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Abstract: Infrared laser action spectroscopy is used to characterize divalent calcium ions solvated by up
to 69 water molecules. The spectrum for Ca2+(H2O)12 indicates that in the predominant structure, eight
inner-shell water molecules solvate the metal ion and donate one hydrogen bond to one of four second-
shell, double-acceptor water molecules. Eight-coordinate solvation is consistent with results from many
condensed-phase studies, and contrasts with results for smaller gas-phase clusters that are most consistent
with six-coordinate solvation. Each water molecule in this structure of Ca2+(H2O)12 coordinates with two
other members of the cluster. With increasing cluster size, the number of two-coordinate water molecules
decreases, whereas that of three-coordinate water molecules increases. The number of one-coordinate
water molecules increases until n ≈ 18, but they are essentially depleted by n ≈ 30. Spectra of the largest
clusters, which have effective concentrations of divalent calcium that are less than 1 M, exhibit only subtle
changes with increasing cluster size. The bonded-OH regions of these spectra are similar to, but blue-
shifted from that of bulk water, whereas the free-OH regions are well-resolved and indicate that the surfaces
of these clusters are well-structured. These results comprise the most extensive vibrational spectroscopic
study yet performed on metal ion hydration in the gas phase and provide insights into metal ion solvation
in bulk and interfacial environments.

Introduction

Water structure in the presence of ions reflects a delicate
balance between ion-water interactions and intrinsic solvent
hydrogen bonding. Studies of small hydrated ion clusters can
reveal detailed information about direct ion/solvent interactions.
For example, sequential water binding energies measured by a
variety of techniques reveal the thermochemistry of the initial
ion solvation process1-3 and infrared action spectra provide
associated structural information.4-15 Ions also affect solvent
properties through indirect interactions with the hydrogen-bond

network. Results from studies of increasingly large clusters can
be extrapolated to reveal information about the structures and
reactivities of ions in solution and near interfaces, including
phenomena that have not been measured directly in condensed-
phase experiments. For example, photoelectron spectra of
sequentially larger hydrated electron clusters have been studied
to determine thermodynamic values for electrons in bulk-water
environments,16 electron recombination energies for solvated
metal ion clusters have been used to obtain absolute electro-
chemical potentials in solution,17 and infrared multiple photon
dissociation (IRMPD) action spectra of H+(H2O)21 have been
used as evidence to support structures in which the excess charge
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condensed-phase experiments that indicate enhanced concentra-
tions of hydrated protons at the air/water interface.22,23

IRMPD action spectroscopy has yielded valuable insights into
the structures of many singly charged hydrated ions, including
e-,24 Cl-,5,25 H+,14,18-20,26,27 K+,4 Mg+,6 and Ni+,7 and has
recently been demonstrated for multiply charged hydrated
cations8-10 and anions.12,13 IRMPD spectra of Ca2+(H2O)4-10

indicate that the first six water molecules coordinate directly
with the metal ion and additional water molecules occupy
positions in outer solvent shells.8 The coordination number (CN),
or the number of water molecules directly coordinated to the
metal ion, is six for these clusters. This value is consistent with
many results for small clusters, including binding energies
measured by high pressure mass spectrometry,1 blackbody
infrared radiative dissociation,2 and guided ion beam mass
spectrometry3 experiments, as well as calculations at the density
functional2,3,8,28 and MP2 levels of theory.3 Solvation of aqueous
divalent calcium has been investigated by a variety of methods,
including X-ray diffraction,29-32 X-ray absorption spectro-
scopy,29,33 neutron diffraction,34,35 classical molecular dynamics
(MD),29,36-39 hybrid quantum mechanical/molecular mechanics
MD,38-40 and Carr-Parrinello MD.41-44 Most studies provide
support for solution-phase CN values ranging from seven to
eight,29-33,35-42,44 although the full range of reported CN values,
inclusive of uncertainties, extends from 5 - 10.30,32-34,39,41-43

