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Geometries, vertical detachment energies (VDEs), and IR spectra of [Na(H2O)n]j (n ) 1-4) have been
investigated by an ab initio MO method at the correlated level. Water molecules are bound to Naj via Na-H
as well as hydrogen-bond interactions. The calculated VDEs are in good agreement with the recent photoelectron
spectroscopy, and all observed bands are assignable to the 32S(Na)-31S(Naj) and 32P(Na)-31S(Naj) type
transitions perturbed by hydration. They are shifted to higher energy with increasingn by keeping their
separation almost unchanged, which reflects the hydration structure of Naj. We also report the calculated IR
spectra that are informative about the ionic Na-H bonds and the hydrogen-bond network among water
molecules in the clusters.

1. Introduction

The understanding of solvation phenomena at the molecular
level is of fundamental importance in wide areas of chemistry.1

Clusters containing a single alkali metal atom, and polar solvent
molecules are expected to serve as a model for studying the
formation, structure, and energetics of a solvated electron and
a solvated metal cation and have been actively investigated in
recent years.2-28 Experimental findings of the unusual size
dependence of the ionization potentials (IPs) for the M(H2O)n
and M(NH3)n (M ) Li,16 Na2, and Cs13) type clusters have
stimulated many theoretical studies about their structures and
the localization mode of the excess electron.19-27 However, since
the experimental data were limited to the IP measurement, the
new efforts to access the neutral ground and excited states of
these clusters have been started.7-12,14-17

Takasu et al. have observed the photoelectron spectra (PES)
of negatively charged Na atom embedded in water and ammonia
clusters very recently.16 They found the different size depend-
ence of the band positions for [Na(H2O)n]j from that of
[Na(NH3)n]j. That is, both first and second PES bands of
[Na(H2O)n]j (n e 7) are shifted gradually to higher electron
binding energy (EBE) with increasingn by keeping their
separation almost unchanged. On the other hand, for [Na-
(NH3)n]j, the vertical detachment energy (VDE) of the first PES
band is shifted slightly to lower EBE, while that of the second
band decreases dramatically asn grows. In addition, the
photoelectron bands of both [Li(H2O)n]j and [Li(NH3)n]j have
been found to behave similarly to those of [Na(NH3)n]j.

In the previous paper,28 we have reported our preliminary
results on [M(H2O)n]j and [M(NH3)n]j (M ) Na and Li,n )
1-3) and argued several structures and their VDEs for the first
PES band by the coupled cluster method. However, the questions
regarding whether the possible isomers are also responsible for
the second band and why the PES bands show the characteristic
behavior depending on the combinations of alkali metal and
solvent have remained unresolved.

In the present work, we have concentrated on the [Na(H2O)n]j
whose size dependence of the PES bands is unique among the
solvation clusters of alkali metals studied experimentally. We
have extended our study forn up to 4 and examined the low-
energy isomers extensively. The multireference configuration
interaction method has been employed to assign not only the
first PES band but also the second one. The size dependence
of the VDEs has been analyzed in connection with the electronic
nature of the final neutral states at the anionic geometries. We
will also report the calculated IR spectra to discuss the
vibrational feature of these clusters.

2. Method

The molecular structures of [Na(H2O)n]j (n ) 1-4) were
optimized by using the energy gradient technique for the second-
order many-body perturbation method (MP2). Vibrational
analysis using the analytical second-derivative matrix was
carried out to confirm the minima on the potential energy
surfaces. The basis set employed for Na was McLean-
Chandler’s [12s9p/6s5p] basis set29 augmented by double d type
polarization functions (R ) 0.5 and 0.15) and a diffuse sp
function (R ) 0.0076). The basis sets for the O and H atoms
were the 6-311+G(d,p).30 To take the zero-point vibrational
correction (ZPC) into account in total binding energies, we used
scaled harmonic frequencies. The scale factor was obtained from
the average ratio of the experimental31 and calculated harmonic
frequencies for an isolated H2O molecule. We carried out two
types of MP2 calculations to estimate the effect of freezing core
orbitals on the geometries and energetics. In one method, all
1s orbitals on heavy atoms were frozen, while we employed
the usual frozen core approximation in another.

