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Abstract: Infrared photodissociation spectroscopy is reported for mass-selected Ni+(H2O)n complexes in
the O-H stretching region up to cluster sizes of n ) 25. These clusters fragment by the loss of one or
more intact water molecules, and their excitation spectra show distinct bands in the region of the symmetric
and asymmetric stretches of water. The first evidence for hydrogen bonding, indicated by a broad band
strongly red-shifted from the free OH region, appears at the cluster size of n ) 4. At larger cluster sizes,
additional red-shifted structure evolves over a broader wavelength range in the hydrogen-bonding region.
In the free OH region, the symmetric stretch gradually diminishes in intensity, while the asymmetric stretch
develops into a closely spaced doublet near 3700 cm-1. The data indicate that essentially all of the water
molecules are in a hydrogen-bonded network by the size of n ) 10. However, there is no evidence for the
formation of clathrate structures seen recently via IR spectroscopy of protonated water clusters.

Introduction

The solvation of metal cations by water is ubiquitous
throughout chemistry and biology.1-3 However, the energetics
and dynamics of this process result from the subtle interplay of
electrostatic and covalent interactions that are challenging to
understand at the molecular level. Gas-phase metal ion com-
plexes provide convenient models for cation solvation processes
and for studies of so-called “aqua ions” in isolated form.4-6

Although the degree of correspondence between such gas-phase
systems and solvation in the condensed phase is not yet clear,
metal ion complexes provide finite-sized systems that can be
investigated in detail with both experiment and theory. Various
mass spectrometry methods have been employed to study such
complexes,7-19 and theory has investigated their structures and
energetics.20-29 However, spectroscopic probes of solvation in
metal ion complexes have been limited.30-39 In recent years,

advances in infrared photodissociation spectroscopy are begin-
ning to shed light on the structures and growth dynamics of
metal ion complexes as a function of size.37-49 In the present
study, we report IR spectroscopy for Ni+(H2O)n complexes in
the OH stretching region. Spectroscopy over the size range of
n ) 1-25 investigates the nascent solvation process.

Metal cation complexes with water have been produced and
studied in mass spectrometry for many years. Equilibrium
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measurements, collision-induced dissociation, and radiative
association reactions have been employed to determine metal-
water binding energies.7-19 These studies have investigated
singly charged metal ions more extensively because they are
easier to form in the gas phase,7-13 but recent experiments have
been extended to multiply charged metal systems.14-19 Theory
has investigated the structures that form when water binds to a
metal cation, the distortion of the water molecule that ac-
companies this binding, and the metal-water dissociation
energies.20-29 Because of the low density of gas-phase ions that
can be produced, absorption spectroscopy is not feasible and
various forms of so-called “action” spectroscopy have been
applied to these systems. Electronic photodissociation spectros-
copy has been productive for the singly charged alkaline-earth-
metal complexes.30-32 These species have a single valence
electron on the metal that gives rise to strongly allowed metal-
based electronic transitions. Transition-metal complexes have

been studied through similar electronic spectroscopy based on
low-lying excited states corresponding to different configurations
of the valence d electrons.33,34 New ion sources (e.g., electro-
spray) have produced water complexes with multiply charged
metal cations, but the spectroscopy of these species is still in
its infancy.34 ZEKE spectroscopy has been demonstrated for
monohydrated metals, providing vibrational information for the
ground electronic states of the cations.35,36IR photodissociation
spectroscopy was first described by Lisy and co-workers for
alkali-metal cation complexes with water,37 but our group38 and
others39 have now extended this method to small cation-water
complexes with higher melting point metals.

IR spectroscopy is particularly informative for studies of ion-
water complexes because of the convenience of measurements
in the O-H stretching region. The frequencies of the isolated
water molecule (3657 and 3756 cm-1 for the symmetric and
asymmetric stretches)50 shift in predictable ways upon com-
plexation. In particular, it is well-known that hydrogen bonding
causes a strong shift to lower frequencies (3200-3400 cm-1)
compared to those of the “free O-H” stretches that are found
closer to the frequencies for the isolated water molecule.51-54
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Lisy and co-workers have investigated the clustering behavior
of alkali-metal cation-water complexes and mixed complexes
containing water and other solvent molecules using this
method.37 Several other research groups have studied nonmetal
anion-water or protonated water complexes using similar
methodology.55-62 In recent experiments by our group and
others,38,39 laser vaporization cluster sources have been incor-
porated together with IR photodissociation spectroscopy, making
it possible to explore small cation-water complexes containing
refractory metals. In the present work we present a study of
Ni+(H2O)n complexes up to complex sizes ofn ) 25. This is
the first study to document the progressive solvation of a
transition-metal cation.

Experimental Section

Nickel-water complexes are produced by laser vaporization in a
pulsed supersonic expansion and analyzed in a reflectron time-of-flight
mass spectrometer. The molecular beam apparatus and the mass

spectrometer have been described previously.38,46A rotating nickel rod
is vaporized by the third harmonic of a Nd:YAG (355 nm) in the source
chamber. Ni+(H2O)n clusters are produced by adding a few drops of
water to a helium, neon, or argon expansion produced by a pulsed
General Valve (1 mm nozzle) at 60 psi backing pressure and 200µs
pulse duration. The ions are skimmed into the mass spectrometer and
extracted into the first flight tube of the reflectron using pulsed
acceleration voltages. They are then mass-selected by pulsed deflection
plates before entering the reflectron where they are excited and
photodissociated at the turning point by the infrared output of an optical
parametric oscillator (OPO). The characteristics of the OPO have been
described previously.38,40-46 Parent and fragment ions are mass-analyzed
in the second flight tube using an electron multiplier tube detector and
recorded with a digital oscilloscope (LeCroy LT342). The data are
transferred and stored in a PC via an IEEE-488 interface. Infrared
resonance-enhanced photodissociation (IR-REPD) spectra are obtained
by monitoring the intensity of the fragment ions as a function of the
laser wavelength.

