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Electronic properties of water clusters �H2O�n, with n=2, 4, 8, 10, 15, 20, and 30 molecules were
investigated by sequential Monte Carlo/density-functional theory �DFT� calculations. DFT
calculations were carried out over uncorrelated configurations generated by Monte Carlo
simulations of liquid water with a reparametrized exchange-correlation functional that reproduces
the experimental information on the electronic properties �first ionization energy and highest
occupied molecular orbital-lowest unoccupied molecular orbital gap� of the water dimer. The
dependence of electronic properties on the cluster size �n� shows that the density of states �DOS� of
small water clusters �n�10� exhibits the same basic features that are typical of larger aggregates,
such as the mixing of the 3a1 and 1b1 valence bands. When long-ranged polarization effects are
taken into account by the introduction of embedding charges, the DOS associated with 3a1 orbitals
is significantly enhanced. In agreement with valence-band photoelectron spectra of liquid water, the
1b1, 3a1, and 1b2 electron binding energies in water aggregates are redshifted by �1 eV relative to
the isolated molecule. By extrapolating the results for larger clusters the threshold energy for
photoelectron emission is 9.6±0.15 eV �free clusters� and 10.58±0.10 eV �embedded clusters�. Our
results for the electron affinity �V0=−0.17±0.05 eV� and adiabatic band gap �EG,Ad

=6.83±0.05 eV� of liquid water are in excellent agreement with recent information from theoretical
and experimental works. © 2005 American Institute of Physics. �DOI: 10.1063/1.1979487�

I. INTRODUCTION

Water is the most important liquid for life and chemical
reactivity in liquid water is a fundamental process character-
izing the behavior of many living organisms. Therefore, the
structure, energetics, and electronic properties of liquid water
were the subject of numerous investigations.1–7 Some prop-
erties of liquid water are unique, fascinating, and worth re-
ferring: the structure of water is characterized by a complex
hydrogen �H�-bond network which leads to a very specific
dependence of the density on the thermodynamic state and to
the water density anomaly at T=4 °C;8 the strong polariz-
ability of liquid water, which is related to cooperative effects
induced by H bonding, determines its dielectric properties as
well as the significant increase of the water molecule dipole
moment from 1.85 D in the gas to �2.6 D in the liquid
phase.9,10 In comparison with its energetics and structure, the
electronic properties of liquid water3,11–22 are apparently not
well understood. One specific aspect concerns the band gap
of water.3,11,14,16,17,19,20 It is generally accepted that water can
be described as a very large band-gap amorphous
semiconductor.11,17 However, it is not obvious that the band
gap of liquid water can be uniquely associated with an opti-
cal �vertical� excitation process, where the gap is defined
simply as the highest occupied molecular orbital-lowest un-
occupied molecular orbital �HOMO-LUMO� energy differ-

ence. As recently pointed out by Coe et al.,3 the reactive
nature of electronically excited water molecules,18 the reor-
ganization of water molecules around charged species in liq-
uid phase, and the observed photophysics of anionic defects
�known as the anion problem�4 strongly indicate that an adia-
batic route can be defined for accessing the conduction-band
edge in liquid phase. Moreover, given that the time scale of
the solvent relaxation is much larger than the vertical pro-
cess, the adiabatic band gap of liquid water cannot be deter-
mined vertically.

From the theoretical point of view, electronic properties
of liquid water were the subject of several studies.3,23–26 It is
well known that ab initio molecular dynamics �ABMD�
simulations are of great interest for investigating the elec-
tronic properties in condensed phase. Although the complex-
ity of liquid water makes a first-principles approach rather
difficult, several ABMD simulations were carried out27–34

and some of them also reported results for the HOMO-
LUMO gap and the density of states �DOS�.27,32,33 However,
only few works on the adiabatic band gap of liquid water
were reported.3,4 Another aspect of interest concerns the re-
lationship between H bonding and the electronic properties
of water.35–40 In this sense, specific issues including the size
dependence of the electronic properties, the influence of sur-
face effects on the DOS, and water band gap certainly de-
serve further attention.

The present article is focused on the electronic properties
of water, in particular, on its density of states �DOS�,
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HOMO-LUMO gap �EG�, and adiabatic band gap �EG,Ad�. A
sequential Monte Carlo/quantum mechanics approach41,42

was adopted. From uncorrelated supermolecular structures
generated by Monte Carlo simulations for liquid water,
density-functional theory �DFT� calculations were carried
out to study the electronic properties of water aggregates of
different sizes. Surface effects were then minimized and
long-ranged electrostatic interactions were taken into ac-
count by the introduction of embedding charges, as an ap-
proximation to the liquid environment.

