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’ INTRODUCTION

Over 120 years ago, Franz Hofmeister observed that many
ions can be ordered by their tendency to precipitate various
proteins in aqueous salt solutions.1 This “Hofmeister series” of
ions has been shown to be remarkably reproducible for a variety
of chemical properties, from aqueous salt solubilities2 to cloud
points of nonionic surfactants3 and transport through ion
channels,4 yet the physical origin of the Hofmeister series is still
debated.2,5�14 In recent years, many studies have challenged
traditional explanations of the Hofmeister series as originating
from long-range effects of ions on the hydrogen-bonding net-
work of bulk water, suggesting instead that this effect originates
predominantly from direct ion�cosolute interactions.2,8,12 Re-
sults from static vibrational spectroscopy,11,13 femtosecond
infrared spectroscopy (including spectral diffusion13 and mea-
surements of water molecule reorientation times15�17), and
molecular dynamics simulations11,13 indicate that ions do not
strongly affect the hydrogen-bond network of water beyond the
first solvation shell in salt solutions at high ionic strengths. Bakker
and co-workers reported that sulfate dianion,15 an ion at one
extreme end of theHofmeister series traditionally associated with
strong “structure-making” effects, as well as chloride, bromide,
and iodide,16,17 do not significantly affect the reorientation times
of water molecules outside the first solvation shell at high ion
concentrations. However, more recent results from the same
group indicate that cooperative solvation of nearby counterions
can lead to longer-ranged patterning of the water network.18

The aqueous surface activity of ions has also been linked to
Hofmeister effects due to the large difference in dielectric constants

at both the liquid�vapor interface and thewater�protein interface.10

Linear spectroscopies are poor probes of the structure of the
condensed-phase water surface due to the overwhelmingly
stronger signal of the bulk, but sum-frequency generation
(SFG) spectroscopy, a second-order optical technique, is more
sensitive to and has been used to study the structure of the first
few layers of water molecules in pure water19�23 and ionic
solutions.23�26 Results from SFG spectroscopy,27 electrospray
ionization,14 and molecular dynamics simulations28 suggest that
some ions, including bromide and iodide,27,28 are highly surface-
active, whereas other ions, notably chloride27 and sulfate,26 have
lower surface activity, in correlation with the Hofmeister beha-
vior of these ions.

Studying gas-phase hydrated ions offers the advantages that
effects of counterions, which can complicate the interpretation of
condensed-phase studies, can be eliminated, and intrinsic effects
of a single ion or an electron on water can be studied as a function
of hydration extent for as many as several hundred attached water
molecules.29,30 Using infrared photodissociation (IRPD) spec-
troscopy, the structures of many hydrogen-bonded gas-phase ions
and complexes, including protonated,31�38metal cationized,31,39�51

and halidated52 amino acids and peptides, as well as hydrates of
small ions,30,53�78 have been investigated. The hydrogen-stretch
region (∼2300�4000 cm�1) has proved especially useful, because
the frequencies of heteroatom-hydrogen stretching modes are
often very sensitive to their hydrogen-bonding environment.
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ABSTRACT: Ensemble infrared photodissociation (IRPD) spectra in the hydrogen
stretch region (∼2950�3800 cm�1) are reported for M(H2O)35�37, with M = I�, Cl�,
HCO3

�, OH�, tetrabutyl-, tetrapropyl-, and tetramethylammonium, Csþ, Naþ, Liþ, Hþ,
Ba2þ, Ca2þ, Co2þ, Mg2þ, La3þ, and Tm3þ, at 133 K. A single, broad feature is observed in
the bonded-OH region of the spectra that indicates that the water network in these
clusters is bulk-like and likely resembles liquid water more strongly than ice. The free-OH
region for all of these clusters is dominated by peaks corresponding to water molecules that accept two and donate one hydrogen
bond (AAD water molecules), indicating that AAD water molecules are more abundant at the surface of these ions than AD water
molecules. A-only water molecules are present in significant abundance only for the trivalent metal cations. The frequency of the
AAD free-OH stretch band shifts nearly linearly with the charge state of the ion, consistent with a Stark shift attributable to the ion’s
electric field. From these data, a frequency range of 3704.9�3709.7 cm�1 is extrapolated for the free-OH of AADwater molecules at
the (uncharged) bulk liquid water surface, consistent with sum-frequency generation spectroscopy experiments. Differences in both
the bonded- and the free-OH regions of the spectra for these ions are attributable to ion-induced patterning of the water network
that extends to the surface of the clusters, which includes water molecules in the third and fourth solvation shells; that is, these ions
pattern water molecules at long distance to various extents. These spectra are simulated using two different electrostatic models
previously used to calculate OH-stretch spectra of bulk water and aqueous solutions and parametrized for bonded-OH frequencies.
Thesemodels qualitatively reproduce a number of features in the experimental spectra, although it is evident that more sophisticated
treatment of water molecule and ion polarizability and vibrational coupling is necessary for more quantitative comparisons.
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Because the proportion of water molecules at the surface of clusters
or nanodrops is relatively large, water molecules in which one or
both hydrogen atoms do not participate in hydrogen bonds
(“free OH” groups), similar to those at the bulk water surface
identified in SFG experiments,7,19�26,79�82 can be studied with
IRPD spectroscopy simultaneously with hydrogen-bonded inter-
ior water molecules of the same ion�water cluster. IRPD spectros-
copy also has the advantage that it provides information similar to
linear absorption spectroscopy for such weakly bound systems
and can be more directly compared to calculated absorption
spectra. Recent results from IRPD spectroscopy indicate that
sulfate dianion strongly patterns water molecules beyond the
second solvation shell at effective concentrations below 1M,75 in
contrast to conclusions from condensed-phase femtosecond
spectroscopy results obtained at higher concentrations.15 Other
results indicate that, for hydrated ions with water molecules in
the second or higher solvation shells, the ion can exhibit proper-
ties very similar to those in bulk, such as coordination number,55,58,65

