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ABSTRACT: In order to understand the microsolvation of
Lil and Csl in water and provide information about the
dependence of solvation processes on different ions, we
investigated the Lil(H,0),” and CsI(H,0),” (n = 0-6)
clusters using photoelectron spectroscopy. The structures of
these clusters and their corresponding neutrals were
investigated with ab initio calculations and confirmed by
comparing with the photoelectron spectroscopy experiments.
Our studies show that the structural evolutions of Lil(H,0),
and CsI(H,0), clusters are very different. The Li—I distance in
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LiI(H,0),” increases abruptly at n = 3, whereas the abrupt elongation of the Li—I distance in neutral Lil(H,0), occurs at n = S.
In contrast to the Lil(H,0),~ clusters, the Cs—I distance in CsI(H,0),” increases significantly at n = 3, reaches a maximum at n
= 4, and decreases again as n increases further. There is no abrupt change of the Cs—I distance in neutral CsI(H,0), as n
increases from 0 to 6. Water molecules interact strongly with the Li ion; consequently, water molecule(s) can insert within the
Li*—I" ion pair. In contrast, five or six water molecules are not enough to induce obvious separation of the Cs*—I" ion pair since
the Cs—water interaction is relatively weak compared to the Li—water interaction. Our work has shown that the structural
variation and microsolvation in MI(H,O), clusters are determined by the delicate balance between ion—ion, ion—water, and
water—water interactions, which may have significant implications for the general understanding of salt effects in water solution.

1. INTRODUCTION

Dissolution of salts is a fundamental process in chemistry. It has
been suggested that salt effects on water are strongly correlated
to the Hofmeister series’ salting-in and salting-out effects.'
Although solvation in the bulk solution is likely to involve a large
number of water molecules and depends on the bulk properties
of water, it is instructive to understand the ion—ion and ion—
water interactions in small clusters. Ion—ion interactions and ion
pair formation have important consequences on the dynamical
properties of water,” * and could also play important roles in the
water/air surface tension and solvation of other molecules in
water.>®

Electrostatic interactions between salt ions alone lead them to
exist as contact ion pairs (CIPs), in which the anion and cation
interact with each other directly without interference from the
solvent molecules.” During the solvation process, the anion and
cation of the salt can be separated by the solvent molecules to
form solvent-separated ion pairs (SSIPs). One interesting
question is how many solvent molecules are needed to separate
the CIP of a particular salt.® As the ionic bonds of salts can be
significantly affected by the solvent molecules, it is expected that
the electronic state of a SSIP would be different from that of a
CIP. Thus, a reasonable approach for studying the evolution of

-4 ACS Publications  ©2013 American Chemical Society

5190

salt CIP to SSIP structure in solvation processes is to probe the
change of salt electronic state with increasing number of solvent
molecules using anion photoelectron spectroscopy. Wang and
co-workers have investigated [M*(SO,*7)],_, (M = Na, K) ion
pairs’ and the dissolution of NaSO,~ by water'® using anion
photoelectron spectroscopy. Very recently, Feng et al
investigated the microscopic solvation of NaBO, in water by
conducting photoelectron spectroscopy study and ab initio
calculations of NaBO, (H,0), clusters and found that the
transition from the CIP structure to the SSIP structure in these
clusters starts at n = 3.""

Alkali halides are simple salts. They play important roles in
biochemistry,"> marine chemistry,"> and atmospheric chemis-
try,"* !¢ as well as in our daily life. Many theoretical®'”~** and
experimental®*~* studies have been conducted to investigate the
microscopic solvation mechanism of alkali halide salts because of
their simplicity and importance. A variety of experimental
techniques have been employed to study alkali halide/water
clusters. Ault et al.* investigated alkali halide salt—water
complexes using matrix-isolated infrared spectroscopy. Jouvet
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and co-workers®” ™ studied small NaI(H,0), and NaI(NHj,),
clusters by resonance-enhanced two-photon ionization and
femtosecond pump—probe ionization. Bowers and co-workers*!
studied the dissolution processes of Na,I" and NazI," with the
association of water molecules by measuring the sequential
association energies of Na,I*(H,0), (n = 1-6) and
Na;L,*(H,0), (n = 1-2). Blades et al.* investigated the
hydration energies of (MX),,M" ions (M* = alkali ions or NH,*;
X~ = halide ions, NO,~, or NO;~) using reaction-equilibration
measurements. Mizoguchi et al.**** studied the incipient
solvation process of NaCl in water by measuring the Fourier-
transform microwave spectra of NaCl(H,0), (n = 1-3)
complexes. Regarding photoelectron spectroscopy study of
these clusters, although the photoelectron spectra of a series of
alkali halide anions, such as NaX~ (X =F, Cl, Br, I), KX~ (X = Cl,
Br, 1), and MCI~ (M = Li, Rb, Cs), were measured by Lineberger
and co-workers many years ago,* none of the alkali halide salt—
water clusters has been studied with photoelectron spectroscopy.
Until now, there is no general agreement about the formation of
SSIP structures for these clusters or the dependence of SSIP
formation on different ions in the salts. Since photoelectron
spectroscopy has been shown to be a very useful technique to
explore salt—water clusters, here we investigate the Lil(H,0),”
and CsI(H,0),” (n = 0—6) clusters using mass-selected anion
photoelectron spectroscopy and ab initio calculations in order to
understand the microsolvation of Lil and Csl in water.

