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Abstract: The structure, stability, and electronic state of Li(H2O)n (n ) 1-6 and 8) clusters have been
investigated by anab initiomolecular orbital method, including electron correlation, and compared with those
of their cations. Theinterior structure where the Li atom is surrounded by four H2O molecules in the first
shell and more in the second shell is found to be the most stable for both neutral and cationicn g 4 clusters.
The size dependence of the vertical ionization potentials of Li(H2O)n is in good agreement with the recent
experiment. It decreases successively untiln ) 4 and becomes nearly constant forn g 4 being close to the
bulk limit of vertical detachment energies of (H2O)n-. The excess electron is separated from Li and distributed
outside the first-shell cavity inn g 4 clusters. The electronic state of the clusters changes from a one-center
atomic state forn e 3 to a two-center ionic state forn g 4 with a gradual localization of the excess electron.
Dangling hydrogens interacting with the excess electron play a role as actuators of thesurfacestate.

I. Introduction

Solvated electrons have attracted widespread attention for a
long time. They have been studied extensively in physical,
chemical, and biological fields.1-3 An alkali metal atom in polar
solvent clusters provides a good model for obtaining the
microscopic aspect for this celebrated subject. It dissociates
into a solvated positive ion and a separate solvated electron with
a stepwise solvation. The electronic structure of the clusters is
expected to change from a one-center atomic state to a two-
center ionic state with an increasing number of solvent
molecules. To understand the molecular mechanism of the
alkali-metal dissolution producing the solvated electron in
clusters, gas-phase studies such as the photoionization threshold
measurement4-6 and the negative ion photoelectron spec-
troscopy6-10 of the size-selected solvated alkali atom clusters
have been reported very actively.
Several years ago, Hertel’s and Fuke’s groups found that the

ionization potentials (IPs) of M(H2O)n (M ) Na4 and Cs5)
clusters converged to the photoelectric threshold of ice11 at n
) 4 with no size dependence for largern. The same peculiar

size dependence in IPs has also been observed for hydrated Li
clusters very recently.6 This unusual behavior of the IPs for
the hydrated alkali atom clusters has motivated theoretical
challenges to elucidate the nature of these clusters.
Barnett and Landman12 showed that the addition of water

molecules to a Na atom resulted in a successive decrease in the
IPs with a marked reduced variation forn> 4 by the local spin
density (LSD) functional calculation. In their model, the Na
valence electron inn > 4 clusters was expelled from the
hydration cavity forming the delocalized surface Rydberg-like
state.
Stampfli and Benemann,13,14 however, indicated the impor-

tance of the polarization effect by a polarizable electropole
model and pointed out that the IPs of the spherically symmetric
structure of the hydrated Na atom in the surface state strongly
decreased with increasing cluster size.
Makov and Nitzan15 applied a continuum dielectric theory

for ions and neutral atomic solutes near planar and spherical
(cluster) surfaces and found that the size dependence of the IPs
was insensitive to the location of the solute in the cluster.
Though their computed asymptotic behavior of the vertical
detachment energies of hydrated electron and hydrated I- ion
agreed well with experiment, the observed behavior in the IPs
of the Na-water system was unexplainable.
On the other hand, Hashimoto and Morokuma16-18 reported

that surface structures of Na(H2O)n where the Na atom was
situated on the surface of the water clusters and interior isomers
where metal was surrounded by solvent molecules were very
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close in energy by anab initiomolecular orbital (MO) method.
The calculated IPs of the surface structures having their excess
electrons distributed in the surface regions of the clusters were
in good agreement with experiment, while those of the interior
structures with diffused and delocalized excess electron distribu-
tion still decreased forn g 4.
Despite these efforts, the electronic state of the solvated alkali

atom clusters has remained unresolved. In particular, the
formation, the structure, and the stability of the two-center state
in the small solvent clusters are still controversial. To obtain
more insights about the electronic nature of the clusters, it is
necessary to carry out a systematic theoretical study of various
solvated alkali metals.
In the present paper, we extend our preliminary study of Li-

(H2O)n clusters19 for n ) 1-8 by theab initio MO method
including electron correlation. We investigate their structures,
energetics, and electronic states in detail by comparing them
with those of their cation clusters and analyze the cluster-size
dependence of their IPs. The questions that we answer are the
following: (i) What are the most stable hydration structures of
Li atom? Are they similar to those of cation clusters? (ii) What
interactions are important in stabilizing Li(H2O)n? (iii) Do the
most stable neutral structures reproduce the peculiar size
dependence in the IPs? (iv) Does the electronic state of the
neutral clusters change from the one-center atomic state to the
two-center ionic state? (v) What is common electronic feature
of the hydrated Li and Na?

II. Computational Method

The potential energy surfaces of Li(H2O)n (n) 1-3) were surveyed,
and their stationary points were characterized at the UHF/6-31++G-
(d,p), UMP2/6-31++G(d,p), and UMP2/6-311++G(d,p) levels.20 The
molecular structures of Li(H2O)n with n) 4-6 and 8 were optimized,
and vibrational analyses were carried out at the UHF/6-31++G(d,p)
level using analytic first- and second-derivative techniques. The
geometries of [Li(H2O)n]+ (n ) 1-6 and 8) were also optimized at

RHF/6-31++G(d,p) level. Single-point MP2 calculations with all
electrons active were performed at the HF geometries to assess the
effect of electron correlation on the energetics. Ionization potentials
were calculated at the MP2/6-31++G(d,p) level. For small complexes
with n e 3, the coupled cluster method using both single and double
substitution from the Hartree-Fock determinant (CCSD) was employed
to test the reliability of the calculated IP values. The program used
was Gaussian-94.21

III. Molecular Structure

A. Geometries of Neutral Li(H2O)n. Figure 1 displays
potential minimum structures of Li(H2O)n (n ) 1-3). Tables
1 and 2 show selected optimized geometrical parameters and
total binding energies for the structures in Figure 1. The figure
and tables including all other structures which have been
examined in this study and found to have imaginary frequencies
are given in the Supporting Information. In these figure and
tables, we use labels of the formp + q and molecular symmetry
to identify each structure. The valuesp and q denote the
numbers of water molecules in first and second hydration shells,
respectively. The largest eigenvalue ofS square is 0.7506
among the structures examined, which indicates negligible spin
contamination.
The optimized Li(H2O) structures are1 + 0 forms (Ia,b) in