Differences between gas- and condensed-phase water CN values
have been previously noted for other cations. The CN of trivalent

rare earth metal ions in aqueous solution range from 8 to 9, but
the IRMPD spectra of M3+(H2O)20, M ) Y, La, Pr, Tb, and
Tm, exhibit no discernible dependence on metal ion identity,
which suggests similar hydration structures.9 Divalent copper
is thought to have a CN ) 6 in aqueous solution, but results
from IRMPD spectroscopy10 and ab initio calculations10,45,46

indicate a CN ) 4 for Cu2+(H2O)6 and the presence of a third
solvent shell for n g 10.10 The CN of K+ in small gas-phase
clusters with para-difluorobenzene has been shown to be similar
to that of K+ in aqueous solution and greater than that in small
gas-phase clusters with water.4

Here, a multiplexed experimental protocol is used to obtain
infrared photodissociation spectra of selected Ca2+(H2O)11-69

clusters. Comparisons between the IRMPD spectra and with
calculated spectra for candidate structures indicate that the CN
for these larger clusters is greater than that observed for smaller
clusters and similar to that observed in solution. Additionally,
the spectra of the largest clusters exhibit only subtle changes
with increasing cluster size, suggesting that intrinsic water
properties are increasingly predominant with increasing cluster
size.

Methods

Experimental Methods. Experiments were performed on a 2.7
T Fourier-transform ion cyclotron resonance mass spectrometer.8,47

Ca2+(H2O)n clusters are formed by nanoelectrospray ionization from
1 mM aqueous solutions of CaCl2 using a home-built electrospray
interface. Ion abundances for the clusters of interest were optimized
by adjusting interface and trapping conditions.9,48 Ions were trapped
in a cylindrical ion cell that is surrounded by a copper jacket; the
temperature of the jacket is regulated by either a controlled liquid
nitrogen flow49 or by continuous contact with liquid nitrogen
supplied by a custom-built, gravity fed dewar. The clusters of
interest were isolated using a stored waveform inverse Fourier
transform pulse and subsequently irradiated with 7-30 pulses of
IR radiation (8-21 mJ per ∼6 ns pulse) from a tunable 10 Hz
optical parametric oscillator/amplifier (LaserVision, Bellevue, WA).
IRMPD spectra were obtained by plotting the power- and time-
corrected photodissociation intensity as a function of laser fre-
quency.47

Computational Methods. The enormous conformational space
of large clusters presents a challenge in both identifying low-energy
structures and calculating thermochemical values accurately.50 A
limited number of candidate low-energy structures were determined
using conformational searching and chemical intuition. Initial
structures were generated using Monte Carlo conformation search-
ing with the MMFFs force field as implemented in Macromodel
8.1 (Schrödinger, Inc. Portland, OR) and by adding or removing
water molecules from low-energy structures. Candidate structures
were energy minimized and vibrational frequencies were calculated
using the harmonic oscillator approximation using hybrid method
density functional calculations (B3LYP) and the 6-311++G(d,p)
basis set as implemented in Gaussian 03.51 Vibrational frequencies
were scaled by 0.963, which provides good agreement with
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photodissociation spectra in the free-OH stretch region. This scaling
factor is greater than that used in our previous investigation of
Ca2+(H2O)n (0.95), but a smaller basis set was used in that study.8

In order to approximate some of the temperature effects in the
photodissociation spectra, line spectra were convolved using 10
cm-1 fwhm Lorentzian distributions for the nonbonded stretches
and 50 cm-1 for the bonded stretches.

Results and Discussion

Photodissociation and Multiplexed Data Acquisition. The
distribution of Ca2+(H2O)n formed by nanoelectrospray ioniza-
tion is generally broad and can be shifted to larger or smaller
sizes by changing experimental parameters, such as the tem-
perature of the heated metal capillary.48 A mass spectrum
obtained under conditions optimized for n ≈16 is shown in
Figure 1A. Multiple precursor ions are isolated from this
distribution (Figure 1B) using a stored waveform inverse Fourier
transform (SWIFT) pulse. Figure 1C shows the blackbody
infrared radiative dissociation (BIRD) that occurs in the absence
of laser irradiation.2,49 Irradiation by resonant light generated
by a tunable optical parametric oscillator/amplifier results in
the sequential loss of one or more water molecules (Figure 1D).
Because multiple laser pulses are used, product ions are also
exposed to laser photons and may subsequently photodissociate.
Careful choice of precursor sizes and laser irradiation times are
required to ensure that product ions formed by sequential loss
of water molecules from a larger cluster do not interfere with a
smaller isolated precursor. This method is similar to that used

by Oomens et al. to simultaneously measure the IRMPD spectra
of multiple charge states of cyctochrome c.52