DFT calculations were carried out with a reparametriza-
tion of the Adamo and Barone modified exchange-correlation
functional �MPW1PW91�.43–45 The reparametrized func-
tional reproduces experimental information on the electronic
properties of the water dimer. The article is organized as
follows. Initially, we describe the generation of the aggre-
gates by the Monte Carlo method and the reparametrization
of the MPW1PW91 functional. A detailed analysis of size
dependence and surface effects is then reported. Finally, ex-
trapolated results for larger water aggregates �free and em-
bedded in a charge distribution� are reported and compared
with experimental information and theoretical predictions for
liquid water from other studies. We conclude by placing em-
phasis on the difference between the optical and the adiabatic
band gap of liquid water.

II. COMPUTATIONAL DETAILS

A. Monte Carlo simulations

The interactions between water molecules were de-
scribed by the TIP5P potential.46 This model, which has been
designed to reproduce the water density anomaly at T
=4 °C,46 predicts the structural and thermodynamic proper-
ties of liquid water in excellent agreement with experiment.
The TIP5P charge distribution is described by two negatively
charged �−0.241 e� sites located symmetrically along the
lone pair directions and a positive charge �+0.241 e� on each
hydrogen site.46 It is important to observe that this model
predicts a dielectric constant of water ��=81.5±1.5� in very
good agreement with experiment ��=79.3�. Monte Carlo
�MC� simulations of water were carried out in the isobaric-
isothermal �npT� ensemble47 at T=298 K and p=1 atm in a
cubic box with periodic boundary conditions. The number of
water molecules is n=500 and the interactions are truncated
at a cutoff radius of 9.0 Å. We carried out 108 MC steps for
equilibration. This run was followed by 1.25�109 additional
MC steps. Each step involves the attempt to move one mol-
ecule of the system. From the configurations generated by
the MC procedure N=50 uncorrelated configurations were
selected by determining a correlation time over the MC Mar-
kov chain.41,42 We note that successive configurations gener-
ated by the Metropolis algorithm48 are strongly correlated.
When the property of interest involves a high computational
effort, the use of uncorrelated structures is of crucial impor-
tance for evaluating the averages over a relatively small
number of representative configurations.41,42

Each uncorrelated configuration corresponds to a super-
molecular structure �water cluster� including explicitely n
molecules. The structure of the clusters corresponds to the

liquid-phase structure at T=298 K and no geometry optimi-
zation of the aggregates was carried out. Size dependence
was investigated by carrying out calculations with n=1, 2, 4,
8, 10, 15, 20, 30. Surface effects and long-ranged corrections
to polarization effects were investigated by embedding the
clusters in the TIP5P charge distribution of the surrounding
water molecules. Thus, no periodic boundary conditions
were applied for evaluating the electronic properties. The
number of embedding water molecules is represented by nc.
We have taken nc=200. Some calculations based on the
Kirkwood-Onsager model,49 where the clusters are placed in
a spherical cavity surrounded by a continuum dielectric me-
dium, were also carried out.

B. Density-functional theory calculations

The electronic properties of the clusters were determined
by performing DFT calculations over uncorrelated MC con-
figurations. Although the physical meaning of Kohn-Sham
�KS� orbital energies remains a controversial issue in the
literature,50,51 several works provided evidence that DFT can
correctly predict electron binding energies.52–61 The dis-
agreement between KS electron binding energies predicted
by the widely used exchange-correlation functionals and ex-
periment is related to the self-interaction error in DFT.62 An
interesting possibility is to parametrize the exchange-
correlation functional for reproducing experimental electron
binding energies.53,57 The present approach to study the elec-
tronic properties of water is based on the following semi-
empirical procedure. The modified Perdew-Wang functional
�MPW1PW91� proposed by Adamo and Barone43–45 has
been reparametrized to reproduce the electronic properties of
the water dimer. The reparametrization was based on the
representation of the exchange-correlation functional as43–45

Exc = �1 − ��Ex
HF + ��Ex

Slater + �Ex
mPW� + Ec

local + �Ec
PW91,

�1�

where �Ex
mPW is the modified Perdew-Wang exchange-

correlation functional, and Ec
local is the local correlation func-

tional contribution.
We have determined the optimal value of � in the above

expression that reproduces the first ionization potential of the
water dimer �11.21±0.09 eV�.63 DFT calculations were car-
ried out with Woon and Dunning’s correlation consistent po-
larized valence double zeta basis set augmented with diffuse
functions �aug-cc-pVDZ�.64 We find that the optimal value of
� is 0.375. The MPW1PW91 standard value is �=0.75. The
results for several properties of the water dimer predicted by
the present reparametrization are reported in Table I, where
they are compared with experimental data and theoretical
results based on Hartree-Fock �HF� calculations, coupled
cluster with single and double excitations and perturbative
inclusion of triples �CCSD�T��,65–68 and Møller-Pleset per-
turbation theory69 at fourth order �MP4�. CCSD�T� and MP4
results for the vertical attachment energies �VAE� and elec-
tron binding energies were based on �E calculations.

