational structure was analyzed
using standard semirigid linear molecule Hamilto-
nians appropriate for 3=~ (ground state, v1) and °I1
(v1 + ) vibronic states, including terms for rotation,
centrifugal distortion, spin—spin and spin-rotation
interaction arising from electron spin, and I-type
doubling arising from the vibrational angular mo-
mentum of »,. Analysis of the rotational and cen-
trifugal distortion constants yielded Ry-grq = 1.62 and
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1.67 A, ks = 6 and 16 N/m, ws = 180 and 172 cm™!
for the ground states of OH*—He and OH*—Ne.
Excitation of v, leads to an increase of the interaction,
indicated by bond contractions of 0.05 and 0.04 A,
and complexation-induced red shifts of Av; = —66.3
and —169.9 cm™, respectively. Information about the
angular anisotropy of the potential comes from the
bending frequencies, v,, and the complexation-
induced changes in the spin—spin interaction con-
stants. From the latter, the zero-point angular
excursion, [#)was estimated as 25° and 20° for the
ground states of OH*—He and OH™—Ne, implying
that the lighter He atom undergoes larger zero-point
bending motion in a more isotropic potential. The
smaller average angular excursions in the respective
vy states (21°, 17°) indicate that vibrational excitation
increases not only the radial bond strength, but also
the angular rigidity. As expected, the average angle
increases substantially when the intermolecular bend-
ing mode is excited ([HC= 40° for the v, + v, state of
OH*—He). The smaller harmonic bending force con-
stant in the »; state of OH"™—He (v, =203 cm™, k, =
2.5 x 1072° Nm) compared to OH*—Ne (v, = 327
cm™1, k, = 6.7 x 1072 Nm) also reflects a diminished
angular anisotropy for the interaction in the former
complex.

In general, the spectroscopic data for OH*—He and
OH*™—Ne are in good agreement with the results of
rovibrational calculations employing two-dimensional
ab initio intermolecular PESs for the v; = 0 and v;
= 1 states, taking the intramolecular O—H coordinate
into account in an adiabatic fashion.?°2 These calcula-
tions predict dissociation energies of Do = 416 and
974 cm~* for OH"—He and OH*—Ne. Comparison of
the open-shell OH"—Rg dimers with the correspond-
ing closed-shell N;H*—Rg complexes reveals the
influence of the diradical character on the intermo-
lecular interaction. As the PAs of O and N, are
similar, the characteristics of the interaction in the
OH*™—Rg and N;H*—Rg dimers are expected to be
comparable if open-shell effects are small. Indeed,
both dimers feature similar intermolecular interac-
tion properties (Do , Avi, ks, Ru-grg), confirming that
the interaction in open-shell complexes with 3%~
electronic states closely resembles the interaction in
the corresponding closed-shell species.?

Although the interaction strengths in OH*—He and
N,H*—He are similar, the relaxation dynamics of the
v, states are rather different.%8192 The lifetimes of v,
and v; + v, in OH*—He (>200 ps) are much longer
than the lifetimes measured for vy, v1 + v, and v; +
vs of NoH*—He (38, 76, 19 ps, Figure 5). The weaker
coupling between intra- and intermolecular degrees
of freedom in OH™—He probably arises from the lower
density of available background states compared to
N,H*—He, owing to fewer vibrational degrees of
freedom and higher intermolecular frequencies. Pre-
dissociation of OH*—He after v, excitation requires
that excess energy is partitioned into either fragment
translational kinetic energy or OH* rotational excita-
tion. Both processes are inefficient, as they involve
large changes in the effective quantum numbers
of the respective degrees of freedom (energy-gap
law).2042095 In contrast, predissociation of the meta-
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stable vy or v; + wp/vs levels of N;H—He can result
in vibrationally excited N,H* fragments (e.g., v»),
thus significantly decreasing the fragments’ trans-
lational kinetic energy and N,H* rotational excitation
and therefore shortening the predissociation lifetime.

The v, spectra of OHT—He/Ne show the effects of
small local perturbations attributed to weak interac-
tions with dark long-lived quasibound states. These
states must involve multiple quanta of the two
intermolecular vibrations, lying much higher than
the lowest dissociation limit! Possible candidates for
such long-lived states are levels involving a high
degree of bending excitation. As the barrier for
internal rotation is low, these levels are likely to have
practically free internal rotor character and therefore
interact only weakly with the dissociation continuum
and the v; mode.

e. CH;CNH™—H,. The CH;CNH*™—H, dimer is
another member of the AHT—H,; series studied by
means of IRPD spectroscopy and ab initio calcula-
tions.*?® The rotational structure and vibrational
frequency shifts of the observed v, (H—H stretch) and
v, (N—H stretch) fundamentals are consistent with
a proton-bound T-shaped equilibrium structure, where
the linear CCNH™ backbone of CH;CNH™ (Cs,) points
toward the midpoint of H, (Figure 4). The calcula-
tions yield a dissociation energy of D, = 1102 cm™1.
The H, unit can rotate freely around the intermo-
lecular axis (calculated 6-fold barrier Vg < 0.1 cm™1),
whereas internal rotation around the axis perpen-
dicular to the intermolecular bond is strongly hin-
dered (calculated 2-fold barrier V, ~ 1050 cm™1). The
major changes of the monomer structures upon
complex formation are elongations of the N—H and
H—H bonds. These structural changes are accompa-
nied by red shifts in the respective frequencies, Av;
~ —64 cm~! and Av, = —183 cm™1. The relaxation
dynamics of the complex are highly mode selective.
The higher lying v; state couples only weakly to the
intermolecular degrees of freedom leading to a life-
time 7; > 130 ps. In contrast, the coupling of the
lower lying v, state is more efficient, which reduces
the lifetime to 7, < 30 ps. The rotational structure of
the v; fundamental was analyzed assuming free
internal rotation of H, around the intermolecular axis
(molecular symmetry group Gi2), and the rotational
constants resulted in an approximate intermolecular
separation, Ry_n, ~ 1.9 A,

2. AL, (k> 1)

a. Hy™—He. The open-shell H,"—He complex is of
fundamental interest as it is a few electron system
for which high-quality ab initio and bound-state
calculations are feasible. Laboratory-based spectro-
scopic studies of the complex are desirable because
of its possible existence in interstellar regions and
also because knowledge of its structure and dynamics
should help to achieve a better understanding of the
ion—molecule reactions in He- and Hj-containing
plasmas (such as the interstellar medium).

Near dissociation levels of the H,*—He complex
have been studied by subjecting a beam of highly
excited complexes to tunable MW radiation with
detection of H,* fragment ions produced via electric
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Figure 9. Near dissociation transition of H,"—He near
15.2 GHz (Reprinted with permission from ref 109. Copy-
right 1996 Elsevier Science). (a) Parallel Doppler-shifted
resonances recorded with a microwave power level of 6.3
uW. (b) Parallel Doppler-shifted resonances recorded with
a microwave power level of 50 W, showing the appearance
of a second sextet at higher power levels.

field dissociation.1%%11% While the technique probes
levels that lie within a few cm™! of the H,™ + He
dissociation limit, because of the high resolution with
which the spectra are recorded, the transition fre-
guencies are sensitive to details of the entire PES.
Several MW absorptions have been observed, and
perhaps the most informative of these occurs at 15.2
GHz (Figure 9). It consists of two sets of sextets, one
of which is only apparent at higher irradiation levels,
and has been assigned to transitions between a parity
doublet of H,"—He containing ortho H,™ (i = 1), the
structure being due to nuclear hyperfine effects.
Several H,*—He PESs have been developed and
used to determine bound-state levels and effective
rotational constants.109206-215 The most recent of
these was carefully constructed in an attempt to
explain the near dissociation MW transitions.?® It
is fitted to ab initio points in the short to intermediate
range and has the long-range form expected from
induction, electrostatic, and dispersion interactions
between the constituents. The surface exhibits two
equivalent linear minima (D, = 2717 cm™), sepa-
rated by a substantial barrier (~2400 cm™1) in the
T-shaped configuration (Figure 10). At the potential
minimum, the H,"—He center of mass separation is
1.5727 A and the H—H bond length is 1.098 A.
The bound-state energies for the low-lying levels
of complexes containing ortho and para H,™ are very
similar, a consequence of the large tunneling barrier.
The intermolecular bend and stretch frequencies are
predicted to be 646 and 716 cm™?, respectively.?> The
excited H—H stretching state lies at approximately
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Figure 10. Contour plot of the QCISD(T) aug-cc-pVQZ
potential for H,*—He with the H—H distance fixed at r =
2ay (Reprinted with permission from ref 215. Copyright
1999 American Institute of Physics). Contours (in cm™1)
are shown relative to H,* (r = 2ap) + He at R = oo.

1830 cm™1, slightly above the H,* + He dissociation
limit (Do = 1754 cm™'), and is predicted to be
substantially broadened by predissociation.?13:215

While the bound-state calculations predict the
existence of near dissociation levels suitable for
explaining the MW lines, there are currently no
definite assignments. The discrepancy between the
experimental and calculated transition frequencies
may arise from several sources. The bound-state
calculations show that small changes in the PES
result in significant shifts in the absolute and relative
energies of near dissociation states.?!> Adequate
treatment of the near dissociation levels may also
require consideration of non-Born—Oppenheimer ef-
fects that are known to be important in H,™ 216 and
Hyt.217

b. HNH*—He,Ar. The nitrenium ion, HNH™, is a
bent diradical in its 3B; electronic ground state
(Cav).28 It can, however, be treated as a quasilinear

species (3%, D.n) owing to its low barrier to linear-
ity (Vp ~ 2?)0 cm™1). Ab initio calculations and rota-
tionally resolved IRPD spectra of HNH*—Ar/He in
the N—H stretch region revealed that the Rg ligands
bind to one of the two H atoms forming linear proton
bonds.1031%4 The diradical character and quasilinear-
ity are not significantly affected upon complexation.

The relatively high binding energy of the HNH"—
Ar dimer (D = 1773 cm™?) has a drastic effect on the
composition of the N—H stretch normal coordi-
nates.'® In the HNH™ monomer, symmetric (v1) and
antisymmetric (v3) N—H stretch modes arise from the
resonant interaction between the two degenerate
local N—H oscillators. Complexation with Ar signifi-
cantly reduces the frequency of the N—H oscillator
involved in the intermolecular bond, leading to two
normal modes in the dimer that can be described to
a good approximation as bound (v;) and free (vs) N—H
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stretch vibrations. The changes in the N—H normal
coordinates upon Ar complexation affect both their
intensities and frequencies: the v; mode, IR forbid-
den in HNH*, becomes for HNH*—Ar more intense
than the strong IR-active vs mode and shows a much
larger red shift (—300 4 50 vs —73 cm™2). In addition,
the relaxation dynamics are largely different for both
vibrational states: as expected, the bound N—H
stretch mode couples much more efficiently to the
intermolecular degrees of freedom, leading to a
shorter lifetime (~25 ps) compared to the free N—H
stretch (>130 ps).

Analysis of the molecular constants of HNH™—Ar
yield ground-state parameters of Ry_ar = 2.06 A, ks
= 20 N/m, ws = 171 cm™'. From the spin—spin
interaction constant, the zero-point bending excur-
sion could be estimated as [#[= 17°. The radial and
angular properties of the intermolecular potential are
almost unchanged upon excitation of the free N—H
stretch. In contrast, excitation of the bound stretch
leads to a significantly shorter and stronger inter-
molecular bond (Ry-ar = 2.01 A, ks ~ 28 N/m, ws ~
200 cm™1). The fundamental frequencies of vs in the
ground (vs = 170 cm™%) and »; state (vs = 197 cm™1),
derived from the weak vy + vs, v1 + vs — vs, and v, —
vs hot and sequence bands, confirm these conclusions.

In contrast to HNH*—Ar, the interaction in HNH*—
He is weak (D, = 273 cm™) and the effects of
complexation on the properties of the N—H normal
modes are small.t®® The v; and v3 modes of this dimer
are best described as symmetric and antisymmetric
N—H stretch vibrations, and the intensity of v; is
calculated to be at least 1 order of magnitude higher
than that of v,. Experimentally, only the v; funda-
mental could be observed and the analysis of the
molecular constants yielded ground-state parameters
of Ri—ne = 1.90 A, ks = 1.5 N/m, ws = 90 cm~%, [B0=
24°. Severe perturbations in the v; state prevented
detailed analysis of its molecular constants; however,
the small complexation-induced red shift, Avs = —7
cm™1, implies that the intermolecular interaction is
almost unaffected by v3 excitation.

The ab initio calculations showed that the barrier
to linearity is reduced from 152 cm™tin HNH* to 111
and 66 cm™! in HNH*—He and HNH"—Ay,103.104
Apparently, the stronger intermolecular bonds to
larger Rg atoms changes the electronic properties of
HNH™* such that the barrier decreases, and dimers
with Xe or Kr may have linear equilibrium geom-
etries. As the calculated barriers for internal rotation
of HNH* within HNH*—He (156 cm~1) and HNH*—
Ar (806 cm™!) are much higher than the HNH"
rotational constant (8 cm™1),%!8 this motion is largely
guenched and the dimers are much closer to the
semirigid bender than the free internal rotor limit.
Nonetheless, the weakly bound HNH"—He dimer
may serve as a suitable model system to study the
intermolecular forces in an open-shell ionic dimer
with low barriers for motions in both intermolecular
and intramolecular degrees freedom (internal rota-
tion, quasilinearity). As the system contains only four
atoms of which only one is heavy, it should be
possible to determine the interaction potential of this
dimer at high levels of theory and solve the rovibra-
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Figure 11. Several stationary points on the calculated
PES of Hz"—Ar (Reprinted with permission from ref 219.
Copyright 1987 Elsevier Science): (1) proton-bound global
minimum (C,,); (I1) side-bound transition state (C,,); (111)
top-bound transition state (Csy).

tional Hamiltonian in all dimensions.