hydrolysis reactivity,57,83 and redox properties.30,84

Here, we present results from IRPD spectroscopy in the hydro-
gen stretch region for a total of 17 hydrated anions and cations
with charge states between �1 and þ3 at fixed cluster size
(35�37 attached water molecules), where water molecules are
expected to populate the first, second, and third solvation shells.
These spectra indicate a strong influence of the ion on the
hydrogen-bond network in these nanodrops and a clear depen-
dence of the surface free-OH stretch frequency on ion charge
state and size. These results are compared to infrared spectra
calculated using two local electric field molecular dynamics
models as well as to previously reported gas- and condensed-
phase results.

’EXPERIMENTAL METHODS

All IRPD spectra were measured using a 2.75 T Fourier-transform ion
cyclotron resonance mass spectrometer coupled to a tunable OPO/
OPA laser system. The instrument and experimental setup are described
in detail elsewhere.31 Briefly, hydrated ions are generated from 1�5 mM
aqueous solutions using nanoelectrospray ionization. Borosilicate capil-
laries are pulled to an inner tip diameter of ∼1 μm, filled with the
solution of interest, and a platinum wire is inserted into the capillary,
where it is held in direct contact with the solution at approximately(600
V relative to the entrance of the instrument. Hydrated ions are guided
with electrostatic lenses through five stages of differential pumping into
the cell of the mass spectrometer, which is surrounded by a temperature-
regulated copper jacket85 equilibrated to 133 K for at least 8 h prior to
each experiment. Ions are trapped and thermalized with the aid of a pulse
of dry nitrogen at ∼10�6 Torr, and after a 5�12 s delay, the ion cell
returns to a pressure of <10�8 Torr.
IRPD spectra were measured using the ensemble average method,

which results in spectra directly comparable to those measured for ions
of a single cluster size with improved signal-to-noise ratio.66 Spectra
obtained using this method represent average structural features for the
range of cluster sizes investigated, reducing the importance of potentially
atypical structures associated with “magic number” clusters. Ensembles
of hydrated ions containing 35�37 water molecules are isolated using
stored waveform inverse Fourier transforms, then irradiated with tun-
able light between 2950 and 3800 cm�1 for 0.85�2.05 s. Background
dissociation due to blackbody infrared radiative dissociation (BIRD) and
changes in the initial ion ensemblemass spectral distribution are remeasured
approximately every 10 min. BIRD rate constants are obtained in the
absence of laser radiation as kBIRD = ((Æn(t)æ� Æn(0)æ)/t), where Æn(t)æ
is the abundance-weighted average number of water molecules in the

ensemble after exposure to the 133 K blackbody field for a time t. Laser-
induced photodissociation rate constants are obtained as klas(pω,tirr) =
((Æn(pω,tirr)æ� Æn(0)æ)/(tirr))� kBIRD, where tirr is the laser irradiation
time, and pω is the laser photon energy. All ensemble IRPD spectra are
corrected for frequency-dependent variations in laser power.

High-level quantum chemical computations exploring a large con-
formational space are at present impractical for complexes of this size.
Thus, infrared free-OH absorption spectra of M(H2O)36, M = I�, Csþ,
Co2þ, and Mo3þ, as well as Mo3þ(H2O)160 and (H2O)1000, were
modeled using two different methods developed to calculate the
spectrum of bulk water.86,87 After an initial geometry relaxation with
molecular mechanics, canonical ensemble molecular dynamics is used to
generate 1000 structures at 133 K for each hydrated ion using Impact 5.6
(Schr€odinger, LLC, Portland, OR). Each hydrogen/oxygen atom is
assigned an electrostatic charge of þ0.41/�0.82 e, and the ion is
assigned its full formal charge. The projection Ei of the local electric
field at a given hydrogen atom Hi due the ion and the hydrogen and
oxygen atoms of all other water molecules onto a unit vector in the OHi

bond direction is calculated.
OH stretch spectra are calculated from the cluster geometries and Ei

values. In one model,11,86 the frequency fi (in cm
�1) of the vibrationally

uncoupled OHi stretch is calculated as fi = 3745� 8249� Ei, where Ei is
measured in atomic units and the slope and intercept of fi(Ei) are empirical
parameters obtained by fitting bulk Raman spectra. The distribution of
absorption frequencies is then obtained as a histogram of fi values for all
1000 structures. Non-Condon effects (which cause the transition dipole
moment to vary with frequency) and both intramolecular and inter-
molecular vibrational coupling are ignored in this method. In the second
model,87 local OH stretch frequencies are obtained as fi = 3762� 5060
� Ei � 86 225 � Ei

