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Copper-water ion-molecule complexes with attached argon atoms, Cu+(H2O)Ar2, are produced in a supersonic
molecular beam by pulsed laser vaporization. These systems are mass-selected in a reflectron time-of-flight
spectrometer and studied with infrared photodissociation spectroscopy. The vibrational spectra for these
complexes are characteristic of many cation-water systems, exhibiting symmetric and asymmetric O-H
stretch fundamentals, and weaker features at higher frequency that have been tentatively assigned to combination
bands. Using isotopically substituted spectra and model potential calculations, we are able to assign the
combination bands to a water torsional vibration (frustrated rotation) in combination with the asymmetric
stretch fundamental. This combination band assignment is likely to apply to IR spectra of many cation-water
complexes.

1. Introduction

Transition metal ion solvation is a central focus of aqueous
chemistry, involving covalent, electrostatic, and hydrogen
bonding.1,2 Gas phase clusters have provided experimental
probes of the fundamental interactions involved in solvation,3-20

and computational chemistry has examined these same finite
sized systems with ever-increasing proficiency.21-30 Mass
spectrometry measurements have provided cation-solvent
bonding energetics,3,4 but structural information necessarily
comes from spectroscopy. Although there have been electronic5-8

and photoelectron spectroscopy measurements,9,10 the greatest
new insights have come from infrared spectroscopy on mass-
selected cation-water complexes, particularly in the O-H
stretching region.11-20 Even for monohydrated ion complexes,
however, unanticipated vibrational structure (more bands than
expected) often occurs in the O-H stretching region of these
spectra. We investigate this issue here in detail with a combined
experimental and theoretical study of Cu+(H2O) and Cu+(D2O)
complexes.

Infrared spectroscopy of cation-water complexes usually
employs the method of mass-selected photodissociation spectros-
copy.11-20 Because the density of ions is so low, normal
absorption methods are precluded. Photodissociation spectros-
copy measures either the depletion of the selected ion or the
yield of a specific fragment as a function of the infrared
frequency. However, an additional caveat to these measurements
is that cation-water binding energies are usually greater than
infrared photon energies. For example, the symmetric and
asymmetric O-H stretches of water in these complexes are
expected near 3700 cm-1 (10.6 kcal/mol),31 whereas M+-(H2O)

binding energies are typically 25-40 kcal/mol (8700-14 000
cm-1).3,4 To overcome this difficulty, photodissociation experi-
ments typically employ a rare gas “tag” or “spectator” atom
(Ar or Ne), whose binding energy is much lower so that it can
be eliminated efficiently with vibrational excitation. The tagging
method has been employed by our group13-17,19 and those of
Lisy11,12 and Ohashi18 to study the infrared spectroscopy of a
variety of metal cation-water complexes. These studies find
that metal ion binding causes the O-H stretches of water to be
shifted to the red by 20-80 cm-1 from the frequencies of the
isolated water molecule. The presence of the cation bound to
water also enhances the IR intensities of the O-H stretching
vibrations compared to those in water itself, with the symmetric
stretch gaining a disproportionate intensity. In rotationally
resolved studies, possible for only certain complexes, the
H-O-H bond angle in the water molecule is found to expand
upon binding to a cation.13,14,19

Although the rare gas tag atoms used for IR photodissociation
spectroscopy are essential to the experiment, their presence may
also introduce small shifts in the spectra. These effects have
been well documented and are usually accounted for using
computational studies of the bare cation-water complex
compared to the corresponding argon-tagged system.13-17,19 In
complexes with one or two water molecules, the tag atom
usually attaches directly to the metal cation, inducing shifts in
vibrational bands of a only a few cm-1. Much larger shifts
(usually to the red) are found when the rare gas binds on the
OH group of water.15 If the tag atom attaches on the C2

symmetry axis of a monowater complex, K-type rotational
structure may be resolved even with the typical 1 cm-1

resolution of these experiments.14,19 If the rare gas attaches off
the symmetry axis, or if there is a second water molecule
present, the rotational constant is much smaller and the widely
spaced structure is not present. The surprising and heretofore
unexplained observation in these spectra is that there are often
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additional vibrational bands appearing higher in frequency from
and smaller in intensity than the fundamental transitions.
Because the rare gas is present, these new features have often
been assumed to arise from combination bands in which one
of its vibrations adds to one of the O-H stretch fundamentals.
However, no specific assignment has yet been made for these
higher frequency bands.