which an H2O molecule is bound to Li by an oxygen atom. In
agreement with previous works,22-27 the HF method gives a
planar structure while correlation makes the structure nonplanar.
The energy lowering by the bending is, however, only 0.1 kcal/
mol at the MP2/6-311++G(d,p) level, and the bending fre-
quency by the HF/6-31++G(d,p) method is small (124 cm-1).
Therefore, Li(H2O) is mostly stabilized by Li-O bond and very
floppy along the bending coordinate. For Li(H2O)2, 2 + 0
structures (II a-d) are more stable than1 + 1 forms (II e,f) by
more than 3.3 kcal/mol at the MP2/6-311++G(d,p) level.
Though the molecular symmetry of the stable2 + 0 structures
depends on the level of calculations, the energies of the2 + 0
forms with different water orientations are close to one another
at all levels. The2 + 0 structures are essentially stabilized by
two Li-O bonds. The1 + 1 structure is slightly deformed
from Cs symmetry only at the MP2/6-311++G(d,p) level, but
energy lowering by the deformation is nearly zero. The1 + 1
structures are stabilized by a Li-O bond and a hydrogen bond.
The binding energy of a water dimer was calculated to be 6.5
(MP2/6-311++G(d,p)) to 5.0 (HF/6-31++G(d,p)) kcal/mol.
The comparison of these values with the data at a higher level
of theory (5.58 kcal/mol at MP2/aug-cc-pVTZ28) shows that
the level of the present treatment is fine, but our values still
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Table 1. Optimized Geometrical Parameters (angstroms and
degrees)a and Total Binding Energies,∆E(n) (kcal/mol), for
Potential Minimum Structures of Li(H2O)n (n ) 1-2) Calculated at
Various Levels

symbolb levelc RLi-O1 θ RLi-O2 ∠O1LiO2 RH1-O2 ∆E(n)d

Li(H2O)
Ia 1+ 0

(C2V)
C 1.917 10.6 (12.2)

Ib 1+ 0
(Cs)

A 1.918 29.3 12.6

B 1.910 27.1 12.3

Li(H2O)2
II a 2+ 0

(C2V)
B 1.871 174.3 26.8

II b 2+ 0
(C2)

C 1.935 107.7 21.1 (25.9)

II c 2+ 0
(Cs)

B 1.942 1.882 95.5 26.2

II d 2+ 0
(C1)

A 1.924 1.919 113.0 26.2

II e1+ 1
(Cs)

B 1.869 1.774 22.7

C 1.888 1.883 19.2 (22.4)
II f 1+ 1

(C1)
A 1.890 1.778 22.5

a Parameters are shown in Figure 1.bCorresponds to structures in
Figure 1.c A: MP2/6-311++G(d,p). B: MP2/6-31++G(d,p). C: HF/
6-31++G(d,p).d -∆E(n) ) E[Li(H 2O)n] - E[Li] - nE[H2O] (without
CPC). Values in parentheses are at MP2/6-31++G(d,p)//HF/6-
31++G(d,p).
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differ from the experimental value (5.44( 0.7 kcal/mol29) at
most by∼1 kcal/mol. Li-O bond is more important than the
hydrogen bond though the interaction between H2O molecules
is stronger in the Li(H2O)2 than in the pure water dimer. The
energy difference between the2 + 0 and1 + 1 complexes is
larger at the MP2 level than at the HF level. For Li(H2O)3, the
structures having the samep + q label are almost isoenergetic
with one another, irrespective of water orientation.3 + 0
structures (III a-d) are the most stable forn) 3. 2+ 1 (III e-
g) and 1 + 2 (III h-j) isomers are the local minima whose
energies are higher than that ofIII d by more than 4.1 and 11.4
kcal/mol, respectively, at the MP2/6-311++G(d,p) level.
Total binding energies by the MP2/6-31++G(d,p) method

are almost identical to our best MP2/6-311++G(d,p) values
even at HF geometry for all isomers withn e 3. The

6-31++G(d,p) basis set is considered to be flexible enough to
provide structural trends that are potentially quite valuable. That
is, the Li(H2O)n clusters are at first stabilized by Li-O
interaction and have as many Li-O bonds as possible. On the
other hand, the electron correlation does have an effect on the
potential surface of the Li(H2O)n (n) 1-3) though single-point
MP2 calculations at HF-optimized geometries with the 6-31++G-
(d,p) basis set give a good estimate of total binding energies of
the isomers for eachn. Therefore, the combination of the HF
method for geometry optimization and the MP2 calculation at
the HF geometry (MP2//HF) for energetics using the 6-31++G-
(d,p) basis set is judged as the appropriate method for larger
clusters. In the following sections, we describe total binding
energies at the MP2/6-31++G(d,p)//HF/6-31++G(d,p) level
unless otherwise mentioned.

The optimized structures and total binding energies of Li-
(H2O)n (n ) 4-6 and 8) are shown in Figure 2. All of these

(29) Curtiss, L. A.; Frurip, D. L.; Blander, M.J. Chem. Phys.1979, 71,
2703-2711.

Figure 1. Potential minimum structures of Li(H2O)n (n) 1-3). Values of selected geometrical parameters and total binding energies without CPC
are given Tables 1 and 2.

Table 2. Optimized Geometrical Parameters (angstroms and degrees)a and Total Binding Energies,∆E (kcal/mol), for Potential Minimum
Structures of Li(H2O)3 Calculated at Various Levels

symbolb levelc RLi-O1 RLi-O2 RLi-O3 ∠O1LiO2 ∠O2LiO3 ∠O1LiO3 RH1-O3 RH2-O2 ∆Ed

III a 3+ 0 (C2V) C 1.915 1.910 115.6 33.2 (42.8)
III b 3+ 0 (C1) A 1.909 1.913 1.913 117.4 125.3 116.7 42.3
III c 3+ 0 (C1) B 1.859 1.930 1.860 118.3 92.5 149.2 44.1
III d 3+ 0 (C3) A 1.907 119.6 42.4

B 1.880 117.5 44.0
C 1.912 119.9 33.3 (40.2)

III e2+ 1 (Cs) B 1.850 1.928 113.5 1.796 1.988 40.5
III f 2+ 1 (C1) A 1.884 1.975 106.6 1.773 2.014 38.3

C 1.890 2.010 106.0 1.912 2.174 30.1 (39.0)
III g 2+ 1 (Cs) A 1.921 103.2 1.994 36.4

B 1.888 111.2 1.994 38.2
C 1.931 99.7 2.126 29.1 (34.7)

III h 1+ 2 (C2V) A 1.862 1.829 31.0
B 1.842 1.825 31.5
C 1.863 1.929 26.4 (31.2)

III i 1+ 2 (Cs) A 1.863 1.829 31.0
III j 1+ 2 (C1) B 1.830 1.823 1.844 31.7

a Parameters are shown in Figure 1.bCorresponds to structures in Figure 1.c A: MP2/6-311++G(d,p). B: MP2/6-31++G(d,p). C: HF/6-
31++G(d,p). d -∆E(n) ) E[Li(H 2O)n] - E[Li] - nE[H2O] (without CPC). Values in parentheses are at MP2/6-31++G(d,p)//HF/6-31++G(d,p).
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structures have been confirmed to have all real vibrational
frequencies. The largest eigenvalue ofSsquare is 0.7504 among
the optimized Li(H2O)n (n) 4-8), which shows the negligible

spin contamination as in the case ofn e 3. For Li(H2O)4, 4 +
0 structureIVa, in which Li atom is surrounded by four H2O
molecules, is the most stable.3 + 1 structures (IVb,c) where

