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ABSTRACT: Replica exchange molecular dynamics simu-
lations and vibrational spectroscopy calculations are per-
formed using halide—water many-body potential energy
functions to provide a bottom-up analysis of the structures,
energetics, and hydrogen-bonding arrangements in X~ (H,0),
(n = 3—6) clusters, with X = F, Cl, Br, and 1. Independently of
the cluster size, it is found that all four halides prefer surface-
type structures in which they occupy one of the vertices in the
underlying three-dimensional hydrogen-bond networks. For

F(H0), CI(H,0), Br(H0), I(H0),
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fluoride—water clusters, this is in contrast to previous reports suggesting that fluoride prefers interior-type arrangements, where
the ion is fully hydrated. These differences can be ascribed to the variability in how various molecular models are capable of
reproducing the subtle interplay between halide—water and water—water interactions. Our results thus emphasize the
importance of a correct representation of individual many-body contributions to the molecular interactions for a quantitative

description of halide ion hydration.

B INTRODUCTION

Determining the properties of ionic solutions in different
environments is a long-sought-after goal in the physical
sciences. Ionic solutions are ubiquitous in nature and mediate
fundamental chemical, biological, environmental, and industri-
al processes.'™® For instance, alkali and alkaline earth metal
ions, such as Na*, K*, Ca’*, and Mg**, play an important role in
biological processes that are responsible for the rigidity and
hardness of bones and teeth, blood clotting, muscle
contraction, and transport of water and nutrients through
cell membranes, to name a few.” In the atmosphere, ions
dissolved in sea-spray aerosol (SSA) modulate the hygro-
scopicity, chemical reactivity, and gas uptake ability of SSA
particles,”™"* which alter particle size and chemical composi-
tion and, in turn, affect the ability of the same particles to
scatter solar radiation and act as cloud and ice condensation
nuclei.”’ In materials science, ionic solutions are a crucial part
of devices such as electrolytic cells, capacitors, and batteries.”

The properties of ionic solutions directly depend on how
ions perturb the structure and dynamics of the surrounding
water hydrogen-bond (H-bond) network. Although some
qualitative correlations can be established between an ion’s
charge density and electronegativity and the strength of water—
water H-bonds, a quantitative understanding of the magnitude
and extent to which specific ions disrupt or strengthen the
water H-bond network is yet to be achieved.*'* In this context,
studies of small gas-phase ionic clusters can provide molecular
level insights into the fundamental questions regarding the
strength of the underlying molecular interactions, H-bond
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arrangements, and reactivity.'> Small clusters are also amenable
to high-level ab initio electronic structure calculations that are
typically computationally unaffordable for bulk solutions,
which makes clusters ideal systems to test and validate
molecular models of ion—water interactions.'®'” Additionally,
studying ion—water clusters of increasing size provides a
systematic bottom-up approach to understanding ion hydra-
tion, one water molecule at a time.

Over the past two decades, several computational studies
focused on determining the structures, relative energies, and
vibrational spectra of aqueous ionic clusters.'"®"** The
molecular modeling of the hydration of halide ions is
particularly challenging since halide—water H-bonds can
perturb, in a nontrivial way, both the structure and dynamics
of the surrounding water H-bond network."”> Moreover, the
strength of the halide—water interactions varies significantly as
a function of ion size, charge density, and polarizability. Early
theoretical investigations used ab initio density functional
theory (DFT) and perturbation theory methods (e.g., MP2) to
characterize both the structure and energetics of small halide—
water clusters, 8721252 Pioneering molecular dynamics (MD)
simulations of halide—water clusters, carried out with polar-
izable force fields (FFs), found that all halide ions except
fluoride prefer to be located at the surface of water
clusters.”’>° On the other hand, analogous simulations
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Figure 1. Minimum energy structural isomers along with their relative binding energies (in kcal/mol) of F~(H,0); (a), CI"(H,0); (b),

Br~(H,0); (c), and I"(H,0); (d) clusters.

carried out with nonpolarizable FFs predicted all halide ions to
prefer the interior of the clusters, thus emphasizing the
importance of many-body effects in ion—water interac-
tions.”' 7> More recently, the development of many-body
potential energy functions, rigorously derived from high-level
ab initio data, has facilitated studies of small gas-phase clusters
through molecular dynamics (MD) simulations and vibrational
spectra calculations which can directly be compared with
corresponding experimental measurements.”* ™’ The results of
these studies show a large degree of variability which depend
sensitively on the molecular models used in the simulations
and the subtle competition between ion—water and water—
water interactions, which are further modulated by nuclear
quantum effects.