The paper is organized as follows: the details of the mass-
selected anion photoelectron spectroscopy experiments and ab
initio calculations are described in section 2. The photoelectron
spectra of Lil(H,0),” and CsI(H,0),” (n = 0—6) clusters are
introduced in section 3. In section 4, the theoretical results are
validated by comparison of experimental and theoretical VDEs,
and the structures of the typical isomers of LiI(H,0),” and
CsI(H,0),” (n = 0—6) clusters as well as their corresponding
neutrals are examined. In section 5, the evolution of M-I
distances in MI(H,O), clusters, the effects of different cations,
and the different effects from the cations and anions are
discussed.

2. EXPERIMENTAL AND COMPUTATIONAL METHODS

2.1. Experimental Methods. The experiments were conducted on
a home-built apparatus consisting of a time-of-flight mass spectrometer
and a magnetic-bottle photoelectron spectrometer, which has been
described elsewhere.*® Briefly, the MI(H,0),” (M = Li, Cs) cluster
anions were produced in a laser vaporization source by ablating a
rotating, translating Lil or CsI disc target with the second harmonic (532
nm) light pulses of a Nd:YAG laser, while helium carrier gas with ~2 atm
backing pressure seeded with water vapor was allowed to expand
through a pulsed valve for generating hydrated MI~ (M = Li, Cs) and
cooling the formed clusters. The cluster anions were mass-analyzed by
the time-of-flight mass spectrometer. The MI(H,0),” (M = Li, Cs, n =
0—6) clusters were each mass-selected and decelerated before being
photodetached. The electrons resulting from photodetachment were
energy-analyzed by the magnetic-bottle photoelectron spectrometer.
The fhotoelectron spectra were calibrated using the known spectrum of
Pb™.*" The instrumental resolution was ~40 meV for electrons with 1
eV kinetic energy.

2.2. Computational Methods. The Gaussian09*® program
package was used for all the ab initio calculations. The structures of
Lil(H,0),” and CsI(H,0),” (n = 0—6) clusters and their neutral
counterparts were optimized with density functional theory (DFT)
employing the long-range corrected hybrid functional LC-wPBE.**~*
We used the standard Pople-type basis 6-311++G** for Li, O, and H
atoms. The effective core potential (ECP) basis sets LANL2Dde53 and
Def2-QZVPPD,** as obtained from the EMSL basis set library,55 were

used for I and Cs atoms, respectively. The initial structures of the small
clusters such as Lil(H,0),_, and CsI(H,0),_, were obtained by varying
the positions of the water molecules. Those of the large clusters were
generated from the smaller ones by adding water molecules to different
positions and/or were produced by taking different snapshots from
trajectories of molecular dynamics (MD) simulations. Harmonic
vibrational frequencies were calculated to make sure that the optimized
structures correspond to real local minima. The calculated energies were
corrected by the zero-point vibrational energies. In order to confirm the
reliability of the DFT calculations, the single-point energies and vertical
detachment energies of the different isomers of small Lil(H,0),” and
CsI(H,0),” clusters with n = 0—4 were also calculated with the
CCSD(T) method®® using the same basis sets. To assess the uncertainty
related to the choice of different functionals, the structures of
Lil(H,0),” clusters were also optimized using other two variants of
hybrid functionals, M06-2X>” and wB97XD,*® and those of CsI(H,0),”
(n=0—6) clusters were optimized with the M06-2X*” functional as well,
which gave essentially the same results as LC-wPBE (see the Supporting
Information).

3. EXPERIMENTAL RESULTS

The photoelectron spectra of Lil(H,0),” (n = 0—6) clusters
recorded with 1064 and 532 nm photons are presented in Figure
1, and those of CsI(H,0),” (n = 0—6) clusters are given in
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Figure 1. Photoelectron spectra of Lil(H,0),” (n = 0—6) clusters
recorded with 1064 and 532 nm photons.
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Figure 2. The vertical detachment energies (VDEs) and the
adiabatic detachment energies (ADEs) of Lil(H,0),” and
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Figure 2. Photoelectron spectra of CsI(H,0),” (n = 0—6) clusters
recorded with 1064 and 532 nm photons.

CsI(H,0),” (n=0—6) clusters obtained from the peak positions
in their photoelectron spectra are summarized in Tables 1 and 2,
respectively.