Figure 2. Optimized structures of Li(H2O)n (n ) 4-6 and 8) calculated at the HF/6-31++G(d,p) level. Geometrical parameters are given in
angstroms and degrees. Total binding energies (kcal/mol) without CPC at the MP2/6-31++G(d,p)//HF/6-31++G(d,p) level are also given.
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one H2O molecule is bound to the3+ 0 Li(H2O)3 with different
hydrogen-bond orientations and2+ 2 structure (IVd) are local
minima. They are less stable thanIVa by more than 1.6 and
10.8 kcal/mol, respectively. For Li(H2O)5, we obtained a5 +
0 structure by a preparatory optimization with the 6-31+G(d)
basis set, whose energy was higher than that of the most stable
4 + 1 complex by 3.1 kcal/mol at the MP2/6-31+G(d)//HF/6-
31+G(d) level. However, the5+ 0 structure disappeared with
the larger 6-31++G(d,p) basis set converging to the4 + 1
structureVa. Furthermore, all geometry optimizations with the
6-31++G(d,p) basis set fromC2V 5 + 0 complex by following
the imaginary normal modes finally reached4+ 1 forms (Va-
c). They have different hydrogen-bond orientations from one
another but are almost isoenergetic at both MP2//HF and HF
levels. 3 + 2 structureVd is higher in energy than the4 + 1
structures over 4.5 kcal/mol. With more than five water
molecules, the number of potential minimum configurations is
very large. Since we found no5 + 0 structure with the
6-31++G(d,p) basis, we narrowed our focus mainly to4 + 2
forms forn ) 6 and found eight4 + 2, one5 + 1, and one3
+ 3 structure all together. The most stable structure that we
have obtained is the4 + 2 structureVIa, and the eight4 + 2
structures span a 4.2 kcal/mol range in energy (the high-energy
isomers of the4 + 2 complexes are not shown for brevity).
The5 + 1 and3 + 3 isomers are less stable thanVIa by 3.4
and 8.3 kcal/mol, respectively.
In the 3 + 3 isomerVI c, the second-shell water molecules

donate their OH bonds to bridge the first-shell ligands through
hydrogen bonds. It is a member of3-fold structure with other
3 + q structures. In the3-fold complexes, the O-metal-O
angle is much larger than that in the correspondingsurfaceNa-
water complex18with the samen due to the strong Li-O bonds.
For Li(H2O)8, we have optimized only4+ 4 structures (VIII a-
d). The most stable structure isVIII a, in which two water
dimers are bound to Li(H2O)4 from its lower side. Each water
dimer connects three first-shell ligands, and there are eight
hydrogen bonds inVIII a all together. The isomerVIII b also
has two water dimers in the second shell, but each water dimer
bridges only two first-shell water molecules. In isomersVIII c,d,
four water molecules are bound individually to the4 + 0 Li-
(H2O)4. These structures,VIII b-d, are less stable thanVIII a
by more than 7.1 kcal/mol. In search of spherically symmetric
isomers, we have tried to optimize an8+ 0 complex under the
D4 symmetry constraint starting from the structure where eight
oxygen atoms are located at corners of a cube. This optimiza-
tion converged to the structure with long Li-O distances (2.470
Å), and its energy was higher than that ofVIII a by more than
30 kcal/mol (HF). A similar optimization underS4 symmetry
constraint gave the structure with two hydration shells, but it
was not a minimum on the potential energy surface. The
structuresVIII e,f were obtained by relaxing theS4 structure
along the normal modes for the imaginary frequencies. They
were less stable thanVIII aby 5.7 and 6.5 kcal/mol, respectively.
The geometrical rearrangement of the second-shell waters
forming hydrogen bonds is considered to play an essential role
in stabilizing the Li(H2O)8. As a summary, Li-O interaction
is a primarily dominant factor in dictating the structures of Li-
(H2O)n for n e 4 and the hydrogen bonds become important in
forming a stable asymmetricinterior structure for largern.
B. Geometries of Cationic [Li(H2O)n]+ Clusters. It is

interesting to investigate whether the neutral and the corre-
sponding cationic hydration structures of Li are similar to each
other. Since the Li-O interaction is much stronger than
hydrogen bonds in [Li(H2O)n]+, we have optimized mainly their

interior structures with the maximum number of Li-O bonds.
The optimized geometries are shown in Figure 3. All of these
structures have been confirmed to have all real harmonic
frequencies at the HF/6-31++G(d,p) level.
The structures of [Li(H2O)n]+ for 1 e n e 5 are similar to

those at HF/6-31+G(d) and MP2/aug-cc-pVDZ levels reported
by Feller et al.30,31 Up to four H2O molecules are bound directly
to Li+ without hydrogen bonds. For [Li(H2O)5]+, the 4 + 1
structureVa, where one H2O molecule is bound to [Li(H2O)4]+

via two hydrogen bonds, is more stable than the5 + 0 isomer
Vb by 5.3 kcal/mol. For [Li(H2O)6]+, 4 + 2 structures (VIa-
d) are more stable than the6+ 0 VIeby more than 5 kcal/mol.
It is interesting to notice that theD2d symmetry structure, which
is similar to [Na(H2O)6]+,18,32 is slightly lower in energy than
the C2 andCs symmetry structures found by Feller’s group.
Though we searched for5 + 1 structure withCs symmetry by
adding the second-shell water molecule toVb, the optimized
structure had an imaginary frequency. The further optimization
following the imaginary normal mode converged to the4 + 2
structureVId, where a water dimer was located in the second
shell. Therefore, we have concluded that the most stable
cationic structures forn g 5 tend to have four water molecules
in the first shell, which agrees with the previous reports,30,31

and optimized only4 + 4 structures forn ) 8. The optimized
structures of [Li(H2O)8]+ are shown inVIII a-e. The five
structures span about 4 kcal/mol range in energy. Each
geometry ofVIII a-dwas obtained by starting the optimization
from the neutral structure with the same label in Figure 2. Thus,
these structures are generally similar to the corresponding
neutrals. However, several intershell hydrogen bonds are broken
in VIII b and VIII c cations during the optimization. These
complexes have the structures in which two H2O molecules are
bound to the4 + 2 VIa. The complexVIII b can be also
regarded as a structure where two water dimers are bound to
the4+ 0 IVa. In addition to these four structures, we searched
for an S4 isomer, starting from the structure where all H2O
molecules were initially located at the corners of a cube without
hydrogen bonds, and obtained the structureVIII e. In this
structure, all H atoms in the first-shell waters are used in
hydrogen bonds and each second-shell water bridges three first-
shell waters. Thus, there are 12 hydrogen bonds all together
in VIII e.