The photodissociation rate is determined from the relative
abundances of the precursor and product ions, and the irradiation
time using eq 1:

kphotodissociation ) ln{ [Precursor Ion]

[Precursor Ion]+∑ [Product Ion]} ⁄ time

(1)

The photodissociation rate is corrected for background BIRD
and the frequency dependent laser power using eq 2:

Intensity)
kphotodissociation - kBIRD

power(ν)
(2)

This yields a photodissociation intensity that has units of
s-1W-1 and accounts for sequential dissociation of product ions,
irradiation time, background BIRD, and the frequency dependent
laser power.8,47 Repeating this process as a function of laser
frequency yields multiple infrared action spectra that are
acquired simultaneously (Figure 1E).

This method for spectral acquisition has the advantage that
the spectra of multiple precursor ions are measured simulta-
neously, which significantly increases the efficiency of data
acquisition. In these experiments, 2 or 3 photodissociation
spectra were typically acquired in parallel, but in principle, many
more could be acquired at the same time. Simultaneously
measuring precursor and product ion abundances eliminates
effects of variations in precursor ion intensity caused by
fluctuations in the ESI source. Equally significant is the fact
that simultaneously trapped precursor ions are exposed to
identical fluxes of blackbody and laser radiation, making it
possible to directly compare relative intensities in the simulta-
neously acquired photodissociation spectra (Figure 1E).

One potential complication in the interpretation of action
spectroscopy experiments is that photodissociation intensities
may differ from those obtained from linear absorption spec-
troscopy and calculated infrared spectra. However, such effects
are expected to be small in these experiments because photon
energies should be comparable to the water binding energies
of these ions.1,49,53 The mass spectra exhibit no particularly
intense peaks, suggesting the absence of any significant “magic
number” effects, and differences in water binding energies over
this size range should be small.1,49,53 Additionally, ions under
these conditions possess considerable internal energy prior to
laser irradiation, which is evident from the observation of BIRD
from all but the smallest ions. Because the absorption of just
one laser photon should increase the photodissociation rate in
these experiments, relative intensities between simultaneously
acquired action spectra are expected to be similar to those of
true absorption spectra. However, the sequential absorption of
multiple photons almost certainly occurs. Therefore, the ex-
perimental spectra are referred to as infrared multiple photon
dissociation (IRMPD) spectra to reflect contributions from
sequential absorption of multiple photons and to emphasize the
potential differences between these action spectra and linear
absorption spectra. The role of single versus multiple photon
absorption as a function of cluster size, laser fluence, and copper

(52) Oomens, J.; Polfer, N.; Moore, D. T.; van der Meer, L.; Marshall,
A. G.; Eyler, J. R.; Meijer, G.; von Helden, G. Phys. Chem. Chem.
Phys. 2005, 7, 1345–1348.
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3522.

Figure 1. Sample data illustrating the simultaneous acquisition of photo-
dissociation spectra of Ca2+(H2O)13,17,21. Ca2+(H2O)n formed by electrospray
are accumulated (A) and the monoisotopic clusters of interest are isolated
from the distribution (B). A 1.0 s BIRD mass spectrum shows the
dissociation in the absence of laser irradiation (C). Mass spectra are acquired
after laser irradiation (D, 1.0 s at 3555 cm-1) as function of frequency.
After background subtraction, this process yields multiple infrared spectra
with directly comparable intensities (E).
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jacket temperature can be elucidated by modeling the radiative
absorption, radiative emission, and dissociation using a master
equation approach.54 This process would also yield the effective
temperatures of ions in these experiments.

Infrared Action Spectra. Using this multiplexed data acquisi-
tion method, infrared action spectra were measured for selected
Ca2+(H2O)n, n ) 11-69 (Figure 2). These spectra exhibit many
bands that persist and evolve with increasing n. Many of these
bands and trends are similar to those observed for other hydrated
ions, particularly H+(H2O)n

18,20 and Ca2+(H2O)n, n ) 4-10.8

A few key results from those studies are discussed below and
will be used extensively to interpret the spectra of Ca2+(H2O)n,
n ) 11-69.