The photoelectron spectrum of Lil™ recorded with 532 nm
photons has an unresolved broad feature centered at 0.81 eV,
which is clearly resolved into four peaks, centered at 0.754 +

Table 1. Experimentally Observed Adiabatic Detachment
Energies and Vertical Detachment Energies of Lil(H,0),~
(n = 0—6) from Their Photoelectron Spectra

cluster ADE (eV) VDE (eV)
Lil™ 0.754(+0.030) 0.820(+0.030)
Lil(H,0)~ 0.670(+0.030) 0.670(+0.030)
Lil(H,0),” 0.48(+0.08) 0.68(+0.08)
Lil(H,0);~ 0.64(+0.08) 0.72(+0.08)
Lil(H,0),” 0.41(+0.08) 0.55(+0.08)
Lil(H,0)s~ 0.42(+0.08) 0.61(+0.08)
Lil(H,0)” 0.50(+0.08) 0.72(0.08)
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Table 2. Experimentally Observed Adiabatic Detachment
Energies and Vertical Detachment Energies of CsI(H,0),~
(n = 0—6) from Their Photoelectron Spectra

X X’
cluster ADE (eV) VDE (eV) VDE (eV)
CsI™ 0.60(+0.05) 0.66(+0.05)
CsI(H,0)~ 0.46(%0.05) 0.54(+0.05)
CsI(H,0),~ 0.32(+0.08) 0.48(+0.08) 0.60(+0.08)
CsI(H,0);~ 0.29(+0.15) 0.53(0.08)
CsI(H,0),~ 0.33(+0.15) 0.54(+0.08)
CsI(H,0)s™ 0.39(+0.15) 0.74(0.08)
CsI(H,0)4~ 0.51(£0.15) 0.80(0.08)

0.030, 0.820 + 0.030, 0.889 + 0.030, and 0.954 + 0.030 eV in the
spectrum taken with 1064 nm photons. The first peak at 0.754 eV
designates the ADE, and the others correspond to the vibrational
progression (Li—I stretch) of the neutral. The vibrational
frequency of Lil is estimated to be 530 + S0 cm™" on the basis
of the spacing of those peaks (66 meV), which is in agreement
with the vibrational frequency of Lil (w, = 498.1 cm™) reported
by Klemperer et al.*” The VDE of Lil™ is estimated to be 0.820 +
0.030 eV on the basis of the spectrum at 1064 nm. The peak at
0.754 eV corresponds to the transition from the vibrational
ground state of Lil” to that of Lil neutral; thus, the electron
affinity of Lil is determined to be 0.754 + 0.030 eV.

The spectrum of Lil(H,0)~ at 532 nm shows two major
features, an unresolved broad feature centered at 0.67 eV and a
small one centered at 1.12 eV. The feature at 1.12 eV more likely
is due to the O—H stretch of the water molecule because it is
higher than the first feature by ~0.45 eV (3630 cm™"), close to
the O—H stretch frequency of water molecules. With 1064 nm
photons, the 0.67 eV broad feature can be resolved into three
peaks centered at 0.670 = 0.030, 0.745 + 0.030, and 0.820 +
0.030 eV. The spacing between those peaks is ~75 meV, which
corresponds to a vibrational frequency of 600 + 50 cm™". It can
be assigned to the I-Li—O asymmetric stretching of Lil(H,0),
as will be shown in the Theoretical Results section. The ADE and
VDE of Lil(H,0)~ are both determined to be 0.670 + 0.030 eV
on the basis of the first peak in the 1064 nm spectrum.

No vibrational structure is resolved at 1064 nm for Lil(H,0),~
clusters with n = 2—6. The spectrum of Lil(H,0),” has a very
broad feature centered at 0.68 eV and a small tail between 0.9 and
1.4 eV. The spectrum of Lil(H,0); ™ has a major peak centered at
0.72 eV and a small one centered at 1.20 eV. Similar to the case of
LiI(H,0)7, the photoelectron peak of Lil(H,0); at 1.20 eV is
higher than the first peak by ~0.48 eV (3871 cm™"), close to the
O—H stretch frequency of water molecule. The major spectral
features of Lil(H,0),”, Lil(H,0);”, and Lil(H,0)s are
centered at 0.55, 0.61, and 0.72 eV, respectively.

Figure 2 displays the photoelectron spectra of CsI(H,0), (n
= 0—6) clusters, and none of them is vibrationally resolved
because the vibrational frequency of CsI (@, = 119.2 cm™)% is
much smaller than our instrumental resolution. CsI™ has a peak
centered at 0.66 eV. The VDE and ADE of CsI™ are estimated to
be 0.66 + 0.05 and 0.60 =+ 0.05 eV, respectively, on the basis of
the 1064 nm spectrum. Here, the ADE of CsI™ corresponds to
the energy needed for the transition from the vibrational ground
state of CsI™ to that of CsI neutral; therefore, the electron affinity
of Csl is also 0.60 + 0.05 eV. CsI(H,O)™ has a broad peak
centered at 0.54 eV. In the spectrum of CsI(H,0),” recorded
with 1064 nm photons, there are two barely resolved peaks at
0.48 (X) and 0.60 eV (X'). These two peaks may come from
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different isomers. CsI(H,0);”, CsI(H,0),~, CsI(H,0O)s~, and
CsI(H,0)¢™ all have very broad peaks, centered at 0.53, 0.54,
0.74, and 0.80 eV, respectively.