NH and CO have similar PAs, and the fact that
the HNH™* diradical does not form a significantly
stronger bond to Rg atoms than the closed-shell
OCH™ ion confirms that the interaction of Rg atoms
with linear open-shell molecules in 3% electronic
states resembles the interaction with related closed-
shell species and does not lead to the formation of
an incipient chemical bond.?%3

c. Hzt—Ar. Absorption spectra of the Hzt—Ar
dimer and its deuterated isotopomers in the mil-
limeter and submillimeter spectral range were ob-
tained in a magnetically confined glow discharge of
H,/D,/Ar mixtures in a liquid N,-cooled cell.?1.130-132
The large dipole moment of the complex (~8—9
D)?121% enabled the detection of its rotational transi-
tions despite the low concentrations achieved in the
discharge cell (~3 x 108 cm™3).2* In addition, MW
spectra of the lowest rotational transition of D3 —Ar
and D,H*—Ar were recorded in a FTMW spectrom-
eter coupled to a pulsed supersonic discharge nozzle.1%
The Ds™—Ar spectrum was the first high-resolution
spectrum of an ionic complex and was recorded
accidentally during a search for CH,D* absorptions
in a CH4/D,/Ar discharge.’® The carrier of the
obtained spectrum was identified by considering
chemical and spectroscopic arguments.?! The D3"—
Ar spectrum was observed in pure Ar/D, discharges
and disappeared when species with PAs larger than
D, were added to the discharge (because D3* is
depleted by the D3t + X — D, + XD reaction).
Moreover, the spectrum is characteristic of a near
prolate symmetric top with an A rotational constant
expected for a Ds*-containing species. The small
inertial defect and nuclear spin statistical weights
are indicative of a planar C,, geometry with two
equivalent deuterons, where the Ar ligand binds
either to the vertex or the side of the D3t triangle
(structures | and IlI, Figure 11). The molecular
constants result in an intermolecular separation R
= 2.384 A and a harmonic stretching force constant
ks = 38 N/m.21.130

According to ab initio calculations, the equilibrium
structure of Hy*—Ar corresponds to the proton-bound
configuration (structure 1, Figure 11).219221 The
formation of the intermolecular bond (D, = 3150
cm~1, Re = 2.363 A)29 is accompanied by partial
charge transfer (0.14 e) and significant deformation
of the Hs* triangle: r increases by 0.07 A and h
decreases by 0.05 A. In general, the structure of
HsRg* dimers depends on the PA of the Rg atom and
changes from H;t—Rg toward H,—HRg"™ as PAgg
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increases.??%221 For Rg atoms with PAgy < PAn, (Rg
= He, Ne, Ar), the structures of H;Rg" are of the form
Hs*—Rg, while in the case PAgy > PAn, (Rg = KT,
Xe), the H3;Rg* geometries are of the type H,—HRg™.
The calculated binding energies for Hy*—Ar and D" —
Ar, Do ~ 2660 and 2830 cm™1,21° are compatible with
the measured bond enthalpies, —AH® = 2340 + 70
and 2430 £+ 70 cm 1222 The side- and top-bound
structures of Hy™—Ar (structures Il and Ill, Figure
11) are calculated to be transition states for the
in-plane and out-of-plane internal rotations of Hz™
with barriers of V, = 1370 and 1930 cm™1, respec-
tively.?'® As the intermolecular interaction is much
weaker at the transition states than at the global
minima, the monomer deformation is small for these
configurations.

The splittings observed in the Hy™—Ar and D3*—
Ar spectra were attributed to tunneling between
three equivalent equilibrium configurations.?*13% Due
to Coriolis coupling between the internal and the end-
over-end rotation, the splittings show a strong de-
pendence on the degree of rotational excitation.?1.107.132
So far, models employed for analysis of the tunneling
splittings assume a single planar tunneling path
between vertex- and side-bound structures,130:132.223
The splittings and nuclear spin statistical weights
observed for the partly deuterated species could only
be rationalized assuming that the proton-bound
structures are minima while the side-bound struc-
tures are transition states (in agreement with the ab
initio calculations). The value derived for the 3-fold
barrier, Vs, depends strongly on the details of the
model.'3° For example, assuming a rigid triangle and
a fixed intermolecular separation R, V3 ~ 1600—1700
cm~L. This is reduced to ~1000 cm~* when both the
triangle structure and R are allowed to depend on
the internal rotation angle.'30132223 The potential
parameters derived from the analysis of the tunnel-
ing splittings were considered as effective param-
eters, as the effects of the neglected out-of-plane
tunneling path (via the Cs, transition state, structure
I111) might be significant.

d. H;O"™—(H,0), and H3zO"—(H;),. Protonated
water clusters have been investigated in the gas
phase to elucidate, from a microscopic point of view,
the properties of proton solvation and transport in
aqueous solutions. Early low-resolution (~40 cm™1)
vibrational IR spectra in the O—H stretching region
of HzO™—(H,0),, complexes were recorded by direct
absorption using pulsed radiolysis in a White cell (n
= 3-5).22* Higher resolution spectra (~1 cm™1) were
obtained by IRPD spectroscopy of mass-selected
complexes produced in a high-pressure corona dis-
charge coupled to a supersonic expansion (n = 1 —
8).31.86:88.89.225 |n the latter experiments, multiphoton
schemes were necessary to resonantly excite the
smaller clusters to levels above the lowest dissocia-
tion threshold, corresponding to the loss of a single
H,O ligand.88%225 The observed bands were assigned
to O—H stretching vibrations of either the H;O™
core ion or H,O ligands, by considering the observed
shifts and splittings with respect to the correspond-
ing frequencies of the H3O" and H,O monomers,
symmetry considerations, IR intensities, and ab
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initio calculations. The general picture of sequential
proton hydration derived from spectroscopic stud-
ies,31,86.:89.224.225 thermodynamic data,??672?8 ab initio
calculations,??5229-237 and molecular dynamics sim-
ulations?%-242 is that in clusters with n < 3, equiva-
lent H,O ligands form strong hydrogen bonds to the
protons of H3O™, with the completion of the first
solvation shell at n = 3. Addition of further ligands
(n > 3) leads to the formation of a hydrogen-bonded
network with weaker intermolecular bonds. The
structure of these complexes is less certain, and
evidence for ring and three-dimensional structures
has been presented even for small n.?25231 The n =
20 complex appears to adopt a stable closed-shell
clathrate structure (dodecahedron).?28.243

According to high-level ab initio calculations,?30-23¢
the equilibrium geometry of HsO," (n = 1) corre-
sponds to a symmetric H,O—H"—OH, structure (C,
symmetry) with a near linear hydrogen bond (HOHO
~ 174°, Re ~ 1.20 A).%%5 (This is in contrast to the
isoelectronic H;N*, for which the asymmetric NH,*—
NH3 geometry is predicted to be more stable, section
I11.A.2.e.) The asymmetric H;O*—H,O structure (Cs
symmetry, JOHO ~ 176° Re; ~ 1.13 A, Rep ~ 1.26
A),23 predicted to be the global minimum at low
theoretical levels,??®2% s a transition state lying only
~0.4 kcal/mol above the C, structure.?32233235 The
oxonium ion, H3O", is isoelectronic with NHs, and the
positive charge is distributed throughout the mol-
ecule. The charge is further delocalized in HsO,", and
the competition between covalent contributions (fa-
voring H,O—H*—0H,) and electrostatic ion—dipole
forces (favoring H3O1t—H,0) leads to a flat potential
for the proton motion. The calculated global minima
of H;O3™ (n = 2) and HyO4" (n = 3) correspond to
dihydrated and trihydrated H;O™, respectively. The
hydrogen bonds are nearly linear (deviation <5°) and
mainly based upon electrostatic forces.?3%.233.237 The
charge delocalization and accompanying change in
bonding mechanism is also evident from the decreas-
ing hydration enthalpies (~32, ~20, ~17 kcal/mol for
n = 1 — 3).226227 The reduced interaction strength
increases the O—O separation, which in turn leads
to the formation of a barrier for the proton motion.

The vibrational analysis of the HsO,* spectrum
assumed a symmetric equilibrium structure (C,).86:8889
A band at 3684.4 cm™1, assigned to the asymmetric
O—H stretch vibration of the H,O units, displayed
equidistant Q branches characteristic for a perpen-
dicular transition of a near prolate symmetric top
(Figure 12, top), with spacings 2(A — B) ~11.6 cm™
in good agreement with the calculated value (11.65
cm™1).8689 In subsequent experiments, rotational fine
structure of this band was observed using a color
center laser, which improved the spectral resolution
from ~0.5 to ~0.01 cm~1.8% In total, 12 R branches
were identified in the vicinity of the RQ, and RQ; Q
branches (Figure 12, bottom).8° The derived B + C
value (0.51 cm™2) is 14% smaller than the ab initio
value, consistent with the anharmonicity of the
intermolecular stretch. The 12 branches were thought
to arise from the in-phase and out-of-phase combina-
tions of the asymmetric O—H stretch, each of them
split into six components arising from large ampli-
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Figure 12. Multiphoton IRPD spectrum of HsO," (Re-
printed with permission from ref 89. Copyright 1994
Academic Press). Low-resolution scan of the symmetric
(3609 cm™1) and antisymmetric (3684 cm~1) O—H stretch
vibrations of the H,O moieties (top). The dashed lines
correspond to calculated positions and intensities. High-
resolution scan in the region of the RQ; branch of the
perpendicular transition corresponding to the antisymmet-
ric O—H stretch (bottom), showing tunneling splittings in
the R branch (see text).

tude motions. For several internal motions, the
calculated barriers were low enough (<1 kcal/mol) to
produce the observed tunneling splittings: e.g., in-
ternal rotations of the water ligands either around
the O—H"—0O or their local C, axes, and motions
involving inversion of H,O—H*. On the basis of
group-theoretical considerations, the pattern of the
splitting, nuclear spin statistical weights, and selec-
tion rules were derived for various feasible tunneling
schemes.892%6 Assuming a C, equilibrium structure
and no scrambling of the central proton (molecular
symmetry group Gie), a splitting into at most six
components can occur. However, as not even qualita-
tive agreement with experiment could be achieved,
the interpretation of the 12 R branches remains
ambiguous.®® For example, the scenario with an
asymmetric Cs equilibrium structure (H;O0"—H,0)
could also produce 12 tunneling components, six from
the motions feasible for the symmetric configuration,
each of them doubled by the tunneling motion of the
central proton.

As for HsO,*, analyses of the H;O3™ and HqO4"
vibrational spectra yield only qualitative information
about their geometries. The spectra are compatible
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with dihydrated and trihydrated H3;O™" ions of the
form H3O*—(H;0),3. The water ligands are equiva-
lent, and closure of the first solvation shell occurs at
n = 3. The H;O3" spectrum was analyzed in terms
of a planar HzO™ ion (Cy,),% while calculations predict
the Cs structure with a pyramidal H;O" core to be
more stable.?31.237 Similarly, the interpretation of the
HyO4+ spectrum was based on either a Dz, or Cay
structure,® while calculations yielded a global mini-
mum with Cz symmetry.?31.233 Using a color center
laser, a high-resolution spectrum of HgO4t was
obtained for the band near 3730 cm™%, assigned to
the a; component of the asymmetric O—H stretch of
the H,O ligands (assuming Cz, symmetry for this
oblate symmetric top). Analysis of the end-over-end
rotational structure of the parallel band resulted in
B =0.17 cm™1, in good agreement with the calculated
value (0.175 cm™1). Two types of tunneling splittings
were observed with separations of 0.93 and 0.21 cm™,
and possible sources include internal rotations of the
H,O ligands around their local C, axes as well as
inversion of the central H3O™" ion. Vibrational spectra
of clusters in the size range n = 4—7 provide evidence
for the coexistence of H3;O*t—(H,0), and HsO,"—
(H20)n-1 isomers at temperatures of 170 K, i.e., the
extra proton is either localized on one H,O molecule
or shared between two molecules.?? In addition, less
stable isomers with ring structures were identified.??®

Molecular dynamics simulations provide insight
into the extent of proton delocalization in protonated
water complexes as a function of cluster size and
temperature.?®®-242 For low temperatures, the HsO,"
ion is always close to the symmetric H,O—H*™—0OH,
configuration.?38.240 The probability for finding geom-
etries similar to H3O™—H,0 rises from zero at T <
40 K to 9% at 225 K and 18% at 360 K.?*® The
coupling of the central proton motion to other vibra-
tional degrees of freedom increases drastically with
temperature and leads to spectral broadening.?4°
Simulations for HsO4* confirm the closure of the first
hydration shell with a relatively stable H3O" core
even at 360 K.?*! For complexes in the size range n
= 4—6, the number of structural isomers with ener-
gies close to the global minimum increases rap-
idly.23%241 Simulations for larger clusters aim at a
microscopic understanding of the high proton mobil-
ity in liquid water.?*? Early explanations®6:58.242.244
include proton diffusion (Grotthus diffusion),?*> ther-
mal hopping,?*® and proton tunneling,?424" while
later structural models invoked larger intermedi-
ates: (i) the Eigen HgO4" ion,?*® corresponding to a
3-fold hydrated oxonium ion, and (ii) the Zundel
HsO," cation.® Recent ab initio path integral simula-
tions for the n = 31 cluster show, however, that at
thermal temperatures the protonic defect is very
fluxional and cannot be assigned to particular struc-
tures.?*? Instead, the fluxional defect is delocalized
over several hydrogen bonds in the network, owing
to its quantum mechanical nature, low barriers, and
large zero-point effects. At thermal energies, the rate
of proton migration is mainly determined by the large
guantum mechanical delocalization of the defect.