In this study, we provide insights into the interplay between
halide—water and water—water H-bond strengths and arrange-
ments in halide—water clusters through the analysis of the
corresponding structures and associated vibrational spectra.
Specifically, replica exchange molecular dynamics (REMD)
simulations of X~ (H,0),, clusters, with X = F, Cl, Br, and I and
n = 3—6, are performed using the MB-nrg many-body potential
energy functions (PEFs) introduced in refs 37 and 38. Several
low-lying energy isomers of each X (H,0), cluster are
identified and further characterized from calculations of
anharmonic vibrational spectra. Finally, isomeric equilibria
for each X~ (H,0), cluster are determined, which allows us to
monitor the evolution of the H-bond network as a function of
temperature, thus providing a systematic approach to under-
standing the hydration of halide ions in systems with increasing
size and complexity.

B COMPUTATIONAL METHODS

All calculations are carried out with the MB-nrg PEFs
introduced in ref 37 which describe the underlying molecular
interactions through rigorous representations of individual
many-body terms. Within the MB-nrg framework, all water—
water interactions are represented by the MB-pol PEFs that
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have been shown to accurately predict the properties of water
across all phases.””** The halide—water interactions are
described by a two-body term, which is expressed through the
combination of a short-range permutationally invariant
polynomial and a classical description of permanent electro-
statics and dispersion energy, along with a many-body term
represented by classical polarization.

Following previous studies of thermodynamic equilibria in
small aqueous clusters, classical replica exchange molecular
dynamics (REMD) simulations are carried out to identify the
low-lying isomers of X~ (H,0), clusters, with n = 3—6 and X =
F, Cl, Br, and I Specifically, 64 replicas in the temperature
range from 10 to 200 K are used for both X (H,0); and
X~ (H,0), clusters, 64 replicas in the temperature range from
20 to 150 K are used for the X (H,0); clusters, and 96
replicas in the temperature range from 20 to 200 K are used for
the X~ (H,0)¢ clusters. For each cluster size, the replicas are
distributed according to a geometric temperature progression,
T, = Tye®~Y, where T; is the temperature of the ith replica, T
is the temperature of the first replica, A is a constant, and i is
the number of the ith replica. The number of replicas and the
temperature range are determined to optimize both the
computational cost and the sampling efficiency of the
underlying free-energy surfaces. Al REMD simulations were
carried using an in-house C++ code. Molecular configurations
are extracted from the REMD simulation trajectories at regular
time intervals, and optimized to identify low-lying structural
isomers of all the X" (H,0), clusters, using an interatomic
distance based root-mean-square deviation (RMSD) criterion.

To characterize the influence of the halide ions on the
evolution of the water H-bond network as a function of cluster
size, the intramolecular vibrational frequencies of the water
molecules are calculated using a combined local-mode**® and
local-monomer”” (LM) approach, as described in refs 48 and
49. The Hessian matrix is computed at the optimized geometry
of each isomer from finite differentiation of analytic first
derivatives obtained with MB-nrg PEFs. Local modes****°
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Figure 2. Minimum energy structural isomers along with their relative binding energies (in kcal/mol) of F~(H,0), (a), CI"(H,0), (b),

Br (H,0), (c), and I"(H,0), (d) clusters.

are then created using a distance-based (Boys) localization
scheme in a frequency window of 500 cm™. The three highest-
frequency modes, corresponding to the two stretching modes
and one bending mode of a water molecule, are identified and
used to integrate the potential energy using Gauss—Hermite
quadrature on a grid of nine points in each dimension. The
“local-monomer” Hamiltonian®'** is diagonalized in this
reduced three-dimensional space composed of the local
modes for each water monomer to yield anharmonic
eigenfrequencies and eigenvectors. Since, for each quadrature
grid point, the potential energy is evaluated for the whole
cluster, environmental effects are included in the calculations,
to some extent.