Vertical detachment energies were calculated by the multi-
reference single and double excitation configuration interaction
(MRSDCI) method preceded by multiconfiguration self-
consistent field (MCSCF) calculation32-36 at the optimized
geometries. Five valence molecular orbitals corresponding to
3s, 3p, and4sorbitals on Na were included in the active space
of the MCSCF calculations. For anions, five configurations in
which one of the active orbitals was doubly occupied were
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considered, and the MCSCF wave function was optimized for
the ground state. For the neutrals, five configurations in each
of which the unpaired electron occupied one of the five active
orbitals were taken into account, and the five low-lying doublet
states were averaged with equal weight. The natural orbitals
(NOs) obtained by these MCSCF procedures were used as one-
particle functions in the MRSDCI calculations where the
configurations treated in the MCSCF methods constructed the
reference space. We considered all single and double excitations
from the above active orbitals on Na as well as 2n high-lying
orbitals corresponding mainly to lone pair orbitals in water
molecules. Radial distribution of the unpaired electron for each
neutral state was evaluated by the square root of the sum of the
orbital components of the diagonal elements of the second
moment for the CI-NO whose occupation number is close to
one (>0.99).

The Gaussian series of programs37 was used for the geometry
optimization and the vibrational analysis. The program used for
the MCSCF and CI calculations was MOLPRO-96.38

3. Results and Discussion

3.1. Geometries and Energetics of [Na(H2O)n]j (n ) 1-4).
The optimized structures of [Na(H2O)n]j (n ) 1-4) are shown
in Figures 1 and 2. We use labels of the form [i,j,k] to classify
the structures. The values of thei and j are the numbers of the
water molecules bound to Naj from the hydrogen side and
oxygen side, respectively. The value of thek indicates the
number of hydrogen bonds among water molecules. Total
binding energies (TBEs) including the ZPC by the scaled
harmonic frequencies are also given for each structure. In the
previous paper, we assessed the basis set superposition error
for TBEs by the counter-poise correction (CPC). The decrease
of TBEs by CPC depended on the structure, but it was at most
a few kilocalories/mole per water molecule, and the structures
with Na-H and hydrogen-bond interactions were more stable
than those with Na-O bonds with the samen even when the
CPC was taken into account. The TBE values for the complexes
in Figures 1 and 2 are without CPC. Throughoutn ) 1-4,
freezing the2s and2p orbitals of Na in the MP2 calculations
results in the lengthening of the distances between Na and O
atoms in the water molecules interacting directly with Naj.
However, TBEs calculated with and without correlating the
electrons in these low-energy orbitals are very close to each
other for all structures examined. Thus, we discuss only the
TBEs with all1sorbitals of heavy atoms frozen in the following
paragraphs.

For n ) 1, two stable structures have been found. A water
molecule is bound to Naj from the hydrogen side in1a and
from oxygen side in1b. The symmetric geometry of1a, whose
TBE is 4.9 kcal/mol, is governed by the electrostatic interaction
between a negative charge on Na and two positive charges on
hydrogens. It is known for the hydrated halogen anions
[X(H2O)]j (X ) F, Cl, Br and I) that a water monomer is also
bound by the Xj-H interaction.39-47 However, they form an
asymmetricCs structure which has been attributed to the
polarized OH bond.42 The X-H-O angle decreases and the
two OH lengths become close to each other as the X-H bond
distance, namely, the radius of Xj, increases and as the TBE
becomes smaller. The symmetricC2V form of 1a is considered
to be in this correlation. In fact, the Na-H distances in1a are
longer than the I-H length (2.860 Å)42 and its TBE is less than
that of [I(H2O)]j (10.3 kcal/mol).42 On the other hand, the
isomer like1b is unknown for the halogen anions. In1b, not
only the 3s orbital on Na but also the low-lying vacant3p

orbitals can contribute to the valence MOs. This orbital mixing
plays an important role in determining electron distribution and
reducing the destabilization of the valence MOs by the complex
formation. Actually, the HOMO electron density in1b is
distributed in the vicinity of Na and extends widely in space in
the directions opposite to the water, which is similar to the
neutral Na(H2O)25 and Li(H2O).27 TBE for 1b is less than that
of 1a by ∼1 kcal/mol.

For n ) 2, we have obtained six minimum structures (2a-
2f). The most stable structures are the [1,0,1] forms (2a and
2b) in which the second water is bound to1a via a hydrogen
bond with different water orientation. Though we optimized the
C2 symmetric [2,0,2] structure, where each water molecule
points one OH to Naj and donates another OH to a hydrogen-
bond network with the other water, it was higher in energy than
2aby 2.5(3.2) kcal/mol with(without) ZPC and had an imaginary
frequency. The further optimization following the normal mode
corresponding to the imaginary frequency reached2a. These
lowest-energy structures2a and2b can be also regarded as the
complexes where a water dimer is bound to Naj. The binding
energy of a water dimer is calculated to be 3.7 kcal/mol, which
is in good agreement with the experimental value (3.6( 0.5
kcal/mol)48 and the theoretical values (3.2-3.9 kcal/mol)49 at
the same level with the better basis sets. The water-water
interaction energy in2a is 4.8 kcal/mol, which is more than
30% of the TBE without ZPC (15.3 kcal/mol). Thus, the
hydrogen bonding between water molecules plays an important
role in gaining TBE in this type of complex. The second most
stable structures are2c and2d, whose TBEs are∼10 kcal/mol.
The former has an Na-O bond and a hydrogen bond, while
the latter has two equivalent Na-O bonds and no hydrogen
bond. Other optimized structures (2e and2f) have [0,1,1] and
[1,1,0] forms and they are less stable than2a by more than∼3
kcal/mol.