Table I reports �see values in brackets� the electron bind-
ing energies relative to the HOMO. For the valence orbitals,
these differences are roughly the same for HF calculations

054510-2 Cabral do Couto, Estácio, and Costa Cabral J. Chem. Phys. 123, 054510 �2005�

Downloaded 27 May 2007 to 194.117.6.7. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



and for the two MPW1PW91 parametrizations. In a com-
parative analysis of HF and KS energies, Politzer and
Abu-Awwad54 pointed out that, for a given molecule, differ-
ent exchange-correlation functionals lead to KS valence or-
bital energies, which differ from experimental data nearly by
a constant value. The present results confirm this behavior.
Moreover, they indicate that when the functional is param-
etrized to reproduce the HOMO energy, the whole set of
orbital energies is in good agreement with experiment. For
example, our results for the water dimer O�1s� binding en-
ergies �541.14 and 542.74 eV� are very close to theoretical
predictions based on complete active space self-consistent
field �CASSCF� calculations �540.2 and 541.1 eV�.70 This
agreement leads credence to our parametrization for repro-
ducing the core DOS of water aggregates, although our main
interest is focused on the valence binding energies and
HOMO-LUMO gap.

Although the present reparametrization was oriented to
reproduce the first ionization potential, several properties of
the water dimer, including the structure,71 binding energy,72

dipole moment,73 vertical attachment energy �VAE�,74 and

HOMO-LUMO gap �EG�, are in excellent agreement with
experiment and other theoretical approaches. As expected,
unscaled harmonic vibrational frequencies are slightly over-
estimated in comparison with experimental values.75 We in-
terpret the agreement between our predictions and experi-
mental information for several properties of the water dimer
as a strong indication on the reliability of the present ap-
proach for investigating the electronic properties of water
clusters. The quantum-mechanical calculations were carried
out with the GAUSSIAN-98 program.76

III. THE ELECTRONIC DENSITY OF STATES IN
WATER CLUSTERS

A. Size dependence of electronic properties in free
water clusters

The KS orbitals for the optimized structures of the water
monomer �w1�, dimer �w2�, and tetramer �w4� are illustrated
in Fig. 1. For the monomer �w1� they correspond to the 4a1,
1b1, 3a1, and 1b2 orbitals. �The 2a1 orbital at −33.4 eV is not
shown.� 1b1 is the highest occupied molecular orbital

TABLE I. Theoretical and experimental results for the water dimer �H2O�2. The distances are in angstroms. The
binding energies ��Eb� are in kJ mol−1. The dipole moments ��� are in debye. The vertical attachment energies
�VAE�, HOMO-LUMO energy differences �EG�, and electron binding energies are in eV. The frequencies are in
cm−1. For the dimer, �a� and �d� denote the role played �as proton acceptor or donor� by the water molecule for
which the contribution from a given orbital is dominant. The numbers in brackets are electron binding energies
relative to the HOMO. The calculations were performed with the aug-cc-pVDZ basis set.

HF

MPW1PW91

CCSD�T� MP4 Expt.�=0.750a �=0.375b

d�O–O� 3.032 2.892 2.864 2.926 2.917 2.976±0.03c

�Eb �16.40 �20.1 �21.8 �22.2 �22.5 −20.9±0.5d

� 2.9 2.6 2.7 2.7 2.7 2.6e

VAE -0.80 0.73 -0.13 0.49 0.50 0.050±0.03f

EG 13.97 7.65 11.33 12.48 12.57 11.16±0.05g

1b1 �d� 13.15 8.38 11.20 12.97 13.07 11.21±0.09h

�3a1 ,1b1� �a� 14.48�1.3� 9.76�1.4� 12.60�1.4�
�3a1 ,1b1� �d� 15.12�2.0� 10.51�2.1� 13.34�2.1�

3a1 �a� 16.67�3.5� 12.05�3.7� 14.91�3.7�
1b2 �d� 19.22�6.1� 14.36�6.0� 17.34�6.1�
1b2 �a� 20.47�7.3� 15.75�7.4� 18.72�7.5�
2a1 �d� 36.34�23.2� 27.68�19.3� 32.53�21.3�
2a1 �a� 37.72�24.6� 29.28�20.9� 34.15�23.0�

O�1s� �d� 559.09�545.9� 522.89�514.5� 541.14�540.20�i�529.9�
O�1s� �a� 560.46�547.3� 524.47�516.1� 542.74�541.48�i�530.2�

