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Abstract

A quantitative characterization of the molecular mechanisms that regulate ion solva-
tion is key to the microscopic understanding of fundamental processes taking place in
aqueous environments, with major implications for different fields, from atmospheric
chemistry to materials research and biochemistry. This study presents a systematic
analysis of isomeric equilibria for small M+ (H20),, clusters, with M = Li, Na, K, Rb,

and Cs, from 0 K to 200 K. To determine the relative stability of different isomers of
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each Mt (H20),, cluster as a function of temperature, replica exchange simulations are
carried out at both classical and quantum levels with the recently developed many-body
MB-nrg potential energy functions, which have been shown to exhibit chemical accu-
racy. Anharmonic vibrational spectra are then calculated within the local monomer
approximation and found to be in agreement with the available experimental data,
providing further support for the accuracy of the MB-nrg potential energy functions.
The present analysis indicates that nuclear quantum effects become increasingly im-
portant for larger M*(Hy0),, clusters containing the heavier alkali metal ions, which
is explained in terms of competing ion-water and water-water interactions along with
the interplay between energetic and entropic effects. Directly connecting experimental
measurements with molecular properties calculated at the quantum mechanical level,
this study represents a further step toward the development of a consistent picture of

ion hydration from the gas to the condensed phase.

Introduction

Determining the driving forces and molecular mechanisms that regulate ion hydration is key
to the microscopic understanding of fundamental processes that take place in aqueous clus-
ters, solutions, and interfaces. For example, charged species are often found as intermediates
in chemical reactions and catalytic processes.™™ In biochemistry, ions play a central role in
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the stabilization of biomolecules®™ as well as in mediating protein-protein interactions,®"

intracellular signal transduction,®” and enzyme and nucleic acid catalysis.?43 Tonic clusters
carry electric currents and are involved in the formation and evolution of aerosol particles

415

in the atmosphere, while ionic solutions are central to many devices such as electrolytic

cells, capacitors, and batteries.'®
The stabilization of individual ions in solution results from the interplay of energetic

contributions associated with ion-solvent and ion-ion interactions, and entropic contributions

associated with solvent reorganization required to accommodate the charged species. Given



the central role played by electrolyte solutions in different fields of science and engineering,
it is not surprising that much experimental and theoretical work has been and continues
to be devoted to the development of a molecular-level understanding of ion hydration.*20
Although the presence of ions is expected to induce changes in the properties of the water
hydrogen-bond (HB) network, the precise determination of the extent to which these changes
affect structural, thermodynamic, and dynamical properties of aqueous clusters and solutions
remains elusive.!

A quantitative description of ion hydration is tightly connected to the ability of accu-
rately representing both water-water and ion-water interactions. In this context, computer

L2228 o1 ab initiot 02029 mod-

simulations that rely either on (empirical) force fields (FFs)
els based on density functional theory (DFT) provide a promising route for investigating
structural, thermodynamic, and dynamical properties of hydrated ions. Several FFs de-
scribing the interactions of various ions with water have been reported in the literature
and used, with different degrees of success, in molecular dynamics (MD) simulations of ions
in water. 23202730538 Most of these FFs treat the water molecules as rigid, which precludes
comparisons with experimental vibrational spectra that directly probe the local hydration
structure of ions from small gas-phase clusters to solutions.®*#4 On the other hand, while
DFT models should, in principle, provide a parameter-free description of all molecular prop-
erties, intrinsic limitations in existing exchange-correlation functionals effectively prevent
from achieving chemical and spectroscopic accuracy in ab initio MD simulations of ions in
water. 43

The prospect for realistic computer simulations of aqueous systems has gained renewed
hope* with the advent of accurate potential energy functions (PEFs) for water, such as
CC-pol, 0 WHBB, 42 HBB2-pol,?*2 and MB-pol,»**? rigorously derived from the many-
body expansion (MBE) of the underlying interaction energies.”® Not relying on empirical
parameterizations, these many-body PEFs allow for actual “predictions” rather than “re-

productions” of experimentally measurable quantities.®” Among existing many-body PEFs,