Forn ) 3, we have optimized eighteen equilibrium structures.
The five low-energy isomers are shown in Figure 1 and their
TBEs are 20.2-18.1 kcal/mol. Other isomers which are higher
in energy than the most stable3a by more than∼3 kcal/mol
are given in the Supporting Information (Figure 1S). In the
[1,0,2] structure3a, the third water molecule is bound to2a
through hydrogen bond.3b is a [2,0,2] type complex in which
two water molecules are bound to Naj from the hydrogen sides
and they are bridged by the third water via hydrogen bonds.
This isomer is an analogue of the ring structure withCs

symmetry found for [F(H2O)3]j 44 and [Cl(H2O)3]j.46 3c and
3ehave the [3,0,3] and [0,3,3] forms, where a cyclic water trimer
is bound to Naj. Each water molecule points one OH bond to
Naj and another OH to an O atom in the neighboring H2O in
the former, while Naj is bound by water molecules by Na-O
bonds in the latter.3c is a member of the pyramidal complex
found for hydrated halogen anions. On the other hand,3e is
similar to the most stable neutral Na(H2O)3.24 We call this
structure the Na-O surface structure, since the pyramidal
structure has been sometimes called the surface cluster.50,513d
is the [1,0,2] complex in which two water molecules are bound
equivalently to1a via hydrogen bonds. It can be also regarded
as the cluster where the third water molecule is bound to2a
through a hydrogen bond.

As regardsn ) 4, the number of potential minimum
configurations is expected to be very large. Since the low-energy
n e 3 complexes tend to have the structure where water clusters
are bound to Naj via Na-H interaction by rearranging the
hydrogen bonds among waters, we narrowed our focus mainly
to the structure with as many Na-H and hydrogen bonds as
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Figure 1. Optimized geometries of [Na(H2O)n]j (n ) 1-3) at the MP2 level with all1sorbital frozen. Geometrical parameters are given in Å and
degrees. The molecular symmetry and total binding energies (kcal/mol) with ZPC with the scaled harmonic frequencies are given under each
structure. Values in parentheses are with usual frozen core approximation.
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possible and the isomers in which the fourth water molecule is
bound to the low-energyn ) 3 clusters through hydrogen bonds.
4a is of [4,0,4] form and a pyramidal complex whose TBE is
30.0 kcal/mol. The isomers4b, 4d, 4e, and4f are the structures
where the fourth water monomer is bound to one of the low-
energyn ) 3 clusters (3a, 3b, and 3c). They are less stable
than 4a by 1.5-3.6 kcal/mol.4c is a [0,4,2] structure where
Na is surrounded by the four water molecules. This structure
resembles the interior complex of neutral Na(H2O)425 with
Na-O bonds but is less stable than4a by ∼2 kcal/mol. The
Na-O surface structure4g is also less stable than4a by ∼4
kcal/mol.

As a summary, Na-H and hydrogen-bond interactions are
important in dictating the structures of [Na(H2O)n]j. In the most
stable forms of [Na(H2O)n]j (n ) 1-4), the water clusters
interact with Naj by H atoms by rearranging the hydrogen-
bond network. The isomers with Na-O bonds are high-energy
isomers for eachn. Though1b, 2d, 3e, 4c, and4g are similar
to the neutral structures with the samen, they are not the most
stable anion clusters for eachn. Therefore, it is considered to
be difficult to access the potential minima of the neutral

complexes from the anion clusters by photoelectron spectroscopy
for negatively charged Na(H2O)n (n ) 1-4).

3.2. Assignment and Size Dependence of PES Bands.In
the photoelectron spectra (PES) of [Na(H2O)n]j by Takasu et
al.,16 the first and the second bands for the atomic Na anion
appear at 0.55 and 2.65 eV, respectively. They are shifted to
the higher electron binding energy (EBE) almost in parallel with
each other by stepwise hydration. The amount of the shift in
the vertical detachment energy (VDE) from the bare anion
becomes as large as ca. 0.8 eV atn ) 4.