In the present study, we investigate the infrared spectroscopy
of Cu+-water complexes tagged with argon. Copper complexes
are representative of other transition metal-water systems and
have been studied previously with ion chemistry,3,4 spectros-
copy,9,10,18,20 and theory.18,21-30 Infrared measurements have been
reportedfor thesingly18 anddoubly20 chargedcoppercation-water
complexes. In a systematic study here of the Cu+(H2O) and
Cu+(D2O) species, IR spectroscopy and computational methods
investigate the fundamental vibrations in the O-H stretching
region and the additional unassigned vibrational bands in this
same region. The assignments derived here provide general
insight into the patterns seen for many other cation-water
complexes.

2. Experimental Methods

Cu+(H2O), Cu+(D2O), and their complexes with argon are
produced in a molecular beam by laser vaporization in a pulsed-
nozzle source. The ionized complexes are cooled via a
supersonic expansion, detected and size-selected with a reflec-
tron time-of-flight (RTOF) mass spectrometer, and studied with
infrared photodissociation spectroscopy in the O-H and O-D
stretching region. The operation of the molecular beam instru-
ment and mass spectrometer for these experiments has been
described previously.6,13 Ionized complexes are extracted from
the molecular beam via pulsed acceleration fields and size-
selected via their flight time through an initial flight tube section
of the RTOF instrument. IR excitation occurs in the turning
region of the reflectron field, and then fragment ions are mass
analyzed by their flight time through a second drift tube section.
The ion signals from the RTOF are collected with an electron
multiplier tube detector and transmitted to a digital oscilloscope
(LeCroy). The oscilloscope output is transferred to a PC
computer via an IEEE-488 interface, where the fragment ion
intensity from a selected parent ion is recorded as a function of
the infrared laser wavelength. The infrared laser used for these
experiments is an optical parametric oscillator/amplifier (OPO/
OPA) system (LaserVision) employing KTA and KTP crystals
pumped by a Nd:YAG laser (Continuum 8010). In the O-H
(O-D) stretching region of this experiment, this laser provides
several mJ/pulse of tunable IR radiation with a line width of
about 1.0 cm-1.

3. Theoretical Methods

To investigate the vibrational structure in the region of the
OH stretch fundamentals in the Cu+(H2O)Ar2 complex, we
identified several stationary points on the potential surface at
the MP2/6-311+G(d,p) level of theory/basis set and evaluated
potential and dipole surfaces as functions of the two OH bond
lengths and the rotation of the water molecule about its
symmetry axis, with all other internal coordinates set equal to
their values at the potential minimum. This potential energy
surface includes the minimum on the global surface in which
the six atoms are nearly planar. It also comes close to the first-
order saddle point in the Cs structure in which the water
molecule has been rotated 90° about its symmetry axis. To assess
the accuracy of this surface, we also evaluated the electronic
energies and harmonic frequencies at these two stationary points

at the MP2/6-311+G(d,p) level of theory/basis. Based on these
calculations, the barrier for rotation of water is 98 cm-1. All of
the calculations were performed using the Gaussian 03 program
package.32 The full details of the computed structures for the
Cu+(H2O)Ar0,1,2 complexes are given in the Supporting Infor-
mation.

The three-dimensional potential and dipole surfaces were
evaluated by fitting electronic energies over a range of OH bond
lengths from 0.664 to 1.264 Å and over the full range of angles.
These were fit to a product of a polynomial expansion in the
OH bond displacements and an expansion in sin(nτ) and cos(nτ)
for the water rotation. The coefficients for the fit surfaces are
provided in the Supporting Information. Because the potential
coupling between the stretch and bend coordinates is small, the
calculation of the vibrational energies and wave functions was
performed in two steps. The ten lowest energy eigenvalues of
the two-dimensional stretch Hamiltonian,
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were obtained in a direct product basis with twenty harmonic
oscillator functions in the symmetric and asymmetric stretch.
For this calculation, the HOH angle is equal to its calculated
equilibrium value of 107.081°. The 10 lowest energy eigenstates
of Ĥ2d were combined with the 51 Fourier functions of τ to
generate the final basis set, within which the full Hamiltonian,

Ĥ3d ) Ĥ2d +
1

2IBB(a,s)
ĵ 2 + [V(a,s,τ)-V2d(a,s)] (2)

was evaluated and solved. Here IBB is the moment of inertia of
the water molecule with respect to its symmetry axis, which
has been set at the bisector of the HOH angle.