The high-frequency region of these spectra is where the
stretching modes occur for hydroxyl groups that do not donate
a hydrogen bond (free-OH) and these bands are especially useful
for characterizing hydrated ion structure.7,8,11,18-20,55 These
modes exhibit four bands in this region,56 denoted a-d using
the notation of Shin et al.,18 that are qualitatively similar to
those observed for many hydrated ions, including H+(H2O)n.18,20,26

These bands for H+(H2O)n have been assigned to the free-OH

stretches of water molecules in different hydrogen bonding
configurations,18,20,26 which are shown schematically in Figure
3. The term acceptor refers to water molecules that either accept
a hydrogen bond from another water molecule or interact
directly with the metal ion. The term donor refers to water
molecules that donate a hydrogen bond to another water
molecule. Bands a and d are assigned to the symmetric and
asymmetric stretches of single-acceptor only water molecules
(A, one-coordinate water), respectively. Band b is assigned to
the dangling-OH stretches of double-acceptor-single-donor
water molecules (AAD, three-coordinate water).18,20 Band c is
assigned to both the dangling-OH stretches of single-
acceptor-single-donor (AD) water molecules18,20 and the asym-

(54) Price, W. D.; Schnier, P. D.; Jockusch, R. A.; Strittmatter, E. F.;
Williams, E. R. J. Am. Chem. Soc. 1996, 118, 10640–10644.

(55) Bush, M. F.; Prell, J. S.; Saykally, R. J.; Williams, E. R. J. Am. Chem.
Soc. 2007, 129, 13544–13553.

(56) Bands b and c are poorly resolved for all except the very largest ions,
but are clearly present for all except the very smallest ions.

Figure 2. Photodissociation spectra of Ca2+(H2O)n obtained with a copper jacket temperature of 130 K (150 K for n ) 11).

Figure 3. Acceptor (A) and donor (D) hydrogen bonding configurations
expected to contribute bands (noted in lower-case italics and marked in
Figure 2) to the free-OH regions of the IRMPD spectra. The n values
correspond to sizes for which these configurations are predominant.
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metric stretch of AA water molecules,8 which are both two-
coordinate motifs.

The low-frequency region of these spectra is where the
stretching modes occur for hydroxyl groups that do donate a
hydrogen bond (bonded-OH). As discussed by Duncan and co-
workers,7 the most red-shifted bands in the bonded-OH region
are attributable to hydroxyl groups that donate a hydrogen bond
to outer-shell, single-acceptor only water molecules, whereas
the less red-shifted bands in the bonded-OH region are attribut-
able to water molecules that accept and donate additional
hydrogen bonds and are involved in hydrogen-bonding net-
works. However, assigning photodissociation spectra in this
region to specific hydrogen bonding motifs is more challenging
with increasing cluster size because of spectral congestion18 and
finite temperature effects.21

Effect of Cluster Size on Coordination Number. The IRMPD
spectrum of Ca2+(H2O)11 exhibits many bands that that are
similar to those observed previously for Ca2+(H2O)9. The
IRMPD spectrum of Ca2+(H2O)9 (Figure 4A) is most consistent
with a structure in which six inner-shell, AD water molecules
each donate a single hydrogen bond to one of three second-
shell, AA water molecules (D3 symmetry, Figure 4B).8 The
calculated spectrum has relatively few bands; the asymmetric
stretches of the AA water molecules and the nonbonded
hydrogen stretches (dangling-OH) stretches of the AD water
molecules are superimposed and yield a single band near 3670
cm-1 (band c), the symmetric stretches of the AA water
molecules are calculated to occur at 3593 cm-1 (band a), and
the in-phase and out-of-phase bonded hydrogen stretches are
calculated to occur at 3390 and 3424 cm-1, respectively.
Additional candidate structures and the weak photodissociation
intensities observed in the bonded-OH region have been
discussed previously for Ca2+(H2O)9.8

The IRMPD spectrum of Ca2+(H2O)11 also exhibits broad
photodissociation from 3100 - 3400 cm-1 and additional bands

at 3530 and 3660 cm-1 (Figure 4C). These additional features
were also observed at weaker intensities for Ca2+(H2O)10 and
indicate new hydrogen bonding configurations. Changes in ion
structure are required because it is no longer possible to have
an octahedral inner shell consisting of AD water molecules that
donate only a single hydrogen bond to AA water molecules in
the second solvent shell, like the predominant structure identified
for Ca2+(H2O)9. One possibility is that Ca2+(H2O)10-11 clusters
adopt structures with higher CN values. Figure 4D shows a
structure of Ca2+(H2O)11 with CN ) 8 that has similar hydrogen
bonding configurations to those identified for Ca2+(H2O)9, but
the calculated absorption spectrum of this structure does not
account for the photodissociation intensity observed below 3400
cm-1 in the IRMPD spectrum.