As a summary of the experimental results, Figure 3 shows the
change of VDEs with the number of water molecules (n) in
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Figure 3. Experimental VDEs of Lil(H,0),” and CsI(H,0),” (n = 0—
6) clusters compared to the VDEs of the most stable isomers of these
clusters obtained with LC-wPBE method.

Lil(H,0),” and CsI(H,0),”( n=0—6) clusters. We can see that
the VDE of Lil(H,0),,” first decreases when n changes from 0 to
1, and then increases as n changes from 1 to 3, and drops again,
quite dramatically, at n = 4. For n > 4, the VDE increases as the
cluster size further increases. The VDE of CsI(H,0),” drops
constantly from n = 0 to 2, and then increases as n increases from
2 to 6. The difference between CsI(H,0);~ and CsI(H,0),” is
relatively small. As it will be discussed later, the changes of VDEs
for MI(H,0),” (M = Lj, Cs) clusters are strongly correlated to
their structural evolutions. The decrease of VDEs for MI(H,0),~
at n < 4 more likely implies that these water molecules interact
directly with the Li and Cs atoms, while the increase of VDEs for
MI(H,0),” at n > 4 indicates that the fifth and sixth water
molecules form hydrogen bonds with I” or neighboring water
molecules instead of interacting with the Li and Cs atoms
directly. Figure 3 also shows that the VDEs of Lil(H,0),” (n =
1—6) are lower than that of the bare Lil~, and the VDEs of
CsI(H,0),” (n=1—4) are lower than that of CsI~, while those of
CsI(H,0);s™ and CsI(H,0), are higher than that of CsI™. This
difference of the VDE changes between Lil(H,0);s~ and
CsI(H,0);s4 probably is due to the stronger interaction of the
water molecules with a Li atom than with a Cs atom.

4. THEORETICAL RESULTS

We found a rather large number of low-lying isomers of
Lil(H,0),” and CsI(H,0),” clusters, especially for n = 4—6, by
theoretical calculations, consistent with the broad photoelectron
spectral features of these clusters observed in the experiments, as
multiple isomers may contribute to the experimental spectra.
Here, we show the typical isomers of Lil(H,0),” and Lil(H,0),
(n = 0—6) in Figures 4 and S, and those of CsI(H,0),” and
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Figure 4. Optimized geometries of the typical low-lying isomers of
LiI(H,0),” (n = 0-6).

CsI(H,0), (n = 0—6) in Figures 6 and 7 (more isomers are
available in the Supporting Information). The calculated relative
energies, ADEs, and VDEs of these low-lying isomers are
summarized and compared with the experimental values in
Tables 3 and 4. The tables show that the theoretical VDEs of the
most stable isomers of Lil(H,0), ~ and CsI(H,0), ~ are in
reasonable agreement with the experimental values, indicating
that these isomers, found by theoretical calculations, are likely the
ones detected in the experiments. In the following paragraphs, we
will examine the structures of Lil(H,0), ~ and CsI(H,0), ~ and
their corresponding neutrals in detail in order to reveal their
structural evolutions with increasing number of water molecules.
It will be shown that the structures of CsI(H,0),” and
CsI(H,0), are quite different from their counterparts containing
Lil.
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Figure S. Optimized geometries of the typical low-lying isomers of
Lil(H,0), (n = 0-6).

4.1. Structures of Lil(H,0),,~ and Lil(H,0),. The typical
low-lying isomers of Lil(H,0),” and Lil(H,0), (n = 0—6) are
displayed in Figures 4 and 5, respectively. The results are
summarized as follows.

Our calculations showed that the Li—I bond length in Lil™ is
~2.55 A, and in Lil neutral is ~2.39 A. The frequency of Li—I
stretching is calculated to be ~510 cm™, in good agreement with
the experimental values of this work and Klemperer et al.>

The most stable structure of Lil(H,0)~ (1A) has a C,,
symmetry with the water molecule connected to Li atom via
the O atom. Its theoretical VDE (0.62 €V) is in good agreement
with the experimental value of 0.67 eV determined in Figure 1.
We have also found an isomer (1B) higher in energy than isomer
1A by 0.33 eV, in which the water molecule interacts with the I
atom through a hydrogen bond. But it is unlikely for isomer 1B to
be produced in the experiment because it is much less stable than
isomer 1A. The ground state of neutral Lil(H,0) (1A") is similar
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Figure 6. Optimized geometries of the typical low-lying isomers of
CsI(H,0),” (n = 0-6).

to the most stable structure of the anion with slightly shorter Li—
I distance. The I-Li—O asymmetric stretching of isomer 1A’ was
calculated to be ~622 cm™' and is in agreement with the
vibrational frequency of 600 + 50 cm™' observed in the
photoelectron spectrum of Lil(H,O)~ taken with 1064 nm
photons. The I-Li—O asymmetric stretching of Lil(H,0) was
activated upon photodetachment of an electron from Lil(H,0)~
because the equilibrium bond lengths of I-Li and Li—O in
LiI(H,0)” and Lil(H,O) are different. The symmetric
stretching and antisymmetric stretching of H,O in isomer 1A’
are calculated to be 3890 and 3979 cm™, respectively, consistent
with observation of the 1.12 eV peak in the experiment.