Before spectra of the pure protonated water com-
plexes were obtained, IRPD spectra of H;Ot—(H,0),—
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H, were recorded for n = 1—3.858688 |t was speculated
that the weakly attached H, ligand has only a minor
effect on the H;O*—(H,0), spectra (messenger tech-
nique) and furthermore that by attaching an H;
ligand the complicated multiphoton schemes neces-
sary to dissociate pure H;O"—(H»0), complexes could
be avoided, as resonant one-photon absorption by
H;O0*—(H,0),—H; is sufficient to rupture the weak
bond with H,. Comparison of the H30*t—(H,0),—H>
spectra with those of H;O™—(H,0), revealed, how-
ever, that the H, ligand has a substantial influence
on the structural and spectroscopic properties of the
H3;O0"—(H,0), core.®8 The preferred binding site of
H, in H3O™—(H,0),—H; is the same as that for the
(n + 1)th H,O ligand in H30"—(H;0)n4+1. Thus,
complexation with H; or H,O has a similar effect on
the properties of H3;O™—(H,0),, though less pro-
nounced in the case of H, due to the weaker interac-
tion. For example, attachment of H, to HsO,™" reduces
its symmetry from C, (H,O—H*—0H,) to Cs (H;O"—
H,0O) in the same manner as attachment of H,O to
HsO,™. The spectrum of H;O3™—Ne closely resembles
the one of H;O3™, indicating that the interaction with
the “spy” Ne is sufficiently weak for the messenger
technique to work.8® However, the signal-to-noise
ratio in the H,O3;"—Ne spectrum is significantly lower
compared to the pure H;O3" spectrum, due to the
much smaller densities of H;O3;"—Ne achieved in the
ion source. As in matrix isolation techniques, the
effects of a messenger on the spectrum of a floppy
parent cluster ion are difficult to predict a priori. The
lighter Rg atoms (He and Ne) are generally least
disruptive.

IRPD spectra of H3O"—(H),, n = 1-3, in the
spectral region of the H—H and O—H stretch vibra-
tions are consistent with structures in which equiva-
lent H; ligands are weakly attached in a T-shaped
fashion to the protons of the central H3O™" core.®8 The
intermolecular bonds are much weaker (~3—4 kcal/
mol) than in the corresponding H3O"—(H,0), com-
plexes. The binding energy decreases with the num-
ber of H, ligands, owing to larger delocalization of
the charge. This trend is directly reflected in the
decreasing red shift of the H—H stretch (—115, —106,
—96 cm™! for n = 1-3) and bound O—H stretch
frequencies. The broad band assigned to the free
O—H stretch disappears for n = 3, confirming closure
of the first solvation shell at this cluster size.
Preliminary analysis of the rotational structure of the
H—H stretch band of the H3O"—H, dimer resulted
in an approximate B + C value (~2 cm™1), consistent
with the calculated ab initio geometry (Re = 1.33 A,
De = 3.2 kcal/mol). Observed splittings of 0.6—0.8
cm~! were thought to arise either from inversion of
H3O™ or the presence of ortho and para modifications
of Ho.

e. NH; —He,Ar,(NH3),. The PESs of charged com-
plexes often exhibit large anisotropy, even in Rg-
containing systems. Consequently, the wave func-
tions associated with the lowest few intermolecular
vibrational motions (which are usually probed in
spectroscopic studies) tend to be localized and theo-
retical calculations are required to describe the
hidden regions of their PES. The high PA of NH;
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Figure 13. IRPD spectrum of NH,t—Ar in the vicinity of
the v; band of NH,*. The band is split into a parallel (AK
= 0) and perpendicular (AK = +1) component (top)
(Reprinted with permission from ref 134. Copyright 1996
Elsevier Science). The AK = +1 subbands of the perpen-
dicular band display further splittings due to hindered
internal rotation. For example, the K = 1—0 subband is
split into two components with A and T symmetry, respec-
tively (bottom) (Reprinted with permission from ref 136.
Copyright 2000 Taylor & Francis).

leads to relatively weak interactions and low barriers
for internal rotation of NH," in the NH;t—Rg dimers,
making them favorable model systems for spectro-
scopically probing the potential anisotropy.133-136.249,250

Rotationally resolved IRPD spectra of NH, —He
and NH; —Ar were obtained in the vicinity of the
triply degenerate asymmetric N—H stretch funda-
mental of NH4*, v3 (t;) = 3334 cm 1253252 The v,
band of NH; —Ar shows splittings in both the
vibrational and rotational structure (Figure 13),
which were attributed to hindered internal rotation
of NH4+.134135250 \/iprational anisotropy splits the v3
band into a red-shifted (—31 cm™!) parallel and a
blue-shifted (+12 cm™') perpendicular component,
corresponding to vz(a;) and vs(e) modes of a sym-
metric top in the rigid rotor limit. Further splittings
(~0.5—1 cm™) arise from quantum mechanical tun-
neling through barriers on the PES separating the
four equivalent minima.

The effects of hindered internal rotation on the v3
spectrum of NH,*—Ar were analyzed using a theo-
retical model developed for tetrahedral molecule—Rg
dimers.%¢¢” This model assumes that the tetrahedron
is not significantly perturbed upon complexation and
that the intramolecular vibrations, the end-over-end
rotation, and the intermolecular stretching vibration
of the complex can be separated in an adiabatic
fashion from the internal rotation of the tetrahedron
(these approximations were shown to be realistic for
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the NH4t—Ar system!36:29), The intermolecular sepa-
ration is kept fixed at an effective value (fixed-R
model) determined from the experimental rotational
constants of the dimer. The anisotropy of the interac-
tion can then be described by a two-dimensional
angular representation of the intermolecular PES
containing only a few parameters: (i) a vibrational
anisotropy parameter, V,, which is correlated with
the magnitude of the vibrational splitting of the vs
band; (ii) internal rotation anisotropy parameters, Vi
(i =3, 4, 6, etc.), which characterize the anisotropy
of the PES with respect to internal rotation of the
tetrahedron.

Initially, the anisotropy parameters for the NH,"—
Ar interaction were obtained in a least-squares fit of
the fixed-R model to the experimental data. The
resulting PES (V. ~ 90 cm™, |V3| ~ 220 cm™2, V4 =
0) was consistent with either vertex-bound or face-
bound global minima.'3* Subsequent ab initio calcu-
lations'35249.250 revealed that the global minima are
the vertex-bound structures (R = 3.338 A, D, = 927
cm™1), which are separated by barriers of about 200
cm~1t occurring at the edge and face-bound orienta-
tions.?®® However, the calculated rotational aniso-
tropy parameters (V3 ~ —100 cm™1, V4 ~ 15 cm~1)?50
differ considerably from the ones obtained from the
fit using the fixed-R model.’®* Nonetheless, both
potentials reproduce the experimental spectra rea-
sonably well. Test calculations showed that the
difference in the anisotropy of the calculated and
fitted PESs does not originate from an inadequate
level of theory in the ab initio calculations or invalid
approximations in the fixed-R model.'362%0 |nstead,
the discrepancy arises mainly from a large correlation
between the anisotropy parameters in the fit and
their strong dependence on the truncation of the
expansion of the potential.5625° The fixed-R model
provides effective parameters which reproduce the
observed spectrum but does not properly represent
the true PES. This example demonstrates the dif-
ficulties and ambiguities involved with inverting
limited spectral data to obtain the PES of a nonrigid
complex.53765 It also emphasizes the fact that in such
cases ab initio calculations are necessary to obtain
at least a semiquantitative representation of the true
PES, which can then be iteratively refined by com-
parison with experiment to obtain a PES of spectro-
scopic accuracy.

Analysis of the end-over-end rotational structure
resulted in an average intermolecular separation of
Ro ~ 3.38 A for NH,*—Ar.136 The dissociation energy
of the dimer estimated from photofragmentation
branching ratios of larger NH,*—Ar, complexes, Dg
~ 825 cm1,1% is in good agreement with the ab initio
value, Do = 774 cm~1.336 In general, v excitation has
only a minor influence on both the interaction
strength and the rotational anisotropy. The large
vibrational anisotropy suggests that the wave func-
tion of NH4T—Ar is mainly localized at vertex-bound
configurations.36

Among other Ar-containing ionic dimers, Hs™—Ar
(section I11.A.2.c) is most similar to NHs"—Ar in
terms of its internal rotation dynamics. Both com-
plexes have proton-bound equilibrium geometries;
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however, partial charge transfer in Hy™—Ar causes
a stronger interaction (Do ~ 2700 cm™1), accompanied
by appreciable complexation-induced deformations of
the Hs' ion.?*® The barrier for internal rotation is
therefore also higher (V, ~ 1000—1800 c¢cm™1).130219
Nevertheless, the observed tunneling splittings are
similar for both complexes, as the ratios of the
internal rotation barrier and the monomer rotational
constant are similar, Vp/b ~ 30—40. Comparison of
the calculated PESs of the NH,"—Ar series (n = 2—4)
reveals that the relative anisotropy of the interaction,
defined as the ratio V,/De, diminishes with increasing
separation of the equivalent hydrogen atoms: the
barrier to internal rotation (V, ~ 800, 300, 200 cm™1)
decreases faster than the interaction energy at the
global minimum (D, ~ 1770, 1130, 930 cm™!) as n
increases from 2 to 4,104.136.253

The vz spectrum of NH; —He is qualitatively
different from that of NH, —Ar. Apart from a small
blue shift (~0.7 cm™), it closely resembles the
spectrum of bare NH,*, indicating that neither
rotational nor vibrational motions of the NH," ion
are strongly affected by complexation with He.** This
complex is thus close to the free rotor limit. The large
widths of unresolved Q branches (~0.5 cm™) indicate
unresolved structure due to some hindrance to in-
ternal rotation; however, the degree of anisotropy is
much smaller than that for NH,t—Ar. For a nearly
free rotor, the end-over-end rotational structure is
weak and is thus not observed in the NH,*—He
spectrum. Thus, almost all information concerning
the interaction potential of NH,®—He comes from ab
initio calculations.'®® They predict a vertex-bound
minimum structure (D, ~ 150 cm™!, R, ~ 3.17 A) and
barriers for internal rotation less than 30 cm™ via
both the edge- and face-bound configurations. Within
the NH;t—Rg series, the change in interaction
strength is strongly correlated with the change in the
anisotropy: while NH; —He is close to the limit of
free internal rotation, NH, —Ar is a strongly hin-
dered rotor close to the rigid limit. Preliminary
spectra and calculations reveal that NH, —Ne rep-
resents an intermediate case between these two
limits.?>

In ionic NH,*—Rg dimers, the strength and ani-
sotropy of the attractive interaction are dominated
by inductive forces which favor vertex-bound global
minima.?3%2% In contrast, in related neutral species
(e.g., SiH,—Rg, CH;—Rg, SiF;—Rg),?%6-264 the attrac-
tion is weaker and arises almost entirely from
dispersion. Hence, the intermolecular PESs of neutral
dimers have lower anisotropies and face-bound global
minima, as these binding sites allow closer approach
of the Rg.

Vibrational spectra of NH; —(NHz3), complexes
were obtained at low resolution (~25 cm™1) by direct
absorption spectroscopy using pulsed radiolysis in a
gas cell (n = 0—4)?%% and at higher resolution (~1
cm™1) by (multiphoton) IRPD spectroscopy in an ion
trap (n = 1-10).3187.187.266 The observed bands were
assigned to vibrations of both the NH,4* core and the
NH; ligands. The analysis of the magnitude and
direction of the observed frequency shifts and split-
tings, bandwidths, and IR intensities, together with
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symmetry considerations, provided a detailed picture
of the cluster growth. The first four NH3 ligands form
strong linear N—H—N bonds to the four protons of
the central NH," core, leading to highly symmetric
cluster structures. The closure of the first solvation
shell at n = 4 is strongly supported by ab initio
calculations?66267 and mass spectrometric studies,
including the analysis of metastable fractions, frag-
mentation branching ratios following collisional or
photoexcitation, and fragment Kinetic energy release
measurements.*8268-270 The next four NH3 ligands (n
= 5—8) occupy positions in the second shell, and each
of them is attached to one of the four first shell
ligands, probably via hydrogen bonding.'3” Although
the NH; ligands in the first shell are strongly bound
to the NH," core via charge—dipole forces and partial
charge transfer (—AH® = 25, 17, 14, 12 kcal/mol for
n = 1—-4),%7° they can undergo nearly free internal
rotation around their local C; axis.®”13” The spectral
signature of this internal rotation disappears for
clusters with n > 8, confirming that the first four
ligands in the second shell indeed bind to the four
first shell ligands, thereby quenching internal rota-
tion. The NH; ligands of the second shell do not
undergo free internal rotation despite their weaker
intermolecular bonds. This observation was taken as
evidence for nonlinear hydrogen bonding between
first- and second-shell ligands.'¥” For n < 8, the shell
structure is well defined and no isomers are evident.
The spectra for n > 8 change little and resemble
closely the spectra of ammonium salts dissolved in
liquid NHj3, indicating that the onset of a liquid-like
environment for the NH,*—(NH3)4 core occurs at n
= 8.3L1%7 This example demonstrates that IR spec-
troscopy of size-selected cluster ions in the gas phase
can contribute significantly to our understanding of
interactions in the liquid phase. Unfortunately, the
details of the cluster structures remain obscure, as
spectra with full rotational resolution have not yet
been obtained. For example, while most of the
theoretical studies predict an asymmetric NH;t—NH3
equilibrium structure for the dimer,266:267.271.272 jtg |R
spectrum was interpreted in terms of a symmetric
H3sN—H"—NH3 geometry.¥”

The charge—dipole interaction in NH; —NHs3; is
significantly stronger than the charge-induced dipole
forces in NH; —Rg dimers. Consequently, the effects
of complexation on the structure and normal modes
of NH,© are much more pronounced upon NH3
complexation. In addition, the anisotropy of the
NH; —NHj3 interaction is much higher and internal
rotation of the NH," ion is largely quenched. Despite
the significantly different ion—ligand interaction
strengths, the cluster growth is similar in small
NH4*t—Ar, and NH; " —(NHz), clusters (n < 4), leading
to highly symmetric structures with equivalent pro-
ton bonds.*®>137 However, after the first solvation
shell is filled, differences occur for further solvation
due to the different ligand—ligand interactions in
NH4+—Arn and NH4+—(NH3)n.

f. CHs™—Ho,. The equilibrium geometry of metho-
nium, CHs*, was calculated to be a CHs*—H, dimer,
where H, and the C atom of CH3;™ form a three-center
two-electron (3c—2e) bond. Owing to substantial
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charge transfer, the bond is relatively strong (~40
kcal/mol). Moreover, as the barriers for both the
internal H, (or CH3™) rotation around the C; axis and
the exchange of protons between CH3t and H; are
small, the CHs" ion is fluxional even at low temper-
atures and all five protons are predicted to be
equivalent in the vibrational ground state. As a
consequence, the spectrum of CHs™ is rather compli-
cated and is currently unassigned (section 111.B.1.c).