B RESULTS AND DISCUSSION

The lowest-energy isomers of the X~ (H,0), clusters, with n =
3—6 and X = F, Cl, Br, and I, are shown in Figures 1—4.
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Independently of the size, all clusters containing the heavier
halide ions (i.e., CI7, Br~, and 1) display similar H-bonding
arrangements. Given their relatively larger sizes, these halide
ions can accommodate a larger number of water molecules in
their first hydration shells, which are arranged to optimize both
the number and strength of the water—water H-bonds. As a
result, the minimum-energy isomers of all chloride—, bro-
mide—, and iodide—water clusters are characterized by greater
number of total (halide—water and water—water) H-bonds
than the corresponding fluoride—water clusters, which, on the
other hand, exhibit qualitatively different structural motifs, as
previously determined from experimental investigations using
vibrational predissociation spectroscopy.'® Due to its small size
and consequently larger charge density, the fluoride ion can
form stronger H-bonds that effectively “pin” the water
molecules in specific three-dimensional arrangements while,
at the same time, weakening, when present, the water—water
H-bonds in the first hydration shell. The key role played by the
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Figure 3. Minimum energy structural isomers along with their relative binding energies (in kcal/mol) of F~(H,0); (a), CI"(H,0);s (b),

Br~ (H,0); (c), and I"(H,0); (d) clusters.

fluoride ion in templating the overall structure of the clusters is
particularly evident in the lowest-energy isomer of the
F~(H,0); cluster where the water molecules are arranged to
optimize the relatively stronger and shorter fluoride—water H-
bonds instead of forming water—water H-bonds.

It should be noted that many isomers of all four halide—
water clusters, particularly those with larger N, can be
interconverted into each other by rotation of one or two
water molecules. Although these rotations are accompanied by
only minor changes in the overall H-bonding topology of the
clusters, they lead to isomers that are significantly different in
energy (by up to ~0.7 kcal/mol). This suggests that the
interplay between cooperative and anticooperative effects may
be responsible for the relative stability of different H-bonding
arrangements. In this context, a recent analysis of small halide—
water clusters carried out using the ALMO-EDA method>>>*
demonstrated that the nature of the interactions of fluoride
with water is distinctively different from those of the other
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halides.>® Notably, energy decompositions calculated with
hybrid functionals of halide—water dimers showed that
polarization and charge transfer energies of F~(H,0) made
up around 102% of the total interaction energy (with the other
remaining terms canceling each other out), whereas polar-
ization and charge transfer made up around 60, SS, and 49% of
chloride—, bromide—, and iodide—water dimer interaction
energies, respectively. Additionally, energy decompositions of
stable halide—water trimers demonstrated strong anticooper-
ativity (approximately +3.0 and +1.8 kcal/mol in the three-
body polarization and charge transfer terms, respectively)
associated with the fluoride ion accepting hydrogen bonds
from two water molecules, while three-body polarization and
charge transfer together contribute approximately +1.1, +0.7,
and +0.3 kcal/mol in the chloride, bromide, and iodide trimers
having similar hydrogen bonding structures.*’

One aspect that is often debated in the literature is whether
halide ions prefer to reside at the surface or in the interior of

DOI: 10.1021/acs.jpca.9b00816
J. Phys. Chem. A 2019, 123, 2843-2852


http://dx.doi.org/10.1021/acs.jpca.9b00816

The Journal of Physical Chemistry A

| Article |

2 . 4
¢ ; < ff:?,L .
F(H0)s &% oty
| I
0.00 0.48
ﬁéy sty
w4 «..j.ii
Vi Vil
1.14 1.48
b) « % .
'/* » "f("‘-y :
Cl(H20)g =& “
| I
0.00 0.75
-~ -9
* e &
Ty FAr
. S
Vi VI
1.85 1.87
°) «i2 A
Br(H,0s M
0.00 0.84
2oe = *n
Ll i ¥4
g et e
Vi VI
1.94 2.01
d - -
) .'lﬁ) <- : »
el « W
l_(HZO)G = 4 $
| I
0.00 0.93
e A
‘J.A_’; LU e
Tl e »
VI VI
1.60 1.96

: , -4 o,
¢ '3"'_,’-0 r",:g ’.: h‘ 9
od b S

] WY} v
0.83 0.99 1.09
[ N R »

P et oo

VIl IX X

1.61 1.7 1.78
i ,‘; -9 Lg } »
o R B

I W v
0.80 1.12 1.59

R,

Y ! A
pf-&;‘;‘ -'.‘4", fﬁf“ )
§ .4’ Lt e

VIl IX X
2.00 2.01 2.08
1 o
1 TS 3 g
'y LEE &3

i v v

1.00 1.29 1.91

¥ ¥ N B

fj? P T S
iy e . g
VIl X X
2.02 2.17 221
g ey >
# “ -9 é o
P ol &,‘ g 8o 4
2. “J ;‘ 2 .“, /.: "'

ln \Y v

1.20 1.42 1.43

A A R

YR LA A

“ug- 2 v & ‘f:«:‘/ )

VIl X X
2.23 2.30 2.39

Figure 4. Minimum energy structural isomers along with their relative binding energies (in kcal/mol) of F~(H,0)¢ (a), CI"(H,0)s (b),