The most stable isomer of Lil(H,0),” (2A) has the O atoms
of the two water molecules connected to the Li atom. The Li—I
distance is ~2.57 A. The calculated VDE of isomer 2A (0.62 eV)
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Figure 7. Optimized geometries of the typical low-lying isomers of
CsI(H,0), (n = 0-6).

agrees well with the experimental value of 0.68 eV. The most
stable isomer of neutral Lil(H,0), has a C,, symmetry with the
water molecules interacting with the Li atom via the O atom and
with the I atom via H atoms. The broadening of the Lil(H,0),"
spectrum probably is due to the activation of the vibrational
modes related to O—Li—O bending since the O—Li—O angle in
neutral Lil(H,0), (160°) is much larger than that of Lil(H,0),~
(100°).

The most stable structure of Lil(H,0);” has the first two
water molecules between Li and I atoms, with the O atoms of
water interacting with the Li atom and the H atoms of water with
the I atom. The third water molecule is attached to the Li atom
via its O atom. The Li—I distance in this cluster, 4.27 A, is
significantly longer than that in the smaller clusters, as a result of
the insertion of two water molecules between the Li and I atoms.
The position of the third water molecule in Lil(H,0), ™ is similar
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to that of the water molecule in Lil(H,0)~ (1A), consistent with
the observation of high electron binding energy peaks
contributed by water O—H stretching in the experimental
spectra of both Lil(H,0)~ (1.12 eV) and Lil(H,0);~ (1.20 €V).
The most stable isomer of Lil(H,0)j; is a C; symmetric structure
with three water molecules between Li and I atoms. The Li—I
distance in Lil(H,0); neutral is ~2.76 A, significantly shorter
than that in Lil(H,0);".

The most stable isomer of Lil(H,0),” has three water
molecules attached to both Li and I atoms, with the O atom of
water interacting with the Li atom and the H atoms of water
interacting with the I atom. The fourth water molecule attaches
to the Li atom via its O atom and is away from the I atom. The
most stable isomer of Lil(H,0), neutral has three water
molecules interacting with the Li atom directly and the fourth
water molecule interacting one of the three water molecules via a
hydrogen bond.

The structures of Lil(H,0),~ and Lil(H,0)~ can be viewed
as evolved from Lil(H,0),” with the fifth and sixth water
molecules forming hydrogen bond(s) with the other water
molecules. The fifth and sixth water molecules do not interact
with the Li atom directly. The structures of Lil(H,O); and
Lil(H,0)4 neutral clusters are similar to their anionic counter-
parts except that the orientations of the water molecules are
slightly different. In these clusters, the Li atom mainly
coordinates with four water molecules, which is consistent with
the commonly believed tetracoordination of Li* in bulk water.!

4.2. Structures of Csl(H,0),” and Csl(H,0),. The typical
low-lying isomers of CsI(H,0),” and CsI(H,0), (n = 0—6) are
displayed in Figures 6 and 7. These structures are distinctly
different from their counterparts containing Lil.

Our calculations show that the Cs—I distance in CsI™ is ~3.54
A. The Cs—I distance in Csl neutral is ~3.36 A, slightly shorter
than that in the anion. The calculated frequency of Cs—I
stretching in CsI neutral is ~116 cm™, in good agreement with
the experimental value reported by Groen et al. (119.2 cm™*).%

In the most stable structure of CsI(H,O)~, the water molecule
interacts with both Cs and I atoms, with its O atom pointing to
the Cs atom and one of its H atoms being directly connected to
the I atom. The Cs—I distance is lengthened to 3.69 A compared
to that in bare CsI™. The global minimum of neutral CsI(H,0) is
only slightly different from that of anionic CsI(H,O).

The first two isomers of CsI(H,0),, 2A and 2B, are nearly
degenerate in energy, with 2B higher than 2A by only 0.002 eV.
In these isomers, the two water molecules interact with both Cs
and I atoms. Each of the water molecules has the O atom
connected to the Cs and forms a hydrogen bond with the I atom.
In isomer 2A, the two water molecules also interact with each
other via a hydrogen bond, whereas in isomer 2B, the two water
molecules reside on two opposite sides of the Cs—I bond without
direct interaction between them. The theoretical VDEs of
isomers 2A and 2B (0.46 and 0.40 eV) are consistent with the
peak X observed in the 1064 nm spectrum of CsI(H,0),™.
CsI(H,0),” also has a third isomer (2C), with one water
molecule interacting with both Cs and I atoms and the other
water molecule connected to the Cs atom through the opposite
side of the I atom. Its theoretical VDE (0.58 eV) is in agreement
with the peak X' observed in the 1064 nm spectrum of
CsI(H,0),". The first two isomers of CsI(H,0), neutral are
structurally similar to those of CsI(H,0),” with the order of
relative stabilities switched.