2, where the coefficients are empirical parameters
obtained by fitting frequencies from ab initio computations. Coupling
constants for mixing of the two OH stretch local modes in each water
molecule are then obtained using these uncoupled mode frequencies as
prescribed in ref 87. Relative infrared intensities for the coupled-OH
model are calculated as the square magnitude of the transition dipole
moment according to ref 87. Although this second spectral model
includes intramolecular OH stretch coupling and frequency-dependent
absorption intensities, it does not explicitly include intramolecular
coupling of the H2O bend or coupling between different water
molecules.

’RESULTS AND DISCUSSION

General IRPD OH Stretch Spectral Features. Ensemble
IRPD spectra between 2950 and 3800 cm�1 measured at 133
K for M(H2O)35�37, M = I�, tetrabutylammonium (TBAþ),
Csþ, Liþ, Co2þ, and La3þ, are shown in Figure 1. For nanodrops
of this size, the fraction of water molecules located at the surface
and, consequently, the surface curvature are very high as com-
pared to bulk water. The relatively high free energy cost associated
with such a highly curved surface can potentially cause the
hydrogen bonds in the nanodrops to differ from those at the
surface and in the interior of bulk water in a number of ways,
including typical hydrogen bond strengths, distances, and angles.
These differences from bulk neutral water are further affected by
the excluded volume, anisotropy, and inhomogeneity of the
water network introduced by the ions. We refer to ion-induced
structural effects not attributable to excluded volume as ion-
induced “patterning”. The very broad feature extending from
∼2950�3650 cm�1 in each of these spectra is assigned to
hydrogen-bonded (HB) OH oscillators, and the sharper features
above 3650 cm�1 are assigned to free-OH oscillators. For each of
these ions, the centroid of theHB band is∼3420( 10 cm�1, and
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this band has a fwhm of ∼250�300 cm�1. The similarity of this
feature to the OH stretch infrared spectrum of bulk water (HB
band maximum ∼3400 cm�1)88 suggests that the water mole-
cules in these hydrated ions form an extensive, largely bulk-like
hydrogen-bond network, despite the greater importance of the
surface constraint in these clusters versus in bulk solution. The
intensity of the HB feature is similar for each of these ions,
consistent with experimental and theoretical evidence that water
molecule binding energies for clusters of this size are nearly
independent of charge state.89,90

Ensemble IRPD spectra of the free-OH region (∼3640�
3760 cm�1) for M(H2O)35�37, M = I�, Cl�, HCO3

�, OH�,
TBAþ, TPAþ, and TMAþ (=tetrabutyl-, tetrapropyl-, and tetra-
methylammonium, respectively), Csþ, Naþ, Liþ, Hþ, Ba2þ, Ca2þ,
Co2þ, Mg2þ, La3þ, and Tm3þ, are shown in Figure 2. There is no
free-OH band for (SO4)(H2O)n

2� for n < ∼47, indicating that
essentially all watermolecules in smaller clusterswith this ion donate
two hydrogen bonds.75 Dissociation in this region is very weak for
the monoanions investigated, consistent with an extensive hydro-
gen-bond network inwhichmostOHgroups are hydrogen-bonded.
On the basis of comparison with smaller halide hydrates, the feature
at ∼3710 cm�1 for the anions can be assigned to the free-OH
stretch of water molecules that accept two hydrogen bonds and
donate a single hydrogen bond (AAD). The AAD band occurs as
the dominant free-OH feature at∼3700 cm�1 for the monovalent
cations, with a shoulder at ∼3720 cm�1 attributable to water
molecules that donate and accept a single hydrogen bond (AD).
This AAD feature for the monoanions and monocations is very
close to that identified in the SFG spectra of bulk water
(∼3700�3705 cm�1).20,23,82 Intense AAD and weaker AD bands
are present for the di-/trivalent cations at ∼3690/3681 and
∼3710/3702 cm�1, respectively, and there are weak acceptor-
only water molecule symmetric and antisymmetric stretch bands
at ∼3646 and 3733 cm�1 for the trivalent cations only.