Complexes of CHs* with H; ligands were investi-
gated spectroscopically, with the intention of reveal-
ing details of the structure and dynamics of CH5*.138
Because the intermolecular bonds in CHs™—(H,),
complexes mainly arise from induction and electro-
static forces, their strengths are rather small (<2
kcal/mol for n = 1-4).27® It was hoped that the
interaction of the H; ligands with the CHs™ ionic core
would be weak enough to cause only minor perturba-
tions to CHs' but sufficiently strong to slow the
scrambling motions leading to simpler spectra. These
expectation were confirmed by first-principle molec-
ular dynamic simulations of CHs*—(H),, n = 0—3,
performed at 100 K and ab initio calculations.?73-275
The first H; ligand binds in a T-shaped configuration
to one of the protons involved in the 3c—2e bond of
CHs". Although the intermolecular bond in CHs"—
H, is very weak (—AH° = 1.88 kcal/mol, Re ~ 1.9
A),273275 jt s sufficient to lock this 3c—2e bond to the
proton participating in the intermolecular bond. The
other four protons of CHs" can still undergo facile
scrambling. The second H; ligand binds to the other
proton of the CHs™ 3c—2e bond. As a consequence,
this bond is completely localized in CHst—(H3), and
only the internal CH3*" rotation within CHs™ is still
nearly free. Attachment of a third H; ligand to one
of the CH3;™ protons quenches this motion, leaving
CHs™ as a semirigid ionic core within the CHs™—(H)3
complex.

The IRPD spectra of CHs™—(H,), complexes (n =
1-6),'%8 produced in a high-pressure H,/CH,4 corona
discharge source, are consistent with the theoretical
and thermochemical results.?2*~2’® Three broad bands,
attributed to C—H stretching vibrations of CHs™,
become somewhat narrower for increasing n, as the
proton scrambling in CHs* is gradually switched off.
In contrast to the broad C—H stretch bands of the
CHs"—H, dimer, the H—H stretch band displays
partly resolved rotational structure, confirming the
small coupling between the H—H stretch mode and
the nuclear motions of the CHs™ ion via the weak
intermolecular bond. The experimental rotational
constants of the dimer are consistent with the
calculated proton-bound minimum. The small red
shifts of the H; stretch frequencies in CHs™—(Hy),
clusters are also indicative of weak intermolecular
bonds and confirm the sequential cluster growth
process outlined above. In general, the structures of
CH," differ qualitatively from those the correspond-
ing SiH,* species (section 111.B.2).

3. Comparison

This section summarizes some of the features of
the proton-bound dimers discussed above, with con-
sideration of structures, binding energies, frequency
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shifts, and relaxation dynamics. Spectroscopic and
theoretical studies demonstrate that AH"—L dimers
prefer equilibrium structures where the proton can
be most effectively shared between the two bases A
and L (Figure 4). Complexes of the type AH"—Rg
with linear or quasilinear AH" ions (e.g., A =H, O,
OC, N, SiO, HN) have linear equilibrium geometries.
For nonlinear AH" ions (e.g., A = Hy, NH3), the global
minima also feature linear or near linear proton
bonds. The AH*—H, dimers (e.g., A = OC, N, CHz-
CN, H;0, NHs, CH,) prefer T-shaped equilibrium
structures, while AHT™—N;, complexes have linear
bonds (e.g., A = N, SiO). The orientation of the
ligand in AH*—H,/N; is determined by the charge—
guadrupole interaction, which favors a T-shaped
configuration for positive values of the quadrupole
moment (L = H;) and a linear structure for negative
values (L = N,).97:127.276-278

Thermochemical and mass spectrometric studies
show that the bond strengths in A—H*—B complexes
are related to the difference in the PAs of the two
bases A and B.?"° If PAs > PAg, the A—H™—B dimer
can be considered as an A—H™ ion that is slightly
perturbed by the intermolecular bond to the ligand
B. As PAg is increased, the proton becomes increas-
ingly delocalized between A and B while at the same
time the proton stretching frequency drops and the
intermolecular bond becomes stronger (reflected in
the dissociation energy and centrifugal distortion
constants). If PAg is increased further, so that PAa
< PAg, the complex is better viewed as an H"—B ion
perturbed by a ligand A. Examples from the preced-
ing sections, such as OCH*—Rg, N,H*—Rg, SiOH*—
Rg (Rg = He, Ne, Ar), illustrate some of these effects.
For a given AH™ ion, both the shift in the proton
stretching frequency, Ava—_p, and the stretching force
constant for the intermolecular bond, ks, increase
with the size of the Rg atom. Moreover, when the
same Rg atom is attached to two different AH™ ions,
Ava_n and ks are larger for the monomer with smaller
PAA. The interaction in AHt—Rg dimers with the
same Rg atom but different bases A depends on the
charge distribution in the AH" ion. For very large
PA,, the linear proton bond in AH*—Rg is weak and
other binding sites may become comparable in en-
ergy. Examples are the SiOH"—Rg dimers where two
isomers with similar stability (proton-bound and
T-shaped) are found both theoretically and experi-
mentally.10%.199

The effects of systematically varying the two bases
on the A—H*—L properties have also been explored
through ab initio calculations. Figure 14 displays
calculated binding energies, D, and equilibrium
intermolecular separations, R, for different AH"—
Rg dimers plotted as a function of the Rg polariz-
ability, org. The data have been determined at the
MP2/aug-cc-pVTZ* level of theory, which has been
shown to yield PESs for proton-bound dimers with
sufficient accuracy for the interpretation of the
experimental data.?*° For a given base, the D, values
for the AH"—Rg dimers increase with ary (He < Ne
< Ar), as the —arg x g%/R* induction term dominates
the attraction (Figure 14a). The intermolecular sepa-
ration, R, increases in the order He < Ne < Ar,
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Figure 14. Binding energies, D, (a), and intermolecular
equilibrium separations, R (b), of selected proton-bound
AH*—L dimers calculated at the MP2/aug-cc—pVTZ* level
(Reprinted with permission from ref 364. Most data are
tabulated in ref 199. The values for OH*—Ar are D, = 3666
cm1, R, = 1.7744 A.254

although for a given base the variation is slight
(Figure 14b). The vibrationally averaged intermo-
lecular bond lengths derived from the experimental
rotational constants are generally longer than the
calculated ones (by up to 0.1 A), mainly due to zero-
point effects, but show the same trends as the
calculated values.

As noted earlier, complexation of AH" with a ligand
L induces a partial proton transfer from A to L and
the resulting destabilization of the A—H bond is
reflected in a reduction of the A—H stretching
frequency, va—n. Strong intermolecular bonds are
associated with large red shifts, Ava—n. For AHT—
Rg dimers (Rg = He, Ne, Ar), Ava_y is nearly linearly
correlated with org Or PAgg (Figure 15).95199:280 |n
cases where va_p of the bare ion is not known (e.g.,
O,H™), it can be accurately estimated from the
frequencies of the AH*—Rg series by the extrapola-
tion arg — O (Figure 15b).28 The accuracy of this
method can compete with high-level ab initio calcula-
tions and provides guidance in searches for the bare
ion’s absorptions. The magnitude of the frequency
shift can be quite substantial, even for complexation
with Rg atoms (e.g., >700 cm™! for NoH*™—Ar).

For AH"—H; dimers, the intensity and frequency
shift for the H—H stretch vibration, Avy_y, also
serves as an indicator for the bond strength. The
H—H bond becomes weaker upon complexation and
its stretching frequency decreases.8897.127.128.175 pegr-
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Figure 15. (a) Magnitude of the va_p red shifts of selected
proton-bound AH*—Rg dimers as a function of the proton
affinity of the Rg atom, PAgq (Reprinted with permission
from ref 364. (b) va—n frequencies of AH* and AHT—Rg as
a function of the polarizability of the Rg atom, agy (Re-
printed with permission from ref 364. Most data are
tabulated in ref 199. For NoHT—Ar, vn_ny = 2505.4 cm~1
and Avy-n = 728.6 cm~1,190 The anomalously small Avy-p
shift of NoHT—Ar is caused by a strong interaction between
the N—H and N—N stretch fundamentals (see text).PAgq
= 177.8, 198.8, 369.2 kJ/mol and org/4me; = 0.20, 0.39, 1.63
A3 for Rg = He, Ne, Ar 365366

turbation of H; by the AH™ ion leads to a nonvan-
ishing transition moment for the H—H stretch (IR
forbidden in free H;) along the intermolecular axis.
Again, Avy_y is roughly linearly correlated with the
bond strength, which in turn is controlled by PAa
(Figure 16): the larger PA,, the smaller Avy—y. In
general, Avy—y < Ava_y, as formation of the AHT—
H, dimer has a stronger effect on the A—H bond than
on the H—H bond.*?® This conclusion is also valid for
other molecular ligands, such as N3, H,0O, or NH3.86.137

The red shifts Ava_y and Avy—y in AHT—Rg and
AH*—H, directly reflect the increase in the intermo-
lecular bond strength upon vibrational excitation.
Excitation of va_4 enhances the proton transfer,
destabilizes the A—H bond, and increases the inter-
molecular interaction, leading to a shorter and more
rigid bond. Excitation of vy_y leads to an increase in
the quadrupole moment of H; (by 11%), which in turn
stabilizes the intermolecular bond via the enhanced
charge—quadrupole interaction.

Some of the proton-bound complexes are highly
fluxional and exhibit large-amplitude zero-point mo-
tions. The usual concepts employed for the descrip-
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Figure 16. Correlation between vy frequencies and
binding enthalpies of selected AH*—H, dimers (Reprinted
with permission from ref 127. Copyright 1997 American
Institute of Physics). The frequency of the free H, molecule
(AH° = 0) is also included. The line results from a least-
squares fit to the data points.

tion of semirigid species (e.g., anharmonic oscillator,
semirigid rotor) become inadequate for very floppy
systems. In the case of small angular—radial cou-
pling, the radial and angular intermolecular degrees
of freedom can be considered separately. Nonrigidity
in the radial coordinate leads to centrifugal distortion
and anharmonicities in the intermolecular stretching
vibration. It also causes the vibrationally averaged
separation, Ry, to be larger than the equilibrium
separation, R, an effect that is typically of the order
of <0.1 A for most proton-bound dimers discussed in
this review. Nonrigidity in the angular coordinates
can be probed by the intermolecular bending vibra-
tions and in the case of open-shell systems also by
molecular constants related to the electron spin.

A measure of the angular rigidity is given by the
ratio of the barrier for internal rotation, Vy, and the
rotational constant for internal rotation, b.%* For Vy/b
> 1, i.e., large anisotropy of the PES, the intermo-
lecular bond is directional and the system can be
approximated by an anharmonic bending/torsion
oscillator. For Vp/b < 1, the angular excursions are
large and the system approaches the free rotor limit.
In intermediate cases, the complex behaves as a
hindered internal rotor and the calculation of the
energy levels can be complicated, especially if the
motion is coupled to other vibrations. Linear proton-
bound AH™—Rg dimers are rod-and-ball systems with
relatively directional bonds and high barriers for
internal rotations. The zero-point bending excursions
are usually modest (<30°), even for weakly bound He-
containing complexes (e.g., OCH*—He, D, ~ 250
cm~1).98.102,186.199 The sjtuation changes for proton-
bound AH*—Rg dimers, where the ligand can bind
to more than one equivalent proton (e.g., NH; —Rg)
and equivalent minima are separated by a potential
barrier, Vy,. For example, the weakly bound NH4t—
He complex (De ~ 150 cm™1) behaves almost as a free
internal rotor, as the barrier for internal rotation is
small (Vp, ~ 20 cm™1).233 In contrast, NH; —Ar (De ~
900 cm™1) is much closer to the semirigid limit where
the Ar atom is locked to one proton by a large barrier
(Vo ~ 200 cm™1).136250 Nonetheless, there is some
probability for tunneling between equivalent minima.
NH,;t—Ne is an intermediate case (De ~ 280 cm™1,
V, ~ 40 cm™) and therefore has a complicated
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irregular spectrum.?® Comparison between NH,"—
Rg complexes with n = 2—4 shows that the bond
strength decreases with n (as the PA of NH,;
increases) while the tunneling probability increases
(as Vp decreases and the tunneling path between two
equivalent minima becomes shorter).104250.253 Com-
parison between OCH*—He and NH; —Ne shows
that radial and angular nonrigidity are not neces-
sarily correlated: OCH*™—He has a bond strength
similar to NH;"—Ne (De = 250 vs 280 cm™1); however,
the barrier for internal rotation is much larger (Vp
~ 200 vs 40 cm™1),186.254

Hindered internal rotation of the H, unit in AH"—
H, complexes constitutes another example of a large
amplitude motion. Owing to the large rotational
constant of H, (b ~ 60 cm™?), the effects of this
hindered motion on the molecular constants of the
complex are significant even for substantial barriers
(Vp ~ 108 cm™1).97127.128 The choice of the Hamiltonian
for analyzing the spectrum is critical for the inter-
pretation of the data.53°7.127 A semirigid treatment
leads to molecular constants corresponding to mis-
leading unphysical geometrical parameters, while a
one-dimensional hindered rotor model provides valu-
able insight into the energetics of this internal
motion. As V, arises mainly from the anisotropy of
the charge—quadrupole interaction, which dominates
the attractive part of the intermolecular potential,
V,, is also correlated with the intermolecular bond
strength.?’