4. Results and Discussion

It is not possible to study Cu+(H2O) complexes with single
photon infrared photodissociation in the O-H stretching region.
The cation-water bond energy (38.4 kcal/mol; 13 430 cm-1)4

is too large for photodissociation at the IR energies (3500-3800
cm-1) of these vibrations. Therefore, we employ the method of
rare gas tagging with argon. We find experimentally that IR
excitation also cannot eliminate argon from the singly tagged
Cu+(H2O)Ar complex, presumably because the binding energy
of argon in this system also exceeds the IR photon energy in
the OH stretching region. This is reasonable, because the
Cu+-Ar diatomic bond energy is calculated to be 9-11.5 kcal/
mol (3200-4000 cm-1) depending on the level of theory.33

Ohashi and co-workers were able to photodissociate
Cu+(H2O)Ar previously,18 but the spectra obtained were broad
and nearly structureless, consistent with multiphoton processes
or the preferential dissociation of complexes that had significant
internal energy. Because our complexes are colder, and the
singly charged species do not dissociate, we make the doubly
tagged complexes, Cu+(H2O)Ar2. These species do fragment
efficiently via IR excitation in the OH stretching region. We
have found in other studies that such double tagging is often
necessary to obtain photodissociation of transition metal
cation-water complexes because of the high TM+-Ar binding
energies.16,19,34 Figure 1 shows the resulting infrared photodis-
sociation spectra for the Cu+(H2O)Ar2 and Cu+(D2O)Ar2

complexes measured in the mass channel corresponding to the
loss of one argon atom.
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The spectra for both of these complexes contain two main
features with comparable intensities that occur near the respec-
tive O-H and O-D stretches in the isolated H2O and D2O
molecules. We therefore assign these to the expected IR-active
symmetric and asymmetric stretches for these cation-water
systems. The main bands for Cu+(H2O)Ar2 occur at 3623 and
3696 cm-1, which are 34 and 60 cm-1, respectively, to the red
from the corresponding bands in H2O.31 Likewise, the
Cu+(D2O)Ar2 complex has bands at 2651 and 2753, which are
red-shifted by 20 and 35 cm-1 from the corresponding bands
in D2O.31 These red-shifted vibrations are similar to those that
have now been observed and discussed for many metal
ion-water complexes.11-20,34 The cation in these complexes
binds to the water closest to the oxygen atom in a C2V
configuration, consistent with the prediction for a charge-dipole
interaction. However, in addition to the expected electrostatic
interaction, transition metal ions also bind to water via partial
covalent forces. The overall interaction leads to charge transfer
from the water orbitals containing the lone pair electrons, and
these orbitals have bonding character along the O-H bonds.
The polarization of these orbitals toward the metal ion reduces
the effective bonding in the water moiety, leading to a reduction
in the O-H force constant and the red-shifted vibrational
frequencies. The trend of this effect for the first row transition
metal ions has been studied recently by our group.34 The band
positions and red shifts seen here for Cu+ are very close to those
measured for other late transition metal ion complexes (Ni+,
Co+) with water.16,34

Another interesting aspect of the vibrational spectra for these
copper-water complexes is the ratio of the intensities of the
symmetric and asymmetric stretching bands. In the free water
molecule, the asymmetric stretch is about 18 times more intense
than the symmetric stretch.35 However, in the present spectra,

these bands are comparable in intensity. Again, this effect has
been documented and discussed for several other metal
cation-water complexes.11-20,34 The intensity of IR bands
depends on the dipole derivative of the vibrating system, and
this is strongly enhanced when vibration takes place next to an
ion. As demonstrated by the combined studies of theory and
experiment, both the symmetric and asymmetric stretch vibra-
tions gain intensity in cation complexes compared to the isolated
water molecule. However, the symmetric stretch modulates the
dipole more effectively than the asymmetric stretch, gaining
more IR intensity, and therefore these two bands have compa-
rable intensities in the spectrum. Again, the intensity ratios of
the bands here are much the same as those seen for Ni+ and
Co+ complexes with water.16,34

Both the spectrum of Cu+(H2O)Ar2 and that of Cu+(D2O)Ar2

have additional weak vibrational bands higher in frequency than
the main two intense bands. These appear at 3763 cm-1 for the
H2O complex and 2797 cm-1 for the D2O species. Weaker
vibrational bands like these have now been seen in the infrared
spectra for many cation-water complexes when these systems
are studied with rare gas tagging.11-20,34 Because of their position
at higher energy and because these bands are not detected unless
a rare gas atom is present, they have generally been attributed
to some sort of combination band involving a rare gas stretching
vibration and one or the other of the O-H stretching vibrations.
However, a detailed explanation of these combination bands
has not been provided. To investigate this issue further, we have
measured the spectrum for the D2O system, as shown here, to
try to identify these bands by their isotopic shifts. We also have
investigated these systems with computational studies to identify
the vibrations via their frequencies and isotopic shifts.