The additional spectral features observed for Ca2+(H2O)11

are instead most consistent with populations of structures
containing water molecules that donate a hydrogen bond to a
single-acceptor (A) water molecule, as discussed previously for
Ca2+(H2O)10.8 For example, two of the low-energy structures
identified for Ca2+(H2O)10 have nine water molecules in
positions very similar to that shown in Figure 4B for
Ca2+(H2O)9.8 In one, the additional water molecule accepts a
single hydrogen bond from an AA water molecule in the second
shell of the n ) 9 structure, yielding A and AAD water
molecules in the n ) 10 structure (previously labeled 10C).8

The bonded-OH and dangling-OH stretches of the AAD water
molecule are calculated to occur at 3108 and 3650 cm-1.8 In
the other, the additional water molecule accepts a single
hydrogen bond from an AD water molecule in the first shell of
the n ) 9 structure, yielding A and ADD water molecules in
the n ) 10 structure (previously labeled 10D).8 The symmetric
and asymmetric stretches of the ADD water molecule are
calculated to occur at 3247 and 3512 cm-1.8 Both of these low-
energy structures of Ca2+(H2O)10 have A water molecules in
outer solvent shells that are calculated to have symmetric and
asymmetric stretches at 3611 - 3612 and 3707 - 3709 cm-1,
respectively. The new spectral features observed for
Ca2+(H2O)10-11 can be explained by populations of structures
containing A, AAD, and ADD water molecules. There are
almost certainly multiple structures, perhaps even additional
hydrogen bonding motifs, contributing to each IRMPD spectrum.

The IRMPD spectrum of Ca2+(H2O)12 is greatly simplified
(Figure 4E). The bands below 3500 cm-1 are nearly absent and
the remaining bands are similar to, but blue-shifted from those
observed for Ca2+(H2O)9. This precludes the new binding motifs
identified for Ca2+(H2O)n, n ) 10 and 11, and suggests a
structure with similar water coordination motifs to those
identified for Ca2+(H2O)9. This assignment is strongly supported
through comparisons with the spectrum calculated for the
structure in Figure 4F. By contrast, the photodissociation
spectrum of Ca2+(H2O)11 has many features that are not
predicted for the structure formed by removing a second shell
water molecule from the structure identified for n ) 12 (Figure
4D), indicating that an important structural transition corre-
sponding to an increased CN value of 8 occurs between clusters
with 11 and 12 water molecules. This CN value is consistent
with many results for divalent calcium in bulk aqueous
solution.29-31,33,35-42,44

The most intense bonded-OH band for Ca2+(H2O)12 (3530
cm-1) is considerably blue-shifted from that observed for
Ca2+(H2O)9 (3435 cm-1), which is consistent with increased
CN and decreased charge transfer from any given water
molecule to the metal ion in the larger cluster.7,8 Interestingly,

Figure 4. Photodissociation spectra of Ca2+(H2O)n, n ) 9 (A),8 11 (C),
and 12 (E). Copper jacket temperatures are noted on individual spectra.
B3LYP/6-311++G(d,p) calculated spectra for these ions are shown in B,
D, and F, respectively.
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these frequencies are both blue-shifted from those calculated
for the assigned predominant structure (3493 cm-1 in Figure
4F, 3424 cm-1 in Figure 4B). Alternative hydrogen bonding
configurations that are calculated to have frequencies that better
match these experimental band frequencies, such as the asym-
metric stretch of ADD water molecules, also have additional
bands at lower frequencies that are incompatible with the
IRMPD spectrum.8 Therefore, these apparent discrepancies
between experiment and theory are most likely attributable to
the use of the harmonic oscillator approximation and a single
scaling factor (0.963) for all calculated vibrational modes, even
though different hydrogen bonding configurations almost cer-
tainly have different anharmonicities. Such differences illustrate
the challenges in assigning individual action spectra through
comparisons with individual calculated action spectra. It is likely
that the most reliable assignments can be drawn through
comparisons with action spectra of reference ions, i.e., clusters
that contain a different cation or different number of water
molecules.