MB-pol has been shown to correctly predict the vibration-rotation tunneling spectrum of
the water dimer,” the energetics, quantum equilibria, and infrared spectra of small clus-
ters, 24990l the structural, thermodynamic, and dynamical properties of liquid water,?>2
the energetics of different ice phases,® infrared and Raman spectra of liquid water,%% the
sum-frequency generation spectrum of the air/water interface at ambient conditions,*” the
infrared and Raman spectra of ice Ij,,°® and the electronic band gap of liquid water, both in
the bulk and at the air/water interface.%

Building upon the accuracy of MB-pol for water, many-body PEFs (called MB-nrg for
“many-body energy”) have recently been introduced to describe halide-water and alkali

7L Derived entirely from electronic structure data obtained

metal ion-water interactions.
at the coupled cluster level with single, double, and perturbative triple excitations, i.e.,
CCSD(T), the current gold standard for chemical accuracy, these MB-nrg PEFs have been
shown to outperform both more advanced, polarizable FFs and existing DF'T models in the
description of the lower-order, two-body (2B) contributions to the corresponding interaction

W When employed in full-dimensional quantum calculations for X~ (H,O) and

energies.
X~ (D20) dimers, with X = F, Cl, Br, and I, the MB-nrg PEFs predict vibrational spectra
in close agreement with the available experimental data, correctly reproducing anharmonic,
nuclear quantum effects, and tunneling splittings.

Along the path connecting ion-water dimers to electrolyte solutions, ion-water clusters
in the gas phase play an important role for understanding ion hydration since, due to their
relatively small sizes, they are still amenable to high-level electronic structure calculations
while, at the same time, they can be studied experimentally using high-resolution vibra-

3T Continuing our systematic efforts aimed at developing an accurate,

tional spectroscopy.
molecular-level description of hydration phenomena in different environments and under
different thermodynamic conditions, in this study, we investigate the structure, and the

temperature-dependent isomeric equilibria and vibrational spectra of M*(H20),, clusters

with M = Li, Na, K, Rb, and Cs, and n = 1-3, at both classical and quantum levels using



the MB-nrg PEFs of Ref. [T1. The hydration of alkali metal ions has been extensively stud-

ied both experimentally™ and theoretically. "

However, there is not yet a clear consensus
between theory and experiments on the hydration structure of these ions in solution.™ Par-
ticularly relevant to our analysis are the infrared photodissociation spectra reported in Refs.

39/4180-82 and the theoretical studies of Refs. [T9I83HK6.

Computational Details

Following the same theoretical /computational approach used for neutral water clusters, >#017

thermodynamic equilibria between different isomers of M (H50),, clusters, with n = 2 and
3, and M = Li, Na, K, Rb, and Cs, were characterized at both classical and quantum lev-
els using replica exchange molecular dynamics (REMD) and replica exchange path-integral
molecular dynamics (REPIMD), respectively. Both REMD and REPIMD simulations were
carried out with the MB-nrg PEFs introduced in Ref. [7T1l using 64 replicas between 10 K and
200 K, except for Li* (H50), for which the temperatures ranged from 10 K to 250 K, and for
Lit(H20)3 and Na*(H50)3 for which the temperatures ranged from 10 K to 350 K. In both
REMD and REPIMD simulations, the replicas were distributed according to a geometric
temperature progression, which helps ensure efficient exchange between different replicas at
both low and high temperature.