In aqueous solution91 as well as in nanodrops generated with
electrospray,14 ions of differing size and polarizability have been
reported to have different affinities for the water surface. Because
the air�water interface involves a change in dielectric constant
similar to that at the protein�water interface, these surface
affinity differences have sometimes been associated with Hof-
meister series effects.14 IRPD spectroscopy of small ion hydrates
has indicated that some ions, such as TMAþ67 and Csþ,64 tend to
favor water�water hydrogen bonding over ion�water interac-
tions, but other ions, such as Liþ64 and Ca2þ,77 are more isotropi-
cally solvated. The IRPD spectra of M(H2O)35�37, M = Liþ and
TBAþ (Figure 1), are quite similar even though the small Liþ ion
might be expected to reside close to the center of the nanodrop
and the much larger TBAþ, closer to the surface. Thus, it is
difficult to ascertain from these IRPD spectra of nanodrops of

Figure 1. Ensemble IRPD spectra of M(H2O)35�37 at 133 K (TBAþ =
tetrabutylammonium). Infrared absorption maximum for bulk pure
water indicated by dash�dot line.

Figure 2. Ensemble IRPD spectra in the free-OH region for M-
(H2O)35�37 at 133 K (TBAþ, TPAþ, TMAþ = tetrabutyl-, tetrapro-
pyl-, and tetramethylammonium, respectively).
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this size whether the ions investigated are located at the surface
versus the interior.
Stark Shifting of Free-OH Bands for M(H2O)35�37. The

AAD free-OH stretch is highest in frequency for the monoanions
and red-shifts with increasing charge state for the cations. As
shown in Figure 3, where the fitted centroids of the AAD free-
OH bands are plotted as a function of ion charge state, the
frequency of these bands varies nearly linearly with the charge
state of the ion, consistent with Stark shifting of the water AAD
free-OH band in quasi-spherical clusters as a result of the ions’
Coulomb field. Least-squares fits of the data indicate that the
cation AAD free-OH bands follow amore linear relationship with
charge than does the entire data set that includes the anions.
Similarly, the AAD free-OH frequency for (SO4)(H2O)47

2�, the
smallest cluster size at which a free-OH band is observed for this
ion,75 is somewhat less blue-shifted (at∼3710 cm�1) than would
be predicted from the trend fitting the cation data. This mild, but
significant, difference in AAD free-OH stretch frequencies for
anions versus cations suggests that the structures of these nanodrops
differ more between anions and cations than among cations of
different charge states. This effect may be due to a different
orientation of the free-OH groups at the surface of nanodrops
with anions as compared to cations. Interestingly, the data for Hþ

andOH� fall near those of the other monatomic ions, despite the
potential for Hþ to promote clathrate-like cluster structures70,78

and for both ions, in principle, to “jump” to different locations in
the hydrates via a Grotthuss-type mechanism.92 Although these
nanodrops are cold, they have sufficient initial internal energy to
lose a water molecule, which requires more energy than proton
transfer betweenwater molecules. The data for TBAþ, TPAþ, and
TMAþ fit the trend of the other cations, even though these
hydrophobic ions might be suspected to reside at the “surface” of
the water hydrogen-bond network, as with small hydrates of

TMAþ.67 Thus, for all of the hydrated ions investigated, ion
charge state is the single most important factor in determining
the frequency of the AAD free-OH band at this cluster size.
An extrapolation of these 133 K data to “zero-charge” results in

a frequency of 3704.9 cm�1 for the AAD free-OH band of a
similar-sized neutral water cluster. This value should be close to
that for water molecules at the bulk aqueous surface. A fit to the
cation data alone clearly overestimates the observed monoanion
AAD free-OH band frequencies. Thus, an upper bound of
∼3709.7 cm�1 for the bulk water AAD free-OH frequency can
be estimated from a fit to the cation data. These results are
consistent with, although slightly higher than, several reported
bulk water free-OH band frequencies from SFG experiments at
room temperature.20,23,82 These values also agree with the AAD
free-OH frequency measured for large protonated water
clusters93 as well as for large neutral water clusters generated in
supersonic expansions.94 The Raman86 and infrared95 spectra of
bulk water are temperature-dependent; thus it may be expected
that the 133 K and room temperature free-OH frequency of the
bulk water surface may not be identical. However, the free-OH
band in SFG is typically much broader than the OH bands
measured here, and its frequency and line shape vary with the
polarization and angle of incidence of the incoming beams of light
due to the dependence of the SFG process on the hyperpolariz-
ability tensor of the surface water molecules.21 The estimated
value (3704.9�3709.7 cm�1) obtained from our IRPD experi-
ments is the first reported experimental frequency of the bulk
water free-OH stretch from a thermal, mass-selected cluster
population using a linear optical technique akin to absorption
spectroscopy.
Effects of Ion Size on Free-OH Ensemble IRPD Spectra.