IV. Energetics
A. Binding Energies and Enthalpies. Total binding

energies,∆E(n), of both Li(H2O)n and [Li(H2O)n]+ given in
Tables 1 and 2 and Figures 2 and 3 are calculated by

To examine the relative stability of the structural isomers
more carefully, we have assessed the basis set super position
error (BSSE) for the binding energies by counterpoise correction
(CPC). The counterpoise-corrected binding energies and en-
thalpies (at 1 atm, 298.15 K) of both Li(H2O)n and [Li(H2O)n]+

are listed in Table 3. Successive binding energies,∆En-1,n, and
successive binding enthalpies,∆Hn-1,n, of their most stable
structures are given in Table 4. For the enthalpies, we used
the harmonic vibrational frequencies at the HF/6-31++G(d,p)

(30) Glendening, E. D.; Feller, D.J. Phys. Chem.1995, 99, 3060-3067.
(31) Feller, D.; Glendening, E. D.; Kendall, R. A.; Peterson, K. A.J.

Chem. Phys.1994, 100, 4981-4996.
(32) Kim, J.; Lee, S.; Cho, S. J.; Mhin, B. J.; Kim, K. S.J. Chem. Phys.

1995, 102, 839-849.

-∆E(n) ) E[M(H2O)n] - E[M] - nE[H2O]

(M ) Li and Li+) (1)
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level scaled by 0.895, which was an average ratio between the
experimental33 and calculated frequencies of an isolated H2O
molecule.
The CP estimate should ordinarily be viewed as no better

than a semiquantitative correction, but it is useful in examining
whether the BSSE’s change the relative stability of the isomers
seriously. Though BSSE values depend on the structures, the
decrease of their binding energies by CPC is within a few
kilocalories/mole per water molecule for all neutral isomers.
The neutral structure with the maximum number of Li-O bonds
is the most stable for eachn up through 4, and theinterior
structure having four first-shell ligands is more stable than other
isomers for largern even with CPC. The energy difference
between theinterior and the3-fold structures becomes slightly
larger asn grows. The4 + q interior structure is expected to
be more dominant with increasingn for the neutrals. The Li-
(H2O)n is stabilized by 10.0-13.2 kcal/mol in∆En-1,n and 8.1-
12.0 kcal/mol in∆Hn-1,n, respectively, by an addition of a water

molecule. The relative constancy of∆En-1,n for Li(H2O)n, at
least compared to the sequence for [Li(H2O)n]+, indicates a
pairwise additive character.

The amount of CPC for [Li(H2O)n]+ is comparable with that
for the corresponding neutrals. Total binding energies and
enthalpies of [Li(H2O)n]+ are much greater than the neutrals
with the samen as expected from the strong electrostatic
interaction. The structures of [Li(H2O)n]+ having four first-
shell water molecules show greater∆Ecpc, ∆Ezpc, and∆H298

than the other isomers where all water molecules are bound
directly to Li+ for n g 5. Among4 + 2 ions, theD2d form is
slightly lower in energy thanC2 andCs forms even with CPC
and ZPC. The structureVIII b shows the largest∆Ecpc, ∆Ezpc,
and∆H298 values among the4 + 4 cations, and then ) 8
structures span 5-6 kcal/mol in energy with CPC and ZPC.

Feller et al. have calculated hydration enthalpies of Li+ at
the MP2 level with extended basis sets.31 Though our basis is
not as flexible as theirs, our∆En-1,n and∆Hn-1,nwith CPC are
close to their data, and the differences between their values and(33) Strey, G.J. Mol. Spectrosc.1967, 24, 87-99.

Figure 3. Optimized structures of [Li(H2O)n]+ (n ) 1-6 and 8) calculated at the HF/6-31++G(d,p) level. Geometrical parameters are given in
angstroms and degrees. Total binding energies (kcal/mol) without CPC at the MP2/6-31++G(d,p)//HF/6-31++G(d,p) level are also given.
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ours are at most∼1 kcal/mol for alln. Dzidic and Kebarle34

have reported the successive enthalpy change for [Li(H2O)2]+

through [Li(H2O)6]+ and extrapolated them backward to arrive
at their value for [Li(H2O)]+. Very recently, Rodgers and
Armentrout35 have determined bond dissociation energies of [Li-
(H2O)n]+ (n ) 1-6) directly by kinetic-energy-dependent
collision-induced dissociation experiments in a guided ion mass
spectrometer. They have reported bond dissociation enthalpies
based on theoretical structures and vibrational frequencies31 (see
Table 4). The present result agrees well with these experimental
ones for eachn. ∆En-1,n and∆Hn-1,n decrease greatly fromn
) 1-4 mainly due to the progressive saturation in bonding
properties of Li+. Their values forn g 5 become smaller than
those forn ) 4, reflecting the formation of the first shell atn
) 4.
B. Energy Decomposition Analysis.From the cluster-size

(n) dependence of the energetics, we notice that the total binding
energies for the most stable neutral structures are almost additive

againstn even after the first shell has been completed. To obtain
more insights about the energetics, it is instructive to divide
the total hydration energy into the contribution of interaction
among waters,∆ES(n), and that of solute-water cluster interac-
tion,∆EM(n). According to the previous work,18 we define the
∆ES(n) and ∆EM(n) by the following formulas 2 and 3,
respectively.

Here,E[(H2O)n#] is the energy of a complex ofnH2O molecules
whose structure is fixed at that of the Li(H2O)n or [Li(H2O)n]+

cluster in question.∆ES(n) gives the interaction energy among
the H2O molecules in the hydrated Li or Li+ complex. The
∆EM(n) is the interaction energy between the prepared (H2O)n#

cluster and the Li atom or ion, and the sum of the two
components gives the total binding energy∆E(n):

(34) Dzidic, I.; Kebarle, P.J. Phys. Chem.1970, 74, 1466-1474.
(35) Rodgers, M. T.; Armentrout, P. B.J. Phys. Chem.1997, A101,

1238-1249.