Several of the AHT—L dimers contain open-shell
molecular ions with non-zero electron spin. The
spectra of HNH*—Rg and OH"—Rg (both 3=7) contain
useful information about the effect of complexation
on the electromagnetic properties of the electronic
wave function of the monomer.1%2-1% |n these dimers
the effects of complexation are small due to the
weakness of the intermolecular bond (<0.3 eV).
Moreover, the diradical character of OH" and HNH*
has little effect on the intermolecular bond strength.
Nonetheless, the complexation-induced change of the
spin—spin interaction constant provides valuable
information on the anisotropy of the PES, as it is
related to the vibrationally averaged zero-point bend-
ing excursion, ] and is thus a direct probe of the
angular anisotropy of the PES. For example, in
OH*—He, WOwas found to be ~25°, confirming that
intermolecular bonds in proton-bound AH*—L dimers
are often quite directional even in He-containing
complexes.10?

Perturbations are a common feature of the mid-IR
spectra of AHT—Rg dimers, a situation most likely
due to comparatively large dissociation energies and
relatively low intermolecular vibrational frequencies.
Thus, any singly excited intramolecular vibration or
simple combination state is likely to be nearby at
least one quasibound state involving multiple quanta
of the intermolecular vibrations. The strength, vari-
ety, and number of perturbations is large for NoH™—
Ar, which has a relatively high dissociation energy
and low intermolecular vibrational frequencies (due
to the heavy Ar atom).126

Photodissociation spectroscopy probes metastable
energy levels above the lowest dissociation threshold
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of the complexes. In the mid-IR region, intramolecu-
lar vibrations are usually excited, sometimes in
combination with intermolecular modes. The vibra-
tional energy is subsequently redistributed into other
vibrational degrees of freedom (intracomplex vibra-
tional energy redistribution) and leads eventually to
the dissociation of the complex (vibrational predis-
sociation). The time scales for these processes can be
inferred from the observed spectral line width and
depend sensitively upon the coupling strength be-
tween the initially excited bright state and the
available dark states and dissociation continua. For
small dimers, the density of states in the mid-IR
range is still rather low. The dynamical processes are
therefore highly dependent on the initially excited
state and cannot be described by statistical theories.
For example, in AH"—H; complexes, the lifetime of
the lower lying va_p stretching state is shorter than
that of the higher lying vy stretching level, as the
coupling between the dissociation coordinate and the
A—H stretch mode is stronger than with the H—H
stretch. In general, the coupling strength is related
to the complexation-induced frequency shift of the
excited intramolecular mode, which is in turn cor-
related with the intermolecular bond strength: the
stronger the intermolecular bond, the larger the
frequency shift, the stronger the coupling to inter-
molecular degrees of freedom, and the shorter the
lifetime 8897128282283 A similar trend is observed in
AHt—L dimers, e.g., H3O"—L or NH"—L (k = 2—4).
The A—H stretch vibrations in these complexes can
be divided into bound and free stretching vibrations,
depending on whether the excited A—H bond is
involved in the intermolecular A—H*—L bond or not.
In general, bound stretches display larger frequency
shifts and shorter lifetimes than the corresponding
free stretch states.86:104135 The different lifetimes for
v1, v1 + vs, and v1 + v, of NoHT—He demonstrate that
the relaxation rate in an intramolecular excited state
can depend sensitively on additional intermolecular
excitation (Figure 5).%

B. p/x-Bound Complexes

As outlined in the preceding section, the intermo-
lecular interaction strength in proton-bound dimers,
AHT—L, decreases as the difference in the proton
affinities of the two bases, APAA_L, increases. Con-
sequently, for complexes with large APAas-., the
proton-bound configuration features weak intermo-
lecular bonds and other geometries may become
energetically more favorable. Such a situation occurs
for the complexes discussed in the present section,
which all have p/z-bound global minimum structures.
Here, the expression p/z-bonding is used to describe
dimer geometries, where the neutral ligand is at-
tached to a p or x orbital of the molecular ion.

1. CHs* =L,

a. CHs;™—He,Ne,Ar. Dimers of the methyl cation,
CH3;", and the Rg atoms He, Ne, and Ar were
investigated by IRPD spectroscopy and ab initio
calculations.105106.13% The complexes were produced
by expanding suitable CH4/H,/Rg mixtures in an
electron impact cluster ion source (Figure 2). In the
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case of CHz*—He and CH3;™—Ne, rotationally resolved
spectra were obtained for the strong IR-active de-
generate asymmetric C—H stretch fundamental (v3).
As the dissociation energy of CHz*—Ar, determined
as 3950 £ 700 cm™~! by thermochemical methods,?5
exceeds the frequencies of all CH;* fundamentals,
they cannot be observed in a one-photon PD spec-
trum. However, sequence transitions of the form v3
+ vyx— v appeared as a weak, broad, and structure-
less band near the position of the expected v; funda-
mental. To observe (ro)vibrational transitions of
CH3st—Ar originating from the ground vibrational
state, spectra were recorded in the first overtone
region of the symmetric and asymmetric C—H stretch
vibrations (v, and v3), which lie above the dissociation
limit.

The planar, closed-shell CH3z*t ion (Dz, symmetry)
is a strong electrophilic agent owing to the vacant
2p, orbital of the central C atom.?84728 The spectro-
scopic and theoretical data for the CH;™—Rg dimers
are consistent with p-bound cluster geometries of Cj,
symmetry, where the Rg ligands are attached to this
electrophilic orbital .105106.139.284.287 The calculated in-
termolecular PESs of all three dimers have similar
topologies, with the major difference being the inter-
action strength which increases in the order He <
Ne < Ar.10510613% The surfaces feature deep global
minima at the p-bound sites (D, = 707, 959, 6411
cmtand R, = 1.83, 2.13, 1.95 A for He, Ne, Ar) and
large barriers for internal rotation of CHs™ around
its a (or b) axis (V, ~ 600, 750, 6000 cm™1). This large
angular anisotropy along with a small effective
reduced mass for the bending motion leads to inter-
molecular bending frequencies of the p-bound struc-
tures which are much higher than the corresponding
stretching frequencies. In all three cases, the planar
vertex (local minima) and side-bound structures
(transition states) with C,, symmetry are signifi-
cantly less stable than the global minimum (De ~
100, 200, 600 cm™1). Their stabilities and intermo-
lecular separations differ little, indicating that the
dependencies of the PESs upon the azimuthal angle
are small at long and mid range, leading to potential
shapes of nearly cylindrical symmetry with respect
to the C; axis. This behavior results in intermolecular
in-plane bending frequencies for the vertex-bound
structures, which are much lower than the corre-
sponding stretching frequencies.

The long-range part of the PES is dominated in all
three CH3;"—Rg dimers by inductive interactions,
arising from the multipole moments of CHz* (mainly
the charge) interacting with the polarizable Rg
atom.105106.139 Formation of the intermolecular p
bonds is accompanied by partial charge transfer, AQ,
from the Rg atom into the electrophilic, positively
charged 2p, orbital of CH3".195284 Although at the
equilibrium geometry of CH;™—He and CH3;t—Ne the
transfer of electron density is small (AQ < 0.04 e), it
is substantial in the case of CHz"—Ar (AQ ~ 0.3 e),
suggesting that the contribution of charge transfer
to the binding energy becomes more appreciable with
increasing size of the Rg atom. This trend is directly
reflected in the complexation-induced changes of the
CHs"™ properties. Most significant is the angular
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deformation, which transforms the planar CH3"
monomer with sp? hybridization (6. = 90°) toward a
pyramidal structure (6, = ORg—C—H = 91.4°, 91.4°,
99.6° for He, Ne, Ar), approaching the limit of sp?
hybridization (6. = 109.47° in CH,4). The C—H bond
becomes stronger and shorter upon complexation (Are
= —0.0015, —0.0019, —0.0049 A; Avs@kc ~ 13, 17, 18
cm~1; Avsfac ~ 13, 16, 39 cm™1). In contrast to the
small degree of monomer deformation caused by He
and Ne (deformation energy Ep = 55, 58 cm™1), Ar
has a much larger effect on CHs™ (Ep = 2501 cm™1)
due to the onset of chemical bonding.105106.139

The trends derived from the ab initio PESs of the
CH3*t—Rg dimers are confirmed by the analysis of
their rotationally resolved IR spectra.19%106.13% The
bands’ structures are characteristic of either parallel
or perpendicular transitions of prolate symmetric
tops with nuclear spin statistical weights appropriate
for three equivalent protons. The intermolecular
separations derived from the rotational constants
amount to Rgn ~ 2.18, 2.30, 2.05 A for the dimers
with He, Ne, Ar. The increase in the harmonic
intermolecular stretching force constant with the size
of the Rg atom (ks ~ 2, 9, 50 N/m; ws ~ 110, 130, 280
cm™1) is consistent with the increase in the interac-
tion strength. Excitation of the v; vibration leads to
a slight destabilization of the intermolecular bond,
manifested in larger R¢y and lower ks and ws values
in the v; state and blue shifts in the v; frequency
upon complexation. In all cases, the C—H stretch
frequencies of the CHz™—Rg dimers are bracketed by
the corresponding frequencies of CHs™ and CHs,
supporting the conclusion that the Rg ligands donate
electron density into the 2p, orbital of C. The v;
frequencies of CHz*—He and CH3;"—Ne are closer to
CHs;™, indicating that charge transfer is small. More-
over, the v3 shifts of these dimers scale linearly with
the polarizabities of the Rg atoms, implying that
induction forces dominate the attraction. The v; and
v3 frequencies of CH3;™—Ar are closer to those of CHg,
confirming that charge transfer is substantial.

The experimental vibrationally averaged distances
are substantially larger than the corresponding
calculated equilibrium values (Rcn—Re = 0.34, 0.17,
0.10 A for He, Ne, Ar), although the order is the same
for both (Rc—ne < Rc—ar < Rc—ne). These differences
do not arise from an inadequate level of theory in
the ab initio calculations but rather from large zero-
point vibrational effects.'®® Analysis of the calculated
intermolecular PESs reveal that the large observed
differences, Rcn—Re, are mainly due to the intermo-
lecular bending rather than the stretching motion.
Although the calculated bending frequencies are high
for the p-bound equilibrium structures, the zero-point
angular motions cause significant increases in the
optimal intermolecular separation, which leads to
vibrationally averaged R.n values that are much
larger than the calculated R, values.'® This angular—
radial coupling is less significant for dimers contain-
ing heavier Rg atoms, because the bending force
constants are higher and the reduced moments of
inertia smaller.

The p-bound CH3*—Rg dimers are typical disk-and-
ball complexes, as are the neutral CsHg—Rg or SO3—
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Rg dimers.64139.288289 The topology of their PESs is
qgualitatively different from those of linear rod-and-
ball (e.g., N,H"—He, OCH*—He, NCH—A[r)10180,186,290
and ball-and-ball complexes (e.g., NH;t—He, FH—
Ar).1062133 For ball-and-ball systems, the optimal
intermolecular separation does not strongly depend
on the relative orientation of the complex’s constitu-
ents (though the interaction strength may do so). On
the other hand, in rod-and-ball and disk-and-ball
dimers, the optimal intermolecular bond length is
angularly dependent causing pronounced angular—
radial couplings. The difference between these two
categories is that in disk-and-ball dimers the optimal
separation increases as the ligand is tilted away from
the equilibrium position, whereas in linear rod-and-
ball complexes the separation decreases.

Comparison between H*—Rg and CH3;™—Rg pro-
vides useful insight into their bonding mechanism 16
Thermodynamic studies showed that for many stable
species the PA is linearly correlated to the methyl
cation affinity (MCA).?%! This relation holds also for
the noble gases Xe and Kr, both of which form strong
bonds with H* and CH3;". However, for the smaller
Rg atoms, the MCA drops much faster than the PA,
indicating that the bonding mechanism in H*—Rg
and CH3;"—Rg depends strongly on the size of the Rg
atom.%6 While all Rg atoms form covalent bonds to
a proton, only Xe and Kr feature such strong bonds
to the methyl cation. The intermolecular interactions
in CH;"™—He and CH3;*—Ne are weak and mainly
based on inductive forces. In the case of CH;™—Ar,
partial charge transfer provides additional stabiliza-
tion, and this contribution becomes even more im-
portant for CH3;*—Rg complexes with larger Rg
atoms. Comparison of intermolecular bond properties
(Rc-rg; OH—C—Rg, D) in ionic CHsz"—Rg dimers (Rg
= He, Ne, Ar, Kr, Xe) with those in the isoelectronic
neutral CH3X molecules (X = H, F, ClI, Br, 1) nicely
illustrates the change in bonding mechanism in
CHs*t—Rg from mainly induction (Rg = He, Ne) to
mainly covalent (Rg = Kr, Xe).1% Clearly, for increas-
ing Rg size, the properties of the intermolecular
CHs;™—Rg bonds converge toward those of the respec-
tive covalent intramolecular C—X bonds in CH3X
(Figure 17).

b. CHs*—Ney,Ar;3. The CH3"—Rg> trimers were
studied with the same experimental and theoretical
techniques as the CHz™—Rg dimers.1951% The IRPD
spectra of the v; bands of CHz;*—Ne; and CH3™—Ar;
are rotationally resolved, providing for the first time
guantitative structural and dynamic information on
ionic trimers. The CH3" ion can accept Rg ligands at
both sides of the electrophilic 2p, orbital. Indeed, the
vs spectra of CH3;"—Ne, and CH3;"—Ar; are charac-
teristic of symmetric prolate tops with three equiva-
lent protons and the two Rg atoms located on opposite
sites of CH3* on the C; symmetry axis. However, the
equilibrium structures of the Rg—CH3;"—Rg trimers
depend strongly on the dimer interaction strength:
they have Csz, symmetry for Rg = Ar and Dgy
symmetry for Rg = He and Ne.