In the most stable structure of CsI(H,0);", the three water
molecules sit between the Cs and I atoms. Each water molecule

dx.doi.org/10.1021/ja4006942 | J. Am. Chem. Soc. 2013, 135, 5190—5199


http://pubs.acs.org/action/showImage?doi=10.1021/ja4006942&iName=master.img-007.jpg&w=201&h=472

Journal of the American Chemical Society

Table 3. Relative Energies of the Low-Energy Isomers of Lil(H,0),” (n = 0—6) and Comparison of Their Theoretical VDEs and
ADE:s to the Experimental Values”

VDE (eV) ADE (eV)
theor theor
isomer AEY (eV) symm. state LC-wPBE CCSD(T) exptl LC-wPBE exptl”
Lil~ 0A 0.00 Coor ’S, 0.93 0.80 0.820 0.86 0.754
Lil(H,0)~ 1A 0.00 C,, A 0.62 0.59 0.670 0.58 0.670
1B 0.33 C, A 117 1.02 0.57
Lil(H,0),” 2A 0.00 C A 0.62 0.62 0.68 0.33 0.48
2B 0.12 C, A 0.85 0.78 0.33
2C 0.25 C, A 0.56 0.37
Lil(H,0);~ 3A 0.00 C, A 0.65 0.65 0.72 0.26 0.64
3B 0.10 C A 0.40 0.40 0.30
3C 0.14 C A 0.79 131 024
Lil(H,0),~ 4A 0.00 C, A 041 0.41 0.55 0.30 0.41
4B 0.06 C A 0.80 0.81 029
4C 0.17 C, A 0.57 0.58 0.29
Lil(H,0)s~ SA 0.00 C, A 0.48 0.61 023 0.42
5B 0.04 C A 0.65 024
5C 0.05 C, A 0.86 0.29
Lil(H,0)4~ 6A 0.00 C A 0.53 0.72 0.22 0.50
6B 0.03 C, ’A 0.81 0.25
6C 0.04 C, A 0.67 0.25

“The 6-311++G** basis set was used for Li, O, and H atoms. The LANL2DZdp ECP basis set was used for I atom. YThe AE values are from the
LC-wPBE functional. “Here, the experimental ADEs may not represent the real ADEs due to the possible significant structural changes between the
anions and neutrals. Thus, the experimental ADEs are not used to verify the theoretical calculations.

Table 4. Relative Energies of the Low-Energy Isomers of CsI(H,0),” (n = 0—6) and Comparison of Their Theoretical VDEs and
ADEs to the Experimental Values®

VDE (eV) ADE (eV)
theor theor
isomer AE® (eV) symm. state LC-wPBE CCSD(T) exptl LC-wPBE exptl®
CsI™ 0A 0.00 Ceor ’S, 0.65 0.63 0.66 0.61 0.60
CsI(H,0)™ 1A 0.00 C A 0.51 0.49 0.54 0.44 0.46
1B 0.12 G A 0.76 0.70 0.30
1C 0.13 C, A 0.72 0.75 027
CsI(H,0),~ 2A 0.00 C A 0.46 0.44 0.48 0.39 0.32
2B 0.00 C, A 0.40 0.38 0.31
2C 0.08 C A 0.58 0.56 0.60 0.18
CsI(H,0);” 3A 0.00 C A 0.42 0.41 0.53 022 0.29
3B 0.07 C, A 0.47 0.44 0.10
3C 0.08 C A 0.53 0.52 0.18
CsI(H,0),~ 4A 0.00 C A 0.51 0.50 0.54 0.26 0.33
4B 0.04 C, A 0.37 0.35 024
4C 0.04 of A 0.44 0.44 0.15
CsI(H,0);” SA 0.00 C A 0.63 0.74 0.15 0.39
SB 0.02 C, A 0.48 0.16
5C 0.06 C, A 0.56 0.05
CsI(H,0)¢~ 6A 0.00 C A 0.67 0.80 0.26 0.51
6B 0.07 C, A 0.71 0.22
6C 0.07 C, A 0.56 0.14

“The 6-311++G** basis set was used for O and H atoms. The LANL2DZdp ECP basis set was used for I atom. The Def2-QZVPPD basis set was
used for Cs atom. The AE values are from the LC-wPBE functional. “Here, the experimental ADEs may not represent the real ADEs due to the
possible significant structural changes between the anions and neutrals. Thus, the experimental ADEs are not used to verify the theoretical
calculations.

has its O atom pointing to the Cs atom and one H atom pointing is no hydrogen bond between the water molecules. It is
to the I atom; each forms a hydrogen bond with the I atom. There noteworthy that the Cs—I distance is lengthened significantly to
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4.98 A compared to that in bare CsI™. The global minimum
structure of neutral CsI(H,0); is very similar to that of
CsI(H,0);™ except that the Cs—I distance is shorter.

Many low-lying isomers of CsI(H,0),”, CsI(H,0);~, Csl-
(H,0)4~, and their neutrals were found in our calculations.
Basically, they all can be considered as derived from CsI(H,0);™.
In these low-lying isomers, the fourth water molecule can interact
with either the adjacent water molecules or the Cs atom. The fifth
and sixth water molecules form hydrogen bonds with the other
water molecules rather than interacting with the Cs atom
directly. Therefore, the Cs atom is tricoordinated or tetracoordi-
nated in these clusters.