The deuteration experiment immediately provides insight into
the likely nature of the high frequency band. In the Cu+(H2O)Ar2

spectrum, this band appears at 3763 cm-1. As shown in Figure
1, this position is 67 cm-1 to the blue from the asymmetric
stretch band and 140 cm-1 to the blue from the symmetric stretch
band. Initially, then, it is not clear which of the OH fundamentals
the combination is built on, and what the frequency is for the
other vibration. However, deuteration leads to a high frequency
band at 2797 cm-1. This is 44 cm-1 to the blue from the
asymmetric stretch and 146 cm-1 to the blue from the symmetric
stretch. The interval above the symmetric stretch has therefore
increased upon deuteration, suggesting that this cannot be where
the combination occurs. On the other hand, the interval above
the asymmetric stretch decreased from 67 to 44 cm-1, com-
pletely within the range of reasonable isotopic shifts. Therefore,
the combination involves the asymmetric stretch and the
frequency of the mode in combination with this is about 67
cm-1 for Cu+(H2O)Ar2.

To explore these issues further, we have computed the
minimum energy structure for the Cu+(H2O)Ar2 complex, which
is depicted in Figure 2. In this structure, the six atoms are
coplanar with one argon atom forming an 163.5° Ar-Cu-O
angle and the second forming an Ar-Cu-O angle of 100.8°.
The unscaled vibrational frequencies are presented in Table 1
for both the H2O and D2O complexes. If we apply the
recommended scaling factor (0.9496) to these vibrations,36 we
obtain symmetric and asymmetric stretches of 3638 and 3732
cm-1 for the H2O species and 2623 and 2737 cm-1 for the D2O
species, in good agreement with the experimental band positions.
Comparison of these values to the computed frequencies for
Cu+(H2O) and Cu+(H2O)Ar (see Supporting Information) shows
that argon induces only a small shift on the vibrations of the
untagged complex (<10 cm-1). Five frequencies are computed

Figure 1. IR photodissociation spectra of Cu+(H2O)Ar2 and
Cu+(D2O)Ar2.
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for Cu+(H2O)Ar2 with frequencies below 100 cm-1. Of these,
the Cu-Ar stretch is predicted to have a frequency near 80
cm-1, but this is not predicted to change substantially upon
deuteration. Another vibration involving mixed argon motion
occurs at 68 cm-1, but again, little isotopic shift is predicted.
However, the H-O-H out-of-plane torsional motion is pre-
dicted to have a frequency (unscaled) of about 68 cm-1, which
is reduced to about 48 cm-1 upon deuteration. This latter
behavior is consistent with the magnitude of the interval and
the isotopic shift seen for our combination band.

To investigate this assignment for the combination band in
more detail, we developed a three-dimensional potential and
dipole moment surfaces as functions of the two OH distances
and the rotation of the water molecule about its symmetry axis.
In the absence of the argon atoms, the torsional motion would
correlate to rotation of Cu+(H2O) about its symmetry axis. The
results of these calculations for Cu+(H2O)Ar2 are plotted in
Figure 3. Here we show the potential as a function of the rotation
of the water molecule, τ, with the thick black curve. The three
one-dimensional surfaces are obtained by averaging the three-
dimensional potential over the specified stretch vibration.
Superimposed on this curve are projections of the probability
amplitudes onto τ, plotted at their calculated energy.

As the fit potential has a barrier to water rotation of 109.2
cm-1, the ground state wave function has a splitting of 1.6 cm-1

for Cu+(H2O)Ar2 and 0.14 cm-1 in Cu+(D2O) Ar2. This doublet
is depicted by the red and black curves. As the stretch/bend

couplings are weak, the splittings of the levels with one quantum
in either of the OH stretches are also 1.6 and 0.14 cm-1. This
splitting increases with excitation and the energy difference
between next pair of states is 18 cm-1 in Cu+(H2O)Ar2 and 3
cm-1 in Cu+(D2O) Ar2. The probability amplitudes for these
four states, as well as the next two states in the bend progression
are plotted on top of the corresponding potential energy surface
in Figure 3.

