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ABSTRACT: The Li(H2O)n
− and Cs(H2O)n

− (n = 0−6) clusters were studied using
anion photoelectron spectroscopy combined with ab initio calculations. It was found that
Li tends to be surrounded by water molecules with no water−water H-bonds being
formed in the first hydration shell; while Cs sticks on the surface of water−water H-bonds
network. The Li atom in its anionic or neutral state is surrounded by four water molecules
through Li−O interactions within the first hydration shell; while the case of Cs is
different. For the anionic Cs(H2O)n

− clusters, two types of structures, namely H-end and
O-end structures, were identified, with nearly degenerate energies. For the neutral
Cs(H2O)n clusters, only O-end structures exist and the first hydration shell of the Cs
atom has four water molecules. The different hydration nature of Li and Cs atoms can be
ascribed to the delicate balance between the alkali metal−water interactions and the
water−water interactions as well as the effect of excess electron.

1. INTRODUCTION

Hydration of alkali metals is a fundamental process which has
attracted considerable research interests in the fields of
inorganic chemistry, biochemistry, and computational chem-
istry. Many studies were focused on the hydrated alkali metal
cations aiming to investigate the alkali metal ion−water
interactions with thermodynamic equilibrium measure-
ments,1−3 in which the equilibrium constants for the hydration
reactions of alkali cations and the bond energies of water to
alkali cations were determined. The infrared photodissociation
spectroscopy4−9 experiments were carried out to gain the
geometric information about the hydrated alkali cations. A
number of theoretical calculations10−22 were conducted to shed
light on the hydrated alkali cations in terms of structures,
thermodynamic properties as well as IR frequencies.
For hydrated alkali atoms, the pioneering studies were the

photoionization threshold measurements of Na(H2O)n,
23−25

Cs(H2O)n
26 and Li(H2O)n.

27 It has been found that the
ionization potentials of Li(H2O)n, Na(H2O)n, and Cs(H2O)n
all rapidly decrease with increasing number of water molecules
and converge to the vertical detachment energy (VDE) of the
hydrated electron in liquid water (3.2 eV)28 at n = 4. These
processes relate to the solvated electron and are mainly
identified in terms of transformation from one-center Rydberg-
like states to two-center ion pair states as suggested by
theoretical investigations.29−40 Recently, the Na(H2O)1−22
clusters were investigated using pump−probe femtosecond-

laser experiment to study the dynamics of the first electronically
excited state of solvated electron.41

Solvated electron pairs play key roles in many biochemical
processes.42−44 It has been suggested that hydrated alkali
anions such as Li(H2O)n

− and Na(H2O)n
− may serve as gas-

phase molecular models for the solvation of two electrons
which is important for understanding the electron−electron
interaction in solution.45 The different electron pair distribution
was theoretically analyzed for Li(H2O)n

− and Na(H2O)n
−, in

which a solvated electron pair detached from the Li atom is
present in Li(H2O)10

−, while two electrons stay on the Na
atom, owing to their different structures with Na− sticking on
the cluster surface but Li being surrounded by water
molecules.45 Other theoretical studies were conducted to
investigate the structures and the VDEs of Li(H2O)n

− and
Na(H2O)n

− (n = 1−4).46−48 Anion photoelectron spectrosco-
py27,49 and vibrational absorption spectroscopy50−53 were
carried out to get further insight into the electronic and
geometric structures. The photoelectron spectroscopy results
on Li(D2O)n

−49 and Na(H2O)n
−27 exhibited different spectral

shift with n up to 4 due to the variation in the solute−solvent
interaction energy.
To further understand the hydration of alkali atoms at the

molecular level, here we investigated the size dependence of the
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electronic structures and coordination geometries of alkali
metal−water clusters using mass-selected anion photoelectron
spectroscopy and ab initio calculations. Li(H2O)n

− and
Cs(H2O)n

− (n = 0−6) were chosen as the model systems
considering their distinct atom radii and surface charge
densities.

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 previously.54 Briefly,
the Li(H2O)n

− and Cs(H2O)n
− clusters were produced in a

laser vaporization source by ablating rotating and translating LiI
or CsI disc targets with the second harmonic (532 nm) light
pulses of the Nd: YAG laser, while helium carrier gas with ∼4
atm backing pressure seeded with water vapor was allowed to
expand through a pulsed valve for generating hydrated alkali
metal anions and cooling the formed clusters. The cluster
anions were mass-analyzed by the time-of-flight mass
spectrometer. The Li(H2O)n

− and Cs(H2O)n
− (n = 0−6)

clusters were each mass-selected and decelerated before being
photodetached by another Nd: YAG laser. The photodetached
electrons were collected and energy-analyzed by the magnetic-
bottle photoelectron spectrometer. The photoelectron spectra
were calibrated using the spectra of Li−, Cs−, and Bi− taken at
similar conditions. The instrumental resolution was ∼40 meV
for electrons with 1 eV kinetic energy.
2.2. Computational Methods. The Gaussian0955 program

package was used for all the calculations. The structures of
Li(H2O)n

− and Cs(H2O)n
− (n = 1−6) clusters and their neutral

counterparts were optimized using density functional theory
employing the M06-2X functional.56 We used the standard
Pople-type basis set 6-311++G** for the Li, O, and H atoms.
The effective core potential (ECP) basis set Def2-TZVPPD,57

obtained from the EMSL basis set library,58 was used for the Cs
atom. Harmonic vibrational frequencies were calculated to
make sure that the obtained structures are the real local
minima. No symmetry constraint was employed during the
optimizations. In order to obtain more accurate energies of
Li(H2O)n