Table 3. Counterpoise-Corrected Binding Energies,∆Ecpc,a and Those with Zero-Point Vibrational Correction,∆Ezpc,a of Li(H2O)n and
[Li(H 2O)n]+ (n ) 1-6 and 8) at the MP2/6-31++G(d,p)//HF/6-31++G(d,p) Levelb

Li(H2O)n [Li(H 2O)n]+

n symbolc ∆Ecpc ∆Ezpc ∆H298 symbolc ∆Ecpc ∆Ezpc ∆H298

1 Ia 1+ 0 (C2V) 10.0 9.3 8.1 Ia 1+ 0 (C2V) 33.8 31.9 31.4
2 II b 2+ 0 (C2) 20.9 18.4 17.5 II a 2+ 0 (D2d) 63.5 59.7 59.4

II e1+ 1 (Cs) 18.2 15.3 14.5
3 III a 3+ 0 (C2V) 34.1 30.2 29.5 III a 3+ 0 (D3) 86.5 80.8 80.9

III d 3+ 0 (C3) 34.1 30.1 29.5
III f 2+ 1 (C1) 31.0 25.8 25.7
III g 2+ 1 (Cs) 28.9 23.7 23.5
III h 1+ 2 (C2V) 25.1 20.6 19.7

4 IVa 4+ 0 (C1) 46.3 40.4 40.1 IVa 4+ 0 (S4) 103.2 96.0 96.2
IVb 3+ 1 (C1) 45.2 38.5 38.8
IV c 3+ 1 (C1) 44.1 36.8 37.3
IVd 2+ 2 (C2) 39.0 31.9 32.0

5 Va 4+ 1 (C1) 57.6 48.5 49.4 Va 4+ 1 (C2) 117.1 107.3 108.2
Vb 4+ 1 (C1) 57.6 48.7 49.4 Vb 5+ 0 (C2) 111.7 103.1 103.3
Vc 4+ 1 (C1) 56.8 47.6 48.4
Vd 3+ 2 (C1) 53.2 43.6 44.7

6 VIa 4+ 2 (C1) 68.4 56.9 58.3 VIa 4+ 2 (D2d) 130.3 118.0 119.5
VIb 5+ 1 (C1) 64.8 53.5 54.9 VIb 4+ 2 (C2) 127.4 114.3 116.4
VI c 3+ 3 (C3) 60.8 48.2 50.0 VI c 4+ 2 (Cs) 128.8 116.7 118.1

VId 4+ 2 (C1) 128.3 116.5 117.6
VIe6+ 0 (S6) 120.8 109.8 110.7

8 VIII a 4+ 4 (C2) 90.8 73.5 76.7 VIII a 4+ 4 (C2) 149.7 132.8 135.3
VIII b 4+ 4 (C2) 84.8 68.8 71.0 VIII b 4+ 4 (C2) 151.4 135.5 137.2
VIII c 4+ 4 (C2) 84.0 67.6 70.1 VIII c 4+ 4 (C2V) 148.7 133.6 134.8
VIII d 4+ 4 (C2) 81.6 64.7 67.5 VIII d 4+ 4 (S4) 146.2 129.9 132.1
VIII e4+ 4 (C1) 84.8 68.3 70.9 VIII e4+ 4 (S4) 150.7 132.8 136.0
VIII f 4+ 4 (C1) 84.5 68.1 70.6

aHarmonic vibrational frequencies at the HF/6-31++G(d,p) level were scaled by 0.895 and used.bCounterpoise-corrected enthalpies at 1 atm
and 298.15 K,∆H298,a are also presented. Values are given in kcal/mol.c Indicates the structures in Figures 1-3.

Table 4. Successive Binding Energies,∆En-1,n,a and Successive Binding Enthalpies,∆Hn-1,n
b (1 atm, 298.15 K), of the Most Stable

Structures of [Li(H2O)n] and [Li(H2O)n]+ (n ) 1-6) in kcal/mol

[Li(H 2O)n] [Li(H 2O)n]+

exptMP2/6-31++G(d,p)//
HF/6-31++G(d,p)

(this work)c

MP2/6-31++G(d,p)//
HF/6-31++G(d,p)

(this work)c

MP2/aug-cc-pVDZ//
MP2/aug-cc-pVDZ

(ref 31)d (ref 34) (ref 35)

n ∆En-1,n ∆Hn-1,n ∆En-1,n ∆Hn-1,n ∆En-1,n ∆Hn-1,n ∆Hn-1,n ∆Hn-1,n

1 10.0 8.1 33.8 31.4 33.2 32.2 34.0f 32.7
2 10.9 9.4 29.7 28.0 29.3 27.5 25.8 27.2
3 13.2 12.0 23.1 21.5 22.8 21.7 20.7 22.3
4 12.2 10.6 16.7 15.3 17.5 16.1 16.4 17.0
5 11.3 9.3 13.9 12.0 15.0 13.1 13.9 14.3
6 10.8 8.9 13.1 11.3 12.1 10.4e 12.1 15.1

a -∆En-1,n ) E([M(H2O)n]+) - E([M(H2O)n-1]+) - E(H2O). b -∆Hn-1,n ) H([M(H2O)n]+) - H([M(H2O)n-1]+) - H(H2O). Harmonic vibrational
frequencies at HF/6-31++G(d,p) level scaled by 0.895 were used.cCounterpoise corrected.dWith frozen core approximation.eAt MP2/aug-cc-
pVDZ//HF/cc-pVDZ level.f Extrapolated value.

-∆ES(n) ) E[(H2O)n
#] - nE[H2O] (2)

-∆EM(n) ) E[M(H2O)n] - E(M) - E[(H2O)n
#]

(M ) Li and Li+) (3)
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The values of∆E(n), ∆ES(n), and∆EM(n) for both neutral and
ionic complexes are listed in Table 5. In the most stable neutral
structures,∆EM(n) is a main contributor of the total binding
energy for alln. ∆ES(n) is nearly zero or negative forn e 4
and is positive for largern. This fact indicates that stabilization
energies are gained by the Li-O bond formation overcoming
the repulsion among the water molecules in then e 4 clusters
and the hydrogen-bond interaction becomes important after the
first shell is formed.
It is interesting to notice that∆EM(n) still increases forn g

5 though the slope becomes smaller than that forn e 4. It
corresponds to the growth of the second hydration shell forn
g 5. To analyze the situation more clearly, we further divide
the binding energy forn g 4 by the following formulas 5 and
6.

In this analysis, we regard the4 + q Li(H2O)n as a complex
consisting of three parts: a Li atom, the first-shell (H2O)4 cluster,
and the second-shell (H2O)q cluster. -∆E(W4

#
1st) and-∆E-

(Wq
#
2nd) are the energies of the (H2O)4# and the (H2O)q# relative

to the isolated water molecules.∆E(W4
#
1st) includes all

intrashell interactions among the first-shell waters and∆E(Wq
#
2nd)

those among the second-shell ligands.∆E(W4
#
1st) and∆E(Wq

#
2nd)

also include the deformation energy of each water monomer
from a free H2O molecule.∆E(W4

#
1st-Wq

#
2nd) is the interaction

energy between the first-shell (H2O)4 and the second-shell
(H2O)q and includes all intershell interactions among water
monomers up to4+ q body term. On the other hand,∆E(Li-
W4

#
1st) is the interaction energy between Li and the first-shell

(H2O)4 cluster and∆E(Li-Wq
#
2nd) is that between Li and the

second-shell (H2O)q cluster. In other words,∆E(Li-W4
#
1st) is

the sum of all interactions among Li and the first-shell waters
up to five body terms and∆E(Li-Wq

#
2nd) is that among the Li

atom and the second-shell molecules up toq + 1 body terms.
Therefore, ∆E(Li-W4

#
1st-Wq

#
2nd) is the overall intershell

interaction energy among Li, the first-shell and the second-shell
waters including up to5 + q body terms. We call∆E(Li-
W4