Density functional theory (DFT) calculations (Gaussian 03W)63 were
carried out at the B3LYP64 level using the 6-311+G** basis set on the
small cation-water complexes Ni+(H2O)1-5, to elucidate their vibra-
tional band assignments. Vibrational frequencies were scaled by a factor
of 0.96, consistent with earlier work on similar systems.24

Results and Discussion

Laser vaporization of the nickel sample and coexpansion with
water vapor produces a distribution of ion-molecule complexes
of the form Ni+(H2O)n extending over the range of aboutn )
1-30, as shown in Figure 1. The multiplet structure on each
peak is associated with the naturally occurring isotopes of nickel
(58, 60, and 62 amu). This is resolved at low mass, but causes
an unresolved width on higher mass peaks. The maximum
intensity in this distribution and its extent to higher mass can
be adjusted with the partial pressure of water present, by
variation of the expansion gas backing pressure or by the impact
position and intensity of the vaporization laser on the metal
target. The timing of the vaporization laser relative to the beam
gas pulse is also an important variable in optimizing this
distribution.

To explore the vibrational spectroscopy of these clusters, we
size select them one at a time and excite them with the IR OPO
to attempt to measure resonance-enhanced photodissociation.
When we do this experiment on the small Ni+(H2O)n complexes
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Figure 1. Mass spectrum of Ni+(H2O)n cation clusters produced by laser
vaporization.
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(n ) 1-2), we can detect no measurable photodissociation
signal in the vicinity of the O-H stretches of water. This is not
surprising, because photodissociation requires that the IR
excitation provide enough energy to break a bond in the cluster.
The weakest bond in cation-water complexes is expected to
be that between the metal ion and the water molecules. The
dissociation energies of Ni+(H2O)1-4 ions have been measured
previously via collision-induced dissociation experiments,8-10

and the binding energies in these ions have also been com-
puted.20,23,24These values are reported in Table 1. As shown,
the binding energy of the last water molecule in each of these
complexes exceeds 12 kcal/mol (about 4000 cm-1), and
therefore, it is understandable that our IR excitation near 3600-
3700 cm-1 is not energetic enough to break such a bond to
eliminate water from these clusters. As in many ion-molecule
complexes, the average binding energies for water molecules
beyond the first in this system decrease with cluster size. The
binding energies of then ) 1 and 2 complexes are quite similar,
and there is a sharp decrease noticeable on going from then )
2 ton ) 3 complex. Then ) 3 and 4 complex binding energies
are close to the IR photon energy in the O-H stretching region,
but still slightly greater.

To obtain a spectrum for then ) 1 complex, we employ the
method of “rare gas tagging”.38-46,57-59 This general method
was first known as “spectator” atom or molecule attachment,
as described by Lee and co-workers.55 It is now a common
method of measurement for photodissociation spectroscopy of
ion-molecule complexes. To do this, we produce mixed
complexes of the form Ni+(H2O)(Ar)m by making the ions in
an expansion of argon. The binding energy of argon to many
ion-molecule complexes is low enough so that photoexcitation
in the IR can lead to argon elimination. If the argon is relatively
weakly bound and attached at a binding site remote from the
chromophore of interest, then this tagging method can provide
an IR photodissociation spectrum whose resonances lie very
close (5-10 cm-1) to those of the parent ion of interest. The
binding energy of argon to the nickel cation in the Ni+Ar
diatomic molecule is 4572( 5 cm-1.65c Consistent with a
similar high binding energy for the argon in the mixed complex,
we find that we also cannot dissociate Ni+(H2O)Ar in the O-H
stretch region. However, we are able to produce the complex
Ni+(H2O)Ar2, and this ion does dissociate by losing argon.
Apparently, the binding energy of the second argon is lower
than the IR excitation energy, because the dissociation is
efficient. Unfortunately, we cannot produce the Ni+(H2O)2Ar
complexes or larger complexes tagged with argon having enough
intensity to study. The tagging experiment is therefore only
useful to examine the spectrum of the monohydrated complex.

The spectrum that we measure for Ni+(H2O)Ar2 in the loss
of argon channel is shown in Figure 2. There are two strong
resonances measured at 3623 and 3696 cm-1, and there is a
much weaker band at 3822 cm-1. Spectra similar to this one
have been reported recently by our group for the corresponding
V+(H2O) and Fe+(H2O) species.38a,bBoth our group38c and that
of Nishi and co-workers39 have studied Mg+(H2O), where a
similar spectrum is also observed. The IR-active fundamentals
expected in this wavelength region are those corresponding to
the symmetric and asymmetric stretching modes of the free
water molecule. These frequencies (3657 and 3756 cm-1) are
shown with the blue dashed lines in the figure. As indicated,
the two most intense bands in the present spectrum appear at
frequencies just lower than those of the free water vibrations.
We therefore assign the 3623 cm-1 band as the symmetric
stretch and the 3696 cm-1 band as the asymmetric stretch. The
red shifts are then 34 and 60 cm-1, respectively, for these
transitions relative to those in the free water molecule. The
weaker band at 3822 cm-1 is also seen frequently in the spectra
of other water-containing clusters, and it is generally assigned
to be a combination band between one of the O-H stretch
vibrations and an intermolecular stretch or bend. For example,
this band lies 199 cm-1 above the symmetric stretch band, and
an in-plane bend is predicted at 189 cm-1.

To make a more quantitative investigation of this spectrum,
we have performed DFT calculations on the Ni+(H2O) complex
with zero, one, and two argons attached, and these data are
presented in Table 2. The Ni+(H2O) complex is bound in aC2V

configuration consistent with a significant charge-dipole com-
ponent in its bonding, as expected. The first argon atom is added
opposite the water on theC2 axis, preserving theC2V symmetry.
When two argons are present, they bind opposite each other

(65) (a) Lessen, D. E.; Brucat, P. J.Chem. Phys. Lett.1988, 152, 473. (b) Lessen,
D. E.; Asher, R. L.; Brucat, P. J.AdV. Met. Semicond. Clusters1993, 1,
267. (c) Asher, R. L.; Bellert, D.; Buthelezi, T.; Brucat, P. J.Chem. Phys.
Lett. 1994, 228, 599.

Table 1. Dissociation Energies of Ni+(H2O)n Ions (kcal/mol)

experimental theoretical

Ni+(H2O) 39.7,a 36.5,b 43.9c 41.9,d 45.0e

Ni+(H2O)2 38.0,b 40.6,a 40.2c

Ni+(H2O)3 16.2c

Ni+(H2O)4 12.3c

a Reference 8.b Reference 9.c Reference 10.d Reference 20.e Reference
24.

Figure 2. Infrared photodissociation spectrum of Ni+(H2O)Ar2 measured
in the loss of argon channel. The lower trace is the spectrum predicted
with B3LYP/6-311+G**.

A R T I C L E S Walters et al.