�1 3957 4171 3745j

�2 3936 4152 3730j

�3 3849 4062 3600j

�4 3720 3951 3539j

�5 1651 1716 1619j

�6 1629 1693 1601j

aMPW1PW91 parametrization �Refs. 43–45�.
bPresent parametrization.
cFrom Odutola and Dyke �Ref. 71�.
dFrom Feyerisen et al. �Ref. 72�.
eFrom Dyke et al. �Ref. 73�.
fFrom Kim et al. �Ref. 74�.
gEstimated from the experimental ionization potential �IP� and vertical attachment energy �VAE� as IP-VAE.
hFrom Ng et al. �Ref. 63�.
iTheoretical results based on CASSCF/aug-cc-pVDZ calculations. From Felicissimo et al. �Ref. 70�.
jFrom Huang and Miller �Ref. 75�.
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�HOMO� at the top of the water molecule “valence band.”
The 1b1 orbital has a strong 2p character and is centered at
the site of the O�1s� core orbital. For the water dimer �w2�
the HOMO corresponds essentially to the 1b1 orbital. The
next two lower orbitals involve overlap between 3a1 and 1b1

orbitals and are represented in Fig. 1 as �3a1 ,1b1�. The next-
lowest dimer orbital is essentially a 3a1 orbital centered at
the proton accepting water molecule. The two lowest occu-

pied orbitals of w2, represented in Fig. 1, are dominated by
the contributions from 1b2, although the higher one involves
some overlap with the 3a1 orbital. The most stable 1b2 or-
bital of the dimer correspond essentially to the energetically
stabilized monomer orbital upon dimer formation. The split-
ting of the monomer orbital energies upon dimer formation
reflects the feature that each water molecule plays a different
role �as a proton donor or proton acceptor�. The degeneracy

FIG. 1. �Color� Orbital energies �in eV� for the optimized gas-phase structures of the water monomer �w1�, dimer �w2�, and tetramer �w4�.
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of electron binding energies of the water tetramer �w4� re-
flects its symmetrical cyclic structure. The highest occupied
orbitals involve the 1b1 and 3a1 interactions and are related
to the orbitals of the water dimer. We stress the specific role
played by the 3a1 orbital in H bonding. As indicated in Fig.
1, H bonding involves mixing of 3a1 and 1b1 orbitals. This
feature will induce broadening of the 3a1 and 1b1 bands
upon condensation.37 Also represented in Fig. 1 is the virtual
4a1 orbital �LUMO�, which plays a central role in the ener-
getic stabilization of an excess electron through the forma-
tion of a dipole-bound anion structure.77,78 The energetical
stabilization of the dimer 4a1 orbital relative to the monomer
illustrates the stabilization of the LUMO �or the increase of
the electronic affinity� upon dimer formation. The structure
and orbital energies of small water clusters are the departure
points to discuss the density of states �DOS� of larger clus-
ters, and the characterization of their respective bands, which
will keep a close relationship with the distribution of orbital
energies of the small aggregates.

The size dependence of the density of states �DOS� is
illustrated in Fig. 2, where the average DOS for water clus-
ters of different sizes is reported. These clusters are super-
molecular uncorrelated structures generated by the MC simu-
lations of liquid water. We note that in the case of w2 and w4

they do not necessarily correspond to the gas-phase opti-
mized structures of Fig. 1, because the structure of the ag-
gregates taken from the simulations reflects the thermal fluc-
tuations in the liquid phase. Therefore, the DOS of the
uncorrelated structures will reflect thermal as well as elec-
tronic broadening.33 The latter effect is basically related to
the interactions between the water molecules. On the other
hand, thermal fluctuations will be associated with the pres-
ence of different configurations at a finite temperature T.

The average DOS for the w2 cluster associated with the
1b2 orbital is bimodal. Their peaks correspond roughly to the
orbital energies of Fig. 1. For larger clusters the DOS be-
comes a broad distribution due to the presence of an increas-
ing number of nearly isoenergetic isomers �thermal broaden-
ing�. A similar pattern �from peaked to broad DOS� is

observed in the formation of the 3a1 and 1b1 bands. For
larger clusters �n�10� the 3a1 and 1b1 bands overlap ap-
pearing as a single distribution due to thermal and electronic
broadening. The results shown in Fig. 2 indicate that the
average DOS of small water aggregates is not dependent on
the number of water molecules for n�15. The behavior of
the core DOS with the cluster size reflects the expected dis-
persion of the core energies related to different structures and
shows that the maxima position of the DOS is not changed
for n�10.

The DOS of unoccupied orbitals is characterized by two
peaks related to the 4a1 and 2b1 orbitals. For larger clusters
�n�10� a shoulder �or preedge feature� near the bottom of
the conduction band and a broad distribution centered at
�10 eV are observed. Recent x-ray absorption spectroscopy
�XAS� experiments36 provided evidence on significant differ-
ences between the XAS spectra of ice and water in liquid and
gaseous phases. These differences were related to structural
features of the H-bond network and the spectra exhibit a
strong dependence of the H-bonding environment.36,39 Spe-
cifically, the presence of a preedge feature at the bottom of
the conduction band was associated with broken H bonds.
Therefore, a strong preedge is typical of small water clusters
where free hydrogen atoms can act as H-bond acceptors. In
contrast, only a weak structure is observed in ice, which is an
indication of a fully coordinated H-bond network.36 The be-
havior of the conduction-band DOS with the cluster size
�Fig. 2� shows that the preedge feature is reduced with in-
creasing n, which is an indication of H-bond formation.
Moreover, the second broad peak at the high-energy range
increases with the cluster size. These findings are in keeping
with experimental36 and theoretical studies36,39 on x-ray ab-
sorption in water and water clusters.

