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ABSTRACT: How salts affect water structure is an important topic in many
research fields. Salt−water clusters can be used as model systems to extract
interaction information that is difficult to obtain directly from bulk solutions.
In the present study, integrated tempering sampling1,2 molecular dynamics
(MD) are combined with quantum mechanics (QM) calculations to
overcome the sampling problem in cluster structure searches. We used
LiI(H2O)n and CsI(H2O)n as representatives to investigate the microsolvation
of ion pairs. It was found that Li+−I− and Cs+−I− ion pairs interact with water
molecules in very different ways, and the corresponding salt−water clusters
have distinctly different structures. LiI strongly affects water−water
interactions, and the LiI(H2O)n (n ≥ 5) clusters build around a Li+(H2O)4
motif. CsI only slightly perturbs the water cluster structure, and CsI(H2O)n
favors the clathrate-like structure when n = 18 or 20. Consistent with the law
of “matching water affinities”, Li+ and I− are more easily separated by solvent molecules than the Cs+−I− ion pair.

■ INTRODUCTION

Solvation of ion pairs in water is a topic that attracts much
research interest because of its importance in fields such as
biochemistry,3 marine chemistry,4 and atmospheric chemis-
try.5−7 Although the solvation of ion pairs in bulk water likely
involves a large number of water molecules and depends on the
bulk properties of water, it is instructive to investigate their
microsolvation starting from small salt−water clusters, which
can be used to characterize in more detail the different ion−
water interactions.
It has long been known that ions have specific effects on

water properties. For example, ions influence the liquid−air
surface tension and the solubility of proteins.8−11 In the
Hofmeister series, cations and anions are ranked according to
their ability to “salt in” or “salt out” proteins from aqueous
solutions. For cations, a rather common order is12
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The ions on the left side tend to promote the displacement of
water from the solvation layer of proteins and thus stabilize
protein structures. On the other hand, the ions on the right side
tend to promote the solvation of proteins and thus denature
them.13

Among inorganic salts, due to their chemical and biological
significance and relative simplicity, the alkali halide salts have
attracted the most attention. Although numerous experimen-
tal14−21 and theoretical22−42 studies have been conducted on
both bulk solution and salt−water clusters, many questions on
ion solvation remain unanswered. To understand the
Hofmeister series, it is instructive to interrogate how different
ions (ion pairs) interact differently with water using salt−water
clusters as simplified models. In the present study, we chose
two alkali cations, Cs+ and Li+, at rather different positions in
the Hofmeister series to study their ion-pairing behavior with I−

in water clusters. We also note that the solubility of LiI in water
at room temperature is twice that of CsI, which means the two
ion pairs probably have very different hydrations. These
differences make CsI−water and LiI−water clusters good
model systems to understand the Hofmeister series. In a recent
study,43 we used photoelectron spectroscopy and density
functional theory (DFT) to study LiI(H2O)n and CsI(H2O)n
(where n = 0−6) clusters in their anionic and neutral states. We
found that the structures of LiI(H2O)n and CsI(H2O)n clusters
are indeed very different. One purpose of the current study is to
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examine how the differences between the two types of clusters
evolve as the sizes of the clusters increase further. The larger
clusters presumably represent the bulk solutions more closely.
One outstanding difficulty in computational study of large

water and salt−water clusters lies in the large configuration
space of the clusters, which contains many potential energy
minima. It is computationally challenging to locate all the stable
isomers. In the present study, to address this challenge, we used
integrated tempering sampling (ITS)1,2 molecular dynamics to
generate ensembles of structures with low configuration
energies. ITS allows efficient sampling of structures over a
very controlled but broad energy range and thus permits fast
identification of low-energy structures and transition states. The
resulting structures are then optimized using both classical force
field and DFT functionals.
We first tested the performance of ITS for this specific

application by searching for low-energy structures of pure-water
clusters (H2O)12 and (H2O)20. With ITS, structural transitions
over potential energy barriers are largely facilitated; in addition,
ITS frequently visits structures with lower energies, thus
enabling the identification of many low-energy structures. For
water clusters, we perform energy minimizations with the SPC/
E force field starting from low-energy structures identified by
ITS. The SPC/E structures were then optimized with the
BLYP-M2 method44 custom-made to give a coupled cluster
quality potential energy surface for water clusters. In addition to
previously reported local minima,45−53 a new low-energy
structure is found for the (H2O)12 cluster and another one
for (H2O)20. This success in obtaining the low-energy
structures of water clusters validates the usage of ITS for
conformational search.
A similar procedure was followed for salt−water clusters,