Ab initio calculations show that the second Ar
ligand in the Ar—CHs"—Ar trimer is only weakly
attached to a strongly bound CH;™—Ar dimer, leading
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Figure 17. Comparison of the properties of the intermo-
lecular bonds in ionic CHz*—Rg dimers with those of the
chemical bonds in the corresponding isoelectronic neutral
CH;z—X molecules (Reprinted with permission from ref 106.
Copyright 2000 from American Institute of Physics): (a)
interatomic separation, R; (b) bond angle, 6.; (c) bond
energy, D. The index N corresponds to the row of Rg/X in
the periodic table: N = 1-5 represent Rg/X = He/H, Ne/
F, Ar/Cl, Kr/Br, Xell.

to a Cs, equilibrium geometry.’%® The two C—Ar
bonds have quite different bond lengths (Rc-ar, = 2.04
and Rc_ar, = 2.88 A), and the pyramidal deformation
of CHz* is similar in the trimer and the dimer (6, =
OH-C—Arl = 97.5° and 99.6°). The calculated
sequential binding energies (D, = 6411 and 768 cm™)
are compatible with the experimental bond enthal-
pies (—AH° = 3950 4 700 and 790 £ 70 cm1)?%* and
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confirm the drastically different interaction strengths
of CH3™ with the first and second Ar ligand. As the
binding energy of the second Ar ligand is well below
the v3 frequency of the trimer, this fundamental could
be observed in a one-photon PD spectrum recorded
in the dimer fragment channel (Figure 18).1% The
derived ground-state rotational constants yielded an
Ar—Ar separation of 4.84 + 0.02 A, in good agree-
ment with the ab initio value (4.92 A).

Interestingly, all Q branch heads in the v; band
are split into two components separated by ~0.5 cm™!
(Figure 18). This splitting was attributed to a tun-
neling motion, where the two different Ar ligands can
exchange their roles via an intracluster umbrella
inversion of CH3* through a transition state with Dsp,
symmetry. Indeed, ab initio calculations predict a low
barrier for this motion (V, ~ 550 cm™1). The carbon
atom moves by as much as ~0.7 A while crossing the
inversion barrier, explaining the relatively small
magnitude of the inversion splitting. The value for
the ground-state splitting between symmetric (s) and
antisymmetric (a) components of the inversion dou-
blet was estimated from the relative intensities of the
a—a and s—s bands of the v; transition as 6 = 3.5 +
2 cm™, in agreement with the values obtained from
the width of the unresolved v, band (6 <7 cm™?) and
theoretical considerations based on reasonable
one-dimensional double-minimum potentials (0.1
< 0 < 5 cm™). An interesting aspect of the intra-
cluster tunneling motion in Ar—CH3™—Ar is its
similarity to the nucleophilic Sy2 displacement reac-
tion of the isoelectronic [CI—CH3;—CI]~ system, which
is also predicted to proceed on a double-minimum
potential via a Walden inversion barrier (see section
IV.B.1).292:293

In contrast to Ar—CH3"—Ar, ab initio calculations
for He—CH3;"—He and Ne—CHs;"—Ne vyield equilib-
rium geometries with Dz, symmetry.1% Apparently,
the double-minimum potential in Rg—CHz"—Rg tri-
mers occurs only for larger Rg atoms, where the
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Figure 18. IRPD spectrum of the v3 band of Ar—CHz*—Ar recorded in the CHz;™—Ar fragment channel (Reprinted with
permission from ref 105. Copyright 1998 American Institute of Physics). The splitting of the Q branches of this perpendicular
transition (AK = £1) is attributed to inversion tunneling of CH3;™ within the Ar—CH3z*—Ar trimer. The insets demonstrate
that the spacings in the P and R branches are 4B for K = 1—0 and 2B for K = 21, as expected for an inverting Cz,

molecule with three equivalent protons.
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intermolecular bond to the first ligand is strong
enough to cause a substantial angular deformation
of the CH3" ion. As the weak interactions in CHz"—
He and CH3;™—Ne are mainly based on induction, the
effects on geometry and charge distribution of CH3"
are small. Consequently, the attractive (mainly in-
duction) and repulsive forces between the CH;* ion
and the Rg ligands are comparable in CH3™—Rg and
Rg—CHs;"—Rg. Because three-body interactions are
small, the binding energy to the second Rg ligand is
only slightly smaller than that to the first one,
leading to somewhat smaller changes in the CH3*
properties upon sequential complexation (e.g., De =
959 vs 745 cm™!, R = 2.1347 vs 2.2322 A, Ar. =
—0.0019 vs —0.0015 A, Avstac = 16.6 vs 14.0 cm™?
for CHs"—Ne vs Ne—CH3"—Ne).2% The v3 spectrum
of Ne—CHj3*—Ne confirms the results of the ab initio
calculations (no experimental data exist for He—
CHs"™—He). Observed nuclear spin statistical weights
indicate that Ne—CHz*—Ne has inversion symmetry
with two equivalent Ne atoms. The absence of inver-
sion tunneling splittings are compatible with a Dg,
equilibrium structure. In addition, the intermolecular
bonds in the trimer are only slightly longer than in
the dimer (Rem = 2.34 vs 2.30 A) and the incremental
vz blue shifts are similar (Avz®? =9.9 vs 11.6 cm1).106

Significantly, the IR spectra of related ionic trimers
of the type AH*—Rg, recorded so far are not rota-
tionally resolved, despite the use of laser radiation
with sufficiently narrow bandwidth (e.g., A = CO, N,
SiO; Rg = Ne, Ar).9596.99.10L123 Broadening may arise
in these cases either from a shorter upper-state
lifetime due to fast intracomplex vibrational energy
redistribution or vibrational predissociation or from
inhomogeneous effects, such as overlapping transi-
tions from sequence hot bands or multiple isomers.
In the Rg—CH3*—Rg trimers (Rg = Ne, Ar), the
coupling between the v3; mode and other inter- and
intramolecular degrees of freedom is weak, leading
to long lifetimes and narrow line widths.

The CH3™, NH3™, and H3O™ ions have zero, one, and
two electrons in the 2p, orbital of their central atom.
Thus, comparison between complexes of these ions
and neutral ligands enables the systematic investiga-
tion of the electrophilic character of this orbital as a
function of its occupancy. In CHs™, this orbital is
vacant and very electrophilic, leading to the forma-
tion of a strong p bond to Ar, which donates signifi-
cant electron density into the orbital. The much
weaker bond to the second Ar ligand suggests that
its electrophilic character is already greatly reduced
by this partial charge transfer. If one or two electrons
occupy this orbital, its electrophilic and reactive
character is further reduced. As a consequence,
NHzt—Ar and H;O*—Ar clearly prefer proton-bound
rather than p-bound equilibrium structures, a con-
clusion reached from both ab initio calculations and
rotationally resolved IRPD spectra.?s3

Interestingly, the coarse rotational structure in the
vz IRPD spectrum of the CHz;*—Ar; tetramer re-
sembles the K substructure of the corresponding
CHgs™—Ar, transition (Figure 18).1% An equilibrium
geometry with two axial (p-bound) and one off-axial
(proton-bound) Ar atoms cannot give rise to the
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observed spectral features unless the complex is
assumed to be nonrigid. According to the ab initio
calculations for the CHz"—Ar dimer, the energies for
the vertex-bound local minimum and the side-bound
transition state are similar, indicating that the
barrier for internal rotation of CH3" around its C;
axis is small. If in CHz™—Ar3 this barrier is compa-
rable to or smaller than the A rotational constant of
CHz"—Ar; (~5 cm™1), the latter will undergo (nearly)
free internal rotation within the CHz*—Ar; complex.
Thus, the observed spectral features may correspond
to Akin: = £1 transitions between different internal
rotor states giving rise to a band contour similar to
the CHz;*—Ar, trimer band. The presence of two off-
axial (proton-bound) Ar atoms would seem to quench
this internal motion, as no such structure is observed
in the v3 band of CH3z*—Ar,. An alternative CHz™—
Arz geometry, with the third Ar atom lying on the
Cs axis, would also give rise a spectrum with a coarse
structure similar to that of CHz;*—Ar,, as both
complexes would have comparable A rotational con-
stants. However, the axial site is expected to be less
favorable as the charge of the cluster is mainly
localized on the CH3™ moiety. It is not clear whether
the inversion motion present in CHz™—Ar; is quenched
by the addition of subsequent Ar atoms.

c. CH3"—H; (=CH5s"). According to ab initio cal-
culations,?42% the equilibrium geometry of proto-
nated methane, CHs™, can be best described as an
eclipsed CH3z™—H; dimer with Cs symmetry, with the
H, moiety bound in a T-shaped fashion to the 2p,
orbital of a pyramidal CH3™ ion at an intermolecular
separation of 1.1 A. This geometry is analogous to
the CH3™—Rg structures discussed above, and the
bond strength of CHz*—H, (42.5 kcal/mol)?** lies
between those of CHs;"™—Ar (11 kcal/mol)?®* and
CHs™—Kr (48 kcal/mol).?** The CH3"—H, dimer fea-
tures a nonclassical three-center two-electron (3c—
2e) bond typical for carbocations.?®® However, the
barrier for internal H, rotation around the C; axis
of CH3™ via the staggered configuration was calcu-
lated to be rather small (<35 ¢cm~1).2%4 In addition,
the protons of the H, and CHs;" moieties can be
exchanged via a low-lying transition state with C,,
symmetry (barrier < 280 cm~1).2%4 As a consequence
of the low barriers for complete proton scrambling
(which become even lower when zero-point effects are
taken into account),?®® CHs™ is an extremely fluxional
molecule with five statistically equivalent protons
and the concept of molecular structure becomes
problematic.?%” Interestingly, dynamical ab initio
path integral calculations based on the Car—Par-
rinello approach suggest that, although CHs" is
highly fluxional (even at 5 K), rapid proton exchange
is a concerted process and the probability of finding
CHs" in a configuration similar to the CH3;"—H,
equilibrium structure is rather high.??62%¢ The MW
and IR spectra of CHs* were predicted based upon
the calculated low barriers for proton exchange using
the molecular symmetry group G40 (120 equivalent
minima) and shown to be quite irregular and very
sensitive to the detailed shape of the PES.299-301

Recently, the first spectrum of CHs* has been
reported.’*® A rotation—vibration—tunneling spec-
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Figure 19. Multiphoton IRPD spectrum of the H—H stretch vibration of SiHz*—H, (A) along with a simulation (B) at T
=90 K (Reprinted with permission from ref 141. Copyright 1995 American Institute of Physics). The spectrum was analyzed
assuming free internal rotation of H, around the intermolecular C; axis.

trum in the region of the C—H stretching modes was
obtained by direct absorption in a liquid-N,-cooled
positive column discharge cell containing a H-
dominated H,/CH, plasma. Over 900 lines between
2770 and 3150 cm™! were attributed to CHs" based
upon indirect arguments, including plasma chemis-
try, Doppler profile, and the subtraction of the known
transitions of CH,™ (n = 0—3). The spectrum of CHs™
is extremely rich and does not show any obvious
regularity, in agreement with the theoretical predic-
tions for this very floppy ion. Although assignment
of rotational lines has still not been accomplished,
the center of the band at 2950 cm~* approximately
agrees with the CHs* absorption in the CHs™—Hj,
dimer3°2 and ab initio calculations.?*®> In accordance
with the high PA of CH,, the C—H stretch potential
is reasonably well defined, leading to the appearance
of a localized C—H stretch absorption band. Future
efforts toward assigning the spectrum of this funda-
mental ion may include (i) spectra of CHs™ in super-
fluid He droplets to reduce spectral congestion, (ii)
spectra in the MW region, and (iii) spectra of deu-
terated species.?®301 |n addition, Coulomb explosion
imaging techniques were suggested to elucidate the
ground-state structure of CHs".?%¢ Some conclusions
about CHs* were derived from spectra of CHs'
complexed with other ligands (e.g., Ar, Hz, CHg4, Np;
section 111.A.2.f).138.274.302.303

2. SiH3+—(H2)1,2

The closed-shell SiH;™ ion is similar to CHz™ and
possesses a planar Dz, structure.®* Ab initio calcula-
tions and spectroscopic data show that the global
minimum structure of SiHs* can be viewed as a
SiH3;*—H; dimer, with the H, molecule attached to
the 3p, orbital of Si in a T-shaped configuration
forming a nonclassical 3c—2e bond.'#3% Although
this structure is topologically analogous to the equi-

librium structure of CHs™ (section I11.B.1.c), there are
qualitative differences between SiHst and CHs™',
owing to the much weaker interaction of the H,
molecule with SiH3z™ (—AH° ~ 14 kcal/mol, R, = 1.87
A)305.306 compared to CHst (—AH® ~ 42 kcal/mol, R
= 1.10 A).2942% First, the barrier for internal H,
rotation around the C3 axis via the staggered transi-
tion state is much smaller (<1 vs <35 ¢m™1).294305
Second, while the barrier for proton exchange be-
tween the H; ligand and CHs3" via a C,, transition
state is calculated to be very low (<300 cm™)
facilitating rapid proton scrambling,?®* the barrier in
SiH3z"—H; is much higher (~9500 cm™) and lies
above the dissociation threshold.3% As a consequence,
the 3c—2e bond is localized in SiHz*—H5,%% in con-
trast to CHz™—H,.