Figure 4 depicts the calculated spectra for Cu+(H2O)Ar2 and
Cu+(D2O)Ar2 compared to the experimental spectra. Here we
have weighted the transitions originating from the members of
the tunneling doublet in Cu+(H2O)Ar2 in a 1:3 ratio, to account
for the fact that the hydrogen atoms are fermions. In
Cu+(D2O)Ar2 the intensities are weighed by a 2:1 ratio because
deuterium is a boson. In the calculated spectrum for
Cu+(H2O)Ar2, the two large peaks correspond to the funda-
mentals in the symmetric (blue) and asymmetric (red) stretch.
Although the calculated transitions fall systematically at higher

Figure 2. Minimum energy structure of Cu+(H2O)Ar2.

TABLE 1: Computed Vibrations (Unscaled) and Intensities
of Cu+(H2O)Ar2 and Cu+(D2O)Ar2 Complexesa

Cu+(H2O)Ar2 Cu+(D2O)Ar2 assignment

30.8 (1.45) 29.6 (1.28) Ar-Cu-HOH ip bend
46.9 (1.21) 46.2 (4.94) Ar-Cu-HOH bend
64.2 (50.8) 47.4 (32.8) H-O-H oop rotation
68.0 (29.7) 65.1 (0.22) mixed Ar motion
79.5 (9.63) 78.2 (8.78) Cu-Ar stretch

133.9 (212.2) 99.5 (117.4) HOH oop bend
174.1 (6.71) 172.7 (6.28) Cu-Ar stretch
408.5 (7.53) 391.9 (7.35) Cu-HOH stretch
608.9 (84.0) 455.0 (41.1) HOH ip bend

1669.1 (94.8) 1226.9 (51.1) HOH scissors bend
3831.5 (139.0) 2762.6 (81.2) OH symmetric stretch
3929.5 (245.8) 2882.7 (134.8) OH asymmetric stretch

a Frequencies are in cm-1, and intensities (in parentheses) are in
km/mol.

Figure 3. Calculated one-dimensional potential surface obtained by
averaging the three-dimensional potential over the specified stretch
vibrations of Cu+(H2O)Ar2. The thick black curves are those for the
adiabatic potentials for the ground state and for excited states with one
quanta in the symmetric and asymmetric stretches. The horizontal lines
are the vibrational energies of each state for which there is some
noticeable intensity. The red curve overlapping another black one is
the ground state in the bending coordinate on each surface. The green,
blue, purple, and pink curves give the probability amplitudes for the
next four states on the asymmetric stretch potential. The black and red
arrows show transitions originating from the two nearly degenerate
states (plotted in red and black).
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absolute frequencies than the measured bands, the spacings and
relative intensities predicted are in good agreement with the
experiment. The calculated splittings between the fundamental
transitions is 87 cm-1, compared to the experimental value of
73 cm-1. The peaks plotted in red that are to the blue of the
asymmetric stretch fundamental correspond to transitions to the
states represented by the green blue and purple curves in Figure
3. Although three bands are predicted for Cu+(H2O)Ar2, only
one combination band is detected experimentally. The calculated
transition that corresponds to the observed transition is the one
that terminates in the state shown in blue in Figure 3. It is not
clear whether this disagreement is caused by the limited
sensitivity of the experiment or by sensitivities of the computed
multiplet splitting and/or line intensities to the level of electronic
structure theory or to couplings to the twelve vibrational degrees
of freedom that have not been considered in the present study.
However, the spacing calculated from the asymmetric stretch
fundamental to the most intense combination feature is 70 cm-1

compared to the experimental value of 67 cm-1. The relative
intensities of these combination bands compared to the funda-

mentals are comparable to those in the recorded spectrum. There
is also a very small feature at 3910 cm-1 in the calculated
spectrum (not shown in the figure). It corresponds to the
transition to the state shown in pink in Figure 3.