Band Evolution for n ) 13-18. The relative intensities of
bands a and d, which are spectral signatures for A water
molecules, and band b, which is a spectral signature for AAD
water molecules, both increase between n ) 13 - 18, whereas
that for band c decreases (Figure 2). The increasing relative
intensities of bands a, b, and d relative to band c is most
consistent with the presence of additional one- and three-
coordinate water molecule binding motifs, relative to the two-
coordinate binding motifs identified for Ca2+(H2O)12. For
example, if an AD water molecule forms a new hydrogen bond
to a free water molecule, the former would adopt an ADD
configuration and exhibit no free-OH bands (band c depleted),
whereas the later would adopt an A configuration and exhibit
bands a and d (Figure 3). Alternatively, if an AA water molecule
forms a new hydrogen bond to a free water molecule, the former
would adopt an AAD configuration and exhibit band b (band c
depleted), whereas the later would adopt an A configuration
and exhibit bands a and d (Figure 3).

The hydrogen-bonding motifs suggested by the new free-
OH bands for Ca2+(H2O)n over this size range will also result
in new bonded-OH bands. Based on calculations for
Ca2+(H2O)10 reported previously and discussed above, the new
bands near 3340 and 3560 cm-1 are consistent with the
symmetric and asymmetric stretches of double donor water
molecules. The large frequency difference between these two
bands can be attributed to the difference in hydrogen bonding
strengths to the two acceptors.8,57 The asymmetric stretches of
ADD water molecules are observed near 3600 cm-1 for slightly
larger H+(H2O)n and are well resolved from the other bonded-
OH bands.18 The new band near 3250 cm-1 is consistent with
the bonded stretch of a hydroxyl group that donates a hydrogen
bond to an A water molecule. It is also possible that the
intensities in this region are affect by Fermi resonances with
water bend overtones, which further complicates spectral
interpretation.58,59

Band Evolution for n > 18. In the free-OH region, bands a,
c, and d decrease in intensity relative to band b with increasing
n. Bands a and d are nearly depleted by n ≈ 30, whereas band

c persists in all spectra. This indicates that populations of one-
and two-coordinate water molecules are depleted with increasing
cluster size, and that populations of water molecules with higher
coordination numbers are predominant. In the bonded-OH
region, the relative photodissociation intensities from 3350 -
3500 cm-1 increase with n relative to the bonded-OH bands
above and below this range that were most intense for smaller
n. This new band occurs at frequencies similar to, but somewhat
blue-shifted from the absorbance maximum of bulk water at
room temperature (near 3350 cm-1).60 In interfacial and bulk
environments, absorption in this region is primarily attributed
to tetrahedrally coordinated water molecules with a distribution
of hydrogen bonding interactions.23,61,62

The majority of the bulk-water IR spectrum in the hydrogen-
stretch region is well fit by Gaussian distributions centered near
3200 and 3400 cm-1 and these components are often attributed
to more ordered and disordered hydrogen-bonding configura-
tions, respectively.60 Those assignments would suggest that the
increased photodissociation intensities observed at higher
frequencies in the bonded-OH region is attributable to a
hydrogen bond network around divalent calcium that is more
distorted relative to bulk water. However, recent studies indicate
that water molecules in bulk solution actually adopt a continuum
of hydrogen bonding configurations, rather than discrete states,61,62

and that increased absorbance cross sections at higher frequen-
cies in the bonded-OH region may also be attributable to effects
of the ionic charge on the infrared transition dipoles and the
electric field of individual OH bonds.61-63 The increased internal
energy deposition of higher energy photons should also increase
the photodissociation efficiency at higher frequencies slightly.

Spectral Changes with Increasing n. IRMPD spectra of
Ca2+(H2O)n, n ) 40, 50, 61, and 69, were obtained under
conditions expected to yield directly comparable intensities
(Figure 5). Relative to the spectra obtained for smaller n, the
differences between the spectra for these largest ions are more
subtle (Figure 2). The free-OH region still exhibits sharp bands
that are attributable to surface-bound water molecules. This
suggests that the surfaces of these clusters are quite homoge-
neous. Bands b and c correspond respectively to the dangling-
OH stretch of AAD and AD water molecules (Figure 3) and
occur near 3685 and 3705 cm-1. These frequencies are slightly
red-shifted from those previously assigned for large H+(H2O)n

(57) Weber, J. M.; Kelley, J. A.; Nielsen, S. B.; Ayotte, P.; Johnson, M. A.
Science 2000, 287, 2461–2463.