Weak effects of ion size for the monatomic ions are observed. For
monatomic ions of a given charge state, a larger ionic radius
generally results in a smaller shift from the “zero-charge” free-OH
frequency (3704.9 cm�1). This is consistent with the slightly
greater distance from the ion at which surface water molecules
are located in ion hydrates with a larger ion, resulting in a smaller
Stark shift of the OH stretch frequency. For the trivalent cations
investigated, ion identity appears to have amuch greater effect on
the free-OH spectra than for the other ions. In particular,
La3þ(H2O)35�37 has a substantial shoulder at 3694 cm�1 that
is not present for Tm3þ(H2O)35�37, although the integrated
band intensities from 3660 to 3705 cm�1 are similar for both
ions. The 3694 cm�1 band, which appears between the AAD and
AD free-OH bands, may be analogous to a similar band appearing
in the IRPD spectrum of Ca2þ(H2O)25 that decreases in relative
intensity or coalesces with the AAD free-OH band for larger
hydrates.58 The absence of such a band for Tm3þ(H2O)35�37

suggests a slightly different patterning of surface water mole-
cules by La3þ (ionic radius 103.2 pm) versus the slightly smaller
Tm3þ (88 pm). These two ions have similar IRPD spectra with
20 attached water molecules, despite having different solution-
phase coordination numbers (CN = 9 for La3þ, 8 for Tm3þ) and
gas-phase charge-separation reactivity.57 However, the ensemble
IRPD spectra measured here clearly indicate a type of hydrogen-
bonding environment for surface water molecules in
La3þ(H2O)35�37 that is not present to such an extent in Tm

3þ-
(H2O)35�37 and may be due to a difference in first solvent shell
structure that propagates through the hydrogen-bond network
out to the surface water molecules. These ensemble IRPD spectra
reflect the structures of at least three adjacent cluster sizes and
should have a lesser tendency to represent atypical “magic-number”

Figure 3. Experimental free-OH stretch frequencies of AAD water
molecules for M(H2O)35�37 at 133 K (top; ion labels arranged vertically
in correspondence with observed frequencies) and La3þ(H2O)154�159

(b). Also shown (bottom) are AAD free-OH frequencies forM(H2O)36
simulations without (0) and with (4) intramolecular OH stretch
coupling (see text), as well as for La3þ(H2O)160 (2, coupled-OH
model) and (H2O)1000 (plotted for charge state 0; blue/red� indicates
coupled/uncoupled-OH model).
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cluster structures than IRPD spectra of any one cluster size
within this range.66 Thus, it is possible that Tm3þ(H2O)20 and
La3þ(H2O)20 have similar IRPD spectra and structures although
clusters of slightly different size do not.
Modeling Ensemble IRPD Spectra. Simulated infrared spec-

tra for M(H2O)36, M = I�, Csþ, Co2þ, and Mo3þ, are shown in
Figure 4, plotted with the corresponding IRPD spectra. Mo3þ,
which has an ionic radius∼80% of that of Tm3þ, was used for the
hydrated trivalent metal cation cluster, because lanthanides were
not implemented in the software used for the MD simulations at
the time they were performed. To our knowledge, this is the first
reported application of these electrostatic models, originally
parametrized for bonded-OH spectra in condensed-phase sys-
tems with periodic boundary conditions,86,87 to simulate the
spectra of isolated hydrated ions in the gas phase. Representative
nanodrop structures from the simulations are shown in Figure 5.
In the structures generated in the simulations, the ions in these
quasi-spherical nanodrops typically have complete or nearly
complete first solvation shells with the more highly charged ions
closer to the nanodrop center (water network center of mass to
ion distance = 48( 27, 121( 39, 195( 143, and 131( 67 pm
for Mo3þ, Co2þ, Csþ, and I�, respectively).
Qualitatively, the simulated spectra for both the uncoupled

and the coupled OH oscillators reproduce the division of the
experimental spectra into an intense, broad HB OH stretch
region at energies below∼3550 cm�1 and a sharp, narrow band
close to ∼3700 cm�1. Because the uncoupled-OH model does
not include frequency-dependent transition dipole moments
for individual oscillators, which decrease monotonically with
increasing frequency in the coupled-OHmodel, the uncoupled-
OH model generally predicts much greater relative intensity of

the free-OH band than does the coupled-OH model. The free-
OH bands predicted in the uncoupled-OH model occur at
lower frequencies than those in the coupled-OH model, and
only the coupled-OH model results in discernible splitting
of the free-OH region into subbands (most noticeably for
Mo3þ(H2O)36).
Investigation of the frequencies calculated for individual water

molecules from the clusters used in these coupled-OH simulations
reveals that the water hydrogen-bonding states associated with the
free-OH region are ordered energetically in the same way as has
been determined for many smaller hydrates of gas-phase ions. That
is, the symmetric stretch of A-only water molecules is lowest in
energy, and the AAD and AD free-OH stretches, as well as A-only
antisymmetric stretch, occur at progressively higher energies.
Although the total breadth of the calculated free-OH region is
considerably larger (by ∼70%) for Mo3þ(H2O)36 than for the
IRPD spectrum of either La3þ(H2O)35�37 or Tm