Br (H,0), (¢), and I"(H,0);4 (d) clusters.

water clusters and how this preference varies as a function of
temperature and cluster size."*>"**7** It is commonly found
that the lowest-energy arrangements of fluoride—water clusters
correspond to interior-type structures, where the fluoride ion
can be fully solvated, while the corresponding clusters
containing the heavier halide ions tend to prefer three-
dimensional arrangements with the ion located at the surface.
The different behavior between F~ on one side and CI~, Br™,
and I” on the other side is generally attributed to the more
pronounced covalent character of the fluoride ion that can thus
establish relatively stronger interactions with the surrounding
water molecules. However, a conclusive agreement on the
possible structural isomers and their relative stability has not
yet been reached.”® In the present analysis, no interior-type
structures are found among the 10 lowest-energy isomers of
the X" (H,0), with n = 3—6 reported in Figures 1—4. As
mentioned above, the relative stability of the different isomers
depends on the subtle competition between halide—water and
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water—water intermolecular interactions. In this context, it has
been shown that calculation carried out with different DFT
models and/or small basis sets produce significant cluster-
dependent errors in binding energies, many-body interaction
energies, and vibrational frequencies in pure water, cation—
water, and anion—water clusters.'®'737*3°6759 Iy geveral cases,
it was found that the apparent agreement between approximate
models and high-quality reference data for ion—water
interactions is mainly due to significant error cancellation
among individual terms of the corresponding many-body
expansion of the interaction energy. It is important to note that
a key factor that affects the calculated energy ordering of
different isomers is the relative accuracy of the model in
representing the ion—water and water—water interactions,
which, in turn, varies §reat1y depending on the specific ion and
isomer configuration.'”*”***® Among the DFT models, only
the most sophisticated range-separated dispersion-corrected
hybrid functionals approach chemical accuracy in describing

DOI: 10.1021/acs.jpca.9b00816
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many-body ion—water interactions.'”*® However, such func- structures of ion—water clusters and MD simulations due to
tionals are rarely employed in extensive analysis of stable the prohibitively high associated computational cost.
2848 DOI: 10.1021/acs.jpca.9b00816
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To provide further insights into the nature of halide—water
interactions in X~ (H,0), clusters, with n = 3—6, anharmonic
infrared spectra of the lowest-energy isomers (global minima)
are calculated using the LM approach. The calculated spectra,
shown in Figure S in the frequency region associated with OH
stretching vibrations, are a direct probe of the strength of ion—
water and water—water interactions in each cluster and allow
for comparisons with corresponding experimental measure-
ments. As discussed above, the more pronounced basic
character of F~, which is responsible for relatively stronger
H-bonds compared to those formed by the other halide ions,
results in qualitatively different cluster structures that are
manifested in distinct spectral features. The analysis of Figure 5
shows that the peaks associated with OH-stretch H-bonded to
the halide ions (shown in green in Figure $) move to higher
frequencies going from F~(H,0), clusters to I"(H,0),, which
is a clear manifestation of the decreasing strength of the
halide—water H-bonds, going from F~ to I". On the other
hand, the opposite trend is found for the peaks corresponding
to OH bonds involved in water—water H-bonds (shown in
orange in Figure 5), which lie in the ~3450—3550 cm™
region. Going from CI” to I7, particularly for clusters
containing three and four water molecules, these peaks shift
slightly toward lower frequencies indicating increasing strength
of the corresponding water—water H-bonds. These trends are
consistent with previously reported experimental measure-
ments. > Importantly, due to more symmetric arrangements
of the water molecules in the lowest-energy isomers of
X~ (H,0), clusters, with X = Cl, Br, and I, several OH-stretch
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vibrations are degenerate or nearly degenerate, which results in
infrared spectra with peaks closer to each other and spanning
narrower frequency ranges. Anharmonic vibrational frequen-
cies for all the other isomers shown in Figures 1—4 are
provided in the Supporting Information.