(58) Ayotte, P.; Weddle, G. H.; Kim, J.; Johnson, M. A. J. Am. Chem.
Soc. 1998, 120, 12361–12362.

(59) Sovago, M.; Campen, R. K.; Wurpel, G. W. H.; Muller, M.; Bakker,
H. J.; Bonn, M. Phys. ReV. Lett. 2008, 100, 173901.

(60) Liu, D. F.; Ma, G.; Levering, L. M.; Allen, H. C. J. Phys. Chem. B
2004, 108, 2252–2260.

(61) Smith, J. D.; Saykally, R. J.; Geissler, P. L. J. Am. Chem. Soc. 2007,
129, 13847–13856.

(62) Smith, J. D.; Cappa, C. D.; Wilson, K. R.; Cohen, R. C.; Geissler,
P. L.; Saykally, R. J. Proc. Natl. Acad. Sci. U.S.A. 2005, 102, 14171–
14174.

(63) Corcelli, S. A.; Skinner, J. L. J. Phys. Chem. A 2005, 109, 6154–
6165.

Figure 5. Photodissociation spectra of Ca2+(H2O)40,50,61,69 obtained with
a copper jacket temperature of 130 K. Bulk water spectrum is convoluted
from parameters reported by Allen and co-workers.23
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(for n ≈ 20, bands b and c occur near 3700 and 3720 cm-1,
respectively).18,19,27 These bands for Ca2+(H2O)n continue to
blue-shift slightly with increasing n, suggesting that the inductive
effects of the divalent metal ion persist for many solvent shells.
The intensity of band c is essentially constant for n ) 40, 50,
61, and 69, but that of band b increases with n, which indicates
the extent of hydrogen bonding on the cluster surface increases
with cluster size.

Excluding the asymmetric stretches of double-donor water
molecules near 3560 cm-1, distinct bonded-OH bands are no
longer resolved in these experiments by n ≈ 30. This may be
attributable to increasing congestion, broadening, and/or oscil-
lator coupling with increasing cluster size. However, it is clear
that the integrated areas of the bonded-OH regions of the spectra
increase at much greater rates than those of the corresponding
free-OH regions. Bands in bonded-OH region are primary
attributable to the hydrogen stretches of interior water molecules,
as well as smaller contributions from surface-bound water
molecules that donate hydrogen bonds. This indicates that the
“bulk” of these clusters grows at greater rates than the surface,
consistent with the growth of a sphere.

Effects of Copper Jacket Temperature. Spectra of Ca2+-
(H2O)22 and Ca2+(H2O)32 obtained at copper jacket temperatures
of 80 and 130 K are shown in Figure 6. The spectra acquired
at the colder copper jacket temperature exhibit significantly
narrower peaks in the free-OH region. The peaks at 3680 cm-1

in the spectra of Ca2+(H2O)22 have widths of ∼23 and ∼32
cm-1 fwhm with copper jacket temperatures of 80 and 130 K,
respectively, whereas those for Ca2+(H2O)32 have widths ∼18
and ∼24 cm-1 fwhm at those respective temperatures. In
addition, the spectra acquired at the colder copper jacket
temperature exhibit significantly less relative photodissociation
in the bonded-OH region. The integrated photodissociation
intensity in the bonded-OH regions (2900 - 3630 cm-1) of
Ca2+(H2O)22 and Ca2+(H2O)32 are 3 and 5 times greater than
that in the corresponding free-OH regions (3630 - 3707 cm-1)
at the colder temperature, respectively, whereas those ratios at
the warmer temperature are 5 and 7, respectively. Therefore,
relative photodissociation in the bonded-OH regions of the
spectra acquired at the colder temperature are roughly 30% less
than those acquired at the warmer temperature.