#
1st-Wq

#
2nd) the intershell Li-water interactionenergy in

the following discussion. The values for each term in eqs 5
and 6 are summarized in Table 6.
First of all, we look at the results for the most stable neutral

structures for eachn (IVa, Va, VIa, and VIII a). In these
clusters,∆E(Li-W4

#
1st) is a main contributor in∆EM(n), while

∆E(Li-Wq
#
2nd) shows almost zero contribution.∆E(Li-W4

#
1st)

changes only slightly from theIVa to theVIII a, indicating that
the growth of the second shell does not affect the local
interaction between Li and the four first-shell water molecules
very much. On the other hand,∆E(Li-W4

#
1st-Wq

#
2nd) becomes

larger asn grows and thisintershell Li-water interactionis
mainly responsible to the increase of the∆EM(n). It becomes
more than 25% of total∆EM(8) and the second important
contributor of the total binding energy for theVIII a. The
change of∆E(W4

#
1st) from theIVa to theVIII a is about 1 kcal/

mol per H2O molecule, which also indicates little effect of the
second-shell waters on the core Li(H2O)4. The interaction
energy among the second-shell water molecules is almost zero

for n ) 5 and 6 but becomes about double the hydrogen-bond
energy of a water dimer in theVIII a. This is consistent with
its structure where two water dimers are located individually
in the second shell.∆E(W4

#
1st-Wq

#
2nd) increases asn grows

but is 20.0 kcal/mol for theVIII a. As a result, the∆E(Li-
W4

#
1st-Wq

#
2nd) becomes greater than the∆E(W4

#
1st-Wq

#
2nd)

for this complex. The result of higher energy isomers forn )
5 is similar to that ofVa. Their difference is mainly seen in
∆E(W4

#
1st-Wq

#
2nd), reflecting the different hydrogen bonds

between the first- and second-shell water molecules. On the
other hand, in high-energy isomers forn ) 8, ∆E(Li-W4

#
1st)

is a little smaller than that ofVIII a and∆E(W4
#
1st-Wq

#
2nd) is

the second greatest contributor to the total binding energy. Thus,
the interaction between the Li and the first-shell ligands and
that among the water molecules are important factors but the
intershell Li-water interactionbecomes essential in forming
the most stable structures forn g 5, especially forn ) 8.
The same analysis has been carried out for the hydrated Li+

clusters. Total binding energies of theinterior ion complexes
also show a monotonic increase withn, and the slope is much
larger than in the neutral complex. This reflects the strong
electrostatic interaction between the Li+ and solvent water
molecules as seen in the large∆E(Li-W4

#
1st) and ∆E(Li-

Wq
#
2nd) values in Table 6. The direct Li+-water cluster

interaction is important even for the second-shell H2O molecules.
The interaction among the first-shell waters is repulsive, and
that among the second-shell waters reflects the structural feature
of the clusters as in the case of the neutrals.∆E(W4

#
1st-Wq

#
2nd)

values forVIII b-d cations are smaller than those for the
corresponding neutral clusters. This is consistent with the facts
that VIII b,c have fewer intershell hydrogen bonds than their
corresponding neutrals and that the intershell hydrogen bonds
in VIII d are longer than those in its neutral form. Note that
our∆E(W4

#
1st-Wq

#
2nd) contains neither the polarization nor the

charge transfer induced by the presence of Li+. If we estimate
the interaction energies between the perturbed W4

#
1stand Wq

#
2nd

of the most stable structures by treating Li+ as a point charge,
they are 8.2 (Va), 16.0 (VIa), and 20.0 (VIII b) kcal/mol,
respectively. Thus, although the perturbation by Li+ increases
the first-shell-second-shell water interaction energies, the
change in∆E(W4

#
1st-Wq

#
2nd) is at most 0.8-0.9 kcal/mol per

second-shell H2O molecule. Interestingly,∆E(Li-W4
#
1st-

Wq
#
2nd) in cations is small or negative even atn ) 8, which is

in sharp contrast to the neutral Li(H2O)n. Therefore, the
electrostatic interactions between Li+ and water molecules as
well as the intershell interactions among waters via hydrogen
bonds play an important role in the total binding energy of [Li-
(H2O)n]+, while the intershell Li-water interaction is not
essential in stabilizing the cation complexes.

∆E(n) ) ∆ES(n) + ∆EM(n) (4)

∆ES(n) ) ∆E(W4
#
1st) + ∆E(Wq

#
2nd) + ∆E(W4

#
1st-Wq

#
2nd)

(5)

∆EM(n) ) ∆E(Li-W4
#
1st) + ∆E(Li-Wq

#
2nd) +

∆E(Li-W4
#
1st-Wq

#
2nd) (6)

Table 5. Contributions of Interaction among Waters,∆ES(n),a and
Solute-Water Cluster Interaction,∆EM(n),a in Total Binding
Energies of the Most Stable [Li(H2O)n] and [Li(H2O)n]+ (n ) 1-6
and 8) at the MP2/6-31++G(d,p)//HF/6-31++G(d,p) Level

Li(H2O)n [Li(H 2O)n]+

n symbolb ∆E(n) ∆ES(n) ∆EM(n) symbolb ∆E(n) ∆ES(n) ∆EM(n)

1 Ia 12.2 0.1 12.1 Ia 36.1 0.3 35.8
2 II b 25.9 -1.5 27.4 II a 69.3 -1.3 70.6
3 III a 42.8 -4.7 47.5 III a 94.7 -4.9 99.6
4 IVa 59.1 -8.6 67.7 IVa 115.1 -9.9 125.0
5 Va 73.5 2.5 71.0 Va 131.7 -3.9 135.6
6 VIa 86.9 6.2 80.7 VIa 147.5 0.3 147.2
8 VIII a 115.6 16.4 99.2 VIII b 172.8 14.7 158.1

a ∆ES(n) and∆EM(n) are defined by eqs 2 and 3.∆ES(n) + ∆EM(n)
is equal to∆E(n). See text. Values are without CPC and given in kcal/
mol. b Indicates structures in Figures 1-3.
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V. Ionization Potentials and Electronic State of Li(H2O)n
(0 e n e 8)

The calculated ionization potentials (IPs) of the most stable
Li(H2O)n clusters are presented in Table 7. For 0e n e 3, we
calculated the vertical IPs by both MP2 and CCSD methods
and found that the values by these two methods were very close
to each other for alln. The results by MP2/6-31++G(d,p) with
and without frozen core approximation are almost identical to
each other. We discuss the IPs at the MP2/6-31++G(d,p)//
HF/6-31++G(d,p) level. Adiabatic IPs are smaller than vertical
ones particularly forn g 4 because of the structural relaxation
from the neutrals to the cations.
The calculated vertical IPs of the most stableinterior

complexes, which correspond to the threshold energies measured
by the photoionization, are in good agreement with a recent
experiment.6 They decrease monotonically untiln ) 4 and
become nearly constant for largern converging to the bulk limit
of the vertical detachment energies (VDEs) of (H2O)n- (3.2
eV).11 The total gross population in Li s basis functions, which
is given in the Supporting Information, shows that the population
in the inner and outer valence s functions on Li decreases rapidly
asn grows and becomes nearly constant, being 0.3-0.4 e forn
g 4. On the other hand, the population in the diffuse function

increases gradually untiln ) 4 and decreases slightly with
further hydration. As a result, the Li valence s atomic orbital
holds 0.7 (n ) 4) to 0.5 (n ) 8) e total in clusters withn g 4.
Thus, the character of the odd electron changes from the normal
valence electron to the diffused hydrated electron during the
first-shell formation, and the second-shell waters are considered
to share the excess electron squeezed out of the first shell.