The top of the valence band is related to the nonbonding
orbital 1b1 �HOMO� and the difference between the HOMO
and the bottom of the conduction band �or the average value
of the LUMO� defines the optical band gap �EG�. The aver-
age energy of the LUMO for a cluster with n water mol-
ecules can be associated with the average electron affinity of
the aggregates and it is represented as V0,n.

The convergence of the DOS or the averaged orbital
energies with the number of uncorrelated supermolecular
structures �N� is illustrated in Fig. 3, where the cumulative
average energies of the LUMO �top� and HOMO �bottom� as
a function of N, for clusters of different size �n�, are repre-
sented. In agreement with previous investigations of the di-
pole moment of liquid water based on sequential Monte
Carlo/quantum mechanics calculations,10 we observe that N
=50 uncorrelated configurations are adequate for a reliable
prediction of converged average properties.

Average HOMO energies are redshifted with increasing
n. They change from �−11 �n=2� to �−9.6 eV �n=30�.
The dependence of the LUMO energy on the cluster size is
also illustrated in Fig. 3. The LUMO energy is shifted to
lower energies as the cluster size increases. From the water
monomer to the cluster with n=30, the LUMO energy is
stabilized by �1 eV. This tendency may be related to the
formation of local structures involving the simultaneous
presence of a number of free or dangling hydrogen atoms,

FIG. 2. Dependence of the average density of states �DOS� on the number
of water molecules in the cluster �n=2, 4, 8, 10, 15, 20, 30� for free water
clusters. MPW1PW91��=0.375� / aug-cc-pVDZ results. Averages were car-
ried out over 50 uncorrelated MC configurations.
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mainly at the cluster surface. This number should increase
with n because it depends on the number of water molecules
close to the surface. Therefore, it seems reasonable to ob-
serve that the stabilization of the LUMO or the increase of
the clusters electronic affinity with n can be related to sur-
face effects.

B. Introduction of embedding charges: Influence on
the water density of states

The uncorrelated supermolecular structures generated by
the Monte Carlo simulations are water clusters, where sur-

face effects are certainly significant. Although the calcula-
tions for free water clusters indicate the possibility to ex-
trapolate the results for larger clusters, it is of interest to
discuss how long-ranged polarization effects can be included
and how surface effects can be minimized. Consequently, we
have adopted the same strategy used for predicting the aver-
age dipole moment of the water molecule in liquid water.10

Let us consider the larger aggregate �n=30�. To this super-
molecular structure, which has been selected from uncorre-
lated Monte Carlo simulations with 500 water molecules, the
nonpolarizable TIP5P charge distribution of nc=200 sur-
rounding water molecules were added.

We should expect that the introduction of charge distri-
bution mainly affects the water molecules closer to the clus-
ter surface. To illustrate this effect we have calculated the
difference of the electronic density in free and embedded
clusters. Electronic density differences were calculated with
the MOLEKEL visualization package79 and isosurfaces repre-
senting these quantities are shown in Fig. 4. The main
changes of the electronic density concern the water mol-
ecules close to the surface. No significant changes are ob-
served in the electronic density of the inner molecules. Fig-
ure 5 shows the DOS for the free and embedded ẇ30

aggregates. The core DOS is only slightly modified by the
presence of the charges, which lead to a narrower peak cen-
tered at �−542 eV. This reflects a more homogeneous dis-
tribution of the electronic states in the embedded clusters and
involves mainly the stabilization of core states for the water
molecules close to the charge distribution.

FIG. 3. Dependence of the average HOMO and LUMO energies on the
number of uncorrelated configurations �N� for free water clusters of different
size n.

FIG. 4. �Color� Isosurfaces corresponding to the electronic density difference between free and embedded water clusters with n=30. The isosurfaces
correspond to electronic density differences of −0.0025 �dark� and 0.0025 e Å−3 �white�. The number of surrounding water molecules �represented by TIP5P
charges� is nc=200.