− (n = 1−6) and the corresponding vertical
detachment energies, single-point energy calculations were
conducted using CCSD(T) method59 with the same basis set.
All the calculated energies except the VDEs have been
corrected by the zero-point vibrational energies. To evaluate
the chosen functional M06-2X, the Li(H2O)n

− clusters and
their corresponding neutrals were also calculated using other
two variants of hybrid functionals, LC-ωPBE60−63 and
ωB97XD.64 We found that the VDEs calculated by the M06-
2X functional are in better agreement with the experimental
values than those by the LC-ωPBE and ωB97XD functionals
(see Supporting Information). Thus, the M06-2X functional is
used in this work.

3. EXPERIMENTAL RESULTS

The photoelectron spectra of Li(H2O)n
− (n = 0−6) clusters

recorded with 1064 and 532 nm photons are presented in
Figure 1, and those of Cs(H2O)n

− (n = 0−6) are displayed in
Figure 2. The VDEs and the adiabatic detachment energies
(ADEs) of Li(H2O)n

− and Cs(H2O)n
− (n = 0−6) clusters

estimated from their photoelectron spectra are summarized in
Table 1. The VDEs were measured from the maxima of the

corresponding peaks. Considering the broadening of the
photoelectron spectra due to the instrumental resolution, the
ADE was estimated by adding the value of the instrumental
resolution to the electron binding energy (EBE) at the crossing
point of the baseline and the leading edge of the first peak.
In Figure 1, the 1064 and 532 nm spectra of Li− display one

feature centered at 0.62 eV, consistent with the experimental
value (0.618 eV) of Pegg et al.65 The 1064 nm spectrum of
Li(H2O)

− exhibits a sharp peak centered at 0.56 eV, 0.06 eV
lower than that of bare Li−. A broad feature at around 1.90 eV
shows up in the 532 nm spectrum, which can be assigned to the
transition from the anion ground state to the first excited state
of neutral. In the 1064 nm spectra of Li(H2O)2−3

−, the band
position and width remain nearly constant at 0.57 eV. The 532
nm spectrum of Li(H2O)2

− shows another band centered at
0.96 eV, higher than the main feature by 0.39 eV (3150 cm−1),
close to the O−H stretching of water molecules. The broad
feature at around 1.60 eV can also be assigned to the transition
to the first excited state of neutral, analogous to the case of
Li(H2O)

−. The 532 nm spectrum of Li(H2O)3
− is similar to

that of Li(H2O)2
− with the spacing of 3310 cm−1 between the

first two features. For Li(H2O)4
−, the major peak slightly shifts

to the lower EBE of 0.55 eV and its width becomes wider than
those of n = 0−3. The band centered at 0.96 eV and the broad
feature at around 1.40 eV shown in the 532 nm spectrum of
Li(H2O)4

− can be attributed to the similar transitions as those
of Li(H2O)2−3

−. The major features of Li(H2O)5
− and

Li(H2O)6
− monotonically shift to the higher EBE again,

Figure 1. Photoelectron spectra of Li(H2O)n
− (n = 0−6) recorded

with 1064 and 532 nm photons.
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centered at 0.57 and 0.63 eV, respectively. The 532 nm spectra
of Li(H2O)5

− and Li(H2O)6
− have the spectral patterns similar

to those of Li(H2O)2−4
−. The spectral trend of Li(H2O)n

− in
this work is similar to that of Li(D2O)n

−.49

In Figure 2, the 1064 nm spectrum of Cs− exhibits one
feature at 0.47 eV and the 532 nm spectrum presents three
bands centered at 0.47, 1.86, and 1.93 eV which can be assigned
to the transitions from the Cs− ground state to the ground, first
and second excited states of Cs, respectively, in good agreement
with the experimental results (0.47, 1.88, and 1.94 eV
respectively) of Lineberger et al.66 The 1064 nm spectrum of
Cs(H2O)

− shows a major peak X at 0.48 eV, not shifting
significantly with respect to that of bare Cs−. There is a weak
peak X′ centered at 0.61 eV, which can be tentatively assigned
to a low-lying isomer. In the 532 nm spectrum of Cs(H2O)

−,
the other two features at higher EBE can be ascribed to the

transitions to two excited states of neutral. The major features
X of Cs(H2O)2

−, Cs(H2O)3
−, Cs(H2O)4

−, Cs(H2O)5
−, and

Cs(H2O)6
− are centered at 0.50, 0.51, 0.52, 0.56, and 0.57 eV,

respectively, with the weak features X′ of those being at 0.73,
0.84, 0.94, 1.03, and 1.08 eV, respectively. As the number of
water molecules increases, the main feature X shifts smoothly to
the higher EBE with a broadened bandwidth, while the weak
peak X′ shifts further to the higher EBE until it is only recorded
by the 532 nm photons with a reduced intensity. In the spectra
of Cs(H2O)2−6

− recorded with 532 nm photons, there are also
unresolved broad bands between 1.2 and 2.0 eV corresponding
to the transitions from the anionic ground states to the excited
states of neutrals.