Figure 4 represents the difference in the electron density
between the neutral and the cationic Li(H2O)n at the neutral
geometries. This figure shows the spatial distribution of the
excess electron being ejected by the photoionization. The excess
electron density is distributed around both the Li atom and H2O
molecules in Li(H2O)2. The excess electron distribution around
Li is in the space opposite to the H2O molecules rather than
that between the Li and O atoms. In Li(H2O)4, the excess
electron is separated from Li and distributed in the space on
and between H2O molecules. In Li(H2O)6, we see the electron
distribution not in the vicinity of Li but in the space between
the first- and the second-shell H2O molecules and on H2O
molecules. In Li(H2O)8, the excess electron is mainly distributed
in the space on and between the second-shell H2O molecules
being expelled from the first-shell cavity rather than the space
on the first-shell waters. Therefore, the electronic nature of the
hydrated Li atom clusters changes asn grows from the one-
center atomic state forn e 3 to the two-center ionic state forn
g 4 with a gradual localization of the excess electron. The
valence electron is separated from Li and becomes distributed
outside the first-shell cavity by the stepwise hydration. In other
words, the excess electron is considered to be ejected by the
photoionization not from around Li atom but from the water
molecules forng 4. It is worth noticing that two second-shell
H2O molecules forn ) 8 point their free OH bonds toward the
excess electron in the surface region of the cluster. The two
dangling hydrogens do not take part in the hydrogen bonds but
interact with the excess electron. These electrophilic hydrogens
act as actuators of the surface state. This situation is similar to
the surface state of the negatively charged small- and medium-

Table 6. Detailed Componentsa of Interaction between Solute and Water Cluster,∆EM(n), and That among Waters,∆ES(n), of 4 + q Type
Li(H2O)n and [Li(H2O)n]+ (n g4) at the MP2/6-31++G(d,p)//HF/6-31++G(d,p) Level

∆EM(n) ∆ES(n)

n 4+ q symbolb ∆E(Li-W4
#
1st) ∆E(Li-Wq

#
2nd) ∆E(Li-W4

#
1st-Wq

#
2nd) ∆E(W4

#
1st) ∆E(Wq

#
2nd) ∆E(W4

#
1st-Wq

#
2nd)

Li(H2O)n
4 4+ 0 IVa 67.7 0.0 0.0 -8.6 0.0 0.0
5 4+ 1 Va 66.5 0.6 3.9 -10.4 0.2 12.7

4+ 1 Vb 67.1 0.3 4.0 -8.1 0.1 9.8
4+ 1 Vc 68.1 1.2 5.2 -9.3 0.3 7.0

6 4+ 2 VIa 68.5 1.3 10.9 -10.6 0.2 16.6
8 4+ 4 VIII a 69.2 2.3 27.7 -12.7 9.1 20.0

4+ 4 VIII b 64.4 2.3 9.0 -7.6 11.6 28.2
4+ 4 VIII c 64.2 1.6 16.4 -8.6 0.4 34.4
4+ 4 VIII d 61.5 -0.6 4.3 -4.0 3.1 42.2
4+ 4 VIII e 60.7 1.7 8.9 -5.2 1.8 42.0
4+ 4 VIII f 63.5 1.9 16.3 -8.2 0.7 34.9

[Li(H 2O)n]+
4 4+ 0 IVa 125.0 0.0 0.0 -9.9 0.0 0.0
5 4+ 1 Va 124.3 10.8 0.6 -11.5 0.2 7.4
6 4+ 2 VIa 124.8 20.9 1.5 -14.1 0.0 14.3

4+ 2 VIb 116.8 18.8 -4.3 -8.4 0.7 22.8
4+ 2 VIc 123.1 21.1 0.8 -13.1 -0.3 14.3
4+ 2 VId 123.9 16.4 0.9 -11.5 6.2 9.3

8 4+ 4 VIII a 120.8 35.7 -1.9 -14.4 9.8 22.4
4+ 4 VIII b 124.5 31.4 2.2 -14.5 11.8 17.5
4+ 4 VIII c 124.8 35.4 4.3 -13.9 -2.2 21.5
4+ 4 VIII d 116.3 23.9 -1.9 -4.9 2.3 33.7
4+ 4 VIII e 108.3 38.6 -12.0 -5.6 1.5 42.8

aDefinition of components are given by eqs 2 and 3. See text. Values are without CPC and given in kcal/mol.b Indicates the structures in
Figures 2 and 3.

Table 7. Vertical and Adiabatic Ionization Potentials (eV) of the
Most Stable Structuresa of Li(H2O)n (n ) 1-6 and 8) Calculated at
HF-Optimized Geometries with 6-31++G(d,p) Basis Setb

n
p + q
(sym) labelc MP2//HF

MP2(FC)d
//HF

CCSD(FC)d
//HF

expt
(ref 6)

0 0+ 0 5.34 (5.34) 5.33 (5.33) 5.33 5.39
1 1+ 0 Ia 4.32 (4.30) 4.32 (4.31) 4.34 4.41
2 2+ 0 IIb 3.71 (3.45) 3.71 (3.48) 3.74 3.80
3 3+ 0 III a 3.22 (3.09) 3.22 (3.08) 3.24 3.37
4 4+ 0 IVa 3.05 (2.91) 3.05 (2.89) s 3.14
5 4+ 1 Va 3.12 (2.81) 3.11 (2.80) s 3.12
6 4+ 2 VIa 3.17 (2.71) 3.17 (2.69) s 3.12
8 4+ 4 VIII a 3.11 (2.86) 3.11 (2.83) s s

a The most stable structures with CPC and ZPC for eachn were
used.b Adiabatic IPs are given in parentheses.c Indicates structures in
Figures 1 and 2.d Frozen core approximation was employed.
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sized water clusters observed by theab initio MO36,37 and the
quantum path-integral38 methods.
To discuss the electronic state of the clusters in more detail,

we constructed model clusters by replacing the Li atom by a
point charge in Li(H2O)n. The total charge of the model clusters
was kept neutral. Consequently, the model clusters can be
regarded as the negatively charged (H2O)n clusters interacting
with a cation center, whose water geometry is fixed at that in
the corresponding Li(H2O)n. Vertical IPs (VIPs) of Li(H2O)n
and those of model clusters39 as functions ofn are shown in
Figure 5a. The VIPs of the model clusters almost coincide with
those of the true Li-water complexes forn g 4. In addition,
the excess electron distribution of the model cluster (not shown
for brevity) is similar to that of the corresponding true Li-

water cluster with the sameng 4. These facts indicate that Li
in the hydration systems releases its valence electron and act
as a cation center with more than four water molecules. The
similarity in the first-shell structure between the neutral and
cationic Li(H2O)n (n g 4) is considered to result from this
electronic nature of the neutrals. Once the neutral clusters
become [Li(H2O)4]+ interacting with the hydrated electron and
the expelled electron starts localization in the water clusters,
their IPs behave insensitively to the cluster size (n).
Barnett and Landman reported that the reduced variation of