3þ(H2O)35�37,
this model does remarkably well in reproducing this peak series for
surface water molecules in gas-phase clusters, given that it is
parametrized for bonded-OH stretches in the condensed phase.
The free-OHregion in these simulations cannot easily be subdivided
into hydrogen-bonding states for the uncoupled-OH model, in-
dicating that the experimentally observed splitting arises primarily
from intramolecular coupling.
Agreement with the IRPD spectra is especially strong for the

I�(H2O)36 and Cs
þ(H2O)36 simulations. Bothmodels resemble

the experimental spectra progressively less well with increasing
ion charge state (and decreasing ionic radius), predicting a division
of the bonded-OH band into two broad subfeatures for the
divalent and trivalent cation spectra. The coupled-OH simula-
tions reproduce qualitatively the experimental decrease in the
HB OH:free-OH integrated intensity ratio as function of in-
creasing charge state, but the HB OH regions in these simula-
tions are red-shifted from and significantly broader than those
observed experimentally for the di- and trivalent cations.

Figure 4. Ensemble IRPD spectra of M(H2O)35�37 and simulated
spectra of M(H2O)36 at 133 K, where M is the ion indicated. Thin blue
traces represent simulations without vibrational coupling or frequency-
dependent transition dipole moments, and dashed red traces represent
simulations with intramolecular OH stretch coupling and frequency-
dependent transition dipole moments. All spectra are normalized to
have the same maximum intensity. Note that Mo3þ was used to model
La3þ because La3þ is not implemented in the MD software used for
these simulations (see text).

Figure 5. Representative structures for M(H2O)36, M = I�, Csþ, Co2þ,
and Mo3þ, from MD simulations used to model ensemble IRPD OH
stretch spectra.
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Comparison of the simulated frequencies of the AAD free-OH
bands, plotted with the experimental data in Figure 3, confirms that
the electric field of the ion plays a dominant role in the trend in the
frequencies with charge state. The uncoupled-OH data are red-
shifted considerably from the experimental data, as is the AAD free-
OH frequency predicted using this model for a neutral (H2O)1000
cluster (Figure 3, bottom: 3667 cm�1), which is greatly red-shifted
from the range of AAD free-OH frequencies measured for hydrated
gas-phase ions using IRPD spectroscopy and the bulk water and ice
surfaces using SFG spectroscopy. This band occurs at 3710 cm�1

for the coupled-OH model (Figure 3, bottom), in excellent agree-
ment with both the extrapolated zero-charge value from these
experimental data (vide supra) and SFG experiments.20,23,82 The
coupled-OH model predicts a slope in the AAD frequency as a
function of ion charge state (�15.3 cm�1 per elementary charge)
similar to that of the uncoupled-OHmodel (�13.1). Both of these
are larger in magnitude than the experimental value (�9.3 for the
cation data), although the coupled-OH model is much closer in
absolute frequency to the experimental data. This model predicts a
frequency of 3692 cm�1 for the AAD free-OH band of La3þ-
(H2O)154�159, in excellent agreement with the experimental value
of 3694.9 cm�1 (Figure 3, bottom), and a gentler slope (�6 cm�1

per elementary charge) is predicted for clusters of this size,
consistent with a weaker effect of the ion’s electric field on surface
water molecules as the droplet radius increases.
These results indicate that, as for the condensed phase,11,13,86,87

the local electric field experienced by the hydrogen atoms in
these clusters largely accounts for the stretching frequencies of
their associated OH groups, and that intramolecular coupling87

likely plays a large role in the splitting observed for the free-OH
region. This is consistent with the Stark-shifting of surface water
molecule free-OH frequencies observed in the IRPD data.
Despite the limitations inherent in a point charge model using
structures obtained by molecular dynamics, neither of which
includes polarizability, the resulting effect of the electric field at
each H atom on the OH stretch frequency appears to account for
the effect of ion charge and screening by water, at least for the
singly charged ions. However, although these models qualita-
tively reproduce some of the features of the experimental hydrated
ion spectra, they do not resemble experiment closely enough for
detailed spectral analysis. In particular, it should be emphasized
that the use of the full ion charge state for multivalent monatomic
ions is likely inappropriate in these models for ions with ∼3�4
hydration shells due to polarization of first-shell solvent mole-
cules and/or charge transfer effects, which reduce the electric
field contribution of these ions to the Stark shift of surrounding
water molecules. Polarization of the ions themselves likely occurs
to some extent, especially for Csþ and I�, which may affect the
structure and spectra of the experimental nanodrops but is not
included in these models. These discrepancies are likely miti-
gated for larger clusters, where a greater fraction of the water
molecules are located far from the central ion and first solvation
shell. Furthermore, because the initial internal energy of the
clusters investigated is much higher than the barrier for loss of a
water molecule, the IRPD intensities in the experimental spectra
should resemble linear absorption spectra, although the corre-
spondence may not be exact for a variety of reasons. Thus, the
poor match in relative intensities of the HB and free-OH regions
in comparison to experiment for either model suggests that a
more sophisticated model of the frequency-dependence of
transition dipole moments87 is necessary to accurately model
these relative intensities.