The calculated VDEs of [Na(H2O)n]j for the transitions from
the anionic ground state to the five lowest neutral states are
listed in Table 1. They correspond to the transitions to the states
derived from the atomic 32S, 32P, and 42S states in each cluster.

The VDE values for both 32S-31S and 32P-31S type
transitions of atomic Naj are calculated to be 0.53 and 2.59
eV, respectively, which agree with the observed first and second
bands within 0.06 eV. For the 1:1 complex with Na-H
interaction, 1a, the calculated VDE for the 32S-31S-like
transition is 0.77 eV and those for the 32P-31S-like transitions
are 2.78-2.86 eV. They also coincide well with the experiment,

Figure 2. Optimized geometries of [Na(H2O)4]j at the MP2 level with all1s orbital frozen. Geometrical parameters are given in Å and degrees.
The molecular symmetry and total binding energies (kcal/mol) with ZPC with the scaled harmonic frequencies are given under each structure.
Values in parentheses are with usual frozen core approximation.
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though the values for the excited states underestimate the
experimental value slightly. For the isomer1b with Na-O bond,
the lowest VDE is shifted to the lower EBE fromn ) 0, which
is opposite to the experimental observation. The VDEs to the
32P-like states are below the observed second band by 0.75-
1.01 eV. Thus, we can safely assign the first and the second
PES bands to the transition to 32S- and 32P-like states in the
most stable structure1a.

For n ) 2, the lowest VDE for2a and 2b is in good
agreement with the first PES band. It is shifted to the blue from
n ) 1 by 0.15 eV. The calculated VDEs for the three low-
lying excited states (22A′, 12A′′, and 32A′) of 2a and 2b are
also in reasonable agreement with the observed second band,
though they underestimate the experimental value appreciably.
On the other hand, the VDEs to the 32S-like state of other
isomers (2c-2f) with Na-O bond(s) are shifted to the lower
EBE from n ) 1 and those for 32P-31S-like transitions are
much lower than the VDE of the second PES band. Therefore,
we have assigned the first and second PES bands to the
transitions to 32S- and 32P-like states in the structures where
one water molecule is bound to1a through hydrogen bond.

Among then ) 3 clusters, the structures3a-3d give similar
VDEs to one another for both ground and excited states, but
3a is considered to be responsible for the observed PES bands.
Its lowest VDE agrees perfectly with the first band and those
for the 32P-like transitions are close to the second band. On the
other hand, the VDEs of3e with three Na-O bonds show

different size dependence from other isomers, being shifted to
the red fromn ) 2. We have assigned the PES bands to the
most stablen ) 3 cluster,3a.

The structures having Na-H and hydrogen-bond interactions
for n ) 4 (4a, 4b, and4d-4f) also give the similar VDEs with
one another and they are near the observed values, while those
of the isomers with Na-O bonds (4c and4g) are much lower.
This trend resembles then ) 3 clusters. Since it is known that
such a small error around 0.4 eV can slip in the calculation in
VDEs even at the high level calculation we employed, it is
difficult to predict definitely which structure with Na-H and
hydrogen bonds is responsible for the PES bands by only the
calculated VDEs. Thus, we have tentatively assigned the PES
bands to the cluster4a based on the energetics.

Here, we discuss the size dependence of the VDEs for
[Na(H2O)n]j from the viewpoint of electronic state. In our
previous paper, we showed that the blue shift of the first PES
band with increasingn can be explained by the fact that the
difference in the solvation energy between the anionic state and
the neutral ground state at the most stable anionic structure
becomes larger asn grows.

Shown in Table 2 are the expected values of the radial
distribution (RD) for the unpaired electron of Na(H2O)n at their
anionic geometries calculated by having the Na atom at the
origin. The RD values of the most stable hydrated clusters for
eachn are about 4.5 au for the ground state, 5.9-6.3 au for the
32P-like states, and 10.9-11.1 au for the 42S-like state. These

TABLE 1: Vertical Detachment Energies (eV) Corresponding to Transitions from Anionic Ground State to Ground and
Low-Lying Excited States of Various Isomers of [Na(H2O)n]j (n ) 0-4)a at the MRSDCI Level

n ) 0 n ) 1

calcdb calcd

expl Na atom expl 1a 1b

0.55 32S 0.53 0.76 12A1 0.77 12A′ 0.43
2.65 32P 2.59 2.95 22A1 2.78 22A′ 1.94

12B1 2.80 12A′′ 2.00
12B2 2.86 32A′ 2.20

42S 3.67 32A1 4.05 42A′ 2.96

n ) 2

calcd

expl 2a 2b 2c 2d 2e 2f

0.99 12A′ 0.92 12A′ 0.92 12A′ 0.64 12A1 0.43 12A 0.43 12A′ 0.59
3.46 22A′ 2.97 22A′ 2.95 22A′ 2.22 22A1 1.48 22A 1.97 22A′ 2.25