054510-6 Cabral do Couto, Estácio, and Costa Cabral J. Chem. Phys. 123, 054510 �2005�

Downloaded 27 May 2007 to 194.117.6.7. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



Based on x-ray emission spectra and Hartree-Fock cal-
culations for liquid structures generated by molecular dy-
namics simulations, Guo et al.37 suggested that the strong
involvement of the 3a1 valence orbitals in H bonding leads
to the broadening of 3a1 and 1b2 bands from the water
monomer to small water clusters.37 The same behavior of the
DOS for free water clusters is presently observed. However,
by adding embedding charges, a shoulder at �−14 eV,
which can be associated to the 3a1 band, is observed. In
addition, the charges contribute to decrease the mixing of 1b2

and 3a1 bands. This seems to reflect a significant polarization
of the 3a1 orbital of the water molecules by the charges. We
note that polarization of the 3a1 orbital was recently invoked
to explain the large increase in the water dipole moment
upon condensation.37 Similar changes are also observed
when the aggregates are embedded in a dielectric medium,
strongly indicating that the mixing of the 3a1 and 1b2 bands
in the water DOS is mainly related to surface effects. How-
ever, it should be observed that in contrast with the con-
tinuum dielectric method, thermal fluctuactions related to
different charge configurations will characterize long-ranged
corrections and thermal broadening in the present approach.

In keeping with the behavior for free water clusters of
increasing size, the 1b1 conduction band is shifted to lower
energies, which indicates that the changes on the DOS for
occupied orbitals are similar when the cluster size increases
or when an embedding charge distribution is added.

When the clusters are embedded by a charge distribu-
tion, the DOS of unoccupied orbitals is also modified. First,
the DOS associated with the bottom of the conduction band
is slightly shifted to higher energies. Second, the peak of the
broad distribution related to the 2b1 and Rydberg states in-
creases. The first modification is also illustrated in Fig. 6,
where the energies of the HOMO and LUMO, as well as EG

are shown as a function of N �the number of uncorrelated
MC configurations� for the w30 aggregate with and without
embedding charges. By adding charges, the LUMO energy is
also shifted upwards. This tendency is opposite to what is
observed when the cluster size increases. We note that the
LUMO energy is related to the water electron affinity, or to
the energy needed to solvate an electron, which depends on
the number of nonbonded hydrogen atoms. Therefore, a pos-
sible explanation for the behavior of the LUMO energy is
that by introducing embedding charges, we simulate the
presence of water molecules and the corresponding increase
of H bonds. We have verified that a similar effect is observed
when self-consistent reaction-field calculations based on the
Kirkwood-Onsager model are carried out.

IV. EXTRAPOLATION TO LIQUID WATER AND
COMPARISON WITH EXPERIMENT

A. Binding energies and gas-to-condensed-phase
energy shifts

Table II reports the experimental22 and theoretical KS

TABLE II. Electron binding energies and gas-to-condensed-phase energy shifts �	E� for valence orbitals. The
data are in eV. The theoretical results are for the w30 cluster.

Expt. Theor.

Orbital Gasa Liquidb 	E Free cluster 	E Embedded cluster 	E

1b1 12.60 11.16±0.04 1.44 11.57±0.18 1.03�1.05�c 11.74±0.02 0.86
3a1 14.80 13.50±0.10 1.30 13.83±0.42 0.97�1.12�c 14.10±0.03 0.70
1b2 18.60 17.34±0.04 1.26 17.89±0.05 0.71�1.00�c 17.69±0.01 0.91
2a1 32.60 30.90±0.06 1.70 33.16±0.02 �0.56 33.04±0.01 �0.44

aElectron binding energies for the water monomer. From Banna et al. �Ref. 80�.
bFrom Winter et al. �Ref. 22�.
cExperimental results for a cluster with �n�=250 water molecules. From Björneholm et al. �Ref. 21�.

FIG. 5. Dependence of the DOS on the introduction of embedding charges
�nc=200�. Results for the w30 cluster.

FIG. 6. Dependence of the HOMO and LUMO energies, and optical band
gap EG on the introduction of embedding charges �nc=200�. Results for the
w30 cluster.
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electron binding energies, and the gas-to-condensed-phase
energy shift �	E� for the valence orbitals. Theoretical values
were derived from Gaussian fitting of the DOS, and 	E for
each orbital is defined as the difference between the experi-
mental electron binding energy for the isolated water
molecule80 and its value in the condensed phase. Theoretical
results are for the w30 cluster. With the exception of the 2a1

orbital, a good agreement between experimental binding en-
ergies for liquid water and theoretical results is observed. For
the 1b1 and 3a1 orbitals, experimental binding energies are in
better agreement with theoretical results for free water clus-
ters, although the differences are quite small. More impor-
tant, the redshift of 	E, which is a condensed-phase effect, is
qualitatively in keeping with experimental information: We
find that 	E is �0.9 and 0.7 eV for the 1b1 and 3a1 orbitals,
respectively. The experimental values are �1.3 eV. The only
significant discrepancy relative to experiment concerns the
2a1 orbital for which theoretical calculations predict a small
blueshift ��0.4 eV�, whereas a 1.7-eV redshift is predicted
by experiment. Results for free water clusters can be com-
pared with photoemission spectra of water clusters.21 A good
agreement between theoretical and experimental results for
the binding energy shift from the molecule to the cluster can
be observed, particularly for the 1b1 and 3a1 orbitals �see
Table II�.