4. THEORETICAL RESULTS AND DISCUSSION

The typical low-lying isomers of Li(H2O)n
− and Li(H2O)n (n =

1−6) are summarized in Figures 3 and 4, and those of
Cs(H2O)n

− and Cs(H2O)n (n = 1−6) in Figures 5 and 6. More
isomers are provided in the Supporting Information. We use
labels of (m + n) to identify the structures of Li(H2O)n

−/0, in
which the m and n denote the number of water molecules in
the first and second hydration shells, respectively. The relative
energies, ADEs and VDEs of these low-lying isomers are
summarized and compared with the experimental values in
Tables 2 and 3.

4.1. Li(H2O)n
− and Li(H2O)n. As shown in Figure 3, in the

most stable isomer of Li(H2O)
− (1A), the water molecule is

bound to the Li atom via its oxygen atom with a Li−O distance
of 1.86 Å. The theoretical VDE of isomer 1A is 0.51 eV, in
excellent agreement with the experimental value (0.56 eV).
Isomer 1B has the water molecule interacting with Li via its two
H atoms. It is less stable than 1A by 0.17 eV. Thus, we suggest
that isomer 1A is the probable one contributing to the
experimental spectrum. For neutral Li(H2O), the isomer (1a)
in configuration similar to 1A is found to be the global
minimum with almost unchanged Li−O bond length.
The lowest lying isomer of Li(H2O)2

− (2A) has two water
molecules symmetrically bonded to the Li atom with a nearly
identical Li−O bond length in comparison with that of 1A. Its
calculated VDE (0.51 eV) is in good accordance with the
experimental value (0.57 eV). Considerably less energetically
favorable isomer 2B is evolved from 1A with the second water
molecule only forming hydrogen bond (H-bond) with the first
one. Thus, isomer 2A is most likely to be present in our
experiments. The structure of neutral isomer 2a is analogous to
that of 2A but with different O−H bonds orientations. The
symmetrical stretching of water molecules is calculated to be
3634 cm−1, confirming the experimental observation of the 0.96
eV band.

Figure 2. Photoelectron spectra of Cs(H2O)n
− (n = 0−6) recorded

with 1064 and 532 nm photons.

Table 1. Experimentally Observed ADEs and VDEs of Li(H2O)n
− and Cs(H2O)n

− (n = 0−6) from Their Photoelectron Spectra

X X′

cluster ADE (eV) VDE (eV) cluster ADE (eV) VDE (eV) ADE (eV) VDE (eV)

Li− 0.57 0.62 Cs− 0.42 0.47
Li(H2O)

− 0.52 0.56 Cs(H2O)
− 0.43 0.48 0.53 0.61

Li(H2O)2
− 0.52 0.57 Cs(H2O)2

− 0.44 0.50 0.64 0.73
Li(H2O)3

− 0.52 0.57 Cs(H2O)3
− 0.44 0.51 0.68 0.84

Li(H2O)4
− 0.43 0.55 Cs(H2O)4

− 0.43 0.52 0.73 0.94
Li(H2O)5

− 0.46 0.57 Cs(H2O)5
− 0.42 0.56 1.03

Li(H2O)6
− 0.44 0.63 Cs(H2O)6

− 0.42 0.57 1.08
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The most stable isomer of Li(H2O)3
− (3A) is developed

from 2A by attaching the third water molecule in the same way
as the other two water molecules with Li−O bonds slightly
elongated. The calculated VDE is 0.50 eV, in good agreement
with the experimental result (0.57 eV). Isomer 3B has a (2 + 1)
form, and its energy is significantly higher than that of 3A.
Thus, the experimental feature is attributed to isomer 3A. For
the neutral Li(H2O)3 cluster, the lowest lying isomer (3a) is
similar to 3A with the tricoordinated hydration shell. The
calculated symmetrical stretching of water molecules in neutral
is 3650 cm−1, in reasonable agreement with the experimental
result of 3310 cm−1.
In the most stable isomer of Li(H2O)4

− (4A), the Li atom is
surrounded by four water molecules and the first hydration

shell is completed. The theoretical VDE (0.48 eV) fits well the
experimental value (0.55 eV). Isomer 4B is derived from 3A
with the fourth water molecule forming H-bonds with the
inner-shell water molecules, in the form of (3 + 1). It can be
directly ruled out from our experiments due to its high relative
energy (0.18 eV). Thus, isomer 4A is most likely to be present
in our experiments. The most stable isomer of neutral
Li(H2O)4 (4a) has the tetra-coordinated geometry, analogous
to that of 4A. The tri- and bicoordinated isomers are
energetically unfavorable by comparing to the tetra-coordinated
one. The theoretical stretching frequency of water molecules in
neutral is 3592 cm−1, close to observation of the 0.96 eV band
in the experiments.