16602 J. AM. CHEM. SOC. 9 VOL. 127, NO. 47, 2005



and off theC2 axis, with each out of the plane formed by the
cation+ water, but again preserving the overallC2V symmetry.
These calculations find symmetric and asymmetric stretches for
the Ni+(H2O) ground-state2B2 complex (scaled by 0.96) of 3620
and 3695 cm-1, while those for the complex tagged with one
and two argons are 3628/3704 and 3621/3698 cm-1, respec-
tively. The argon atoms reduce the red shift of the O-H
stretches compared to the values for the isolated Ni+(H2O)
complex. This indicates that the argon atoms act essentially as
ligands, partially diluting the red shift expected for the isolated
Ni+(H2O) complex. Figure 2 shows the spectrum calculated for
the Ni+(H2O)Ar2 complex compared to the experimental one.
The agreement between the band positions predicted by theory
and those measured by the experiment is excellent when the
argon atoms are included. Although the band positions match
well, the relative intensities are somewhat different between the
predictedabsorptionspectrum and the measuredphotodisso-
ciation spectrum. This difference could arise from different
dissociation yields for the two vibrational modes or simply
because the measured spectrum is partially saturated, which
would enhance the intensity of the weaker band. It is not possible
to explain line intensities completely, and therefore, we focus
primarily on band positions in the subsequent discussion.

Red-shifted O-H stretching modes have now been seen in
the spectra of all the M+(H2O) complexes that have been
studied.37-39 We have explained this shift previously in terms
of an inductive effect in which the metal cation binds in aC2V

configuration with water, attached in the region of the lone pair
electrons, and polarizes these electrons. The lone pair electrons
have partial bonding character, and as this electron density is
shifted away from the water, its bonding is disrupted. Weaker
bonding on the water subsystem leads to lower frequency

vibrations, explaining the observed red shifts. Also consistent
with this reasoning, the OH stretches in the H2O+ ion are 3213
and 3259 cm-1, and these are>400 cm-1 red-shifted compared
to those of neutral water.50 Although the details of the orbitals
are different, the red-shifting of vibrations here is similar to
that found for the carbonyl stretch in M(CO)n complexes, which
comes from the familiar effects ofσ-donation andπ-back-
bonding.66,67 We have recently seen a similar red shift for the
C-H stretches in M+(C2H2)n complexes43 and for the N-N
stretch in M+(N2)n complexes.45

As noted above, we are not able to produce enough argon-
tagged Ni+(H2O)2 or larger complexes for study. However, we
have calculated the structure for then ) 2 complex, and we
find that the two water molecules bind opposite each other in
an overall C2 configuration, very close to the planarD2h

structure. As shown in Table 2, these O-H stretches for Ni+-
(H2O)2 are predicted to be red-shifted a little less than those
for Ni+(H2O).

We find that photodissociation becomes possible for then )
3 and larger complexes without the need for tagging. This is
initially a surprise, because the binding energies in then ) 3
and 4 complexes are still slightly higher than the energies of
vibrations in the O-H stretching region. However, the energetics
are close, and it is reasonable that some fraction of the clusters
produced have internal energy that is not completely quenched
in the supersonic expansion. If then ) 3 and 4 complexes
contain a few hundred inverse centimeters of internal energy
prior to excitation with the infrared laser, it is possible that
dissociation can occur. Likewise, it is conceivable that there is

(66) Frenking, G.; Froelich, N.Chem. ReV. 2000, 100, 717.
(67) Zhou, M.; Andrews, L.; Bauschlicher, C. W., Jr.Chem. ReV. 2001, 101,

1931.

Table 2. Structural Data and Vibrational Frequencies Calculated for the Various Ni+(H2O)n Complexes at the B3LYP/6-311+G** Levela

complex structure
energies (kcal/mol),

BEb (De)c

selected frequencies (cm-1)
(IR intensities, km/mol)

M+−O
(Å)

M+−Ar
(Å)

Ni+(H2O) 2B2 (C2V) 39.0 (39.0) 1585 (87), 3620 (148), 3695 (267) 2.002
Ni+(H2O)Ar 2B2 (C2V) 52.1 (43.0) (13.0) 1596 (84), 3628 (156), 3704 (255) 1.948 2.333
Ni+(H2O)Ar2

2B2 (C2V) 57.5 (38.3) (5.4) 1587 (90), 3621 (137), 3698 (237) 1.966 2.477
Ni+(H2O)2 2B (C2) 86.3 (47.3) 1586 (19), 1586 (177), 3622 (280), 3625 (0.5),

3699 (33), 3700 (466)
1.913

Ni+(H2O)3 2A1 (C2V) 108.3 (22) 1581 (125), 1582 (150), 1583 (6), 3641 (155),
3642 (42), 3651 (60), 3722 (0), 3723 (390),
3738 (166)

2.003, 2.003, 2.047

Ni+(H2O)4 2B (C2) 125.0 (16.7) 1569 (154), 1574 (28), 1574 (40), 1578 (146),
3638 (28), 3640 (85), 3644 (79), 3645 (20),
3724 (8), 3725 (286), 3734 (105), 3734 (190)

2.079, 2.079, 2.106, 2.106

[Ni+(H2O)3](H2O) 2A′ (Cs) 123.0 (14.7) 1569 (114), 1577 (94), 1580 (85), 1608 (32),
3292 (1201), 3642 (104), 3645 (55), 3656 (39),
3719 (117), 3724 (148), 3728 (211), 3746 (138)

2.031, 1.996, 2.007, 4.245

[Ni+(H2O)4](H2O) 2A (C1) 141.0 (16.1) 1568 (121), 1571 (92), 1573 (114), 1579 (26),
1608 (57), 3485 (110), 3516 (736), 3633 (30),
3638 (45), 3643 (49), 3699 (141), 3708 (131),
3715 (142), 3725 (154), 3734 (137)

2.124, 2.074, 2.075, 2.096, 3.848

[Ni+(H2O)3](H2O)2 2A (C1) 138.0 (14.8) 1567 (124), 1573 (84), 1575 (79), 1601 (62),
1604 (28), 3258 (1391), 3335 (921), 3647 (64),
3655 (38), 3661 (40), 3709 (121), 3721 (114),
3731 (169), 3746 (133), 3752 (137)

2.001, 2.027, 1.986, 4.267, 4.149

Ni+(H2O)3](H2O)2 2A1 (C2V) 135.1 (12.1) 1566 (143), 1572 (18), 1573 (200), 1575 (1),
1620 (7), 3395 (636), 3442 (1198), 3647 (126),
3648 (0), 3656 (15), 3657 (45), 3732 (0),
3732 (322), 3746 (0), 3747 (253)

2.016, 2.016, 1.993, 4.189, 4.189

a A full description of our DFT calculations, including a complete list of all the vibrational frequencies, is given in the Supporting Information for this
paper. Vibrations are scaled by 0.96.24 b Total binding energy for all ligands in the cluster relative to separated M+ and n(H2O) + mAr. c Dissociation
energy for elimination of the “last” ligand. In the case of argon-tagged species, the first number in parentheses is the energy for the last water and the second
is that for the argon.
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a small amount of two-photon absorption that allows these
complexes to be studied. In any event, we can measure spectra
for the n ) 3 and larger complexes all the way up ton ) 25.
All these spectra are recorded in the mass channel correspond-
ing to the loss of one water molecule from the selected parent
ion.