B. The water electron affinity V0

V0 can be defined as the energy to take a zero kinetic-
energy gas-phase electron to the bottom of the conduction
band of the condensed phase as a delocalized or quasifree
electron.3,18 Several theoretical23,25 and experimental3,14 esti-
mates of V0 were reported. The typical literature value is
−1.2 eV.14 A significantly smaller estimate �−0.12 eV� has
been reported.3 This value is closer to a theoretical prediction
by Jortner �−0.5
V0
1.0�,23 and in good agreement with
the Henglein’s calculation �−0.2 eV�.25

In the present work V0,n �see Table III� represents V0 for
a cluster with n water molecules. It was estimated as the
average LUMO energy of the aggregate. The behavior of
V0,n with the number of water molecules �n� is illustrated in
Fig. 7. In free water clusters V0,n changes from

0.03±0.01 �n=2� to −1.0±0.18 eV �n=30�. When the elec-
trostatic field of the embedding charges is introduced, sig-
nificant differences relative to free clusters are observed. In
these clusters, V0,n changes from 0.51±0.08 �n=2� to
−0.15±0.04 eV �n=30�. It should be expected that non-H-
bonded hydrogen atoms at the cluster surface contribute to
increase the electron affinity or to lower the LUMO energy.
Embedding charges reduce surface effects by simulating the
presence of water molecules at the cluster surface and con-
tribute to increase the LUMO energy. Extrapolation of V0,n

for n=� leads to V0,�=−1.06±0.03 eV �free cluster� and
V0,�=−0.17±0.05 eV �embedded cluster�. It seems reason-
able to assume that the extrapolated average LUMO energy
for the embedded water clusters �V0,�� is a reasonable esti-
mate of the bulk water V0. Therefore, our result for V0,� is in
very good agreement with the recent estimate by Coe et al.3

�−0.12 eV� and Henglein25 �−0.2 eV� but significantly
smaller than the value reported by Grand et al.
�−1.2±0.1 eV�.14

C. The HOMO-LUMO gap

The HOMO-LUMO gap �EG,n� for water clusters of size
n is reported in Table III. The values correspond to averages
over 50 uncorrelated configurations. The behavior of the av-
erage optical gap �EG,n=�HOMO−�LUMO� with the number of
water molecules �n� for free and embedded clusters �nc

=200� is illustrated in Fig. 8. In free clusters EG,n changes
from 11.05±0.04 �n=2� to 8.69±0.25 eV �n=30�. When
embedding charges are introduced EG,n changes from
11.97±0.08 �n=2� to 10.48±0.04 eV �n=30�, indicating a
weaker dependence with n in comparison with free clusters.
Extrapolated values for the HOMO-LUMO gap �EG,�� are
8.55±0.08 �free cluster� and 10.41±0.09 eV �embedded
cluster�. Theoretical informations on the HOMO-LUMO gap
of liquid water are relatively scarce. First-principles molecu-
lar dynamics of Boero et al.32 estimate the KS HOMO-
LUMO gap of liquid water at normal conditions as �3.6 eV.
A previous estimate of 4.65 eV was reported by Laasonen et
al.27 The disagreement with the present values illustrates that
widely used approximations in density-functional theory lead
to gaps that are significantly underestimated. From the theo-
retical values of EG,� and V0,� we can estimate the photo-

TABLE III. HOMO-LUMO gap �EG,n� and average LUMO energy �V0,n�
for water clusters. The results are in eV.

Free clusters Embedded clusters

n EG,n V0,n EG,n V0,n

1 12.31 0.35 12.56±0.08 0.68±0.08
2 11.05±0.04 0.03±0.01 11.97±0.08 0.51±0.08
4 10.60±0.03 −0.19±0.03 11.58±0.08 0.34±0.08
8 9.90±0.16 −0.49±0.05 11.25±0.06 0.19±0.07

10 9.50±0.19 −0.66±0.14 11.10±0.05 0.14±0.07
15 9.15±0.25 −0.85±0.14 10.90±0.04 0.04±0.05
20 8.84±0.27 −0.96±0.18 10.71±0.04 −0.02±0.03
30 8.69±0.25 −1.00±0.18 10.48±0.04 −0.15±0.04
]

�a 8.55±0.08 −1.06±0.03 10.41±0.09 −0.17±0.05

aExtrapolated values.
FIG. 7. Size dependence of V0,n for free and embedded water clusters.
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electron threshold �PET�, which is defined as17 PET=EG

+ �V0�. For free water clusters we find that PET
=9.61±0.15 eV. For embedded water clusters, our extrapo-
lated EG,� and V0,� leads to PET=10.58±0.10 eV, which is
�0.5 eV above the experimental values reported by Delahey
and Von Burg15 �10.06 eV� and by Winter et al. �9.9 eV�.22

Our theoretical PET is, however, close to an experimental
value of �10.5±0.5 eV.12