Excluded Volume Effects and Ion-Induced Patterning of
the Cluster Surface. IRPD spectra in the free-OH region for
M(H2O)35�37, M =Naþ, Ca2þ, and La3þ, are shown in Figure 6.
These ions have nearly identical ionic radii (102, 100, and 103 pm,
respectively), although they do have slightly different coordina-
tion numbers (∼6�9).58,96,97 Because these ions are essentially
the same size, the excluded volume in the nanodrops introduced
by these ions should be nearly identical. Thus, any differences in
the structures of these nanodrops should not be the result of
excluded volume effects but rather ion-induced patterning of
the water network. Such patterning, represented in Scheme 1 for
ions with different charge states, has been reported for many
small hydrated ions with partial first and second solvation
shells.55,64,65,75�77,98,99 All three ions have strong AAD free-
OH bands, which are Stark-shifted by different amounts due to
the different charge states of these three ions. The spectra for
Naþ andCa2þ also have strong, Stark-shifted AD free-OH bands,
although no strong band is observed for La3þ despite the
presence of a strong band for Tm3þ (ionic radius 88 pm) at
3702 cm�1 (vide supra). The spectrum for La3þ has a band at
3694 cm�1 between the AAD band and the expected AD free-
OH frequency (∼3702 cm�1). Because charge state plays a
larger role in the frequencies of free-OH bands for different
hydrogen-bonding motifs in these nanodrops than does ion size
(vide supra), this 3694 cm�1 band cannot represent the same
type of AD free-OH group observed for Naþ, Ca2þ, and Tm3þ.
Although it is difficult to assign this band to surface water molecules
with a specific hydrogen-bonding environment, both the pre-
sence of this unique band and the lack of a distinct AD band for

Figure 6. Ensemble IRPD spectra in the free-OH region for M-
(H2O)35�37, M = Liþ (black), Ca2þ (brown), and La3þ (magenta).
Dashed lines connecting themaxima of free-OH bands corresponding to
different hydrogen-bonding motifs illustrate the effect of ion charge state
on band frequencies (i.e., the Stark shift).

Scheme 1. Ion-Induced Patterning Motifs for Water Mole-
cules in the First Solvation Shell of Gas-Phase Sulfate,
Calcium, and Tetramethylammonium Ions
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La3þ indicate that a significant number of water molecules at the
surface of the La3þ-containing nanodrops exist in a hydrogen-
bonding environment not observed for Naþ or Ca2þ. These
results indicate that La3þ affects distant surface water molecules
several solvation shells away from the ion in a manner that is not
attributable solely to the surface constraint of the nanodrops or
excluded volume of the ion.
Further Evidence for Ion-Induced Patterning of the Nano-

drop Surface.The IRPD spectra of the other ions investigated as
well as themodeled structures provide additional evidence that ion-
induced patterning occurs in nanodrops of this size for many
ions. Perhaps most dramatic is the much lower intensity of the
free-OH band (∼3710 cm�1) for I�(H2O)35�37 than for the
positively charged clusters. The integrated free-OH band inten-
sity for I� makes up about 2% of the total integrated intensity of
the entireOHstretch spectrum,whereas it ismuch larger (∼6�10%)
for the monatomic cations investigated. Because free-OH band
intensities in the IRPD spectra are a function of both the number
of free-OH oscillators with a given frequency as well as electric
field effects on transition dipole moments, these differences in
integrated free-OH intensities cannot be attributed to either of
these factors exclusively, but the modeled structures indicate that
there are significantly fewer free-OH groups at the nanodrop
surface for anions. The modeled structures indicate that∼9% of
the OH groups in the nanodrops with I� are free-OH groups,
whereas this number is∼22%, 30%, and 40% for Csþ, Co2þ, and
Mo3þ, respectively. Although the differences in these values from
the simulation may be exaggerated due to the lack of ion and
water molecule polarizability in the model, this trend suggests
that the low relative intensity for the experimental free-OH band
of I�(H2O)35�37 can be predominantly attributed to a signifi-
cantly smaller number of surface free-OH groups than for the
cations investigated.
The increase in the number of free-OH groups at the surface

of the modeled nanodrops with increasing ion charge state is
consistent with stronger patterning of water for more highly
charged ions. Divalent metal cations with partial first and second
solvation shells tend to adopt structures with relatively few
water�water hydrogen bonds,55,65,77,100 but Csþ64 and other
large monocations, such as ammonium78,101 and tetramethylam-
monium (TMAþ),67 have been shown to have a much weaker
patterning effect, favoring water�water hydrogen bonding over
water�ion interactions even for small clusters. Hydrogen bond-
ing between first solvation shell water molecules is also very
common for small halide hydrate clusters.53,59,69