At a copper jacket temperature of 130 K, the BIRD rates for
the loss of one water molecule from Ca2+(H2O)22 and
Ca2+(H2O)32 are 0.27 and 0.43 s-1, respectively, whereas those
rates are both <0.01 s-1 at 80 K. This indicates that the ions

trapped at the lower copper jacket temperature have significantly
lower internal energies. The observed spectral differences may
be attributable to increased populations of more enthalpically
favored hydrogen bonding configurations at the lower copper
jacket temperature. Alternatively, the fraction of the ion popula-
tion that dissociates upon the absorption of a single laser photon
is significantly smaller in the experiments performed at the
colder copper jacket temperature. Absorption of multiple
photons, the rate of which may not be directly proportional to
the absorbance cross sections, plays a greater role at the colder
copper jacket temperature and the spectral differences at the
two temperatures may be a result of this nonlinearity. Additional
experiments probing the spectra of these ions as a function of
temperature are ongoing.

Hydrated Ion Clathrates. H+(H2O)21
18,19,27 and NH4

+-
(H2O)20

64 appear as “magic numbers” in many mass spectra and
the IRMPD spectra of these ions each predominantly exhibit a
single free-OH band that is attributed to the dangling-OH stretch
of AAD water molecules, whereas those of smaller clusters exhibit
an additional free-OH band that is attributed to the dangling-OH
stretch of AD water molecules. These results support assignment
of these ions to icosahedral-like clathrate structures in which the
excess charge is localized at the ion surface18,19,27,64 and have
generated considerable interest in identifying additional ionic
clathrates.

Although the abundance of specific Ca2+(H2O)n ions can be
maximized by varying source conditions,48 no n values exhibit
particularly enhanced abundance under a wide range of experi-
mental conditions. The IRMPD spectra for all n > 12 exhibit
photodissociation attributable to both AD and AAD water
molecules. These results suggest that icosahedral-like clathrates
are not formed for Ca2+(H2O)n. Similar results were also
reported for Ni+(H2O)n formed by laser vaporization.7 One
difference between x(H2O)n, x ) H3O+ and NH4

+, and these
hydrated metal cations is that the excess charge is localized on
the surface of the former and in the interior of the later.
Additionally, H3O+ and NH4

+ are tetrahedral like, whereas the
latter are not. These results suggest that direct interactions
between these metal ions and their first solvent shells affect
the remaining hydrogen bond network and destabilize icosahe-
dral-like structures. Therefore, it is likely that gas-phase
clathrates will only be observed for hydrated clusters of ions
with high propensities for the air/water interface or with
tetrahedral coordination.65,66 Additionally, these results suggests
that even though the cavities of clathrate structures may be
effective for trapping small neutral molecules,67 the cavities may
not be effective for trapping metal ions.

Conclusions

Results from infrared action spectroscopy provide interesting
new insights into the solvation of divalent calcium. The
coordination number of divalent calcium is eight when solvated
by 12 water molecules, consistent with many bulk-solution
studies,32 whereas previous results for smaller hydrated divalent
ions are most consistent with a coordination number of six.
Spectral changes with increasing cluster size, particularly those

(64) Diken, E. G.; Hammer, N. I.; Johnson, M. A.; Christie, R. A.; Jordan,
K. D. J. Chem. Phys. 2005, 123, 164309.

(65) Petersen, P. B.; Saykally, R. J. Annu. ReV. Phys. Chem. 2006, 57,
333–364.

(66) Pegram, L. M.; Record, M. T. Proc. Natl. Acad. Sci. U.S.A. 2006,
103, 14278–14281.

(67) Koh, C. A. Chem. Soc. ReV. 2002, 31, 157–167.

Figure 6. Photodissociation spectra of Ca2+(H2O)22,32 obtained with copper
jacket temperatures of 80 and 130 K.
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in the free-OH region, provide detailed information on the
hydrogen-bonding motifs present in these ions. Spectral features
for the largest ions, which have effective concentrations of
divalent calcium that are less than 1 M and are the largest
isolated hydrated cluster ions yet probed using vibrational
spectroscopy, exhibit only subtle differences.

All IRMPD spectra exhibit intense free-OH bands, even at
very large cluster sizes, and share many similarities with the
sum-frequency spectra of the air/water interface.23,60,68 These
spectra hint at the potential of using large hydrated clusters to
obtain detailed information on the structure and dynamics of
interfacial environments. For example, specific cluster ions of
interest can be isolated, enabling fine control of counterions and
solvent, and eliminating interfering surfactant contaminates.

Additionally, cluster sizes can be varied, enabling clearly defined
probe depths for interfacial regions of interest.
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