In the REPIMD simulations, which provide numerically exact, quantum equilibrium dis-
tributions of the different isomers of each M*(Hy0),, cluster, each atom was represented
by a Feynman’s ring polymer with P = 64 beads.®® After 1 ns of equilibration, classical
and quantum equilibrium distributions of the different isomers were obtained from 9 ns of
REMD and 3 ns of REPIMD simulations, respectively, with a timestep of 0.2 fs. Instanta-
neous configurations for the M (H,0),, clusters were extracted every 2 ps from each replica
along the REMD simulations and quenched to identify possible isomers through geometry

optimizations carried out by combining linear search and conjugate gradient methods, with



a threshold of 1078 kcal mol~'A~"! for the gradients.®
To characterize how the presence of different alkali metal ions affect the spatial arrange-
ments and HB network of the solvating water molecules, (anharmonic) infrared spectra of

9 and local-monomer®? (LM)

all isomers were calculated by combining the local-mode
methods as described in Ref. 61l By neglecting intermonomer, two-mode and higher-order
anharmonic couplings, the LM method provides an approximate, yet accurate, solution to
the vibrational Schrodinger equation.®! For reference, harmonic spectra were also calculated
to quantify the importance of nuclear quantum effects and anharmonicity (see Supporting In-
formation). Harmonic frequencies obtained for both symmetric and asymmetric stretches of
the water molecules were found to be blueshifted by ~190 cm~! and 150 cm ™! relative to the
corresponding LM values, respectively. These differences suggest that some caution should
be used in comparing vibrational spectra obtained from classical MD simulations of ions in
aqueous clusters and solutions with the corresponding experimental data, since, neglecting
nuclear quantum effects, MD simulations significantly underestimate the anharmonicity of
the underlying Born-Oppenheimer potential energy surface and, therefore, effectively pro-
vide harmonic vibrational spectra. Temperature dependent IR spectra of each M™(H50),
cluster were calculated as weighted combinations of the individual IR spectra of the different
isomers, with weights corresponding to the isomer fractions as predicted by the REPIMD
simulations. It should be noted that, by construction, these temperature-dependent IR
spectra are thus approximations to the actual spectra, neglecting both homogeneous and

inhomogeneous broadening, and dynamical effects.

Results

Low-lying isomers of all M*(H,0),, clusters with n = 1 — 3 are shown in Figure [I] Each
isomer is labeled with the acronym Mi(n), where M = L, N, K, R, and C correspond to Li*,

Na®, K, Rbt and Cs™, respectively, [ indicates the rank in increasing binding energy (i.e.,
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Figure 1: Low-lying isomers of all Mt (H,0),, clusters with n = 1 —3. Each isomer is labeled
with the acronym MI(n), where M = L, N, K, R, and C, corresponding to Li*, Na™, K* Rb*
and Cs™, respectively, [ indicates the rank in increasing binding energy (i.e., [ = 1 indicates
the minimum-energy structure), and n is the number of water molecules in the cluster. For
each isomer, the MB-nrg binding energy (E) is reported in units of kcal /mol.

[ = 1 indicates the minimum-energy structure), and n is the number of water molecules in

the cluster.

M*(H50) clusters

Given both anisotropy and strength of alkali metal ion - water interactions, only one low-lying
isomer was identified for each M*(H20) dimer. Since these dimers have been characterized

in Ref. [71] through extensive comparisons of MB-nrg with CCSD(T) and DFT calculations,



Table 1: LM anharmonic frequencies (in cm™') calculated with the MB-nrg PEFs for
M*(H20) dimers, with M = Li, Na, K, Rb, Cs, compared with the corresponding val-
ues calculated for an isolated H,O molecule. In parentheses are the available experimental
values, with the superscripts indicating the reference numbers.

H20 Lit(H20) Nat(H20) K+ (H20) RbT(H20) Cst(H20)
Bend 1582.0 1632.6 1630.6 1625.9 1623.3 1620.3
(1595)92 - - _ _ B
Symmetric 3656.0 3628.7 3642.4 3636.5 3636.5 3634.7
stretch (3657.0)93 (3631.0)4L (3634.5)4L (3636.0)4L (3637.0)82 (3635.4)41
Asymmetric 3741.4 3655.8 3690.6 3688.2 3692.0 3691.5
stretch (3756.0)93 (3696.0)41 (3707.0)41 (3710.0)41 (3600-3800)82 (3711.5)41

we will briefly summarize here their main features that will serve as a reference for analyzing
the evolution of the hydration properties in larger clusters. Figure [I|shows that, independent
of the specific ion, all dimers display similar structures, with the ion being located along the
HOH bisector but on the opposite side of the hydrogen atoms. The different chemical nature
(e.g., size) and electronic properties (e.g., charge density) of each alkali metal ion directly
correlate with the variation of the dimer binding energies, which decrease by ~20 kcal/mol
from Lit(H20) to Cs*(H20).