5. DISCUSSION

5.1. Evolution of M—I Distance in MI(H,0),,™° (M = Li,
Cs) clusters. The current combined experimental and
theoretical study allows us to understand how water molecules
modify the interactions between cations and anions. For
example, Figure 8 plots the Li—I and Cs—I distances versus the
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Figure 8. Evolution of M—I distances in the most stable isomers of
MI(H,0), ™ clusters (M = Li, Cs, n = 0—6). dy;;° is the Li—I distance in
Lil neutral, dc’ is the Cs—I distance in CsI neutral, dj;_;/d;;° is the
relative Li—I distance in Lil(H,0),™ clusters, and dc,_;/dcy’ is the
relative Cs—I distance in CsI(H,0),™ clusters.

number of water molecules in Lil(H,0),” and CsI(H,0),”
clusters and their corresponding neutrals. Figure 8a shows that
the Li—I distance in Lil(H,0),” increases abruptly when n
increases to 3. However, for Lil(H,0), neutral, such an increase
of Li—I distance occurs at n = S instead of n = 3. The results imply
that more water molecules are needed to separate the Li"'—I" ion
pair in Lil(H,0), neutral than in Lil(H,0),” anion—five water
molecules are needed to form an SSIP structure in Lil(H,0),
neutral.

In contrast to the Lil(H,0),” clusters, we can see from Figure
8b that the Cs—I distance of CsI(H,0),” clusters increases
slightly with cluster size during the change from n = 0 to 2,
increases abruptly at n = 3, and reaches a maximum at n = 4, but,
interestingly, decreases as n further increases. On the other hand,
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for CsI(H,0), neutral, the Cs—I distance increases very slowly
with the cluster size. There is no sudden change of the Cs—I
distance for CsI(H,O), neutral as n increases. Although the
water molecules mainly stay between the Cs and I atoms, the
addition of water molecules to CsI causes only slight changes in
the Cs—I distance.

5.2. MI(H,0),,~ versus MI(H,0), (M = Li, Cs). The M—I
distances in the anionic clusters are all longer than in the
corresponding neutrals. The analysis of natural bond orbital
(NBO) charge distributions (see Supporting Information)
showed that the metal atom is positively charged (+0.58 to
+0.90 ¢) and the I atom is negatively charged (—0.73 to —0.90 ¢)
in neutral Lil(H,0), and CsI(H,0), clusters, whereas the excess
electron of Lil(H,0),” and CsI(H,0),” cluster anions mainly
localizes at the metal atom side; hence, the charge is reduced to
—0.18 to +0.38 ¢ for Li and —0.09 to +0.03 e for Cs, and the
negative charge of I is almost unchanged. The addition of the
excess electron weakens the Coulomb attraction of the Li*—I~
and Cs*—I" ion pairs. The anion—cation interactions in neutral
MI(H,0), clusters are stronger than the metal—I~ interactions in
the anionic MI(H,O),,. Thus, it is more difficult to separate the
salt ion pairs in the neutral MI(H,0), clusters than in their
anionic counterparts. This explains why the abrupt increase of
Cs—1I distance at n = 3 in CsI(H,0),” was not observed in
neutral CsI(H,0), and why it takes more water to separate the
Li*—I" ion pair in neutral Lil(H,0), than in Lil(H,0),".

5.3.Lil(H,0),° versus Csl(H,0),™°. The current study also
shows that the salt—water cluster structure is strongly dependent
on the ion type present. The structures of clusters containing Li
are very different from their counterparts containing Cs. In the
most stable structure of Lil(H,0)™° clusters, the water molecule
interacts with the Li atom via its O atom from the opposite side of
the I atom, while in the most stable structure of CsI(H,0) ™, the
water molecule sits between the Cs and I atoms with its O atom
pointing to the Cs atom and one of its H atoms pointing to the I
atom. In Lil(H,0),™ clusters, the water molecules prefer to
interact with the Li atom from the opposite side of the I atom,
while in CsI(H,0),™ clusters, the water molecules prefer to
interact with both Cs and I atoms; therefore, these water
molecules sit between the Cs and I atoms. Comparison of the
larger Lil(H,0),™ and CsI(H,0),™ (n = 3—6) clusters also
shows that the water molecules surround the Li atom more
tightly than the Cs atom. The structural differences between the
CsI(H,0), and Lil(H,0), clusters are due to the relatively
weaker Cs'—water interactions compared to the Li*—water
interactions, which is reasonable since the ion radius of Cs* is
much larger than that of Li*. The size of Li is small, and the
distance between Li and I is too short for water to insert in
between them without changing the Li—I interaction. The size of
Cs is large, and the Cs—I distance is already very big; thus, Cs, I,
and water can form a cyclic structure without changing the Cs—I
distance significantly. These facts can explain why the dramatic
change of the Li—I distance starts at n = 3 for Lil(H,0),” anions
and at n = S for neutral Lil(H,0), clusters, while the change of
Cs—I distance is insignificant for CsI(H,0),” and their
corresponding neutrals.