Figure 3 shows the spectrum for the Ni+(H2O)3 complex,
which is the smallest one that we can measure without argon
tagging. As shown, there are again resonances in the O-H
stretch region near the frequencies of the free water molecule.
Two broad bands are observed at 3619 and 3700 cm-1, which
are red-shifted 38 and 56 cm-1 from the free water vibrations.
The width of these features presumably occurs because clusters
with elevated internal energy are detected preferentially in this
experiment, and those species would have thermal (rotational
or sequence band structure) width on their bands. A broad
shoulder on the high-frequency side of the spectrum may come
from an unresolved combination band like that seen at 3822
cm-1 for then ) 1 species. If we allow for some uncertainty in
band positions due to the width of these features, then the red
shifts for then ) 3 complex are essentially the same as those
of the Ni+(H2O)Ar2 complex. Even though the argon binding
is weaker, both complexes have three ligands to distribute the
binding interactions, and it is perhaps understandable that the
red shifts are not so different. There is no signal in the lower
frequency region (3200-3500 cm-1) where resonances from
hydrogen-bonded water molecules might be found. We therefore
conclude that all three water molecules in these complexes are
coordinated directly to the metal ion, with all O-H groups
pointing away from the metal so that they vibrate freely.

We have also calculated the structure and spectrum for then
) 3 complex, and these results are presented in Table 2 and

Figure 3. We find only one stable isomer for the structure of
this complex. Consistent with our interpretation of the spectral
shifts, all three water molecules are attached directly to the metal
cation. Two waters have their hydrogens opposite each other
and out of the O-Ni+-O plane, while the third water has its
hydrogens in this plane, yielding an overallC2V configuration.
Red-shifted O-H vibrations, consistent with the experimental
observations, are again predicted. The calculated spectrum is
also shown in Figure 3, and its band positions agree nicely with
the experiment.

Figure 4 shows a comparison of the spectrum measured for
the Ni+(H2O)3 complex to those of the next largern ) 4, 5,
and 6 species. Vibrational band positions for these and the other
clusters studied here are presented in Table 3. Resonances are
detected for all of these species in the region of the O-H
stretching vibrations (3600-3800 cm-1) like those seen for the
n ) 1 andn ) 3 species. The spectra for the larger clusters
here are broad and are more like then ) 3 spectrum than they
are like the argon-taggedn ) 1 spectrum. Then ) 3 and 4
spectra have similar peak widths, positions, and relative
intensities for the two bands, with the symmetric stretch band
appearing slightly more narrow and a little more intense than
that for the asymmetric stretch. The bands at 3619 and 3700
cm-1 for then ) 3 complex have shifted only slightly to appear
at 3626 and 3702 cm-1 for then ) 4 complex. Then ) 5 and
6 spectra in this region begin to change in their relative intensity
ratios, with the lower frequency band decreasing in intensity
relative to the higher frequency one. Atn ) 6, the lower
frequency band (marked with an arrow) has dropped to a barely
detectable level, while the higher frequency band has grown
narrower and has split into a closely spaced doublet. While these
changes evolve in the O-H stretching region, new structure
also emerges in the hydrogen-bonding region (3200-3500
cm-1). The first sign of any resonances here comes for the
n ) 4 complex, which has a single band near 3180 cm-1. The
n ) 5 spectrum has three bands in this region (3195, 3357, and
3520 cm-1). Then ) 6 spectrum has bands at 3380 and 3520
cm-1 that line up close to the two higher frequency bands seen

Figure 3. Infrared photodissociation spectrum of Ni+(H2O)3 measured in
the loss of water channel (top) compared to the spectrum predicted by theory
(bottom).

Figure 4. IR photodissociation spectra of the Ni+(H2O)n complexes forn
) 3-6.
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for n ) 5, while the lower frequency band seen forn ) 4 (3185
cm-1) and 5 (3195 cm-1) has dropped almost out of sight byn
) 6.

The growth of these clusters clearly has a strong influence
on the infrared resonances, and these resonances can be used
to understand the cluster growth. The first issue in the small
clusters is the identification of the number of molecules in the
first coordination sphere. Our previous work with Ni+(CO2)n

and Ni+(C2H2)n complexes42,43 found clear evidence in the
fragmentation patterns and the appearance of new IR bands for
a coordination number of four ligands around the singly charged
nickel cation under similar gas-phase conditions. A coordination
number of four is also not unusual for Ni(I) in conventional
inorganic chemistry.68 However, in the present system, the
evidence for coordination is not so clear. These clusters
dissociate by the loss of one or two water molecules at all cluster
sizes. There is no evidence for a termination point in the
fragmentation pattern at a specific cluster size like we saw in
the CO2 and acetylene cluster systems with Ni+. This is most
likely because the bonding energies in these water clusters are
still significant in the second and outer layers (1-3 hydrogen
bonds at about 5 kcal/mol each; 5 kcal/mol) 1750 cm-1), while
the van der Waals bonding in the outer layers of Ni+(CO2)n

and Ni+(C2H2)n clusters was much weaker, allowing multiple
ligands to be eliminated from each IR photon absorbed. The
first evidence for second-sphere water comes from the appear-
ance of the broad, red-shifted vibrational band in the spectrum
of then ) 4 cluster at 3180 cm-1 (see the red arrow in Figure
4). As noted before, hydrogen bonding causes such red shifts
in the O-H stretching vibrations, and the occurrence of a band
in this frequency region is good evidence that there is hydrogen
bonding in at least some of the clusters at this size, requiring at

least one molecule of water that is not attached to metal and is
instead in the second sphere.