Analogous assignments can be made for the calculated
spectrum of Cu+(D2O)Ar2. The heavier mass of deuterium leads
to a decrease in the energies of the states involved and now the
four lowest energy states are below the potential barrier. As a
result, the calculated spectrum predicts only one pair of
combination peaks with significant intensity to the blue of the
asymmetric stretch fundamental. As a result, the agreement with
experiment is arguably better than for H2O. The sym/asym
fundamental spacing is calculated to be 109 cm-1 compared to
the experimental value of 102 cm-1, and the combination bands
are calculated to be 46 cm-1 above the asymmetric stretch,
compared to the experimental value of 44 cm-1. Together, these
model calculations show that not only do the frequencies and
isotopic shifts of the torsional vibration match the experiment
but also the combination bands have an expected intensity
roughly matching that of the experiment.

To investigate the somewhat surprisingly strong intensity in
the combination band that is observed in the spectrum, we have
plotted the three components of the transition moment between
the ground state and the fundamental in the asymmetric OH
stretch as a function of τ. These plots are shown in the
Supporting Information for this manuscript. The magnitude of
the changes in the c-component of the transition moment is
found to be comparable to the a- and b-components. The
symmetry of the bend wave functions and the components of
the dipole lead us to conclude that the c-component is
responsible for the transitions to the states plotted in blue and
green whereas the a- and b-components result in the transitions
to the states plotted in black, red, and purple. In the case of the
transition to the fundamental in the symmetric stretch, the c-
component of the transition moment is nearly zero. The physics
that underlies these observations can be seen if one considers
the expected ∆K selections for Cu+(H2O) without any argon
atoms. In the absence of the argon atoms, the complex has nearly
C2V symmetry and although only ∆K ) 0 transitions would be
observed for the transition to the fundamental of the symmetric
stretch, the fundamental in the asymmetric stretch would have
∆K ) (1 transitions. It is these ∆K ) (1 transitions that are
seen in the spectrum. The frequency is shifted due to the fact
that this motion is now a hindered rotation in the complex.

Overall, the agreement between the experimental and calcu-
lated spectra is very good, but not quantitative. As noted, there
is an offset in the absolute frequencies of about 60-70 cm-1

for Cu+(H2O)Ar2 and about 40 cm-1 for Cu+(D2O)Ar2. Given
the fact that only three of the twelve vibrational degrees of
freedom are considered and that the potential was calculated at
the MP2/6-311+G(d,p) level of theory/basis, we would not have
expected more than semiquantitative agreement. The overall
picture that emerges is one in which ro-vibrational transitions
in bare water become manifested as torsional combination bands
built off of the asymmetric stretch in the complex. In addition,
the fact that the transitions are assigned to combination bands
with hindered rotation of Cu+(H2O) about its symmetry axis
makes the precise frequencies sensitive to the height of the
barrier. As this will be strongly system dependent, it is expected
that the precise positions and intensities of these combination
bands will differ from one system to another. This is completely
consistent with experimental observations.11-20,34

Free internal rotational motion of water molecules has been
seen previously for a variety of van der Waals complexes with

Figure 4. Spectra calculated for Cu+(H2O)Ar2 (upper) and
Cu+(D2O)Ar2 (lower) using the model potentials, compared to the
corresponding experimental spectra. The symmetric stretch transitions
are indicated in blue, and the asymmetric stretch transitions are in red.
The intensities are scaled to a relative value of 1.0 for the most intense
lines in each spectrum. Although the calculated transitions are
systematically offset to higher frequencies than the experimental spectra,
the spacings and relative intensities calculated are in good agreement
with those measured.
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other small molecules.37-39 In a recent study completed by our
group, similar free rotation of water was observed for the
Cr2+(H2O)Arn complexes.19 In this latter system, the structured
spectrum corresponding to this internal rotation was most
apparent for the n ) 4 complex, but some structure was also
seen for the n ) 3 and 5 species. An investigation of the angular
potential for the Cr2+(H2O)Ar4 system found essentially no
barrier to internal rotation because of the symmetric arrangement
of the argon atoms around the metal ion. In the present system,
the arrangement of the argons is less symmetric, and conse-
quently there is a significant barrier to internal rotation. The
frustrated rotation becomes a torsional vibration, and this is the
source of the combination bands seen here. This general scenario
apparently applies to many hydrated metal ion complexes, where
a similar combination band structure has been seen. Likewise,
combination bands lying at frequencies higher than the O-H
stretch fundamentals have also been seen in the spectra of
protonated water clusters.40-42 On the basis of the similarity of
the water structures in these systems, those combination bands
are also likely to arise from water torsional vibrations.
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