Interestingly, we note that there is a significant decrease of the
Cs—1I distance in CsI(H,0),” clusters at n = S and 6. This
phenomenon was not observed for the Lil(H,0),” clusters. In
CsI(H,0), clusters, the Cs—water interaction is relatively weak,
and the water—water interactions dominate when the number of
water molecules is large. The water molecules in the second
solvent shell form hydrogen bonds with the water molecules in
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the first shell, thus reduce the interaction between the Cs atom
and the first shell water molecules. As a result, the Cs atom is
close to the I atom. In contrast, in Lil(H,0O), clusters, the water—
Li interaction is more competitive than the water—water
interaction. The water—water interactions do not cause
significant change to the water—Li interaction; thus, the change
of the Li—I distance in Lil(H,0),” is much smaller at n = S.

5.4. M—Water (M = Li, Cs) Interactions versus I"—Water
Interaction. Finally, from the structures of these clusters, we can
see that water molecules prefer to interact with the Li or Cs atom
rather than with the I atom. The water molecules stay closer to
the metal atoms than to the I atom. In Lil(H,0);_¢° and
CsI(H,0)s_s " clusters, the Li and Cs atoms are surrounded by
water molecules while the I atom tends to stay at the surface of
the clusters with only one side connecting to water molecules via
hydrogen bonds. That indicates that the Li—water and Cs—water
interactions are stronger than the I"---H—O hydrogen bond. The
exposure of I” at the cluster surface is, interestingly, consistent
with the enhanced anion concentration in iodide solutions found
by MD simulations®* and resonance-enhanced femtosecond
second harmonic generation experiments.63

The theoretical calculations showed that the water molecules
tend to interact directly with the metal atoms in small
LiI(H,0),” and CsI(H,0),” clusters with n < 4. This
observation is consistent with the evolution of VDEs measured
in the experiments (Figure 3). The trends in the VDEs for
Lil(H,0),” and CsI(H,0),” clusters are determined by the
interplay of at least two major factors: (1) the addition of water
molecules would increase the electron binding energy by forming
hydrogen bonds with I” or neighboring water molecules as
proton donators; (2) the water molecules interacting directly with
the Li and Cs atoms would reduce the VDEs by stabilizing the
product states of photodedachment, the corresponding neutrals
of Lil(H,0),” and CsI(H,0),~, owing to the strong M*—water
interactions. In small LiI(H,0),” and CsI(H,0),~ clusters with
n < 4, the second factor dominates because the water molecules
interact directly with the Li and Cs atoms; thus, the VDEs
decrease in general. In the clusters with n > 4, the fifth and sixth
water molecules do not interact directly with the Li and Cs
atoms; thus, the first factor becomes more important, and the
VDEs of LiI(H,0),” and CsI(H,0),” clusters increase
significantly at n = S and 6 compared to those of n = 4. The
experiments showed that the VDEs of Lil(H,0);” and
Lil(H,0)4~ are lower than that of bare Lil~, while those of
CsI(H,0);™ and CsI(H,0)4™ are higher than that of bare CsI~,
indicating that the second factor dominates more in Lil(H,0),~
clusters than in CsI(H,0),” clusters, which is also consistent
with the different structural evolutions for Lil(H,0),” and
CsI(H,0),” clusters found by the theoretical calculations. These
results demonstrate that the evolution of their photoelectron
spectra with cluster size provides valuable information on the
structures of the corresponding clusters.

6. CONCLUSIONS

We conducted a photoelectron spectroscopy study on mass-
selected Lil(H,0),” and CsI(H,0),” clusters. The electron
affinities of Lil and CsI were estimated to be 0.754 + 0.030 and
0.60 + 0.05 eV, respectively, on the basis of the photoelectron
spectra of their corresponding anions. We also investigated the
structures of Lil(H,0),” and CsI(H,0),” clusters and their
corresponding neutrals by ab initio calculations. The most
probable structures of Lil(H,0),” and CsI(H,0),” clusters were
determined by comparison of their theoretical VDEs to the
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experimental values. Our studies show that the solvent-separated
ion pair types of structures start to appear at n = 3 in Lil(H,0),~
cluster anions and at # = § in neutral Lil(H,0O),. However, the
separation of the Cs*—I" ion pair by water is insignificant in
CsI(H,0), clusters. The M—I distance in MI(H,0),” (M = Li,
Cs) is longer than that in MI(H,0),, and it is easier to separate
the M and I atoms in MI(H,0),” than those in neutral
MI(H,0),, because the excess electron weakens the Coulomb
attraction of the M*—I" ion pair. The effect of water—water
interactions starts to show up when n increases to S. The
interactions of water molecules with Li* or Cs" are stronger than
those with I". As a result, the I” ion tends to stay at the cluster
surface. The metal atom (cation)—I" interaction as well as the
structure of their water clusters depends strongly on the atom
types. These results show the complications in the balance
between different forces (cation—anion, cation—water, anion—
water, and water—water interactions) which determines the
structures of salt—water clusters. This study is expected to
provide useful guidance in the understanding of molecular
detailed interactions that determine the structures of solvated
ions and ion pairs.
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