LiI(H2O)n and CsI(H2O)n (n = 10, 18, and 20). The results
showed that the structures of clusters consisting of the two salts
are distinctly different. The CsI(H2O)10 shares similar low-
energy structures with (H2O)12, with two water molecules
replaced by Cs+ and I−. In contrast, Li+ and I− cause significant
perturbation to the structure of the (H2O)12 cluster, with Li+

being strongly hydrated. Similarly, we found that Li+ is strongly
hydrated in both LiI(H2O)18 and LiI(H2O)20 clusters, whereas
CsI(H2O)18 and CsI(H2O)20 clusters tend to form clathrate-
like structures, with Cs+ residing in the center of a cage formed
by water molecules and I− ion. The lowest energy structures of
CsI(H2O)18 resemble well the clathrate-like structure of
(H2O)20. These results suggest that the balance between the
ion−water and water−water interactions plays an important
role in determining the overall structure of salt−water clusters.
In the meantime, the ITS MD simulations also provide detailed
information on the temperature dependence of the structural
properties of the two types of water−salt clusters.
The paper is organized as follows: In section 2, we describe

the computation details. The results are presented and
discussed in section 3, and the conclusions are drawn in the
last section.

■ COMPUTATIONAL DETAILS
The SANDER module of the AMBER9.0 software package54

was used for ITS and MD simulations. The three-point-charge
SPC/E55 model was used for water molecules, and the popular
ion parameters, ions08,56 were used for Li+, Cs+, and I− ions.
The ion−water cross-terms were calculated with the Lorentz−
Berthelot combination rules. All simulations were integrated
with a time step of 0.5 fs. For MD simulations performed to

compare with ITS, the temperatures were maintained at 200 K
for (H2O)12 and MI(H2O)10 (M = Li, Cs) and 170 K for
(H2O)20 and MI(H2O)n (M = Li, Cs; n = 18 and 20) using
Langevin dynamics57 with a collision frequency of 1 ps−1. All
simulations were performed in a vacuum without a periodic
boundary condition. To ensure all the pairwise interactions
between all the molecules in the cluster are fully accounted for,
non-bonding interaction cutoffs were set to be 30 Å for
(H2O)12 and MI(H2O)10 (M = Li and Cs) and 50 Å for
(H2O)20 and MI(H2O)n (M = Li and Cs; n = 18 and 20). All
the structures in this paper were visualized and rendered using
the VMD program.58

The details of the ITS method have been described
previously.1,2 Briefly, in the ITS simulation, a modified potential
energy is obtained from a summation of Boltzmann factors over
a series of temperatures; thus, the sampled potential energy
range is largely expanded, to both low and high energies. In the
present study, we used 100 discrete temperatures evenly spaced
in the range 50−300 K. In the ITS simulation, the system is
governed with a biased potential function U′(r) = U + f(U),
where U is the potential energy of a standard MD simulation
and f(U) is a function of U. An equilibrium simulation with ITS
yields a distribution function

ρ′ = ′β− ′r Q( ) e /U r( ) (1)

where β = 1/kBT, with kB being the Boltzmann constant, T

being the temperature, and Q′ = ∫ β− ′e U r( ) dr. In ITS, since
U′(r) is a known function of U(r), the distribution function
ρ(r) for the original system with the unbiased potential can be
recovered from ρ′(r) as

ρ ρ= = ′ = ′β β− − − ′
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where Q = ∫ e−βU(r) dr. More details on the method can be
found in our previous publications.2,59

The majority of the DFT calculations were performed with
the Gaussian 09 program package.60 The BLYP-M2 calculations
were performed with the GAMESS package,61 and additional
MP2 minimizations mentioned below were performed with the
PQS package.62 The structures of (H2O)12 and (H2O)20 were
optimized using the BLYP-M2 approach44 with the aug-cc-
pVDZ63 basis set. The BLYP-M2 approach was trained to best
reproduce the coupled cluster quality potential energy surface
for water and include both short-range and long-range
corrections to the BLYP functional. DFT optimizations of
LiI(H2O)n and CsI(H2O)n (n = 10, 18, and 20) were
performed with the long-range corrected hybrid functional
LC-ωPBE.64−67 We used the standard Pople type basis 6-311+
+G(d,p) for Li, O, and H atoms, and the effective core potential
(ECP) basis sets LANL2DZdp68 for Cs and I atoms. For the
(H2O)20 cluster, dispersion-corrected ωB97XD69 and
B2PLYPD70 functionals were also utilized with the 6-311+
+G(d,p) basis set. The basis sets were obtained from the EMSL
basis set library.71 The combination of the LC-ωPBE functional
and the above basis sets was shown to give reasonable
agreement between theoretical and experimental vertical
detachment energies of smaller cluster LiI(H2O)n