We have calculated the structures and spectra for then ) 4
cluster with four ligands coordinated directly to the metal, and
the stable configuration has a structure that is nearly square
planar with respect to the O atoms. The spectrum for this four-
coordinate species is shown in Figure 5, where it is compared
to an expanded view of the measured spectrum. As shown, the
free OH region matches the experiment, but there is of course
no resonance in the hydrogen-bonding region for this species.
There are several possible hydrogen-bonding configurations for
ann ) 4 cluster with one external water (i.e., a so-called “3+
1” species). We can imagine three structures with the external
water molecule bridging across two of the inner water molecules,
in a “double-donor” (DD) hydrogen-bonding configuration, a
“double-acceptor” (AA) configuration, or a “single-donor/single-
acceptor” (AD) configuration. However, we have investigated
these with theory, and find that none of these bridging structures
produce stable minima. Instead, we find that a structure with
the one external molecule in a dangling single-acceptor hydrogen-
bonding configuration is the only stable configuration for this
species. Figure 5 also shows the comparison of the spectrum
calculated for this 3+ 1 species to the experimental measure-
ment. Such a structure yields a single kind of hydrogen bond,
with a resonance predicted at 3292 cm-1. This is only slightly
higher than the measured band at 3180 cm-1. We can therefore
conclude that the spectrum for then ) 4 complex provides good
evidence for the presence of a 3+ 1 structure in this single-
acceptor configuration.

It is important to note that then ) 4 spectrum does not require
all of the complexes this size to have such a 3+ 1 configuration.

(68) Cotton, F. A.; Wilkinson, G. W.AdVanced Inorganic Chemistry; Wiley:
New York, 1988.

Table 3. Band Positions of the Infrared Resonances Measured for
Ni+(H2O)n Complexesa

Ni+(H2O)Ar2 3623, 3696, 3822
Ni+(H2O)3 3619, 3700
Ni+(H2O)4 3180, 3626, 3702
Ni+(H2O)5 3195, 3357, 3520, 3630, 3705
Ni+(H2O)6 3380, 3520, 3634, 3694, 3716
Ni+(H2O)7 3391, 3526, 3615, 3692, 3721
Ni+(H2O)8 3402, 3620, 3694, 3722
Ni+(H2O)9 3420, 3520, 3620, 3696, 3722
Ni+(H2O)10 3520, 3692, 3719
Ni+(H2O)11 3500, 3698, 3720
Ni+(H2O)12 3500, 3695, 3719
Ni+(H2O)13 3350, 3500, 3700, 3720
Ni+(H2O)14 3350, 3510, 3701, 3717
Ni+(H2O)15 3200, 3360, 3516, 3698, 3718
Ni+(H2O)16 3514, 3701, 3717
Ni+(H2O)17 3510, 3701, 3719
Ni+(H2O)18 3510, 3700, 3720
Ni+(H2O)19 3510, 3700, 3720
Ni+(H2O)20 3513, 3700, 3720
Ni+(H2O)21 3515, 3700, 3720
Ni+(H2O)22 3515, 3700, 3720
Ni+(H2O)23 3509, 3698, 3720
Ni+(H2O)24 3500, 3700, 3720
Ni+(H2O)25 3500, 3699, 3717
Ni+(H2O)26 3500, 3698, 3718
Ni+(H2O)28 -,b 3698, 3718
Ni+(H2O)30 -,b 3698, 3719

a All units are in cm-1. b No measurements were taken in the hydrogen
bonding region for these complexes.

Figure 5. Schematic representations of the different possible configurations
for ann ) 4 complex and the spectra resulting from these compared to the
experimental spectrum.
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Isomers in cluster growth have been seen for all the metal-
water species studied previously, and the coexistence of isomers
is also likely here. Because the previous work in our laboratory
found a strong propensity for Ni+ to have a coordination number
of four, it is expected that at least some of then ) 4 species
have all the water molecules attached directly to the metal.
However, as shown in Table 2, the 3+ 1 and the four-coordinate
isomers for Ni+(H2O)4 are calculated to have virtually the same
overall binding energies. The resonances for both species would
overlap in the O-H stretching region. The hydrogen-bonding
resonance at 3292 cm-1 is calculated to have higher IR intensity
than bands in the free OH region. Likewise, the spectrum of
the 3+ 1 species may appear more intense in these photodis-
sociation spectra because such isomers have a more weakly
bound external molecule and are easier to photodissociate. The
spectrum is therefore completely consistent with the presence
of both the 3+ 1 and four-coordinate isomers for then ) 4
complex. However, the hydrogen-bonding band indicates that
at least some of the clusters this size have at least one molecule
in the second sphere, and we presume that these are the 3+ 1
species found by theory.n ) 4 is the smallest cluster that
provides any evidence for water in the second sphere.

Theory suggests that the three-coordinate and four-coordinate
species are comparable energetically, and the spectra are
consistent with the presence of both of these in this experiment
for the clustering of water around Ni+. This behavior is quite
different from the clustering of CO2 or acetylene around Ni+,
which we have studied previously.42,43 In those experiments,
there was a sharp preference for a coordination of four, and
there was no evidence at all for a coordination of three. These
trends are understandable on the basis of the ligand sizes and
the ligand-ligand binding energies that contribute to the overall
stability of these clusters. Ligands such as CO2 and acetylene
are more compact and therefore fit spatially around a cation
more easily than water. Additionally, when there is an external
ligand bound to inner-sphere ones, its contribution to the overall
stability of the cluster depends on the ligand-ligand binding
energy. If we use the molecular dimer binding energies to
estimate this, the values for CO2 (∼500 cm-1)69 and acetylene
(∼400 cm-1)70,71 are much lower than that for water (∼1800
cm-1).51-54 A second-sphere water molecule is then much more
strongly bound than a second-sphere CO2 or acetylene, and it
is understandable that structures with external water could be
energetically more favored at smaller cluster sizes. Iwata has
found evidence for low cation coordination numbers in previous
calculations on M+(H2O)n for magnesium and aluminum,21 and
Nishi and co-workers have recently found spectroscopic evi-
dence for this in these systems.39