Figure 3. Geometries of the typical low-lying isomers of Li(H2O)n
− (n = 1−6).
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The lowest lying isomer of Li(H2O)5
− (5A) is in the form of

(4 + 1) and can be viewed as developing of 4A, in which the
fifth water molecule bridges three ligands of the first shell
through three water−water H-bonds. The calculated VDE of
isomer 5A is 0.51 eV, in good consistence with the
experimental value (0.57 eV). Degenerate in energy with 5A,
isomer 5B is also evolved from 4A with the fifth water molecule
bridging two ligands of the first shell. Its calculated VDE (0.53
eV) also matches the experimental one (0.57 eV). Isomer 5C is
penta-coordinated with longer Li−O bonds due to the space
repulsive effects among adjacent water molecules. Its
contribution to our experiments is low since the relative energy
of isomer 5C is 0.11 eV. Isomers 5D and 5E are both
tricoordinated with outer-shell water molecules at distinct
positions. Their presence in the experiments can be safely ruled
out by considering their much higher relative energies. Thus,
isomers 5A and 5B are the most probable ones detected in our
experiments. The most stable isomer of neutral Li(H2O)5 (5a)
resembles the (4 + 1) structure of anionic isomer 5A but with
different oriented O−H bonds. This phenomenon presents in
isomer 5b with counterpart 5B. Penta-coordinated isomer 5c
and tricoordinated isomer 5d are similar to 5C and 5D,
respectively.

The most stable isomer of Li(H2O)6
− (6A) evolves from 5B

with the sixth water molecule forming H-bonds with the
remaining ligands of the first shell. Its calculated VDE (0.43
eV) is close to that of experiments (0.63 eV). Isomer 6B is
degenerate in energy with 6A, in which the sixth water molecule
is bridged between the first and second shell water molecules
based on isomer 5A via water−water H-bonds. Isomer 6B is in
the form of (4 + 2) and its theoretical VDE (0.55 eV) is in
good agreement with the experimental result (0.63 eV).
Derived from 5C, isomer 6C is in the form of (5 + 1) with
the sixth water molecule acting as hydrogen donor and double
acceptors to the first shell water molecules. The calculated VDE
(0.42 eV) of isomer 6C is also close to the experimental one
(0.63 eV). Isomer 6D is approximately a hexa-coordinated
octahedron without any water−water H-bonds. Its theoretical
VDE (0.52 eV) is consistent with the experimental value (0.63
eV) but the corresponding relative energy is 0.07 eV. Another
energetically unfavorable isomer is tricoordinated. Therefore,
the spectrum of Li(H2O)6

− is mainly attributed to isomers 6A
and 6B. Isomer 6C may exist in our experiments. For the
neutral Li(H2O)6 cluster, the lowest lying isomer (6a) is similar
to 6A with tetra-coordination. The other low-lying isomers can

Figure 4. Geometries of the typical low-lying isomers of neutral Li(H2O)n (n = 1−6).
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be seen as evolved from the less stable neutral isomers of
Li(H2O)5.
Our studies demonstrated that the most stable isomers of

Li(H2O)n
− (n = 1−6) clusters are present in our experiments.

In these isomers, the Li atom is gradually and tightly
surrounded by water molecules and no water−water H-bond
has been formed for n ≤ 4. The water−water H-bonds start to
appear as the fifth and sixth water molecules stay at the second
hydration shell. The structures of neutral Li(H2O)n (n = 1−6)
are similar to those of anions. Four water molecules are needed
to close the first hydration shell of Li−/0, consistent with the
previous theoretical calculations.34,48

4.2. Cs(H2O)n
− and Cs(H2O)n. The structures of Cs-

(H2O)n
− and Cs(H2O)n are flexible and therefore there are

many isomers with small energy differences, especially for the
clusters with n ≥ 5.
The Cs(H2O)

− cluster favors two distinctly different isomers
degenerate in energy as the global minima, namely H-end and

O-end structures.45 Isomer 1A has an H-end structure with the
water molecule orienting toward the Cs atom by two H atoms.
Its theoretical VDE is 0.80 eV, in reasonable agreement with
the experimental measurement of feature X′ (0.61 eV). Isomer
1B exhibits an O-end structure in which the water molecule is
bound to the Cs atom via its oxygen atom, analogous to
Li(H2O)

−. The calculated VDE (0.56 eV) is in consistence with
the experimental value of feature X (0.48 eV). Both isomers 1A
and 1B are most likely to be present in our experiments to
contribute to the spectral features. The neutral Cs(H2O)
cluster only exists as O-end configuration. The global minimum
isomer (1a) is similar to 1B with slightly shortened Cs−O bond
length.
For the Cs(H2O)2

− cluster, the first two isomers 2A and 2B
have identical energies and can be derived from isomers 1A and
1B, respectively. The second water molecule forms H-bond
with the first one and loosely interacts with the Cs atom. The
theoretical VDE (0.97 eV) of isomer 2A is in reasonable