− and
CsI(H2O)n

− (n = 0−6).43 After structure optimization,
harmonic vibrational frequencies were calculated to confirm
the structures were indeed local minima. Zero-point vibrational
energy correction was incorporated to all the energies reported
unless otherwise noted. The zero-point vibrational energy
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contribution to the relative cluster energy can be as large as 0.6
kcal/mol for some clusters. This contribution is significant
considering the relative energy differences between some of our
clusters are small.

■ RESULTS AND DISCUSSION
Validation of the ITS Based Minimal Energy Structure

Identification Method Using (H2O)12 and (H2O)20
Clusters as Examples. To test the validity of our method,
we first performed calculations on the well-studied water
clusters, (H2O)12 and (H2O)20. Figure 1 shows the potential

energies of the clusters in both ITS and standard MD
simulations. A temperature range of 50−300 K was used in
the ITS simulations (see the Computational Details). As can be
seen from Figure 1, ITS allows a much broader potential energy
range to be sampled when compared to standard MD
simulations which were performed at 200 K for (H2O)12 and
170 K for (H2O)20. Therefore, in ITS simulations, the structure
transitions over energy barriers are largely facilitated and at the
same time frequent visits to low-energy structures allow the
identification of many local minima.
After the ITS simulations, energy minimization was first

performed using the same SPC/E force field used for ITS. The
optimized structures were then reoptimized with BLYP-M2.
The BLYP-M2 structures are shown in Figure 2. Three of the
four structures have been reported previously.47 For the known
structures, with zero-point energy correction, BLYP-M2
predicts the cage (structure B) to be more stable than the
fused-cube (structure D), prism slightly above fused-cube.
Without zero-point energy correction, BLYP-M2 actually

predicts the fused-cube to be the more stable than the cage
by 0.18 kcal/mol. A verification with MP2 at the aug-cc-pVDZ
basis set shows that the fused-cube is more stable by 1.49 kcal/
mol at the corresponding BLYP-M2 geometry. Thus, even with
zero-point correction, MP2 is likely to predict the fused-cube to
be more stable, as indicated previously with a slightly smaller
basis set.47 The newly found structure C is more stable than the
fused-cube according to the SPC/E force field. However, this
structure is 1.54 kcal/mol higher in energy when compared
with the fused-cube structure. Each of the water molecules in
the cage structure forms three hydrogen bonds with other water
molecules. Structure C is similar to the cage structure, but one
of the water molecules in structure C forms two hydrogen
bonds. In the ITS simulation trajectory, we found that the
transition between the cage and prism structures undergoes the
newly identified cage-like structure C. Thus, structure C is
likely to be an intermediate local minimum if a long-time real
standard molecular dynamics simulation is performed (we note
here that real time dynamics behavior is missed in the enhanced
sampling simulations including ITS).
Figure 3 shows the BLYP-M2 structures for (H2O)20. The

edge sharing pentagonal prism (structure C) was the putative
global minimum established previously.46−53,72−74 Including
zero-point energy correction, BLYP-M2 suggests that structure
A is actually more stable than structure C by 0.31 kcal/mol.
Without zero-point energy correction, BLYP-M2 actually
predicts structure C to be lower in energy by 0.07 kcal/mol.
This energy difference is below the limit of accuracy of the
BLYP-M2 approach. We performed geometry optimizations
using the MP2 method with the aug-cc-pVDZ basis set and
followed by MP2 energy calculations with the aug-cc-pVTZ

Figure 1. The evolution of the potential energy in the simulations of
(H2O)12 (top) and (H2O)20 (bottom). The data shown in blue are
obtained from standard MD simulations without any biased potential.
The data in red are the results from the ITS simulations, in which a
broad potential energy distribution is seen.