From the analysis of the vibrational frequencies listed in Table (1}, it is clear that the dif-
ferent strength of the interaction between a water molecule and each of the five alkali metal
ions translates into different frequency shifts for the water bending and (symmetric and
asymmetric) stretching modes, with LiT and Cs' providing the largest and smallest shifts,
respectively. This can be explained by considering that, due to its higher charge density,
Li* is more effective in drawing electrons from the water molecule which, in turns, weakens
the OH bonds and thus shifts the bending and (symmetric and asymmetric) stretching fre-
quencies more to the blue and the red, respectively, compared to the other M ions. In all
cases, the LM vibrational frequencies are in good agreement with the available experimental

8082 with deviation ranging from 20 to 30 cm™!, depending on the ion. These differ-

values,
ences may be due to a combination of different factors. First, as mentioned above, the LM

method neglects intermonomer, two-mode and higher-order anharmonic couplings, which im-



plies that it only provides an approximate solution to the vibrational Schrodinger equation.
In this regard, it should be noted that the LM vibrational frequencies reported in Table
for a single water molecule differ by ~30 cm ™! from the corresponding values obtained from
fully coupled quantum calculations in Ref. 94 using the same potential energy surface. Sec-
ond, the experimental frequencies were obtained from argon-tagging predissociation spectra
measured at low, but undetermined, temperature. Besides possible thermal effects that are
not considered in the calculations, which strictly correspond to a temperature of 0 K, the
effects of Ar-tagging are difficult to quantify. While the interaction between the argon atom
and the M*(H,O) dimer is supposed to be relatively small for water complexes containing
the heavier alkali metal ions, it represents a large fraction of the total interaction energy of
the complex with Li* and Na*. Finally, although the MB-nrg PEFs provides an accurate
representation of the underlying M*-H,O multidimensional potential energy surfaces, they
are associated with root-mean-square-deviations (RMSDs) on the order of 0.05 kcal/mol
from CCSD(T) reference values, which translates in blueshifts of ~20 cm™! for the water

vibrations relative to the corresponding CCSD(T) values.™

M*(H;0), clusters

As shown in Figure [}, the addition of a second water molecule leads to some diversification
among M™(H0), clusters with different M ions. Specifically, while Li*, Na™, and K* form
only one low-lying, linear isomer, with the two water molecules being coordinate through the
oxygen atom at opposite sides of the ion, a second, cyclic isomer exists for both Rb*(Hz0),
and Cs™(H50)s, in which the two water molecules are hydrogen bonded to each other. As
a result, the vibrational spectra of M*(H30)s clusters with M = Li, Na, and K at 0 K
show the same features as those of the corresponding dimers, with the symmetric stretch at

~3640 cm~! and the asymmetric stretch at ~3700 cm™!.

Since only one low-lying isomer
exists for these complexes, the IR spectra are predicted to remain effectively unchanged in

the temperature range from 0 K to 200 K examined in this study. In addition, due to the



Table 2: Relative ZPE-corrected binding energies (in kcal/mol) calculated for M (H50),
clusters, with M = Li, Na, K, Rb, and Cs, using the MB-nrg PEF. The corresponding
binding energies on the underlying Born-Oppenheimer potential energy surface are shown

in Figure

Isomer Ll+ (H2 O)Q Na+ (HQO)Q K+ (HQO)Q Rb+ (HQ 0)2 CS+ (Hz 0)2
1 0.00 0.00 0.00 0.00 0.89
- - - 1.37 0.00

absence of other isomers, only REMD simulations were carried out for these clusters.