Figure 5. Geometries of the typical low-lying isomers of Cs(H2O)n
− (n = 1−6).
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agreement with the experimental value of feature X′ (0.73 eV)
and that of isomer 2B (0.58 eV) fits well the measurement of
feature X (0.50 eV). Almost degenerate in energy with the most
stable isomers, isomer 2C has Cs−H and Cs−O interactions as
well as one water−water H-bond. The calculated VDE (0.79
eV) of isomer 2C is in agreement with the experimental value
of feature X′ (0.73 eV). In isomer 2D, two water molecules are
symmetrically bound to the Cs atom via the two oxygen atoms
without water−water H-bond. The calculated VDE (0.56 eV) is
in accordance with the experimental result of feature X (0.50
eV) but its energy is 0.08 eV higher. The relative energies of
isomers 2E and 2F are much higher and they are excluded from
our experiments. Thus, isomer 2A is the probable one
contributing to the feature X′ and isomer 2B is the one
contributing to the feature X. Isomer 2C may also exist in our
experiments. The most stable isomer of neutral Cs(H2O)2 (2a)
has a water dimer binding to the Cs atom via the two oxygen
atoms. Isomer 2b is similar to 2D. In isomer 2c, two water
molecules linearly occupy the two opposite sides of the Cs
atom.
The lowest lying isomer of Cs(H2O)3

− (3A) is an H-end
structure with the Cs atom coordinated by a (H2O)3 ring
through three Cs−H interactions. Its theoretical VDE (0.98
eV) agrees well with the experimental value of feature X′ (0.84
eV). Isomer 3B is derived from 2C with two Cs−H interactions
and one Cs−O band. Its calculated VDE (0.67 eV) is in
reasonable accordance with the experimental results. Isomer 3C
has O-end configuration with the Cs atom at the vertex of

nearly tetrahedral cluster, in which there are three Cs−O bonds
and two water−water H-bonds. The calculated VDE of isomer
3C is 0.61 eV, consistent with the experimental value obtained
from feature X (0.51 eV). The relative energy of isomer 3D is
0.02 eV and it can be viewed as being evolved from 2E with the
third water molecule bridging the first two water molecules
through two H-bonds. The calculated VDE of isomer 3D is
0.67 eV, close to the experimental result. Isomer 3E is evolved
from 2A with the third water molecule forming two H-bonds
with the first two water molecules. Its calculated VDE (1.11
eV) is much higher than the experimental one. Isomer 3F has
tricoordinated O-end geometry, in which three Cs−O bonds
are almost coplanar and one water−water H-bond forms.
Although the theoretical VDE (0.53 eV) of isomer 3F is in
good agreement with that of feature X (0.51 eV), it has a
relative energy of 0.07 eV. Therefore, isomer 3A is the most
probable one contributing to the feature X′ in the spectrum of
Cs(H2O)3

− and isomer 3C is present to dedicate to the feature
X. Isomers 3B and 3D may also coexist in our experiments. For
the neutral Cs(H2O)3 cluster, the most stable isomer (3a) has
the tricoordinated Cs atom and nonplanar ligands, in which
two water−water H-bonds are formed. Degenerate in energy
with 3a, isomer 3b has a (H2O)3 ring coordinating to the Cs
atom through the three oxygen atoms.
The most stable isomer of Cs(H2O)4

− (4A) is derived from
3A with the Cs atom locating above the (H2O)4 ring. Four H
atoms of the four water molecules are orientated toward the Cs
atom. The calculated VDE of isomer 4A is 1.06 eV, in good

Figure 6. Geometries of the typical low-lying isomers of Cs(H2O)n (n = 1−6).
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accordance with the experimental one of feature X′ (0.94 eV).
Nearly energetically degenerate isomer 4B also has a (H2O)4
ring coordinating to Cs via two oxygen atoms with
bicoordinated O-end configuration. The Cs−O bonds are
elongated compared to those of 3C. The calculated VDE (0.65
eV) of isomer 4B is in good agreement with the experimental
one of feature X (0.52 eV). The geometry of isomer 4C is
similar to that of 4A but with three H atoms orienting toward
the Cs atom and the remaining one pointing away from the Cs
atom. The calculated VDE (0.96 eV) of isomer 4C is in good
agreement with the experimental value of feature X′ (0.94 eV)
but with the relative energy of 0.07 eV. Isomer 4D is developed
from 3F with three water molecules staying at the first
hydration shell through Cs−O interactions and one water
molecule bridging the three ligands via three water−water H-
bonds. Although its calculated VDE (0.51 eV) is in excellent
agreement with the experimental value of feature X, its
contribution to the feature X is low owing to its relative
energy of 0.08 eV. Isomers 4E, 4F and 4G can not be present in
our experiments since they are energetically unfavorable. Thus,
isomer 4A is most likely to be present to contribute to the
feature X′ and isomer 4B is the probable one dedicating to the
feature X. In the most stable isomer of neutral Cs(H2O)4 (4a),
the Cs atom is coordinated by a (H2O)4 ring through four Cs−
O bonds which are elongated compared to those of isomer 3b.
It has rectangular pyramid geometry with Cs locating at the
vertex. Nearly degenerate in energy with 4a, isomer 4b has
almost planar geometry, similar to that of 4G, in which two
water dimers half surround the Cs atom.
The lowest lying isomer of Cs(H2O)5