Figure 2. Stable structures and the relative energies of (H2O)12, with
their energies given relative to the most stable one in units of kcal/
mol. (The names for structures A, B, and D are taken from the study
of A. Lenz et al.47). The BLYP-SP and MP2 single-point energy results
are given in the Supporting Information in Table S2.
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basis set. MP2/aug-cc-pVTZ at the aug-cc-pVDZ geometry
predicts structure C to be more stable by 0.91 kcal/mol. If zero-
point vibrational energy from BLYP-M2 is incorporated to the

MP2 single point energy, structure C will be more stable than
structure A by 0.53 kcal/mol.
Three other functionals were also employed in the

calculation. With zero-point energy correction and the 6-
311++G(d,p) basis set, it was found that structure A is more
stable than structure C by 2.20, 0.44, and 1.12 kcal/mol when
LC-ωPBE, ωB97XD, and B2PLYPD functionals are used,
respectively.
In structure B, one water molecule stays in the center of the

cage formed by the other 19 water molecules. Although missing
one water molecule in the cage, structure B is rather similar to
the dodecahedral cage structure that is part of a clathrate
hydrate; therefore, we name structure B a clathrate-like
structure. Structure D was regarded as a cage structure and is
similar to the previously reported one.46 (We note here that
much higher energy structures of (H2O)20 were also mentioned
by other studies.47−53,72−74)

Minimal Energy Structures of LiI(H2O)10. Following the
same procedure used for the pure-water clusters, we identified
low-energy structures of LiI(H2O)10, shown in Figure 4a. The
lowest-energy structure has C2v symmetry. In this structure, Li+

and I− are not in direct contact and each coordinates with four
water molecules. Li+ is buried inside the cluster, and I−, on the
other hand, resides on the surface. In the other low-energy
structures, the coordination of both Li+ and I− remains
essentially unchanged. These structures differ from each other
by the rearrangement of hydrogen bonds between water
molecules. It is interesting to note that our earlier study43 on
smaller LiI(H2O)n clusters showed that, as long as the number
of water molecules exceeds five, Li+ and I− become separated by
water molecules. It is also worthwhile to point out that the
coordination number of both ions is the same for LiI(H2O)10
and LiI(H2O)6, with Li+ and I− being coordinated with four
oxygen atoms and four adjacent hydrogen atoms, respectively.

Minimal Energy Structures of CsI(H2O)10. The minimal
energy structures of the CsI(H2O)10 cluster are given in Figure
4b. Cs+ and I− are in close contact in these low-energy
structures. Both Cs+ and I− coordinate with three water
molecules in structures A and B and with four water molecules
in structures C and D, as shown in Figure 4b. These structures
of CsI(H2O)10 are distinctly different from those of LiI(H2O)10
but resemble reasonably well the corresponding minima of

Figure 3. Stable structures and the relative energies of (H2O)20, with
their energies given relative to the most stable structure in units of
kcal/mol. The BLYP-M2 ZPE was evaluated at the BLYP-M2
geometry. The BLYP-SP and MP2 single-point energy results are
given in the Supporting Information in Table S2.

Figure 4. The most stable four structures of LiI(H2O)10 and CsI(H2O)10 and their energies relative to the most stable one. All energies are zero-
point energy (ZPE) corrected and in kcal/mol. Atoms are drawn as spheres and in different colors: Li+ in pink, Cs+ in yellow, I− in blue, oxygen in
red, and hydrogen in gray.

The Journal of Physical Chemistry B Article

dx.doi.org/10.1021/jp408439j | J. Phys. Chem. B 2014, 118, 743−751746

http://pubs.acs.org/action/showImage?doi=10.1021/jp408439j&iName=master.img-003.jpg&w=239&h=345
http://pubs.acs.org/action/showImage?doi=10.1021/jp408439j&iName=master.img-004.jpg&w=304&h=166


(H2O)12 clusters (see Figure 2). Structures A and D of the
CsI(H2O)10 cluster are geometrically similar to the cage and
fused-cube structures of (H2O)12, respectively, with two
adjacent water molecules substituted by Cs+ and I−,
respectively. In all of these low-energy structures, Cs+ and I−

ions are in direct contact with each other, showing completely
different behavior when compared to Li+ and I− ions.
Minimal Energy Structures of LiI(H2O)18 and CsI-