The different chemical and physical properties (e.g., size, charge density, and polarizabil-
ity) of Rb* and Cs™ result in weaker ion-water interactions that thus enter in competition
with the water-water interaction within the M*(H20)s cluster. As a result, the perfectly
linear structure of the only isomer found with Lit, Na*t, and K*, becomes increasingly dis-
torted going from Rb™, with an OM*O angle of 140.9°, to Cs™, with an OM*O angle of
120.3°. Importantly, while this nearly linear structure remains the minimum energy iso-
mer for Rb*(Hy0)s, it becomes the second low-lying isomer for Cs™(H50)z, which clearly
demonstrates the increasing relative importance of water-water hydrogen bonding in the
stabilization of M (H0),, clusters, with n > 1.

As shown in Figure [I] the Born-Oppenheimer energy differences between the two lowest
isomers of Rb™(Hy0), and Cs*(Hz0), are 0.41 kecal/mol and 0.24 kcal/mol, respectively.
However, after inclusion of the corresponding zero-point energies (ZPEs) within the harmonic
approximation, Table [2| shows that the C2(2) isomer becomes the actual ground state of
Cst(H20)s, lying 0.89 keal /mol below C1(2), while R1(2) remains the lowest-lying isomer of
Rb*(H50),, lying 1.37 kecal /mol below R2(2). The different role played by nuclear quantum
effects on the relative stability of Rb*(H20), and Cs™(H50), clusters becomes even more
apparent from the analysis of the REMD and REPIMD results shown in Figure[2l While the
fractions of R1(2) and R2(2) calculated at both classical and quantum levels are identical
at all temperatures, the REMD simulations predict that C1(2) is the most abundant isomer

below 10 K before sharply decreasing up to ~40 K and then slowing increasing as the
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Figure 2: Left column: Fractions of different isomers of each M*(H20), cluster, with M =
Li, Na, K, Rb, and Cs, calculated using REMD (dashed lines) and REPIMD (solid lines)
simulations as a function of temperature. Middle column: LM anharmonic vibrational spec-
tra calculated for individual isomers at 0 K and smoothed using Gaussians with standard
deviations of 2 ecm™'. Right column: Vibrational spectra calculated for each M*(H,0),
cluster at 50 K, 100 K, and 200 K as weighted combinations of the individual isomer spectra
(middle column), with weights corresponding to the isomer fractions as predicted by the
REPIMD simulations (left column).
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temperature increases. In contrast, by correctly including nuclear quantum effects, the
REPIMD simulations show that C2(2) is the most stable isomer over the entire temperature
range, from 0 K to 200 K.

Since the nearly linear isomer of both Rb™(H30), and Cs*(Hy0)s clusters effectively
dominates at all temperatures, the corresponding IR spectra are very similar to those calcu-
lated for the analogous clusters with Li™, Na™, and K%, displaying two main peaks associated
with the symmetric and asymmetric stretches of the water molecules. Minor spectral fea-
tures associated with “cyclic” isomers appear at temperature higher than 100 K. Overall, the
calculated spectra are in agreement with the available experimental data.**2 However, it
should be noted that the experimental spectra also display minor features above 3750 cm™*

corresponding to AK = %1 rotational subbands of the water asymmetric stretching mode,*"

which, by construction, cannot be reproduced by the LM method.

M*(H;0); clusters

The addition of a third water molecule in the hydration shell of M* ions gives rise to a
more diverse group of low-lying isomers which now includes linear, branched, and cyclic
structures, with and without hydrogen-bonded water molecules. As shown in Figure [T}
there are significant structural differences between the minimum-energy configurations of
M*(H20); clusters with M™ = Li*T and Na™, and those containing Rb™ and Cs™, with the
former corresponding to symmetric, branched configurations with the ion in the center of
a triangle that has the water molecules at the three vertices, and the latter corresponding
to rhombic configurations with the three water molecules and the ion located at the four
vertices. Another important structural difference between M*(Hy0); clusters containing
the lighter (Li* and Na%) and the heavier (K*, Rb", and Cs™) ions is the appearance of
configurations in which the ion is located on top of planar, hydrogen-bonded triangular
structures formed by the three water molecules. Importantly, when ZPE contributions are