The spectrum of SiHs™ was investigated in the
region of the H—H stretch vibration by means of
multiphoton IRPD spectroscopy.'*' The SiHz"—H;
complexes were produced in a SiHi/He/H, corona
discharge. As the binding energy of the SiH;™—H;
dimer exceeds the H—H stretch frequency, a mul-
tiphoton scheme was employed to resonantly dissoci-
ate the complex into SiH3;* and H, fragments. Tun-
able IR light (generated by difference frequency
mixing in a LiNbO; crystal) was scanned to excite
rovibrational levels of the H—H stretch fundamental.
Subsequently, multiple quanta from a tunable CO,
laser were used to drive the excited dimers over the
dissociation threshold. The rotational structure of the
observed transition is characteristic for a near prolate
symmetric top (Figure 19), compatible with the
calculated SiHz*—H; equilibrium geometry assuming
free internal rotation of the H; unit around the C;
axis of SiHz* and no scrambling between protons of
the H, and SiH3;™ moieties (molecular symmetry
group Gjp). The formation of the SiH3;™—H, dimer
leads to an increased H—H separation, as electron
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density from the H; o bond is donated into the 3p,
orbital. The large red shift in the H—H stretch
frequency (—467 cm™1) is consistent with the mea-
sured bond enthalpy of 14 kcal/mol.30¢

The equilibrium structure of SiH;™ was calculated
to have C, symmetry, with two equivalent H, mol-
ecules weakly attached to opposite sides of the 3p,
orbital of Si in a T-shaped configuration, i.e., Ho—
SiH3T—H,.3%8:309 Both H, molecules can rotate almost
freely about the C; axis of SiH3* (barrier < 35cm™1).
The intermolecular bonds in the H,—SiHz*—H, tri-
mer (—AH° ~ 5 kcal/mol, Re= 2.04 A)3%63% gre
significantly longer and weaker than in the SiHz™—
H, dimer (—AH° ~ 14 kcal/mol, R, = 1.87 A).305:306 A
one-photon IRPD spectrum of SiH;", produced in a
high-pressure glow discharge of SiH, and H;, was
obtained in the H—H stretch region.3*° Only one band
was found between 3500 and 4200 cm™!, and its
rotational band contour and vibrational frequency
was consistent with the asymmetric (out-of-phase)
H—H stretch vibration of a H,—SiH3zt—H, trimer
with intermolecular separations of ~2.0 A. The
complexation-induced red shift of the H—H stretch
frequency is much smaller in the trimer (—295 cm™?)
than in the dimer (=476 cm™1), in accordance with
the significantly weaker intermolecular bonds. This
is in contrast to the symmetric Rg—CHs™—Rg trimers
(Rg = He, Ne), where the interactions in the dimer
and trimer are similar. The symmetric H,—SiHz"—
H, structure of SiH;" differs also qualitatively from
that of CH;*, which is best described as a weakly
bound CHs*—H, dimer (section 111.A.2.1).

3. CgHs™—Ne,Ar,Kr

The 2E44 electronic ground state of the benzene
cation complexed with Rg atoms (Ne, Ar, Kr) has
been characterized by using a novel technique based
on high Rydberg spectroscopy.'#>~144 The scheme
involves using a pulsed laser to prepare neutral
Ce¢Hs—Rg complexes in specific rovibrational levels
of the S; state. These electronically excited neutrals
are subsequently excited by a second tunable laser
to high Rydberg levels (40 < n < 120) that are then
field ionized in the extraction region of a time-of-
flight MS. The resulting Rydberg spectrum is trans-
formed into a cation spectrum using an automated
cross-correlation ionization energy procedure (CRIES).
The procedure entails cross-correlating the experi-
mental spectrum with a theoretical spectrum gener-
ated using two adjustable parameters, the ionization
energy and the quantum defect. The CRIES spectra,
which exhibit full rotational resolution, were ana-
lyzed in terms of a rigid symmetric top Hamiltonian
that included phenomenological spin—orbit and Co-
riolis coupling terms.

The data indicate that the neutral and ionic
clusters share a common structure, with the Rg atom
situated above the ring (Csy Symmetry). However,
ionization induces a significant shortening of the
intermolecular bond. For example, CeHgt—Ar has an
intermolecular bond length of 3.513 A compared to
3.581 A in the neutral complex. lonization also
increases the intermolecular well depth (by around
170 cm™! for Rg = Ar) due to the additional charge-
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induced dipole interaction. One interesting observa-
tion is that the heavier Rg atoms (Ar, Kr)*3 induce
significant spin—orbit coupling (which has not been
observed for bare CeHgs™ and CeHgst—Ne).242163 For
CesHst—Ar and CsHgs™—Kr, the coupling constant was
determined as 0.51 and 2.89 cm™1, respectively.'*
The origin of the spin—orbit coupling is uncertain at
this stage, although an exchange mechanism has
been deemed most likely. A more detailed discussion
of CeHg™—Rg complexes can be found in the article
by Neusser in this issue.

C. Miscellaneous

1. No*=He,

Complexes of the N,™ cation and He atoms have
been probed by exciting the strong B 2%," < X 2Z,*
(0—0) transition in the near UV (at 390 nm).%%146 The
N,"—He complex has significance because of the
many studies devoted to the dynamics of N,* + He
collisions. Various groups have focused on collision-
induced vibrational relaxation 3312 collisional quench-
ing from both the A and B electronic states,3*3% and
rotational energy transfer.3'6 Of particular note are
collisional studies focused on the rotational alignment
of N, drifting under the influence of an electric field
in He buffer gas where it was observed that the
rotational angular momentum was preferentially
aligned perpendicular to the electric field.3'” The
alignment comes about because the N,™—He potential
has an anisotropic, roughly ellipsoidal, repulsive core
so that a parallel alignment results in a larger
scattering cross section than a perpendicular one.

Spectroscopic studies on the N,"—He complex were
preceded by accurate MCSCF—CI ab initio calcula-
tions of the N,"—He PES.?® Besides featuring the
anisotropic repulsive core expected from the colli-
sional alignment studies, the calculated surface
exhibits a minimum of —139.4 cm~! in a configuration
where the N—N bond is tilted by 45° with respect to
the N,"—He bond. The well depth for the interaction
is relatively insensitive to the orientation of the N,*—
He and N—N bonds, and there is only a small
effective barrier (~7 cm™) to internal rotation. The
ab initio surface was used to variationally determine
rovibrational energy levels which were fitted to a free
internal rotor energy expression

E(nvgjl) =nv, +Bj(j + 1) +CI1+1) (2

with B = 1.879 cm™%, v = 55.231 cm™%, 2vs = 83.404
cm™, 3vs =92.491 cm™%, Co = 0.477 cm™%, C, = 0.370
cm™1, C, = 0.254 cm™2. The first term of the energy
expression takes into account the N,*—He stretch
vibration, the second term the internal rotation of
the N> (angular momentum j), and the third term
the end-over-end rotation (angular momentum 1) of
the complex.

The N,"—He B — X electronic spectrum bears a
coarse resemblance to the free N,* B — X spectrum
providing evidence that N,*—He has a free internal
rotor structure in both the X and B electronic states
(thereby supporting the ab initio calculations).®%.146
Exciting the B — X transition of the core leads to
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transitions with Aj = +1 and Al = 0. The spectrum
is almost unshifted from the one of Nyt (shift <1
cm™1), showing that the binding energy of the He
atom (Do) is practically the same in the X and B
electronic states. The absence of bands associated
with excitation of the Nyt—He stretching vibration
constitutes further evidence for similar X and B state
potentials. Transitions from j" = 7 but not j" = 8 are
observable, suggesting that complexes with j” > 7 are
above the dissociation threshold. The derived binding
energy lies between 101 and 130 cm™%, a range that
almost brackets the theoretical value, Dy ~ 98
cm~1.209 Features reminiscent of the P and R branch
transitions of N, are observable in the Nyt—He,
clusters up to N,"—Heg, suggesting that free internal
rotation of the N, core persists for the larger
species.318

Surprisingly, the N,*—He spectrum contains a hot
band involving the N—N stretching vibration, shifted
by ~195 cm™? to higher energy from the B < X origin.
Some fraction of the N;*—He complexes possessing
more than 2200 cm™? of internal energy survive the
~100 us passage from the ion source to the laser
interaction region, despite the fact that only ca. 100
cm~t is required to rupture the N,"—He bond.145318
By measuring the ratio of the intensities of the hot
and origin bands while the flight time between the
ion source and the laser interaction region was
varied, a vibrational predissociation lifetime of 220
+ 30 us was determined. This corresponds to roughly
4 x 10° N—N vibrational periods! Such a long lifetime
may seem surprising but is supported by calculations
that yield lifetimes in the 120—4260 us range.319:320

2. Ng©

The Ns© molecular complex has long been known
as a constituent of nitrogen plasmas®*! and is believed
to play a role in stratospheric chemistry. Thermo-
chemical®?? and collision-induced dissociation®23:324
studies show that the energy required for dissociation
into N, (X 125%) and Nt (X 2Z,%) is around 1.1 eV,
making it one of the more strongly bound ions dis-
cussed in this review. Prior to gas-phase spectroscopic
characterization, ab initio,3?53% electron spin reso-
nance (ESR),%?” and IR matrix3?® studies suggested
that N4t has a linear, centrosymmetric 2%, ground-
state structure, with two equivalent N, units held
together by a central bond that is relatively weak
compared to the two terminal N—N bonds. The neon
matrix ESR results show that the unpaired electron
is located primarily on the inner nitrogen atoms.3?”

The rotationally resolved IR band of the v3 asym-
metric stretching vibration has been recorded by
tunable diode laser spectroscopy in a continuous
supersonic slit expansion of pure N, crossed by
electrons.'1147 The spectrum confirms earlier notions
of the N4* structure: it is consistent with a cen-
trosymmetric linear molecule and exhibits the ex-
pected Joga/Jeven intensity ratio of 5:4. From an
analysis of transitions with up to J = 35, the band
origin and rotational and distortion constants were
determined.!147 The spectroscopically derived har-
monic stretching force constant for the central bond
(ks = 80 N/m) confirms that N4 is indeed a relatively
strongly bound complex.
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The experimental rotational constants and band
origin are in excellent agreement with the latest
theoretical study, in which a six-dimensional potential-
energy function was generated and used in full-
dimensional variational calculations to determine the
J = 0, 1 rovibrational states of the ion.?’® Terminal
and central N—N bond lengths are predicted to be
1.110 and 2.005 A, respectively. The full-dimensional
calculations should be useful in guiding future gas-
phase spectroscopic searches for combination bands
that involve the lower frequency bending and stretch-
ing vibrations.

3. AI’3+

The ground-state rotational constants of the “°Ar;*
and 3®Arz™ ions were obtained by rotational depletion
coherence spectroscopy (RDCS, section Il) in a triple-
quadrupole mass spectrometer (QMS).1*° Arz* ions
were produced by bombarding solid argon with 8 keV
Ar atoms and mass selected in a first QMS. Subse-
qguently, they were irradiated in a second QMS
(acting as an ion guide) by linearly polarized pump
and probe laser pulses (4 = 532 nm) with a pulse
width of 20 ps. At time ty, the pump pulse excites a
strong parallel transition of Argt (22,* «— 2%,1).329.3%0
lons with transition moments parallel to the pump
laser polarization (Z axis) absorb and undergo fast
dissociation leading to a depletion of parent ions with
parallel alignment. Remaining are parent ions with
perpendicular orientation (XY plane). The ions of this
coherently aligned ensemble continue to rotate in
random directions with a thermal distribution of
rotational periods, thereby destroying the alignment
produced at to. However, the alignment perpendicular
to the Z axis recovers at certain time periods due to
the quantization of molecular rotation and the coher-
ent preparation at t,. These recurrences are probed
by the second laser pulse, which is polarized along
the Y axis and fired at t = At + t,. The photofragment
ions are filtered by a third QMS and monitored as a
function of the delay time, At. The observed recur-
rence times are related to the rotational constant of
the ions. Every alternate rotational level is missing,
consistent with centrosymmetric structures of “°Arz™
and %Arz* (D.n). The experimental Ar—Ar bond
length of 2.65 + 0.3 A is in good agreement with
theoretical values.330:331

IV. Anion Complexes

Rotationally resolved spectra have been obtained
for a handful of anion complexes using similar
techniques to the ones employed for cation complexes
(direct diode laser absorption in a discharge cell and
IRPD spectroscopy of complexes formed in a super-
sonic expansion). While photoelectron spectroscopy
(including ZEKE spectroscopy) has been employed to
characterize a diverse range of anion complexes
(including O~ —Ar,,8 H —NH3,3%2 CI~—Ar 333 |- —Xe,3%*
I"—CHj3l,3% CI"—CH3CN,*6 Br —CH3CN,33¢ |~—
CH3CN,336 |-—CO, 3%7), spectra have not yet been
obtained with rotational resolution. The formation
and characteristics of delicate dipole-bound anion
complexes in which the excess electron is weakly
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attached to the complex by virtue of electrostatic
interactions have also been subject to extensive
studies.*6-338339 More comprehensive discussions of
anion complexes and clusters can be found in refs 20,
45, 340, and 341 and in the article by Schermann in
this issue.