Further evidence for ion-induced water patterning is apparent
within the hydrogen-bonded feature in these spectra. The ensemble
IRPD spectra of M(H2O)35�37, M = I�, TBAþ, Csþ, and Liþ,
each have significantly greater relative intensity between 3500
and 3600 cm�1 than do the spectra for M = Co2þ and La3þ

(Figure 1). Recent computational models of infrared87 and
Raman86 spectra of bulk water indicate that this spectral region
is associated with water molecules that are less strongly hydrogen
bonded than OH oscillators at lower frequencies. The more
highly charged Co2þ and La3þ ions induce a greater polarization
of inner-shell water molecules, so it is likely that these ions also
strengthen hydrogen bonds at a greater distance from the ion
than do M = I�, TBAþ, Csþ, and Liþ, shifting intensity from the
3500�3600 cm�1 region to lower energy. (Intensity in this region
has also been attributed to the HB OH stretch of AD water
molecules in five-member rings, as reported for small, protonated
water clusters102 and Niþ(H2O)n, 11 e n e 21.71) Ion-induced

patterning of the water hydrogen-bond network beyond the
second solvation shell has recently been reported on the basis of
ensemble IRPD spectra of (SO4

2�)(H2O)n,
75 and these results

suggest that such patterning is intrinsic to many ions of various
charge states, where it may be in part responsible for bulk ionic
solution properties such as Hofmeister effects.

’CONCLUSIONS

IRPDensemble spectra in theOHstretch region forM(H2O)35�37,
M = I�, Cl�, HCO3

�, OH�, tetrabutyl-, tetrapropyl-, and tetra-
methylammonium,Csþ, Naþ, Liþ, Hþ, Ba2þ, Ca2þ, Co2þ, Mg2þ,
La3þ, and Tm3þ, measured at an ion cell temperature of 133 K
reveal that these clusters all have extensive bulk-like hydrogen-
bond networks with surface structures that depend on the
charge-state, and, to a lesser extent, the size, of the ion. Water
molecules accepting two and donating hydrogen bond (AAD)
are significantly more abundant at the surface of these ions than
are AD water molecules, and evidence of A-only water molecules
is observed only for the trivalent metal cations. The frequency of
the AAD free-OH feature shifts nearly linearly with ion charge
state, consistent with a Stark shift induced by the electrostatic
field of the ion. The similarity of the hydrogen-bonded OH
feature in these spectra to the infrared spectrum of liquid water as
opposed to ice I95 suggests that the water network in clusters of
this size is liquid-like or is poorly described by either condensed-
phase structure, because the ion and inner solvation shell(s)
prevent the development of an extensive pseudocrystalline water
network for hydrates of this size. This result is consistent with a
melting point depression, such as that for (H2O)n

�, n = 48 and
118, for which melting point transitions at 93 and 118 K,
respectively, were recently reported,103 and with water binding
energies for hydrated divalent metal cations that are closer to the
bulk heat of vaporization of water than of ice for n > ∼40.89

Because these clusters are formed by solvent evaporation from
electrospray droplets initially at room temperature, rapid eva-
porative coolingmay kinetically trap these clusters into structures
that are more like bulk liquid than ice. Ion-induced patterning of
the water molecule network that is not attributable to excluded
volume effects propagates from the first solvation shell to the
surface of these clusters and is more dramatic for ions of higher
charge state, as reported previously for large hydrated sulfate
dianion clusters,75 and is consistent with reported halide ion-
induced patterning in bulk ionic solutions that is not reflected
strongly in OH-stretch Raman spectra.11 These results contrast
with reports based on femtosecond OH vibrational anisotropy
decay experiments that ion-induced patterning of the bulk water
network is “negligible” beyond the first solvation shell15,16 and
indicate that cooperative solvation of nearby strongly hydrated,
multivalent counterions18 is not a necessary condition for such
patterning in solution.

These results also serve as a stringent benchmark for theore-
tical modeling of hydrated ion and bulk solution properties. Spectra
for these ionsmodeled using two combinedMD and electrostatic
approaches originally designed for bulk solutions reproduce the
division of the spectrum into a broad bonded-OH feature and a
narrow free-OH feature, both of which red-shift with increasing
charge state of the ion. In particular, Stark-shifting of surface
water molecule free-OH bands is predicted by both models, and
splitting of the free-OH region into bands associated with different
hydrogen-bondingmotifs is qualitatively reproduced in the coupled-
OH model. Neither set of modeled spectra resembles the IRPD
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spectra consistently for all ions, although agreement is better for
the monoanions and monocations than for the di- or trivalent
cations. These results suggest that electrostatic models that
include vibrational coupling and that further account for polariz-
ing and/or charge transfer effects of highly charged ions in
clusters of this size must be used to accurately model IRPD
spectra. Such models could obviate the need for computationally
expensive ab initio calculations and facilitate interpretation of
hydrated ion IRPD spectra as well as improve the accuracy of
modeling the effects of ions in solution.
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