taken into account within the harmonic approximation, Table |3| shows that the relative
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Table 3: Relative ZPE-corrected binding energies (in kcal/mol) calculated for M (H50)3
clusters, with M = Li, Na, K, Rb, and Cs, using the MB-nrg PEF. The corresponding
binding energies on the underlying Born-Oppenheimer potential energy surface are shown

in Figure

Isomer Lit (H2 O)g Na™ (HQO)g Kt (H20)3 Rb+ (H20)3 CSJr (H20)3
1 0.00 0.00 0.88 0.15 0.00
2 4.28 2.94 0.00 1.31 0.73
3 3.56 3.18 2.40 0.93 1.21
4 - - 1.08 0.00 0.64
5 - - 2.01 - 2.96

stability of the K™ (H50)3 and Rb*(H20)3 isomers changes, with the branched configuration
becoming the ground state as seen for Lit(H20); and Na*(Hy0);3. The rhombic structure,
C1(3), remains the ground state for Cs™(HyO); upon inclusion of the ZPE, although the
branched configuration becomes the second low-lying configuration (see Table . These
ion-dependent structural differences clearly point to a subtle balance between ion-water and
water-water interactions on the underlying Born-Oppenheimer potential energy surface, and
nuclear quantum effects.

As shown in Figure [, while the relative stabilities of the isomers of both Li™(H,0)3 and
Na™(H30)3 do not change as the temperature increases, with the corresponding minimum-
energy structures being the only observed structures below 200 K, the isomeric equilibria for
the other Mt (H30)3 clusters depend significantly on temperature and display nonnegligible
nuclear quantum effects which, depending on M™, may persist up to temperatures higher
than 100 K. For K*(H20)3, isomer K2(3) remains the dominant isomer at the quantum
mechanical level, although the fraction of isomer K4(3) increases continuously starting at
~40 K. Importantly, at the classical level, isomer K1(3), corresponding to the minimum-
energy structure on the Born-Oppenheimer potential energy surface, disappears quickly be-
tween ~10 K and ~40 K, while the fraction of isomer K2(3) steeply increases in the same
temperature interval. This inversion in the relative stability of the two lowest-lying isomers

can be explained by considering the higher entropy associated with isomer K2(3), in which
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Figure 3: Left column: Fractions of different isomers of each M*(H20)3 cluster, with M =
Li, Na, K, Rb, and Cs, calculated using REMD (dashed lines) and REPIMD (solid lines)
simulations as a function of temperature. Middle column: LM anharmonic vibrational spec-
tra calculated for individual isomers at 0 K and smoothed using Gaussians with standard
deviations of 2 em™'. Right column: Vibrational spectra calculated for each M*(H,0)3
cluster at 50 K, 100 K, and 200 K as weighted combinations of the individual isomer spectra
(middle column), with weights corresponding to the isomer fractions as predicted by the
REPIMD simulations (left column).
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all OH bonds of the three water molecules are free. It should also be noted that the fractions
of the different isomers of K*(H20)3 calculated at both classical and quantum levels become
effectively indistinguishable above ~40 K.