− (5A) is developed
from H-end structure 4C with the fifth water molecule bridging
two H2O of the first and second shells through two H-bonds.
The calculated VDE (1.08 eV) of isomer 5A is close to the
experimental one (1.03 eV) of feature X′. Isomer 5B is

developed from 4B with a (H2O)5 ring coordinating to Cs, in
which two oxygen atoms of two water molecules are bound to
the Cs atom with bicoordinated O-end geometry. Its theoretical
VDE (0.70 eV) agrees well with the experimental result
estimated from the feature X (0.56 eV). Evolved from 4E,
isomer 5C has the fifth water molecule behaving in the same
way as the fourth one. Its theoretical VDE (0.85 eV) is
inconsistent with the experimental value. In isomer 5D, five H
atoms of the five water molecules are symmetrically headed
toward the Cs atom and the remaining H atoms participate in
the water−water H-bonds of a (H2O)5 ring. Its calculated VDE
(1.09 eV) is in rational accordance with the experimental value
of feature X′ (1.03 eV). Isomer 5E is an H-end structure and
isomer 5F is an O-end structure. They are higher than isomer
5A by 0.06 and 0.07 eV respectively. Thus, the feature X of

Table 2. Relative Energies of the Low Energy Isomers of
Li(H2O)n

− (n = 1−6) as Well as the Comparison of Their
Theoretical ADEs and VDEs Based on CCSD(T)//M06-2X/
6-311++G** to the Experimental Measurementsa

ADE(eV) VDE(eV)

isomer ΔE (eV) theo. expt. theo. expt.

Li(H2O)
− 1A 0.00 0.50 0.52 0.51 0.56

1B 0.17 0.31 0.87
Li(H2O)2

− 2A 0.00 0.45 0.52 0.51 0.57
2B 0.25 0.44 0.49

Li(H2O)3
− 3A 0.00 0.50 0.52 0.50 0.57

3B 0.32 0.47 0.46
Li(H2O)4

− 4A 0.00 0.43 0.43 0.48 0.55
4B 0.18 0.37 0.49
4C 0.46 0.34 0.53

Li(H2O)5
− 5A 0.00 0.44 0.46 0.51 0.57

5B 0.01 0.39 0.46 0.53 0.57
5C 0.11 0.36 0.45
5D 0.23 0.45 0.56
5E 0.33 0.41 0.47

Li(H2O)6
− 6A 0.00 0.34 0.44 0.43 0.63

6B 0.02 0.47 0.44 0.55 0.63
6C 0.06 0.39 0.42
6D 0.07 0.49 0.52
6E 0.24 0.39 0.55

aThe isomers labeled in bold are the most probable isomers in the
experiments.

Table 3. Relative Energies of the Low Energy Isomers of
Cs(H2O)n

− (n = 1−6) as Well as the Comparison of Their
Theoretical ADEs and VDEs Based on M06-2X Functional
to the Experimental Measurementsa

ΔE (eV)

ADE(eV) VDE(eV)

isomer theo. expt. theo. expt.

Cs(H2O)
− 1A 0.00 0.53 0.53 0.80 0.61

1B 0.00 0.53 0.43 0.56 0.48
Cs(H2O)2

− 2A 0.00 0.51 0.64 0.97 0.73
2B 0.00 0.51 0.44 0.58 0.50
2C 0.01 0.50 0.79
2D 0.08 0.54 0.56
2E 0.13 0.38 0.76
2F 0.14 0.51 0.55

Cs(H2O)3
− 3A 0.00 0.51 0.68 0.98 0.84

3B 0.01 0.52 0.67
3C 0.02 0.54 0.44 0.61 0.51
3D 0.02 0.49 0.67
3E 0.05 0.55 1.11
3F 0.07 0.46 0.53
3G 0.12 0.46 0.49

Cs(H2O)4
− 4A 0.00 0.52 0.73 1.06 0.94

4B 0.01 0.53 0.43 0.65 0.52
4C 0.07 0.45 0.96
4D 0.08 0.49 0.51
4E 0.11 0.41 0.72
4F 0.12 0.39 1.19
4G 0.13 0.39 0.54

Cs(H2O)5
− 5A 0.00 0.69 1.08 1.03

5B 0.01 0.56 0.42 0.70 0.56
5C 0.03 0.52 0.85
5D 0.05 0.51 1.09
5E 0.06 0.64 1.20
5F 0.07 0.43 0.56
5G 0.08 0.49 1.08
5H 0.12 0.33 0.47

Cs(H2O)6
− 6A 0.00 0.45 0.42 0.54 0.57

6B 0.01 1.17 1.30 1.08
6C 0.04 0.68 1.44
6D 0.04 0.34 0.64
6E 0.06 0.38 0.97
6F 0.07 0.70 1.25
6G 0.08 0.62 1.24
6H 0.11 0.63 1.34

aThe isomers labeled in bold are the most probable isomers in the
experiments.
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Cs(H2O)5
− spectrum is mainly attributed to isomer 5B. Isomer