Then ) 5 spectrum has a much more complex pattern than
that seen for then ) 4 species. The free OH bands occur at
roughly 3630 and 3705 cm-1, and there are three noticeable
bumps in the hydrogen-bonding region at approximately 3195,
3357, and 3520 cm-1. As before, resonances in this region
indicate the presence of second-sphere water. The additional

structure in this lower frequency region suggests the presence
of more than one hydrogen-bonding configuration. If we recall
that the 3+ 1 and four-coordinate isomers for the Ni+(H2O)4
complex have virtually the same calculated energy, it is then
reasonable to consider both 3+ 2 and 4+ 1 isomeric structures
for the Ni+(H2O)5 complex. We have investigated these with
theory, as presented in Table 2 and Figure 6. As indicated, we
have found stable structures for a 4+ 1 complex with the
external molecule in an “AA” configuration, bridging two inner-
sphere molecules, and for two different 3+ 2 structures. One
of these 3+ 2 structures (C1 symmetry) has the two external
water molecules accepting a hydrogen bond from two separate
inner-sphere molecules, while the other (C2V symmetry) has both
external molecules in an accepting configuration from the same
inner-sphere molecule. The energy ordering of these is (lowest
f highest) 4+ 1, 3 + 2 (C1), and 3+ 2 (C2V). The hydrogen-
bonding resonance predicted for the 4+ 1 species lies at 3516
cm-1, in good agreement with the measured band at 3520 cm-1.
The 3+ 2 (C1) species has two predicted resonances at 3258
and 3335 cm-1, in reasonable agreement with bands measured
at 3195 and 3357 cm-1. However, the bands predicted for the
3 + 1 (C2V) species at 3395 and 3442 cm-1 are not close to any
of the bands measured. Although the resonances are broad and
there is considerable uncertainty about this, it is clear that no
single one of the low-lying isomers can explain all the measured
bands. It seems likely that both the 4+ 1 and 3+ 2 (C1) isomers
are present, and we cannot rule out some contribution from other
species such as the 3+ 2 (C2V) isomer. Thus, multiple isomers
are necessary to explain then ) 5 spectrum, and we can
anticipate that the same will be true for all the larger clusters.

(69) Bukowski, R.; Sadlez, J.; Jeziorski, B.; Jankowski, P.; Szalewicz, K.;
Kucharski, S. A.; Williams, H. L.; Rice, B. M.J. Chem. Phys.1999, 110,
3785.

(70) Alberts, I. L.; Rowlands, T. W.; Handy, N. C.J. Chem. Phys.1988, 88,
3811.

(71) (a) Fischer, G.; Miller, R. E.; Vohralik, P. F.; Watts, R. O.J. Chem. Phys.
1985, 83, 1471. (b) Miller, R. E.; Vohralik, P. F.; Watts, R. O.J. Chem.
Phys.1984, 80, 5453.

Figure 6. Experimental spectrum for then ) 5 cluster compared to those
calculated for different isomeric structures. The structures predicted are
shown as insets.
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It is interesting to note that the 4+ 1 structure has the highest
hydrogen-bonding OH stretching frequency, and this corre-
sponds to a hydrogen bond with higher connectivity than in
the other structures. Two water molecules each provide a donor
OH to a single water molecule in a double-acceptor configu-
ration, making a ring structure. The (C2V) 3 + 2 structure has a
single water donating to two acceptors, and it has predicted
resonances that are also close to the ones for the 4+ 1 structure.
This is in contrast to the (C1) 3 + 2 structure, which has a more
open structure with separated hydrogen bonds and lower
hydrogen-bonding frequencies. This suggests that hydrogen
bonds in more highly connected structures will occur in general
at higher frequencies than those in structures with dangling water
molecules. Chang and co-workers found a similar trend in their
study of protonated water clusters.55e-i

Both Figures 5 and 6 show that there is multiplet structure
predicted in the region of the free OH stretches (both symmetric
and asymmetric). This occurs for structures that have different
water molecules that are coordinated directly to the metal versus
those in the second coordination layer. Because the binding sites
for these molecules are different, it is understandable that
inductive effects could lead to their having slightly different
OH stretching frequencies. We describe below how a similar
effect leads to a well-defined doublet for the asymmetric stretch
in larger clusters that have only outer-sphere binding.

Figures 4 and 7 show the continuing evolution of the spectra
as the cluster size increases beyondn ) 5 up ton ) 10. The
positions of bands in these and all the other spectra are given
in Table 3. In all of these spectra, there are still resonant features
in the region of the free OH and hydrogen-bonded stretches,
but the relative intensities and the profiles of the spectra in these
regions vary gradually with cluster size. In the free OH region,
the small clusters have a sharper, more intense band near 3600
cm-1 associated with the symmetric stretch, while the 3700 cm-1

band associated with the asymmetric stretch is broader and less
intense. In then ) 4-6 range, this intensity pattern changes,
as the 3600 cm-1 feature drops abruptly in intensity, becoming
barely noticeable atn ) 6. The 3700 cm-1 band grows and
becomes sharper, and atn ) 5 and 6 it begins to split into a

closely spaced doublet. Byn ) 7 and beyond, this doublet is
clearly resolved and prominent. In the hydrogen-bonding region,
the single peak atn ) 4 (3180 cm-1) evolves for then ) 5
spectrum into peaks at roughly 3195, 3357, and 3520 cm-1.
Then ) 6 spectrum has bands at roughly the same positions as
the 3357 and 3520 cm-1 features seen forn ) 5, but the more
strongly red-shifted feature forn ) 5 at 3195 cm-1 has dropped
noticeably in relative intensity. Forn ) 7 and larger clusters,
this band is only present as part of a sloping background. Larger
clusters have the hydrogen-bonding signal just in the region of
3400-3600 cm-1.

These general observations are understandable in the context
of a growing and more highly connected hydrogen-bonding
network around the metal cation. It is easy to see why the
symmetric stretch band recedes in importance relative to the
asymmetric stretch. For a water molecule to contribute to the
asymmetric stretch, it can have either just one or both OH groups
freely vibrating, while a symmetric stretch requires that both
hydrogens are unhindered. As the hydrogen-bonding network
grows, fewer water molecules have both hydrogens free, and
there are fewer oscillators that can contribute at the symmetric
stretch frequency. A similar argument explains the spectra in
the hydrogen-bonding region. We can recall from the discussion
of Figure 6 that the most red-shifted bands here are those
associated with “dangling” water molecules connected via only
one hydrogen bond, while the less red-shifted bands are
associated with more highly connected hydrogen-bonded spe-
cies. As the network grows, there are more molecules that have
higher connectivity, and the hydrogen-bonding resonances in
the 3400-3600 cm-1 region become more likely.