(H2O)18 Clusters. The core structures of LiI(H2O)18 and
CsI(H2O)18 well resemble those of LiI(H2O)10 and CsI-
(H2O)10, respectively, showing the importance and stability of
these core structures of the hydrated ions. Figure 5a shows
several most stable structures of LiI(H2O)18 in which the
Li(H2O)4

+ structural motif remains intact. I− ion resides on the
cluster surface with a coordination number of 6 in structures A
and B. When the coordination number of I− ion becomes 4
(structure C) or 5 (structure D), the energies of the system are
larger than hexa-coordinated structure B by 0.29 or 0.35 kcal/
mol, respectively.
I− also resides on the surface of the CsI(H2O)18 cluster and

coordinates with four adjacent water hydrogen atoms, as shown
in Figure 5b. The Cs+ ion is located in the center of the cage
formed by 18 water molecules and the I− in all four most stable
structures. These structures of CsI(H2O)18 are the ones with
the lowest energies and closely resemble the clathrate-like
structure of (H2O)20 (see Figure 3). In contrast, the clathrate-
like structure in (H2O)20 is relatively high in energy. In the
clathrate-like structure of CsI(H2O)18 and (H2O)20, the central
Cs+ and water molecule coordinate with six and four molecules
(for Cs+, I− ion is also included), respectively. Therefore, it can
be concluded that the Cs+−water interaction stabilizes the
clathrate-like structure. On the other hand, the burial of a water
molecule in the center of the cage of (H2O)20 causes an energy
penalty compared to the fused and fused-like structures.
Figure 6 shows a comparison of the most stable structures of

MI(H2O)10 and MI(H2O)18 (M = Li or Cs) with the structures
of (H2O)12 and (H2O)20, respectively. We also calculated the
LiI(H2O)20 and CsI(H2O)20 clusters following the same
strategy. Their structural and energetic information is given
in the Supporting Information.
Formation of Contact versus Solvent-Separated Ion

Pairs. After the relative stabilities of these ion structures are
known, we try to understand the number of water molecules
needed for the solvent-separated ion pair (SIP) to be more

stable than the contact ion pair (CIP) and similarly the double-
solvent-separated ion pair (2SIP) to be more stable than SIP
for a particular salt.26 In Figure 7, we plotted the relative ion-
pair distance, which is defined as the ratio of the distance
between the cation and anion and the corresponding distance
between such ion pairs in a vacuum; the latter is estimated by a
geometry optimization in the gas phase. This figure also
indicates that Li+/I− and Cs+/I− ion pairs behave very
differently when hydrated. The CIP of Li+/I− is only found
in clusters with n ≤ 4. When n = 5 or 6, the two ions share one
water molecule in between and are thus already in a SIP form.
For all other LiI−water clusters studied, the ion pair takes the
form of 2SIP. This gradual yet easy separation of the Li+/I− ion
pair by water molecules indicates an effective dissolving of the

Figure 5. The four stable structures of LiI(H2O)18 and CsI(H2O)18 and their energies relative to the most stable one. All energies are zero-point
energy (ZPE) corrected and in kcal/mol. Atoms are drawn as spheres and in different colors: Li+ in pink, Cs+ in yellow, I− in blue, oxygen in red, and
hydrogen in gray.

Figure 6. Comparison of the low-energy structures of LiI(H2O)n and
CsI(H2O)n (n = 10 and 18) to the basic structures of (H2O)n+2 (n =
10 and 18) clusters. LiI-10A, LiI-18A, CsI-10A, and CsI-18A are the
most stable ones in the corresponding clusters. Atoms are drawn in
spheres and in different colors, that is, Li+ in pink, Cs+ in yellow, I− in
blue, oxygen in red, and hydrogen in gray.

The Journal of Physical Chemistry B Article

dx.doi.org/10.1021/jp408439j | J. Phys. Chem. B 2014, 118, 743−751747

http://pubs.acs.org/action/showImage?doi=10.1021/jp408439j&iName=master.img-005.jpg&w=308&h=157
http://pubs.acs.org/action/showImage?doi=10.1021/jp408439j&iName=master.img-006.jpg&w=239&h=247


two ions by a relatively small number of water molecules. On
the other hand, the Cs+/I− ion pair remains in relatively close
contact for all the clusters studied, which likely results from the
weak interaction of these two ions with water.
In this paper, we only focus on the cation−anion distance