Nuclear quantum effects clearly play a major role in determining the relative stability
of the different isomers of Rb*(H20)3 and Cs*(H20)3. In particular, the minimum-energy
structure, isomer R1(3), of Rb™(H,0)3, which is the most abundant isomer at the classical
level up to ~80 K, is not present at any temperature when ZPE contributions are taken
into account within the REPIMD formalism. Similarly, the fraction of isomer R2(3), which
appears between ~20 K and ~40 K in the classical simulations, is negligible over the entire
temperature range in the corresponding REPIMD simulations, which instead predict isomers
R4(3) and R3(3) to be the most stable structures below and above ~160 K, respectively.
The analysis of the REMD and REPIMD results shows that the crossover from quantum
to classical behavior in Rb*(H20); also takes place at ~160 K. While both REMD and
REPIMD simulations predict isomer C1(3) to be the most stable structure of Cs*(H20)3 at
low temperature, nuclear quantum effects modify the relative stability of the other isomers.
Specifically, REPIMD simulations predict isomers C4(3) and C3(3) to become the most
stable structures at ~80 K and ~150 K, respectively, with negligible fractions of isomers
C2(3) and C5(3) present above ~100 K. In contrast, at the classical level, isomer C1(3)
remains the dominant structure up to ~120 K, after which isomer C3(3) becomes the most
stable structure. The REMD simulations also predict isomer C4(3) to represent a relatively
large fraction between ~120 K and ~200 K, as well as a small, but nonnegligible, fraction of
isomer C2(3) over the entire temperature range, and a slowly increasing fraction of isomer
C5(3) above ~100 K. This analysis suggests that, for Cs*(H20)3, the crossover temperature
from classical to quantum behavior occurs above 200 K.

Since each M (H20)3 isomer is characterized by a specific hydrogen-bonding motif, the
temperature dependence of the isomeric equilibria is directly mirrored by the evolution of

the corresponding infrared spectra. As follows from L1(3) and N1(3) being the only isomers
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present in the entire temperature range, the calculated infrared spectra of both Lit(H,0)3
and Na'(H,0)3 are characterized by two peaks corresponding to the symmetric and anti-
symmetric stretches of the three equivalent water molecules of the L1(3) and N1(3) isomers,
respectively, which are the only isomers present over the entire temperature range. The LM
frequencies, ~3680 cm™! and ~3740 cm™! for Li*(H,0)3, and ~3660 cm ™! and ~3730 cm™!
for Na*(Hy0)s3, are within 20-30 cm ™! of the experimental frequencies measured in Ar-tagged
predissociation experiments.*!

Richer infrared spectra are calculated at different temperatures for M (H,0)3 clusters
with the heavier ions. Since, at the quantum mechanical level, the dominant isomer of
KT (Hy0)3 is isomer K2(3), which is isostructural with L1(3) and N1(3), the calculated
infrared spectra are characterized by analogous symmetric and asymmetric stretch peaks at
~3655 cm~! and ~3710 cm™!, with additional spectral features associated primarily with
isomer K4(3) appearing at higher temperature. Overall, good agreement is found with the
Ar-tagged predissociation measurements reported in Ref. 41, although the experimental
spectra also shown a feature at 3546 cm™!, which is an unambiguous signature of a weak
hydrogen bond. The LM spectra calculated for the individual isomers of KT (H50)3 indicates
that this spectral feature can be associated with isomer K1(3). Since this isomer is predicted
not to be present for the untagged clusters under the equilibrium conditions enforced by the
REPIMD formalism, it is possible that it was observed in experiments due to stabilization
effects associated with Ar-tagging or because it was trapped under nonequilibrium conditions
during the supersonic expansion.

As discussed above, nuclear quantum effects are particularly pronounced in Rb*(H,0)s,
with two isomers, R3(3) and R4(3), effectively being present with significant fractions at all
temperatures. This is mirrored by the corresponding infrared spectra calculated as a function
of temperature, which are dominated by isomer R4(3) at low temperature and progressively
evolve into combined spectra, with dominant features between 3600 cm~! and 3750 cm™!

1

primarily associated with both R3(3) and R4(3) isomers, and smaller peaks at 3540 cm™" and

16



3550 cm ™! associated with strong hydrogen bonds characteristic of isomers R1(3) and R2(3),
respectively. Also for Rb*(H20)3, good agreement is found with the experimental spectra
reported in Ref. [95, especially for the frequencies of the water symmetric and asymmetric
stretches. However, it should be noted that the experimental intensity of the hydrogen-bond
peak at 3550 cm ! is significantly higher than that predicted by the present LM calculations.
Such differences between theoretical predictions and experimental measurements, and may
be due to the presence of the tagging species in the experiments, inaccuracies in the repre-
sentation of the many-body dipole moment surface in the calculations, or a combination of
the two.