12A′′ 3.00 12A′′ 2.99 12A′′ 2.34 12B2 1.60 32A 2.05 12A′′ 2.27
32A′ 3.06 32A′ 3.06 32A′ 2.57 12B1 1.85 42A 2.43 32A′ 2.55
42A′ 4.35 42A′ 4.32 42A′ 3.44 32A1 2.51 52A 2.99 42A′ 3.41

n ) 3

calcd

expl 3a 3b 3c 3d 3e

1.13 12A 1.13 12A1 1.21 12A1 1.02 12A1 1.18 12A1 0.34
3.49 22A 3.21 12B2 3.35 12E 3.11 22A1 3.27 12E 1.41

32A 3.24 12B1 3.38 12B1 3.32
42A 3.29 22A1 3.39 22A1 3.16 12B2 3.37 22A1 1.42
52A 4.64 32A1 4.87 32A1 4.53 32A1 4.77 32A1 2.21

n ) 4

calcd

expl 4a 4b 4c 4d 4e 4f 4g

1.24 12A 1.10 12A′ 1.39 12A 0.28 12A 1.23 12A′ 1.33 12A′ 1.44 12A 0.38
3.52 12E 3.16 22A′ 3.55 22B 1.23 22A 3.34 22A′ 3.46 12A′′ 3.64 12B 1.68

12A′′ 3.58 12B 1.43 32A 3.37 12A′′ 3.48 22A′ 3.67 22B 1.74
22A 3.30 32A′ 3.60 32A 1.56 42A 3.45 32A′ 3.53 32A′ 3.68 22A 2.14
32A 4.64 42A′ 5.12 42A 2.08 52A 4.90 42A′ 4.96 42A′ 5.27 32A 2.62

a Molecular structures are shown in Figures 1 and 2.b Only the1s orbital of Na was frozen in CI.
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values do not change so much from those of the bare Na, even
whenn increases, which implies that the atomic nature of Na
remains in the neutrals at these hydration structures. This trend
is consistent with the fact that the VDEs of these clusters change
by keeping their separation almost unchanged from the bare
Naj. On the other hand, when Naj is hydrated from the O side,
the RD values for both ground and excited states become larger
rapidly with increasing number of Na-O bonds. As a result,
the RDs for 32S- and 32P-like states in4c are more than 1.5
times as large as the corresponding atomic values. Therefore,
the diffusion of the valence-electron distribution takes place in
this type of hydration clusters in both ground and the lowest
lying excited states. In the other words, the Na valence electron
in these complexes is spread in the space on and between the
ligating water molecules asn grows, giving rise to the one-
center Rydberg-like state. The decrease in the energy separation
between 32S- and 32P-like states with increasingn is considered
to result from the change in the electronic nature from the atomic
state to the diffuse Rydberg-like state.

In conclusion, both first and second PES bands for [Na-
(H2O)n]j (n ) 0-4) are assignable to the most stable structure
for eachn with Na-H and hydrogen bonds. The atomic nature
of Na is not affected very much in the neutrals for this hydration
structure of Naj, which is responsible for the blue shift of the
second band nearly in parallel with the first band. It is interesting
to notice that the size dependence of the VDEs for the isomers
with maximum numbers of Na-O bonds is similar to that of
[Na(NH3)n]j.

3.3. Harmonic Frequencies and IR Spectra.In this section,
we will investigate the harmonic frequencies and IR spectra of
[Na(H2O)n]j. It is well-known that the interplay between the
ab initio MO calculations and the vibrational spectroscopy has

been successful in studying the formation of the hydrogen bonds
in the hydrated halogen anions.52-56 As for the alkali atoms,
the vibrational spectra have been reported only for the cationic
state of Cs.57 Though no experimental data for the hydrated
alkali anions is available to date, it is expected to be instructive
for the further study to predict the vibrational feature of
hydration clusters of Naj by ab initio MO calculations. In
addition, the recent advance of the experimental technique IR-
dip spectroscopy58 enables us to obtain the vibrational informa-
tion of the specific geometrical isomers. Thus, we discuss the
IR spectra of [Na(H2O)n]j for the OH stretching region in
relation to their structures, especially the hydrogen-bond
network.