5A is populated in our experiments for feature X′ and isomers
5C and 5D may also be detected. The most stable isomer of
neutral Cs(H2O)5 (5a) resembles 5H with tetra-coordinated O-
end structure. Four Cs−O bonds are shortened compared to
those in neutral 4a.
For Cs(H2O)6

− cluster, tetra-coordinated isomer 6A can be
viewed as developed from 5F with the sixth water molecule
binding to the Cs atom via its oxygen atom and forming one
water−water H-bond. The theoretical VDE (0.54 eV) fits well
the experimental measurement of feature X (0.57 eV).
Energetically degenerate isomer 6B has H-end structure with
three H atoms of two water molecules pointing to the Cs atom
and eight formed water−water H-bonds. Its theoretical VDE
(1.30 eV) is in reasonable agreement with the experimental
value of feature X′ (1.08 eV). In H-end isomer 6C, two layers
of (H2O)3 clusters similar to a prism reside under the Cs atom.
Its calculated VDE (1.44 eV) is far from our experimental
result. In hexa-coordinated O-end isomer 6D, two water trimers
symmetrically half surround the Cs atom. Its calculated VDE
(0.64 eV) is close to the experimental observation of feature X
(0.57 eV). The other isomers have H-end configurations and
their calculated VDEs are far beyond the experimental
measurement of feature X (0.57 eV). Thus, the feature X in
the spectrum of Cs(H2O)6

− is mainly dedicated by isomer 6A.
Isomer 6B may be weakly populated and contributes to the
feature X′. Isomer 6D may also be found in our experiments.
The lowest lying isomer of neutral Cs(H2O)6 (6a) is tetra-
coordinated and developed from neutral 5a by inserting the
sixth water molecule between the first and second hydration
shells.
Two types of anionic structures with nearly identical energies

coexist and contribute to different spectral features in the
spectra of Cs(H2O)n

− clusters. The higher EBE features are
mainly dedicated by the H-end structures while the lower EBE
features are contributed by the O-end structures. In the H-end
structures, the water molecules are oriented toward Cs by the
hydrogen site, while they interact with Cs through oxygen
atoms in the O-end structures. In both types of anionic
structures, the water molecules also form water−water H-bonds
and prefer to reside on one side of Cs with Cs sticking on the
surface of the water−water H-bonds network. With increasing
number of water molecules, the coordination number varies
with the cluster size, which increases to four with n up to 4 and
decreases to three at n = 5 and 6 in the H-end structures; while
increases to three with n up to 3 and decreases to two at n = 4
and 5, then increases to four again at n = 6 for the O-end
structures. In the neutral Cs(H2O)n clusters, there is only O-
end type of structure, in which the O atoms of water molecules
interact with Cs and H atoms participate in water−water H-
bonds. The water−water H-bonds network also locates on one
side of Cs and the coordination number of the Cs atom is 4.
4.3. Discussion. The anionic and neutral Li(H2O)n clusters

share similar structures and both prefer inner geometries with
the Li atom being surrounded by water molecules. The
maximum Li−O bonds without water−water H-bonds are
formed for n ≤ 4 because the interaction between the Li atom
and water molecule is stronger than water−water H-bonds. The
Li atom accommodates up to four water molecules in its first
hydration shell and additional water molecules occupy the
second hydration shell through water−water H-bonds. These
corresponding anionic and neutral structures are in accordance
with the previous theoretical calculations.34,45,48

Two classes of structures coexist for the anionic Cs(H2O)n
−

clusters in our experiments, namely H-end and O-end
structures.45 The VDEs of O-end structures are lower than
those of H-end structures and the O-end structures become
more favored than the H-end ones when the number of water
molecules increases. Both types of structures have the Cs atom
locating on the surface of water−water H-bonds network and
are nearly energetically degenerate. In the H-end structures
with the H atoms of water molecules orienting toward the Cs
atom, the maximum number of coordinated water molecules is
four as n ≤ 4. For the larger cluster anions (n = 5 and 6), the Cs
atom is hydrated by only three H atoms since Cs−H
interactions are weaker than water−water H-bonds. In the O-
end structures with the O atoms of water molecules interacting
with Cs, there are no more than three water molecules directly
bound to Cs in the first hydration shell for n ≤ 5 because the
Cs−O bond is weaker than water−water H-bonds. At n = 6, the
coordination number changes to 4 due to the stabilization of
cluster by both Cs−O interactions and water−water H-bonds.
For the neutral Cs(H2O)n clusters, only the O-end structures
exist. The Cs atom also sticks on the surface of water−water H-
bonds network and four water molecules form the first
hydration shell of the Cs atom. The spectral shift of the weak
peak dedicated by the H-end isomers is similar to that of
Na(H2O)n

−,27 in which the observed photoelectron bands are
mainly due to the isomers with Na−H interactions. The H-end
structures of Cs(H2O)5

− and Cs(H2O)6
− are different from

those of Na(H2O)5
− and Na(H2O)6

−,45 which are analogous to
5G and 6C, respectively, while in the smaller cluster anions,
their difference is modest. Otherwise, the structures of neutral
Cs(H2O)1−3 are in good agreement with those calculated by
Sudolska ́ et al.67
The structures and geometrical evolutions of Cs(H2O)n