evolution in neutral clusters. Nevertheless, it may be of interest
to investigate the corresponding distance evolution in anionic
clusters, in which the degrees of freedom that the excess
electron brings in must be considered.
In addition to the stable structures, the ITS method also

allows us to obtain the population of structures (calculated
using the classical force field) and thus the distribution
functions of cation−anion distance, as a function of temper-
ature. These thermodynamic properties are readily calculated
through a reweighting procedure.2 Figure 8 shows that the
Cs+−I− distance remains largely constant in the temperature

range 75−275 K, in either CsI(H2O)10 or CsI(H2O)18. The
Li+−I− distance in the LiI(H2O)10 cluster, on the other hand,
varies more significantly, with the most probable distance being
∼4.6 Å at 75 K and ∼4.3 Å at 100 K. The Li+−I− distance
distribution for LiI(H2O)18 also shows more features. At least
two kinds of structures exist, with the distances of cation and
anion being ∼4.6 and ∼6.0 Å, respectively. These results again
indicate that it is more difficult for the Cs+/I− ion pair to be
separated by water, whereas the Li+/I− ion pair exists in several
different solvent-separated structures with varying Li+−I−
distance. In the Supporting Information, we also give the
structure assignment and discussions of the temperature effect
on cation−anion distance distributions for LiI(H2O)10 and
LiI(H2O)20 clusters.

Ion Effects on Water−Water Hydrogen Bonding. One
of the most debated questions is whether and how ions affect
the water−water interactions.8,10,75 In this paper, we first
compare the properties of the hydrogen bonds formed by water
molecules before and after the two ion pairs are added, focusing
on the most stable structures of LiI(H2O)18, CsI(H2O)18, and
(H2O)20. For simplicity, in this study, a hydrogen bond is
formed if the oxygen−oxygen distance is less than 3.5 Å and the
(O−H−O) angle is larger than 120°. (These criteria are slightly
more strict than the definition used by Xenides et al.76 for
liquid water.) Table 1 indicates that the addition of Li+/I− or

Cs+/I− changes the number of dangling hydrogen (free
hydrogen) atoms slightly. The average hydrogen bond angles
and lengths are also different in the two types of salt−water
clusters. The Li+ and I− ions make an average water−water
hydrogen bond shorter and the O−H−O angle larger when
compared to pure-water clusters. On the contrary, the Cs+ and
I− ions do not significantly change the O−H−O angle and only
slightly shorten the hydrogen bond. Thus, LiI has a stronger
capability of increasing the strength of individual water−water
hydrogen bonds.
We also calculated the numbers of hydrogen bonds formed

by each water molecule and classify each hydrogen bond as a
hydrogen donor or a hydrogen acceptor bond. According to the
numbers of donor (D) and acceptor (A) hydrogen bonds
formed, the most populated four types, 1D1A, 1D2A, 2D1A,
and 2D2A, are taken into consideration in this paper. The
populations of the four types of water molecules for the most
stable structures of (H2O)20, LiI(H2O)18, and CsI(H2O)18
clusters are given in Table 2.
It is clear from Table 2 that water molecules tend to have a

higher coordination number in CsI(H2O)18 than in LiI(H2O)18.
This is especially true for water bound to Cs+. In contrast,
binding with Li+ makes the water molecules less coordinated.
The same trend is observed for both the minimal energy
clusters and the average number of hydrogen bonds obtained in
the ITS simulations. From Figure 9, it is clear that the lower
average coordination number for water in the LiI(H2O)18
cluster is mainly due to the existence of a larger number of

Figure 7. The ratio of average ion pair distances over the bare ion pair
distance plotted as a function of the number of water molecules in the
cluster. Each dot is calculated from the most stable structure of the
certain number of water molecule. For the label on the Y axis, R stands
for the ion pair distance in the optimized salt−water clusters with
different numbers of water molecules and R0 stands for the optimized
bare ion pair distance.

Figure 8. Cation−anion distance distribution of different clusters at a
series of selected temperatures. These data are obtained from ITS
simulation trajectories.