D. The adiabatic band gap of liquid water

The adiabatic band gap of liquid water can be estimated
through a thermochemical cycle, which involves several spe-
cies including H2O+, H3O+, OH−, and OH•, and the hydrated
electron e− �aq�. A detailed description can be found in Refs.
3 and 4. However, the process can be summarized as follows.
Vertical photoionization of liquid water produces an excited
H2O+ ion and a delocalized e−�aq�. The H2O+ formed by
ionization reacts quickly by proton transfer to a nearby water
molecule leading to the formation of H3O+ and of the hy-
droxide defect OH−, which can be placed at �E=0.58 eV
above the valence-band edge. �E is the energy of the reac-
tion

2H2O�1� → H3O+�aq� + OH−�aq� . �2�

The conduction-band edge can be associated with

H3O+�aq� + OH•�aq� + e−�cond� , �3�

where it is assumed that the reorganization of water mol-
ecules takes place around the H3O+ and OH• species. By
defining a thermochemical cycle3,4 it is then possible to cal-
culate the water adiabatic band gap by using

EG,Ad = �Ehyd�OH•� + V0 + AEA�OH•�g��

− �Ehyd�OH−� + �E , �4�

where AEA�OH•�g��=1.83 eV �Ref. 3� is the gas-phase adia-
batic electron affinity �AEA� of the OH radical and
�Ehyd�OH−�=−4.97 eV is the hydration energy of OH−.3 The
less well-known quantities for predicting EG,Ad are the hy-
dration energy of the OH radical, �Ehyd�OH•�, and the water
electron affinity V0. Different works3,81,82 predicted that
�Ehyd�OH•� is close to −0.37 eV. Several electronic proper-

ties of liquid water are gathered in Table IV. Based on the
Monte Carlo result for �Ehyd�OH•�=−0.38 eV �Ref. 82� and
the present estimate of V0, we find that EG,Ad

=6.83±0.05 eV, which is in excellent agreement with the
value reported by Coe and co-workers.3,4

V. CONCLUSIONS

Electronic properties of water clusters and liquid water
were investigated by sequential Monte Carlo/density-
functional theory calculations. DFT calculations were based
on the reparametrization of the MPW1PW91 functional that
predicts the structural, energetic, and electronic properties of
the water dimer in excellent agreement with experimental
information. A detailed analysis of the the KS density of
states �DOS� and the band gap of water clusters was carried
out. Special emphasis was placed on the dependence of the
results on the cluster size and surface effects. The behavior
of the water DOS with the number of particles and its de-
pendence on surface effects is in keeping with information
from x-ray emission and absorption spectra. One relevant
conclusion concerns surface effects on the electronic struc-
ture of water clusters. It was found that they significantly
contribute to the broadening of the water 3a1 and 1b1 bands
that characterize the DOS of water clusters. In addition, sur-
face effects contribute to lower the average LUMO energy in
comparison with clusters embedded by a charge distribution,
which mimics the presence of water molecules. When the
results are extrapolated for larger aggregates embedded in a
charge distribution, the results for the water electron affinity
�V0� is in very good agreement with the estimate by Coe et
al.,3 and other theoretical calculations. As expected, there is a
significant difference between the adiabatic and vertical
�HOMO-LUMO� band gap of water. Our result for the adia-
batic band gap of liquid water is in excellent agreement with
recent predictions.3,4 The present reparametrization of the
MPW1PW91 functional provided reliable information on the

TABLE IV. Band gap of liquid water. Theoretical and experimental data �in
eV�.

This work Coe et al.a Other

�hydH�OH•� �0.37 �0.38;b�0.37c

V0 −0.17±0.05 �0.12 −1.2±0.1;d�0.2e

EG �Theor.� 10.41±0.09 7.8;f�3.6±0.2;g4.6±0.05h

EG �Expt.� 7.0;i8.9;d8.7±0.5j

EG,Ad 6.83±0.05 6.89
PET 10.58±0.1 10.06;k9.9;l10.5;m

aFrom Coe et al. �Ref. 3�.
bFrom Cabral do Couto et al. �Ref. 82�.
cFrom Autrey et al. �Ref. 81�.
dFrom Grand et al. �Ref. 14�.
eFrom Henglein �Ref. 25�.
fBand gap for cubic ice. From Parravicini and Resta �Ref. 24�.
gFrom Boero et al. �Ref. 32�.
hFrom Laasonen et al. �Ref. 27�.
iFrom Goulet et al. �Ref. 17�.
jFrom Bernas et al. �Ref. 19�.
kFrom Delahey and Von Burg �Ref. 15�.
lFrom Winter et al. �Ref. 22�.
mFrom Shibaguchi et al. �Ref. 12�.

FIG. 8. Size dependence of EG,n for free and embedded water clusters.
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electronic properties of liquid water and indicates that our
approach can be of interest for investigating electronic prop-
erties of liquids.
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