Cs*(H20)3 is the first MT(Hy0)3 cluster in which the most stable isomer, C1(3), corre-
sponds to a rhombic structure with the ion and the three hydrogen-bonded water molecules
at the vertices. As a result, the infrared spectra at low temperature display the charac-
teristic signature of hydrogen bonding at ~3540 cm™!, which progressively disappears as
the temperature increases and isomer C3(3) and C4(3) become increasingly more stable.
The LM spectra presented in Figure |3| can be compared with two sets of measurements
reported in Refs. 41] and 951 Both measured and calculated spectra display well-defined
features at ~3540 cm ™! and ~3710 ecm ™! corresponding to water hydrogen-bonded and free
OH stretches, respectively. The most recent measurements® also show a distinct band at
~3650 cm ™!, which can be assigned to the water symmetric stretches of isomer C4(3), with
a small shoulder at ~3540 ecm™!, which correspond to hydrogen-bonded OH stretches of
isomer C3(3). While good agreement between measured and calculated spectra is found for
all these features, the experimental spectra also show a band at ~3600 cm™!, which is not
present in any of the LM spectra calculated for the individual isomers and, consequently,
does not show up in the corresponding temperature-dependent spectra. This discrepancy
between experiment measurements and theoretical predictions appears to require further

investigation.
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Conclusions

We have presented a detailed analysis, at both classical and quantum levels, of the tem-
perature dependence of isomeric equilibria and vibrational spectra of M*(H,0),, clusters,
withn = 1- 3, and MT = Lit, Na®, K™, Rb*, and Cs™, calculated with the MB-nrg PEF's
introduced in Ref. [7TIl Nuclear quantum effects are found to play a negligible role in deter-
mining the relative stability of different isomers of clusters containing the lighter ions, Li*
and Na't, with one structure of each M*(H50),, cluster effectively dominating the isomeric
equilibria over the temperature range between 0 K and 200 K. Although the low number of
water molecules considered in this study is not sufficient to fully complete the first solvation
shell around Li* and Na™, the most stable structures of Li*(H0), and Na*(H,0),, clus-
ters tend to resemble those found in solution, with the ion at the center of the cluster. At
the classical level, competing effects between ion-water and water-water interactions become
more pronounced for the heavier ions, which results in a larger number of low-lying isomers,
some of which appear to serve initial seeds for extended hydrogen-bonded networks. Within
this picture, KT holds a special place since, at the classical level, the relative stability of its
clusters with water follows a similar trend as that of the lighter ions at low temperature and
as that of the heavier ions at high temperature.

When nuclear quantum effects are explicitly taken into account within the path-integral
formalism, the relative stability of KT (H30),, clusters is largely modified by zero point energy
contributions which shift the isomeric equilibria toward structures with no hydrogen-bonded
water molecules, such as those predicted for Lit(H50), and Na®(H,0),, clusters. Similar
trend is followed by Rb*(H,0), clusters, which, however, exhibit increasing stability for
isomers containing hydrogen-bonded water molecules. Water clusters containing Cs™ are
the first ones for which the most stable structures correspond to isomers where the ion is
interacting with a network of two and three hydrogen-bonded water molecules.

For all clusters, good agreement is found between anharmonic vibrational spectra calcu-

lated within the local monomer approximation and the available experimental data. 402
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Besides providing further support for the accuracy of the MB-nrg PEFs, this level of agree-
ment emphasizes the importance of taking properly into account anharmonic and quantum
effects in computer simulations for a correct description of M+ (H50),, clusters. Importantly,
the possibility to directly connect experimental measurements with computer simulations at
the molecular level provides hope for the development of a consistent picture of ion hydration

from the gas to the condensed phase.

Supplementary Material

Geometries for all isomers of each MT(H,0),, cluster, along with the corresponding REMD
and REPIMD fractions, and harmonic and anharmonic vibrational spectra calculated at 0 K,

along with their corresponding intensities.
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