Another interesting feature of the spectra in then ) 4-10
size range is the emergence of the doublet from the 3700 cm-1

asymmetric stretch band. This same kind of doublet behavior
for this band has been described and discussed in our work61

and that of others55h-i,58f on protonated water clusters. Because
this resonance occurs near 3700 cm-1, both of the doublet
members must arise from molecules that have at least one free
OH oscillator. However, as described in the previous work, the
resonance of the free OH band can be affected by the secondary
connectivity of the water molecules. In the discussion above
for smaller clusters, this was noted to occur when there were
metal-bound versus hydrogen-bonded water molecules present.
Here, a similar effect can be seen for different kinds of
hydrogen-bonding environments. Some water molecules are
partially connected in the network, having one hydrogen
involved as a donor to another water and one lone pair accepting
a hydrogen bond from another water (i.e., an “AD” configura-
tion). Other waters are more fully connected, donating one
hydrogen and accepting two protons from two other waters (i.e.,
an “AAD” configuration). These “two-coordinate” and “three-
coordinate” water molecules, respectively, feel slightly different
inductive forces from their connectivity, and their free OH
vibrations then have slightly different frequencies. As in the
protonated water systems, the more highly connected AAD
water molecules are assigned to have the resonance at the lower
frequency and the two-coordinate AD species give rise to the
higher frequency band. In the protonated water clusters,55i,58f,61

the highly symmetric H+(H2O)21 cluster, which is calculated to
have a nearly icosahedral structure, was shown to have only
the lower frequency band, while other clusters smaller or larger

Figure 7. IR photodissociation spectra of the Ni+(H2O)n complexes forn
) 7-10.
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than this had both the AD and AAD bands. This same
assignment seems reasonable to explain this doublet band in
the Ni+(H2O)n complexes.

Figure 8 shows the spectra measured for selected clusters in
the higher size range ofn ) 11-21. The other cluster sizes
(not shown) in this same size range have spectra that are
essentially the same as these in appearance. We have measured
spectra over the full frequency range available (2050-4000
cm-1) for all the clusters (exceptn ) 2) up ton ) 25. We have
also measured the O-H stretch region for selected larger clusters
(n ) 28 and 30). The band positions derived from these spectra
are presented in Table 3. The larger clusters in then ) 11-21
size range have an appearance similar to that of the smaller
clusters, except that the hydrogen-bonding region of the
spectrum has less structure on it and the intensity gradually
peaks closer to 3500 cm-1. As we mentioned above and discuss
related to Figure 5, this is the region where hydrogen-bonding
resonances occur when the network is more highly connected.
It is therefore understandable that the intensity would shift
toward this as the clusters become larger. All of these clusters
also have the 3700 cm-1 doublet band.

It is natural to consider a comparison of spectra of clusters
in the higher size range to those of other clusters containing
water or those of bulk water systems. The infrared spectrum of
water itself has been well-known for many years,50-54 but there
has been much recent interest in the IR spectroscopy of ice films
prepared in different ways on different metal or oxide
surfaces.72-75 However, both the bulk liquid and ice spectra have
more intense absorption in the hydrogen-bonding region and
show little detail in the free OH region. Of more relevance to
us, recent nonlinear laser spectroscopy methods have employed
sum-frequency or difference-frequency spectroscopy for inter-
faces containing water.76,77 Because these spectra probe only

the immediate vicinity of the water interface, they pick up
resonances from both the free OH bands and hydrogen-bonded
species. In fact, the present spectra have very nearly the same
relative intensities in the hydrogen-bonding region versus the
free OH region as these interfacial spectra, consistent with the
fact that most of the molecules in our clusters are in fact residing
at the water-vacuum interface. However, the free OH region
is a broad single peak in the interfacial spectra; there
is insufficient resolution to resolve the doublet structure that
we see, or to decide if it is present at all in these interfacial
spectra.

As noted above, we have recently been involved in similar
studies on protonated water clusters in this same size range.61

As shown in Figure 9, these protonated water clusters have IR
spectra that are also very much like the ones that we are
measuring here, with both a broad resonance in the hydrogen-
bonding region peaking near 3500 cm-1 and a sharp structure
near 3700 cm-1 attributed to the free OH resonances. As
discussed in our earlier work, the protonated water spectra also
have the same kind of doublet feature seen here near 3700 cm-1,
and it is assigned the same way that we do here to the presence
of AD and AAD water molecules in the structure. In the case
of the anomalous species H+(H2O)21, we found that the 3700
cm-1 doublet collapsed to a single sharp peak at the AAD
resonance, indicating a cluster with a highly symmetric structure
with all water molecules in essentially the same environment.
This was consistent with calculations for the H+(H2O)21 cluster

(72) Mate, B.; Medialdea, A.; Moreno, M.; Escribano, R.; Herrero, V. J.J. Phys.
Chem. B2003, 107, 11098.

(73) Zelent, B.; Nucci, N. V.; Vanderkooi, J. M.J. Phys. Chem. A2004, 108,
11141.

(74) Daschbach, J. L.; Dohnalek, Z.; Liu, S.-R.; Smith, R. S.; Kay, B. D.J.
Phys. Chem. B2005, 109, 10362.

(75) Hawkins, S.; Kumi, G.; Malyk, S.; Reisler, H.; Wittig, C.Chem. Phys.
Lett. 2005, 404, 19.

(76) (a) Richmond, G. L.Annu. ReV. Phys. Chem.2001, 52, 357. (b) Richmond,
G. L. Chem. ReV. 2001, 102, 2693.

(77) Mucha, M.; Frigato, T.; Levering, L. M.; Allen, H. C.; Tobias, D. J.; Dang,
L. X.; Jungwirth, P.J. Phys. Chem. B2005, 109, 7617.

(78) Jiang, J.-C.; Wang, Y.-S.; Chang, H.-C.; Lin, S. H.; Lee, Y. T.; Niedner-
Schatteburg, G.; Chang, H.-C.J. Am. Chem. Soc.2000, 122, 1398.

Figure 8. IR photodissociation spectra of the Ni+(H2O)n complexes forn
) 11, 14, 17, and 21.