A. Proton-Bound Complexes

1. FHF~ and CIHCI~

Diode laser absorption spectra have been recorded
for the strongly bound FHF~,22 FDF-,'%* and
CIHCI %55 bihalide anions formed in a cooled hollow
cathode discharge cell. These ions have structures
such that the intermediate proton is shared between
two equivalent halide anions to form a linear complex
and are analogous to symmetric proton-bound cations
such as ArHAr" or NoHN,*t (section I11.A.1). For
FHF~, the three fundamental frequencies have been
determined through measurement of the v4, v,, and
v1 + vz — v, bands in the 1300 cm™! region and the
v1 + v3 band at 1848 cm~. For CIHCI-, the v3 band
was observed at 723 cm™l. The strength of the
intermolecular hydrogen bonds (Do ~ 16 000 cm™* for
F~—HF),3%2 short bond lengths (ro(F—F) = 2.28 A,
re(CI—Cl) = 3.15 A), and large stretching force
constants (ks = 400 N/m for FHF~ and 109 N/m for
CIHCI") are evidence for a high degree of covalent
binding. The stability of the bihalide ions is further
emphasized by the fact that ionic salts such as KHF;
and NaHF, have been observed and characterized
using neutron diffraction.3*3

The trends noted earlier for the proton-bound
cations (section Il11.A) are carried to an extreme in
the symmetrical bihalide ions. The frequency of the
proton vibration undergoes a massive drop from 3959
cm~tin HF to 1331 cm™t in FHF~ and ends up being
close to the v, bending vibrational frequency (1286
cm™1). Interestingly, stretching vibrational excitation
of the intermediate proton in FHF~ and CIHCI~
slightly lengthens and weakens the intermolecular
bond. This behavior contrasts with that observed in
asymmetric proton-bound cation and anion com-
plexes, where excitation of the shared proton results
in a more effective interaction with the lower PA
ligand, causing a contraction and strengthening of
the intermolecular bond. The larger bihalide anions
(BrHBr~, IHI7) have not yet been observed in gas-
phase studies, although their vibrational absorptions
have been characterized in matrix isolation stud-
ies.®* It is found that the frequencies of all three
vibrational modes, along with the dissociation energy,
decrease going down the periodic table.342.345

2. Br——CyH,

Few rotationally resolved spectra have been ob-
tained for asymmetric proton-bound anions. One
example is the linear hydrogen-bonded Br——C,H,
complex for which the v3 band (asymmetric C—H
stretch) was recorded using IRPD spectroscopy.!!®
The rotational structure has been analyzed to provide
guantitative information on the intermolecular bond
lengths in the ground and v; states. Assuming an
undistorted C,H, monomer, the vibrationally aver-
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aged distances between the intermediate proton and
Br— in the ground and v; states are 2.45 and 2.41 A,
respectively. The 0.04 A bond contraction accompa-
nying stretching excitation of the shared proton is
similar in magnitude to the one observed for compa-
rable cation complexes (section I11.A). Interestingly,
the rotational structure has an onset at J' = 28,
indicating that lower J' levels lie below the dissocia-
tion threshold, a situation that is analogous to the
one observed for N,H*t—Ar (section 111.A.1, Figure 6).
From the sum of the vibrational and rotational
energies for the lowest dissociating level, the dis-
sociation energy of Br——C,;H, was estimated as Dy
= 3020 &+ 3 cm™ L. Currently, this is perhaps the most
accurately determined binding energy for an anion
complex. On the basis of vibrationally resolved IRPD
spectra, it was concluded that the CI——C,;H, and
I"—C;H, complexes also have linear proton-bound
structures.346:347

3. I7—-CHs;

Spectra of the I"™—CH3 and I"—CH3zAr complexes
in the C—H stretch region have been obtained using
IRPD spectroscopy in a time-of-flight mass spectrom-
eter.'” The I"—CHj; system is relatively weakly
bound: an upper limit of 900 cm~! for the dissociation
energy was deduced from the photoelectron spectrum.
At least two band systems are observed in the IRPD
spectrum, one of which is a perpendicular band that
displays resolved AK = +£1 Q branches. On the basis
of the Q branch spacings and the shifts in the C—H
stretch bands relative to those of CHs, the complex
was deduced to have a proton-bound I"—HCH, struc-
ture, in accordance with ab initio calculations.*t’
Curiously, the Q branch spacing is similar in the
I"—CH3; and 1I"—CHsAr spectra, suggesting either
that the Ar atom lies on the symmetry axis (an Ar—
I-—CHg3 structure) or that it is very loosely attached
and the 1"—CHpg; unit undergoes free internal rota-
tion. It is also interesting to note that I"—CHsAr
photodissociates to yield primarily I"—Ar fragments,
even though Ar is expected to bind less strongly than
CHs to I7. This nonstatistical fragmentation may
arise from poor coupling between the excited C—H
stretch modes and the I —Ar bond, as might be
expected for a linear Ar—1~—CHjs structure where the
Ar and CHj; units are bound to opposite sides of the
heavy |~ core.

4. X~=H,0 (X = Cl, Br, I)

A number of IRPD studies have been conducted on
the hydrated halide anions (e.g., CI~—H,0,'%834 Br~—
H,0,34° |7 —H,0153%0351) Spectra of the halide anion—
water complexes are important for their role in
understanding aqueous solvation of the halide an-
ions. Ab initio calculations demonstrate that the
dimers prefer planar Cs structures, in which one of
the water protons is bonded to the halide ion with
the other dangling free.158:350352-35%4 The nature of the
X~—H,0 bond progressively changes as the halide ion
becomes larger. High-pressure mass spectrometry
studies show that the strength of the X~—H,0 bond
diminishes with the size of the halide ion (—AH°® =
23.3, 13.1, 12.6, 10.2 kcal/mol for X = F, CI, Br,
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1).2% This weakening of the hydrogen bond is ac-
companied by a progressive deviation of the equilib-
rium X—H—-0 angle (0) away from linearity (6 =
177°, 169°, 165°, 149° for X = F, Cl, Br, 1)349.353.354
and a reduction in the barrier for exchange of the
bonded and nonbonded protons (7.7, 1.3, 0.2 kcal/mol
for X = F, ClI, 1).350:3%33% Ag for the proton-bound
cation complexes discussed in section I11.A, formation
of the hydrogen bond leads to partial delocalization
of the shared proton. This is reflected by an increase
in the hydrogen-bonded O—H bond length and a
decrease in its vibrational frequency. Both of these
effects become progressively less pronounced with
increasing halide size (Ro-n = 1.055, 0.992, 0.987 A
for X = F, Cl, Br).349:353:35

In the case of CI"—H,0%8 and Br——H,0,34834 the
IRPD spectra are broadened as the dissociation
energy exceeds the photon energy, so that the spectra
reflect the absorption contributions of hot complexes.
Sharper IRPD spectra have been obtained by coating
the complexes with Ar atoms that dissociate more
readily following single IR photon absorption.348:351.356
The vibrationally resolved spectra provide important
qualitative information on dimer structures. Bands
corresponding to free and bound proton stretches are
observed, consistent with asymmetric solvation struc-
tures in which a single proton is attached to the
halide (as predicted by the calculations). The I"—H,0
spectrum also features bands associated with bound
and free O—H stretches, again providing evidence for
an asymmetric Cs solvation structure.''>3% The bands
are somewhat sharper than the ones of CI-—H,0 and
Br——H,0, as the photon energy is sufficient to
fragment cold complexes. Curiously, the bound O—H
stretch band consists of a quartet (spacing ~28 cm™1)
that collapses to a doublet when a spy (Ar or Ny) is
attached.'®> The band’s substructure has been pos-
tulated as being due to tunneling through the C,,
transition state and/or the presence of complexes
containing ortho and para H,0.'530 Conclusions
from the vibrationally resolved studies are supported
by spectra of I"—HDO, where K substructure is
observed in the free O—H stretch band (in complexes
in which the deuteron is hydrogen bonded).'> The
band has the form expected for a mainly perpendicu-
lar transition of a complex where the D atom is
hydrogen bonded to the 1. Analysis of the spectrum
indicates that the rotational temperature is ~15 K
and that the A constant is slightly smaller than the
one expected from the ab initio geometry (15 cm™*
compared to 16.3 cm™1).

B. Sx2 Complexes
1. CI7—CHg3Br

A mid-IRPD spectrum of the CI"—CH3Br complex
has been recorded with resolution of K structure in
the perpendicular v, band (degenerate C—H stretch
mode), by monitoring the production of Br~ photo-
fragments (Figure 20).!1'® The spacing of the K
structure (10 cm™?) is close to twice the A rotational
constant of CH3Br, consistent with a linear disposi-
tion of the heavy atoms. The CI-—CH3Br complex is
the entrance channel complex for the exothermic CI~
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Figure 20. IRPD spectra of (a) the CI-—CH3Br complex
and (b) Br—CH;Cl obtained by detection of Br~ reaction
products (Reprinted with permission from ref 116. Copy-
right 1999 American Chemcial Society). The arrow shows
the orgin of the CI-—CH3Br complex located in the IRPD
spectrum of CI-—CH3Br—Ar;. Labels indicate the lower K
assignment of the structure to Q branches of a perpen-
dicular transition.
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Figure 21. Schematic potential energy curve for the Cl~
+ CH3Br — CICH; + Br~ exchange reaction (Reprinted
with permission from ref 116. Copyright 1999 American
Chemical Society). The ab initio value for the reaction
barrier367.368 js shown by the solid line, while the value
extracted from thermal decomposition3¢® of CI-—CH3Br is
shown in by the dotted line.

+ CH3Br — CICH; + Br~ Sy2 exchange reaction.
Such reactions have been postulated to occur over a
double-minimum potential with a central barrier
(Figure 21).292:357-3%9 The spectroscopic studies pro-
vide strong evidence for the existence of a double-
minimum potential. If the complexes are manufac-
tured from a source of ClI- and CH3Br to form
reactant-like CI-—CH3Br complexes, a structured
spectrum is observed resulting from photoactivated
complexes with sufficient energy to cross the central
barrier and proceed on to become products. On the
other hand, the spectrum of product-like Br——
CH3CI complexes (formed from Br~ and CHj3Cl) is
essentially structureless and results from photodis-
sociation of hot complexes, as 3 um photons do not
provide cold complexes with sufficient energy to exit
the well. The spectrum shown in Figure 20 is
analogous to the one of the Ar—CHs;™—Ar complex
(which is isoelectronic with the CICH3;CIl~ Sy2 com-
plex) where both K and J structure were resolved
(section 111.B.1.b, Figure 18).
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V. Outlook

The high-resolution spectroscopic study of ionic
complexes has developed into an active field with
explorations of molecular ionic complexes in the MW,
mid-IR, and VIS/UV parts of the spectrum. While
spectroscopic studies of ionic complexes have lagged
corresponding work on neutral van der Waals mol-
ecules, it is likely that the situation will be re-
addressed. A particularly encouraging sign is that
some complexes (e.g., OCH*—Ar) have now been
studied using several different techniques (IRPD,
direct IR absorption, FTMW). Future developments
will involve the continued application of proven
techniques to uncharacterized cation and anion com-
plexes. One direction is toward larger systems in
order to follow the microsolvation process. Currently,
the largest complexes for which rotationally resolved
spectra have been obtained are CH;CNH"—H,, Ar—
CH3st—Ar, and HyO,". Existing rotationally resolved
IRPD studies have often been limited to rather small
complexes due to the bandwidth of the OPO light
sources commonly employed (~0.02 cm™1). By using
color center or diode lasers, rotationally resolved
IRPD spectra may be obtainable for much larger
complexes, although homogeneous lifetime broaden-
ing could be a limiting factor. In this regard the
recent application of direct absorption techniques in
slit jet plasmas is encouraging. In addition, the scope
of PD studies (in the IR, VIS, UV) can be extended.
One possible approach involves a double-resonance
strategy where the high resolution of MW spectros-
copy is combined with the high sensitivity of PD to
gather spectra of mass-selected ionic complexes. In
addition, the application of ZEKE and high Rydberg
spectroscopy to obtain rotationally resolved spectra
of ionic complexes (with geometries similar to their
neutral precursors) appears to be feasible.

A better understanding of PESs will result from
complementary studies on complexes in different
spectral regions. Currently there are relatively few
MW studies of cooled ionic systems, although experi-
ence with Hz*—Ar and OCH*—Ar has demonstrated
their feasibility. Molecular constants derived from
IRPD studies should provide effective guides for MW
investigations. Future studies will undoubtedly refine
our understanding of the interaction potential by
directly probing intermolecular vibrational bands in
the far IR spectral region (100—500 cm™?). For many
interesting complexes (e.g., Hs™, NoH;", F-—H,0,
Na*—H,0), IRPD strategies are ineffective in provid-
ing rotationally resolved spectra, either because the
dissociation thresholds lie above optically accessible
states or because of homogeneous lifetime broaden-
ing. For such systems, direct absorption approaches
(FTMW, direct IR absorption, cavity ring down)
appear to be more appropriate.

Developments in ion sources can also be expected
to extend the range of complexes and the quality of
spectra. This is the realm of the tinkerer! With a few
exceptions, the existing ion sources create the ionic
complexes by either electron impact, electrical dis-
charge, or laser ablation in a supersonic expansion.
Another promising means for formation of charged
complexes is by electrospray, an approach that has
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been used recently to generate transition-metal-
containing complexes for spectroscopic interroga-
tion.36°*361

Parallel to further advances in high-resolution
spectroscopy of ionic complexes, significant progress
is expected in the next few years in the development
of high-quality ab initio PESs. In contrast to most
neutral complexes, for ionic dimers the deformation
of the monomer units upon complexation is signifi-
cant and cannot be neglected in deriving PESs with
experimental accuracy. Consequently, the calculation
of full-dimensional PESs at high levels of theory are
required, and such calculations with subsequent
solution of the rovibrational problem are presently
feasible for ionic dimers with a few degrees of
freedom (e.g., No,CO",362 O,*—He,363 N,,278 H,"—
He?10215) 1t is hoped that advances in theoretical
chemistry and computer resources make such calcu-
lations possible for larger systems.
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VII. Abbreviations

CRIES cross-correlation ionization energy spectroscopy

DMA distributed multipole analysis

ESR electron spin resonance

FTMW  Fourier transform microwave

IR infrared

IRPD infrared photodissociation

LIF laser-induced fluorescence

MATI mass-analyzed threshold ionization

MCA methyl cation affinity

MW microwave

MS mass spectrometer

OPO optical parametric oscillator

PA proton affinity

PD photodissociation

PES potential energy surface, photoelectron spectros-
copy

PIE photoionization efficiency

PFI pulsed field ionization

QMS quadrupole mass spectrometer

RDCS rotational depletion coherence spectroscopy

REMPI resonance-enhanced multiphoton ionization

Rg rare gas

RKR Rydberg—Klein—Rees

VIS visible

uv ultraviolet

ZEKE zero kinetic energy photoelectron spectroscopy
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