IPs for Na(H2O)n (ng 4) reflected the formation of a molecular
shell about Na by the LSD calculation. The electronic state
they found for Na(H2O)n for n g 4 was the surface Rydberg-
like state where the electron was delocalized and spread rather
equally about the water molecules. Their result for Na-water
clusters and ours for Li-water systems are different in the
electron localization but similar to each other in such a sense
that the excess electron is distributed in the surface region of
the clusters.
The calculated IPs of thesurfacecomplex of Na(H2O)nwhose

structure resembled that of the3-foldLi(H2O)n, agreed well with

(36) Kim, K. S.; Park, I.; Lee, S.; Cho, K.; Lee, J. Y.; Kim, J.;
Joannopoulos, J. D.Phys. ReV. Lett.1996, 76, 956-959.

(37) Lee, S.; Lee, S. J.; Lee, J. Y.; Kim, J.; Kim, K. S.; Park, I.; Cho,
K.; Joannopoulos, J. D.Chem. Phys. Lett.1996, 254, 128-134.

(38) Barnett, R. N.; Landman, U.; Cleveland, C. L.J. Chem. Phys.1988,
88, 4429-4447.

(39) We placed the Li basis set on the cation center in then ) 8 model
cluster since the SCF without the basis converged not to the surface state
but to the internal state.

Figure 4. Contour surface of excess electron density for Li(H2O)n (n ) 2, 4, 6, and 8) calculated at the MP2/6-31++G(d,p) level. Li, O, and H
atoms are shown by orange, red, and white balls, respectively. The electron density of blue surface is 0.001 e/Bohr3. Top left: forn ) 2 complex,
II b, in Figure 1. Top right: forn ) 4 complex,IVa, in Figure 2. Bottom left: forn ) 6 complex,VIa, in Figure 2. Bottom right: forn ) 8
complex,VIII a, in Figure 2.
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the experiment, and they were also almost constant (∼3.2 eV)
for ng 4.17 The VIPs for3-foldcomplexes are plotted against
n together with the experimental result in Figure 5b. Though
the 3-fold complexes are high energy isomers forn g 4 and
thus their VIPs may not be observed in the photoionization
experiment, their size dependence in VIPs is close to that of
the most stableinterior structure and the experiment. In both
3-foldLi(H2O)n andsurfaceNa(H2O)n, only three or four water
molecules interact with the metal. And the excess electron
distributions in the3-fold Li(H2O)n and thesurfaceNa(H2O)n
with the samen are similar to each other. They are rather
localized around metals in the surface region of the clusters
and extend widely in space in the directions where hydrating
H2O molecules do not exist. In addition, they are almost
unchanged forng 4. The indirect hydration in the second and
further shell does not very much affect the local electronic state
around the metal. Therefore, the IPs of these complexes remain
nearly constant aroundn ) ∼4. Though the reason IPs of the
3-foldLi(H2O)n and thesurfaceNa(H2O)n with n g 4 coincide
with the VDE of (H2O)n- needs more elaborated investigation,
we can say that these two kinds of clusters and the most stable
interior Li(H2O)n are all surface state, in which the excess
electron is rather localized in the part of cluster surface. The
surface ionization is expected to take place in these clusters.

VI. Conclusions

In the present study, we have investigated neutral and cationic
Li(H2O)n (n) 1-6 and 8) by anab initioMOmethod, including
the electron correlation, and reached the following conclusions:
(1) The interior structure with four H2O molecules around

Li in the first shell and more in the second shell is the most
stable forn g 4 for both neutral and cationic hydrated Li
clusters. Li-O interactions play an essential role in dictating
the molecular structures for 1e ne 4, and the balance between
the Li-O bonds and hydrogen bonds becomes important in
larger clusters. The first-shell hydration structure of the neutral
Li atom is similar to that of Li+ with the samen g 4. The
3-fold structures which correspond to thesurfacestructures of
Na(H2O)n are local minima even whenn increases.
(2) The Li(H2O)n is stabilized by 10.0-13.2 kcal/mol in

energy and 8.1-12.0 kcal/mol in enthalpy (1 atm 298.15 K)
by the stepwise hydration. The calculated successive enthalpies
of [Li(H 2O)n]+ agree well with experiments. Though the
interaction between Li and the first-shell ligands and that among
the water molecules are important factors, theintershell Li-
water interaction becomes more and more essential to form the
stable neutral structure forn g 5. On the other hand, the
electrostatic interactions between Li+ and both the first- and
the second-shell water molecules as well as the intershell
hydrogen bonds are important in the hydrated Li+ complexes.
(3) The calculated vertical IPs of the most stableinterior Li-

(H2O)n as a function ofn is in good agreement with the recent
experiment. They decrease monotonically untiln ) 4 and
become almost constant, converging to the bulk limit of the
VDE of (H2O)n- for n g 4.
(4) The electronic nature of the hydrated Li atom clusters

changes from the one-center atomic state forn e 3 to the two-
center ionic state forn g 4 with the gradual localization of the
excess electron in the space on and between the outer second-
shell waters. In the neutral clusters with more than four H2O
molecules, Li acts as a cation center and the excess electron
becomes distributed not in the vicinity of Li but outside the
first-shell cavity. The dangling hydrogens which do not take
part in the hydrogen bonds but interact with the excess electron
play a role as actuators of thesurfacestate.
(5) The structures whose IPs are insensitive to the cluster

size have the localized excess electron distribution in the surface
region of the clusters. The surface ionization is considered to
occur in these complexes.
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Figure 5. (a) Vertical ionization potentials (eV) of the most stable
Li(H2O)n (n ) 1-6 and 8) as a function ofn at the MP2/6-31++G-
(d,p)//HF/6-31++G(d,p) level together with the experimental result.
Values for model clusters are also plotted (see text). (b) Vertical
ionization potentials (eV) of3-fold Li(H2O)n (n ) 1-6) as a function
of n at the MP2/6-31++G(d,P)//HF/6-31++G(d,p) level together with
the experimental result.
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