The calculated harmonic frequencies and IR intensities for
the OH stretching vibrations of [Na(H2O)]j and a water
monomer are listed in Table 3. The numbers in the table are
scaled by the average ratio between experimental59 and calcu-
lated harmonic frequencies of the symmetric (ν1) and antisym-
metric (ν3) OH stretching vibrations of a free water molecule
(0.940), because the ab initio harmonic frequencies are known
to overestimate the experimental values. The scaled theoretical
frequencies of theν3 and ν1 vibrations for the free H2O are
3762 and 3650 cm-1, respectively, and the former band is
calculated to be more intense than the latter by about 5 times.
In the most stable form of [Na(H2O)]j, 1a, theν3 band is red-
shifted from that of the free water by ca. 80 cm-1, and theν1

band is by∼50 cm-1, respectively, while they both are shifted
by ca.-160 cm-1 in the higher energy isomer,1b. Theν1 band
becomes much more intense than theν3 band in both 1:1
complexes, in sharp contrast to the free water monomer.

Next, we see the spectral change by further hydration, but
focus only on the most stable structures for eachn and selected

TABLE 2: Expected Values of Radial Distribution of Unpaired Electron (RD, au) for Neutral Ground and Low-Lying Excited
States of Na(H2O)n (n ) 0-4) at Their Anionic Geometriesa

n ) 0 n ) 1

Na atom 1a 1b

32S 4.486 12A1 4.514 12A′ 5.182
32P 6.459 22A1 6.135 22A′ 7.626

12B1 6.261 12A′′ 7.680
12B2 6.257 32A′ 7.109

42S 11.492 32A1 11.130 42A′ 11.980

n ) 2

2a 2b 2c 2d 2e 2f

12A′ 4.492 12A′ 4.493 12A′ 4.965 12A1 6.265 12A 5.135 12A′ 5.015
22A′ 6.019 22A′ 6.043 22A′ 6.889 22A1 8.129 22A 7.059 22A′ 6.990
12A′′ 6.129 12A′′ 6.158 12A′′ 6.665 12B2 7.957 32A 7.167 12A′′ 6.768
32A′ 6.154 32A′ 6.173 32A′ 7.114 12B1 9.408 42A 8.312 32A′ 7.517
42A′ 11.088 42A′ 11.128 42A′ 11.754 32A1 12.501 52A 11.900 42A′ 11.721

n ) 3

3a 3b 3c 3d 3e

12A 4.485 12A1 4.453 12A1 4.472 12A1 4.476 12A1 6.368
22A 5.983 12B2 5.964 12E 6.052 22A1 5.881 12E 9.217
32A 6.058 12B1 5.919 12B1 5.991
42A 6.057 22A1 5.831 22A1 5.912 12B2 6.038 22A1 9.903
52A 10.922 32A1 10.841 32A1 11.107 32A1 10.821 32A1 12.773

n ) 4

4a 4b 4c 4d 4e 4f 4g

12A 4.468 12A′ 4.443 12A 8.041 12A 4.452 12A′ 4.470 12A′ 4.436 12A 5.507
12E 6.022 22A′ 5.915 22B 9.727 22A 5.938 22A′ 5.939 12A′′ 5.856 12B 7.602

12A′′ 5.868 12B 10.728 32A 5.904 12A′′ 5.968 22A′ 5.729 22B 8.080
22A 5.898 32A′ 5.796 32A 10.130 42A 5.811 32A′ 5.868 32A′ 5.827 22A 9.302
32A 11.024 42A′ 10.666 42A 13.418 52A 10.891 42A′ 10.677 42A′ 10.560 32A 12.233

a Geometries are given in Figures 1 and 2.
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isomers. Calculated frequencies and IR intensities for all
structures in Figures 1 and 2 are tabulated in the Supporting
Information (Tables IS-IVS).

At first, we examine the complexes2a, 3a, and 4e. The
structure2a and3a are the most stable isomer forn ) 2 and 3,
respectively, while4e is one of the local minimum structures
for n ) 4. In 3a and4e, the third and fourth water molecules
are bound via hydrogen bonds to the oxygen atom in the proton-
donor water in the water-dimer part of2a. The calculated IR
spectra of these structures are shown in Figure 3 together with
those of1a and the water dimer. Their normal modes of the
OH stretching vibrations for each structure are given in the

Supporting Information (Figure 2S). In pure (H2O)2, two bands
have been observed experimentally at 3735 and 3601 cm-1,
which have been ascribed to the free OH and the hydrogen-
bonded OH stretch.60 In our calculation, the free OH band is at
3751 cm-1 for the proton-donor water and at 3735 cm-1 for
the proton-acceptor part. On the other hand, the band for the
hydrogen-bonded OH stretch, which we call the bonded OH
band hereafter, is located at 3580 cm-1, being more intense than
the free OH bands.