Table 1. The Number of Free Hydrogens and the Average
Hydrogen Bond Angle and Length in the Most Stable
Structure of LiI(H2O)18, CsI(H2O)18, and (H2O)20 Clusters

free H angle (deg) length (Å)

(H2O)20 8 163.717 2.868
LiI(H2O)18 9 169.059 2.778
CsI(H2O)18 7 164.894 2.784
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1D1A. Cs+ and I− ions increase the populations of 1D2A and
2D2A in the temperature range 50−300 K, while Li+ and I−

mainly increase the number of 2D1A at low temperatures.
These results indicate the complicated nature of salt effects on
water structure and interactions. LiI strengthens hydrogen
bonds in the first solvation shell of the Li+ but weakens the
overall hydrogen bonding network by making water molecules
less coordinated (see Table 2 and Figure 9).

■ CONCLUSION
This study shows that the ion−water cluster structures are
strongly influenced by the delicate balance between ion−water
and water−water interactions. LiI(H2O)n and CsI(H2O)n (n =
10, 18, and 20) possess very different minimal energy
configurations according to DFT. Compared to the pure-
water clusters containing the same number of heavy atoms, the
Li+ ion induces large structural changes. The Li+, commonly
believed to be strongly hydrated in bulk water,77,78 interacts
favorably with water and becomes fully hydrated as long as the
cluster contains more than five water molecules. The structures
of LiI(H2O)10 and LiI(H2O)18 (and LiI(H2O)20 shown in the
Supporting Information) can all be viewed as being built
around the Li+(H2O)4 structural motif. For all three clusters,
both Li+ and I− coordinate with four water molecules. Li+ is
enclosed inside the cluster, and I− is exposed at the cluster
surface. Notably, the tetra-coordinated Li+ also possesses the
dominant percent in lithium aqueous solutions according to the
previous studies.77,78 The difference in lithium coordination

numbers between theory and bulk experiments cannot be
adequately addressed by these cluster studies.
On the other hand, the ion−water and cation−anion

interaction are weak in CsI(H2O)n clusters, which results in
the preservation of much of the overall structures of the
corresponding pure-water clusters in both CsI(H2O)10 and
CsI(H2O)18. For smaller clusters, Cs+ stays at the cluster
surface and when the number of available water molecules
becomes large, it is buried inside the cluster. The coordination
numbers of Cs+ and I− are both 4 when n = 10, while, for n =
18 or 20, they tend to coordinate with more water molecules
(oxygen or hydrogen atoms). The structural features of
(H2O)12 (cage and face-sharing fused-cube) remain largely
unchanged in CsI(H2O)10. In the latter, the two ions occupy
the positions of two water molecules of the (H2O)12, and I− is
partially exposed. The clathrate-like structure, which is relatively
unstable for (H2O)20, becomes the lowest-energy structure in
CsI(H2O)18, largely due to the Cs+’s coordination with six
water molecules which makes its residence in the center of the
cage much favored. As a result of the dominant water−water
interaction, the change of two water molecules to one Cs+ and
one I− does not alter significantly the overall structures of
(H2O)12 or (H2O)20, although it does change the relative
stability of the structures (see Figures 3 and 5). In summary,
the electrostatic interaction is weaker between the Cs+/I− ion
pair, but their interactions with water molecules are also
weaker. By forming an ion pair, the clusters permit better
water−water interactions. Such an argument is consistent with
the “matching water affinity” argument used in understanding
ion pairing in bulk solutions.
The different properties of the two types of salt−water

clusters also show in the cation−anion distances. Li+−I− forms
a stable SIP when the number of water molecules reaches 5,
while Cs+−I− remains as a CIP form. For n ≥ 10, Li+−I−
prefers 2SIP but Cs+−I− still remains in close contact. It is
expected that more water molecules would insert to the ion
pairs and make the ion pairs more apart both in LiI(H2O)n and
CsI(H2O)n clusters as the cluster size further increases, but the
number of water molecules needed is larger than that used in
the current study.
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Table 2. The Populations of Different Types of Water
Molecules in the Most Stable Structure of LiI(H2O)18,
CsI(H2O)18, and (H2O)20 Clusters

2D2A 2D1A 1D2A 1D1A

(H2O)20 5 7 7 1
LiI(H2O)18 2 7 5 4
CsI(H2O)18 6 5 7 0

Figure 9. Averaged number of coordinated water molecules in 1D1A
(upper left), 1D2A (upper right), 2D1A (bottom left), and 2D2A
(bottom right) types. These data are obtained from ITS simulation
trajectories of (H2O)20, LiI(H2O)18, and CsI(H2O)18 clusters. Here
one water molecule bound to a cation (anion) is also counted as a
hydrogen acceptor (donor).
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