−/0

are distinct from those of Li(H2O)n
−/0. The Li atom prefers to

be surrounded by water molecules without water−water H-
bonds in the first hydration shell, while the Cs atom cannot be
surrounded by water molecules and stays on the surface of
water−water H-bonds network. This can be ascribed to the
larger atomic radius and smaller surface charge density of the
Cs atom which provide large space for forming stronger water−
water H-bonds compared to the Cs−H or Cs−O interactions.
It is worth mentioning that the peak at 1.90 eV in the 532

nm spectrum of Li(H2O)
− is due to the transition from the

anionic ground state (1S) to the neutral first excited state (2P).
The VDE of the same transition from the Li− ground state (1S)
to the first excited state of Li atom (2P) is about 2.47 eV,49

which can be confirmed by the nearly degenerate energy levels
(2Po1/2 and 2Po3/2) of Li atom at 1.85 eV.68 That peak shifts
toward lower EBE (1.90 eV) upon addition of the first water
molecule because the increased stability for the neutral is larger
than the corresponding anion when a water molecule is
connected to the Li0/−. Similarly, that peak shifts toward lower
EBE side with increasing number of water molecules from
Li(H2O)

− to Li(H2O)4
−. For Li(H2O)5

− and Li(H2O)6
−, the

fifth and sixth water molecules do not interact directly with the
Li atom, thus, the excited state peak shifts toward higher EBE in
the same manner as the peak of the ground state. This finding is
in agreement with the results of Takasu et al.49 In the 532 nm
spectrum of Cs−, the second and third peaks at 1.86 and 1.93
eV correspond to the transitions from anionic ground state (1S)
to the first excited state (2Po1/2) and second excited state
(2Po3/2) respectively, which can be verified from the first and
second excited energy levels of neutral cesium at 1.3969 and
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1.4570 respectively. These peaks shift to the VDEs of 1.51 and
1.77 eV for Cs(H2O)

−. These peaks of Cs(H2O)n
− shift toward

lower EBE and become broader with increasing number of
water molecules similarly to the case of Li(H2O)n

−. To verify
those peaks theoretically, we calculated the VDEs from the Li−,
Li(H2O)

−, Cs−, and Cs(H2O)
− anions to the excited states of

their neutral counterparts using TDDFT71,72 method with the
M06-2X functional and the same basis sets as optimizations.
The VDE of Li(2P)-Li−(1S) transition is calculated to be ∼2.57
eV, close to the experimental value of 2.47 eV. The VDE of
Li(H2O)

− for the Li(2P)-Li−(1S) transition is calculated to be
2.00 eV, which shifts toward lower EBE compared to that of Li−

and is also in agreement with the experimental value of 1.90 eV.
The VDEs of Cs(2Po1/2)−Cs−(1S) and Cs(72S1/2)−Cs−(61S)
transitions are calculated to be 1.81 and 2.48 eV, close to the
experimental values of (2Po1/2) 1.86, (

2Po
3/2) 1.93 and (72S1/2)

2.77 eV. The theoretical VDEs of the transitions from the
Cs(H2O)

− anion (1B) ground state to the excited states of its
neutral are calculated to be 1.65 and 1.85 eV by the TDDFT
method, consistent with the experimental features at 1.51 and
1.77 eV.

5. CONCLUSIONS

We conducted photoelectron spectroscopy experimental
measurements and ab initio calculations on the Li(H2O)n

−

and Cs(H2O)n
− (n = 0−6) clusters to investigate the

coordination nature and structural evolution of the Li and Cs
atoms in water. In both anionic and neutral clusters, the Li
atom tends to be surrounded by water molecules through Li−O
interactions without any water−water H-bond in the first
hydration shell, while the Cs atom sticks on the surface of
water−water H-bonds network. The first hydration shells of Li
in its anionic and neutral states are both completed at n = 4.
For the Cs(H2O)n

− clusters, two types of structures, H-end and
O-end, were identified. They are nearly degenerate in energy.
The coordination numbers of Cs in both the H-end and O-end
structures vary with the number of water molecules. For the
Cs(H2O)n clusters, only the O-end structures exist and four
water molecules stay within the first hydration shell. These
results show that the structures of the alkali-water clusters are
determined by the delicate balance between multiple forces as
well as the effect of excess electron, which may provide general
information for the hydration process of alkali atoms as well as
the study of solvated electron pair.
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(20) Gonzaĺez, B. S.; Hernańdez-Rojas, J.; Wales, D. J. Global
Minima and Energetics of Li+(H2O)n and Ca2+(H2O)n Clusters for n
≤ 20. Chem. Phys. Lett. 2005, 412, 23−28.
(21) Bock, C.; Markham, G.; Katz, A.; Glusker, J. The Arrangement
of First- and Second-Shell Water Molecules Around Metal Ions:
Effects of Charge and Size. Theor. Chem. Acc. 2006, 115, 100−112.
(22) Ali, S. M.; De, S.; Maity, D. K. Microhydration of Cs+ Ion: A
Density Functional Theory Study on Cs+−(H2O)n Clusters (n = 1−
10). J. Chem. Phys. 2007, 127, 044303.
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