For 2a, the strongest band at 3498 cm-1 is also due to the
hydrogen-bonded OH and it is red-shifted from the correspond-
ing band of the pure water dimer by∼80 cm-1. The normal
mode of the second strongest band is mainly the symmetric OH
stretch of the proton-acceptor water interacting directly with
Naj. Thus, we call this band the Na-ν1 band for convenience.
The frequency of this band (3558 cm-1) is accidentally close
to that of the bonded OH band of the water dimer. The free
OH bands having higher frequencies are relatively weak, as is
the case of1a. In the spectrum of3a, the bonded OH band is
also the strongest and further shifted by ca.-90 cm-1 from
2a. On the other hand, the frequency lowering of the Na-ν1

band from2a is only ∼20 cm-1 and its intensity relative to the
bonded OH band is as large as that in2a. In addition, the new
band appears between these two bands due to the newly formed
hydrogen bond between2a and the third water molecule. The
free OH bands are weak, as in1a and2a. For 4e, we see that
the bonded OH band keeps red-shifting, while the position of
the Na-ν1 band remains almost unchanged from3a. The other
strong bands by the hydrogen-bonded OH of the third and fourth
water molecules are almost overlapping with the Na-ν1 band.
Therefore, the rapid red-shift of the strong lowest band for the
bonded OH, the gradual frequency lowering of the Na-ν1 band,
and the appearance of the bands at 3480-3530 cm-1 reflecting
the numbers of water molecules bound to2a through hydrogen
bonds are the distinctive feature in the IR spectra for these
clusters. It is worth noticing that the amounts of the frequency
lowering of the bonded OH band from the water dimer correlate
roughly linearly with the elongations of the bonded OH distance
in these clusters.61

Here, we mention briefly some low-energy isomers forn )
3 and 4 (3b, 4b, and3d) prior to the most stable, [Na(H2O)4]j.
Their IR spectra and normal modes are given in Supporting
Information (Figures 4S and 5S). As for3b, four bands by the
combinations of theν1 modes of two first-shell ligands and the
ν1 andν3 vibrations of the second-shell water are calculated at
ca. 3560-3630 cm-1, and the symmetric OH stretch of the
bridging water is the main contributor to the strongest band. In
the spectrum of4b, the bands which can be attributed to the
bonded and the free OH stretches of the water attached to3b
appear in the lower and higher regions than the bands derived
from 3b. Their frequencies (3423 and 3723 cm-1) are close to
those of the corresponding bands of3a, and the bonded OH
band is the most intense. On the other hand, the Na-ν1 mode
coupled with the in-phase stretches of two hydrogen-bonded
OH shows the lowest frequency and the largest intensity for

TABLE 3: Calulated Harmonic Frequencies (cm-1)a and IR Intensities (km/mol) of OH Stretching Vibrations for [Na(H 2O)]j
and a Water Monomer Calculated by MP2 Methodb

1ac 1bc H2O

no. sym freq IR int sym freq IR int sym freqd IR int

1 B2 3684 7.0 A′′ 3604 83.2 B2 3762 (3756) 63.1
2 A1 3599 393.2 A′ 3489 856.6 A1 3650 (3657) 13.4

a Scaled by 0.940.b All 1sorbitals on heavy atoms were frozen in MP2 calculations.c Corresponds to structures in Figure 1.d Values in parenthese
are by experiment (ref 59).

Figure 3. Calculated IR spectra of structures1a, 2a, 3a, and4e in
Figures 1 and 2 and water dimer for OH stretch region.
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3d. The amounts of the red-shift of the Na-ν1 band in1a, 2a,
and 3d from the ν1 band of the free water correlate almost
linearly with the elongations of the OH bonds61 interacting with
Naj, which resembles the bonded OH band for1a, 2a, 3a, and
4e.

Now, we see the most stablen ) 4 cluster,4a, and its
analogue,3c. Their IR spectra together with those for cyclic
(H2O)3 and (H2O)4 clusters are shown in Figure 4. Their normal
modes are presented in the Supporting Information (Figure 3S).
In contrast to the above-mentioned structures, the most intense
band has high frequency around 3650 cm-1 for these pyramidal
structures. The normal mode of the strongest band for4ashows
that all OH bonds interacting with Naj elongate and shorten in
phase with one another. Two other bands due to OH bonds
pointing to Naj are close to this band, but they are relatively
weak. We call these high-frequency bands the Na-ν3 bands. On
the other hand, the second strongest band due to the hydrogen-
bonded OH stretch is at 3398 (4a) and 3507 (3c) cm-1, and
there is no band between the Na-ν3 bands and this band.
Therefore, we see thewindowregion, which is as wide as 250
cm-1 for 4a. This feature is similar to the cyclic water clusters,
though the higher Na-ν3 band is more intense than the lower
hydrogen-bonded OH bands in the Naj-water complex. The
positions of the Na-ν3 bands are shifted by ca.-80 cm-1

compared to the free OH bands of the pure water clusters.
Finally, we describe briefly the structures1b, 2d, 3e, and