Figure 9. A comparison of the spectra measured for H+(H2O)18 and H+-
(H2O)21 with that measured for Ni+(H2O)20.
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which indicate that there are many closely related isomers having
near-icosahedral structures, such as the clathrate structures found
in nature.61 Additionally, a somewhat sharp additional resonance
was seen to emerge from the hydrogen-bonding region, centered
at 3550 cm-1. This was assigned to hydrogen-bonding species
in five-membered rings on the basis of the previous conclusions
of Chang and co-workers for the smaller protonated water
clusters.55f Interestingly, the present Ni+(H2O)n clusters never
have a single peak in the free OH region but rather always have
the doublet structure here. Likewise, the spectra of the Ni+-
(H2O)n clusters do not ever have any resonance near 3550 cm-1

like that associated with five-membered rings in the protonated
water species. We therefore conclude that the Ni+(H2O)n clusters
do not have the same kind of high-symmetry structures in which
all or nearly all molecules occupy the same positions in five-
membered rings. This makes sense on the basis of the coordina-
tion of Ni+ in these clusters. As we have already shown in
Figures 5 and 6, Ni+ prefers to have a coordination of three or
four water molecules in the small clusters, and it is reasonable
to assume that structures such as these form the core of the
larger clusters. With such a coordination at the core of the
cluster, it would be very difficult for hydrogen-bonding networks
to form that result in the overall 5-fold symmetry found for the
protonated water species. It is more likely that there are a
number of related clusters with more varied isomeric structures.
Essentially, the ensemble average of these structures may be
more representative of amorphous water. If this logic is correct,
then it would be very interesting to study water clustering around
metal cations with different coordination numbers (e.g., five or
six) where more symmetric hydrogen-bonding networks could
form.

A final interesting aspect of these spectra is the value of the
spacing between the asymmetric stretch doublet at 3700 cm-1.
The spacing between these doublet bands is not constant for
different cluster sizes. As can be seen from the band position
entries in Table 3, the spacing is approximately 24-25 cm-1

when it first emerges in the smaller clusters, but this decreases
gradually, becoming more like 20 cm-1 in the largest clusters.
Such a decrease in this spacing is understandable, because it
represents the difference in the environment of AD versus AAD
water molecules, and this difference should become smaller as
molecules are located on the surface of the cluster away from
the metal cation. Early models of metal cation solvation describe
the different spheres of coordination around a central metal
cation and how the solvent molecules experience a polarization
or charge inductive effect in their electronic structure, either
through direct contact with the metal or through the hydrogen-
bonding network.2 This polarization diminishes as water mol-
ecules are in the second or subsequent solvation spheres.
The solvation spheres in our clusters will vary depending on
the exact structures that these species have. However, if we
assume that the immediate coordination around the cation is
three or four molecules, then the larger clusters that we study
(n ) 20-25) must have mostly second-sphere molecules, and
they probably have some water twice-removed from the metal
in a partially formed third sphere. It is understandable then
that the doublet spacing of the asymmetric stretch, which
is one manifestation of the overall inductive interactions
in these clusters, should become smaller as the cluster size
grows.

Another interesting aspect of the 3700 cm-1 doublet feature
is its behavior in these Ni+(H2O)n clusters compared to the
corresponding protonated water clusters.61 This comparison is
shown in Figure 9. As indicated in these representative spectra,
the doublet spacing is not the same for the Ni+(H2O)n versus
H+(H2O)n clusters. Although there are small variations with size,
the doublet spacings in the protonated water clusters in the size
range nearn ) 20 are all in the neighborhood of 24 cm-1, while
those for Ni+(H2O)n in this same size range are more like 20
cm-1. This is a small difference, but it is within our experimental
resolution. It implies that the inductive forces caused by the
cation in these clusters can be felt to different degrees when
the cation is a proton versus Ni+. If we could study much larger
clusters, there would presumably be a size for which the identity
of the cation would no longer be apparent and the AD-AAD
doublet spacing would converge to an as yet unmeasured “bulk”
value.

Conclusion

We have reported a study of the solvation processes repre-
sented by Ni+(H2O)n clusters. Size-selected infrared photodis-
sociation spectroscopy, supplemented by density functional
theory calculations, monitors the kind of infrared oscillators
present in these systems and how they evolve with cluster size.
In the smallest clusters, water molecules are coordinated directly
to the metal cation and the free OH stretches are shifted to lower
frequencies because of the resulting polarization of bonding
molecular orbitals on water. Beginning at the cluster size ofn
) 4, there is evidence for hydrogen bonding, and this grows
and becomes more important in the larger clusters. Because of
the formation of the hydrogen-bonding network, the symmetric
stretching mode seen in the free OH region loses intensity in
the cluster size range ofn ) 6-8. By n ) 10, the asymmetric
stretch resonance becomes the signature of those water mol-
ecules with one free OH remaining. This free OH resonance
splits into a doublet caused by the different inductive forces
present for two-coordinate versus three-coordinate water mol-
ecules. In the largest clusters studied, there is a broad region of
hydrogen-bonding signal and the closely spaced free OH
doublet. These spectra have strong similarities to the IR spectra
measured previously for protonated water clusters or for water
molecules at the liquid-air interface. A comparison of Ni+-
(H2O)n and H+(H2O)n molecules in the size range nearn )
20 shows that the nickel systems do not attain high-symmetry
structures like those reported for protonated water clusters. This
is presumably because the coordination of singly charged
Ni+ at the core of these clusters is three or four water molecules,
and this does not provide a good template for 5-fold symmetric
growth like that seen for protonated water. Additionally, the
doublet spacing at the free OH resonance is not the same in
the nickel cation versus protonated water clusters. The in-
duction forces running through these clusters are still strong
enough in this size region so that the cation identity makes a
difference.

This is the most extensive spectroscopic study yet on the
solvation processes in metal cation-water clusters. Future
studies are warranted on other metals with different coordination
numbers and different charge states to test the ideas suggested
here. Likewise, more sophisticated theory is needed to test the
various isomeric structures that are possible in the larger clusters
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and to investigate the inductive forces running though these
hydrogen-bonding networks.

Acknowledgment. We appreciate the support of this work
by the U.S. Department of Energy through Grant DE-FG02-
96ER14658.

Supporting Information Available: Full citation for ref 63
and full results of our density functional theory calculations on

the various Ni+(H2O)n complexes (n ) 1-5) and their corre-
sponding argon-tagged analogues (these data includes structures,
energetics, and vibrational frequencies for the different isomeric
structures at each cluster size). This material is available free
of charge via the Internet at http://pubs.acs.org.

JA0542587

A R T I C L E S Walters et al.

16610 J. AM. CHEM. SOC. 9 VOL. 127, NO. 47, 2005