In principle, the calculated spectra shown in Figure S can be
compared to the corresponding experimental infrared predis-
sociation spectra measured using cold ion traps and
“messenger” technique. However, the experimental spectra
do not strictly correspond to the spectra shown in Figure S,
which are calculated at 0 K, but report the infrared response
associated with a distribution of isomers compatible with the
temperature of the measurements. For a one-to-one compar-
ison with finite temperature measurements, the theoretical
spectra of the individual isomers must be weighted by the
thermal, preferably quantum, distribution at that temper-
ature.*® In order to study the temperature dependent evolution
of the X™(H,0), clusters, populations of the different isomers
calculated from classical REMD simulations in a range of
temperatures from 20 to 150 K are reported in Figure 6.
Cluster configurations are extracted from the simulation
trajectories at regular time intervals and optimized to the
nearest local minimum on the potential energy surface.
Considering only the positions of the heavy atoms, an
RMSD criterion is then used to classify the optimized
configuration as one of the low-lying X (H,0), isomers
shown in Figures 1—4. As expected, the results show that at
low temperatures only the lowest energy isomer dominates the
equilibrium Boltzmann distribution for each cluster. At higher

DOI: 10.1021/acs.jpca.9b00816
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temperatures, for most chloride—, bromide—, and iodide—
water clusters, the next higher energy isomer is found to
contribute increasingly to the distribution. Higher energy
isomers contribute little to the distribution even at 150 K,
except for fluoride—water clusters, where multiple isomers gain
comparable populations with increasing temperature.

Rigorously, quantum thermal populations of the different
isomers are needed to make quantitative comparisons with
experimental measurements. However, since nuclear quantum
effects can be approximately mimicked by temperature shifts,
the anharmonic vibrational frequencies calculated for the low-
lying isomers (Figure S) combined with the classical thermal
populations (Figure 6) provide a qualitative picture of the
evolution of the vibrational spectra of halide—water clusters as
a function of temperature.””"” The vibrational spectra for the
X"(H,0), clusters obtained at 20, 50, 100 and 150 K by
weighting the individual anharmonic spectra of the low-lying
isomers with their corresponding classical thermal populations
are shown in Figure 7. With the exception of F (H,0),
clusters, for which the temperature-dependent vibrational
spectra display features associated with multiple isomers as
predicted by the classical thermal populations in Figure 6, the
calculated vibrational spectra show very little variation below
100 K, being effectively dominated by the lowest-energy
isomer of each X~ (H,0), cluster. Additional spectral features
appear at 150 K as the populations of high-energy isomers start
to increase (Figure 6). Since the energy differences between
different X~ (H,0), isomers are relatively larger than possible
differences in the associated zero-point energies, nuclear
quantum effects can effectively be accounted for by temper-
ature shifts. It follows that the temperature-dependent
vibrational spectra shown in Figure 7 should be good
approximations to their quantum counterparts at lower
temperatures by ~20—30 K, which are the temperature shifts
generally needed to reproduce nuclear quantum effects in
classical MD simulations of aqueous systems.

B CONCLUSIONS

Halide—water clusters serve as prototypical model systems for
understanding ion hydration, at the molecular level, being the
smallest molecular systems where the interplay between
halide—water and water—water interactions can be studied in
detail. Moreover, a systematic study of increasing cluster sizes
provides a bottom-up approach toward investigating bulk ion
hydration in condensed phase systems. However, the
anharmonic, quantum mechanical halide—water interactions
and the competition halide—water and water—water inter-
actions present a challenging problem for theoretical and
computational modeling.

In this study, we provided insights into specific ion effects
among halide ions from investigations of the H-bond strength
and arrangement in X~ (H,0), clusters, with X = F, Cl, Br, and
I and n = 3—6. Low-energy isomers of these halide—water
clusters were identified through REMD simulations carried out
with the MB-nrg PEFs that accurately describe many-body
effects in halide—water and water—water interactions. While
chloride—, bromide—, and iodide—water clusters exhibit
similar structural arrangements, due to similar H-bonding
strengths, fluoride—water clusters display qualitatively different
configurations, resulting from relatively stronger fluoride—
water interactions. In general, all four halide ions prefer
exterior positions in the clusters, forming “surface”-type
structures where the number and strength of halide—water
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and water—water H-bonds are optimized. Anharmonic vibra-
tional spectra calculated for the global minimum-energy
isomers of all X" (H,0), clusters were then used as direct
probes of different H-bonding arrangements, depending on the
halide ion and cluster size. Finally, we characterized the
isomeric equilibria as a function of temperature by computing
classical populations of the different isomers between 20 and
150 K, and the corresponding temperature-dependent vibra-
tional spectra.

It should be noted that the MB-nrg PEFs used in this study
represent many-body interactions through a classical term
describing permanent and induced electrostatic effects, which
is supplemented with an explicit two-body term that effectively
describes nonclassical (two-body) contributions (e.g., charge
transfer and penetration, and Pauli repulsion). Future work will
focus on the development of explicit three-body representa-
tions within the MB-nrg formalism as well as on the
investigation of three-body effects on the relative stabilities
of different isomers of small X~ (H,0), clusters.
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