4c, whose electronic state has a diffuse Rydberg-like nature with
increasingn. Their calculated IR spectra and normal modes of

OH stretching vibrations are given in the Supporting Information
(Figures 6S and 7S). From1a to 3e, the IR bands can be divided
into two groups. One is for the bands at ca. 3480-3530 cm-1,
including the strongest band for each structure, and another is
for the weak bands at ca. 3590-3650 cm-1. The former group
can be attributed to theν1 vibrations of the water molecules
and the latter to theν3 modes. In each spectrum,n bands in the
ν3 group almost overlap with one another and othern bands in
the ν1 group are also nearly degenerate. The quasidegeneracy
of the bands in each group indicates that there is almost no
hydrogen bond among water molecules. On the other hand, in
the spectrum of4c, theν1 and theν3 groups are split into two
subgroups, respectively. There are four pairs of bands reflecting
the structure. Two lowest pairs with large intensities are by the
ν1 vibrations, while the other pairs of the high-frequency bands
are by theν3 vibrations. Though the spectrum of4c becomes
slightly complicated due to the weak water-water interactions,
the near constancy of the lowest and the strongestν1 band
againstn is characteristic of these complexes.

4. Concluding Remarks

In the present paper, we have studied the geometries, VDEs,
and IR spectra of [Na(H2O)n]j (n ) 1-4) by an ab initio MO
method at a correlated level with the extended basis sets. The
conclusions we have reached are as follows.

(1) The most stable 1:1 complex has the symmetricC2V form
in which the water molecule is bound to Naj from the H side.
In the larger clusters, the hydrogen bonds among water
molecules as well as the Na-H interaction become important
in dictating the structures. The pyramidal complex in which each
molecule in the cyclic water cluster points one OH bond to Naj
and another OH to the neighboring water becomes the most
stable atn ) 4. The structures with as many Na-O bonds as
possible are high-energy isomers for alln examined. The
minimum-energy structures of [Na(H2O)n]j differ from those
of the neutrals with the samen, and thus it is difficult to access
the potential minima of the neutral complexes from the anionic
clusters by the photoelectron spectroscopy.

(2) The calculated VDEs for the most stable structures for
eachn are in good agreement with the experiment. All observed
PES bands can be assigned to the 32S(Na)-31S(Naj) and
32P(Na)-31S(Naj) type transitions perturbed by the hydration.
They are shifted to the higher EBE with increasingn by keeping
the separation between the first and the second bands almost
unchanged. On the other hand, for the isomers with Na-O
bonds, the VDEs of the transition to the neutral ground state
decreases slightly and those of the transitions to the 32P-like
states become smaller rapidly asn grows, which is similar to
the experimental observation for [Na(NH3)n]j.

(3) The atomic character remains in the electronic state of
the neutrals at the most stable geometries of [Na(H2O)n]j. This
feature is responsible for the near constancy of the difference
in the VDEs between the first and the second PES bands. In
contrast, the isomers with the maximum numbers of Na-O
bonds take on the diffuse one-center Rydberg-like state with
stepwise hydration. This change in the electronic nature results
in the rapid decrease of the separation in VDEs between the
transition to the ground state and those to the low-lying excited
states.

(4) In the IR spectrum of the most stable [Na(H2O)]j, theν1

band of the water becomes much more intense than theν3 band,
which is in remarkable contrast to the isolated water monomer.
For the most stable [Na(H2O)2]j, the strong band appears in
the lower region rather than in the above Na-ν1 band, indicating

Figure 4. Calculated IR spectra of structures3c and4a in Figures 1
and 2, together with those of cyclic water trimer and tetramer for OH
stretch region.
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the formation of the hydrogen bond between water molecules.
This band is red-shifted in the spectrum of the most stable
[Na(H2O)3]j, reflecting the elongation of the bonded OH. On
the other hand, for the most stable [Na(H2O)4]j, the strongest
band at around 3650 cm-1 is due to the stretching vibrations of
the OH bonds interacting directly with Naj. The hydrogen-
bonded OH bands are relatively weak and located at around
3400 cm-1. The window region between the Na-ν3 bands and
the hydrogen-bonded OH bands is characteristics for the
pyramidal structure.
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