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Electronic properties of liquid water were investigated by sequential Monte Carlo/Quantum mechanics calcu-
lations. The density of states (DOS) and HOMO-LUMO gap (EG) of liquid water have been determined by
Hartree-Fock and Density Functional Theory (DFT) calculations. The quantum mechanical calculations were
carried out over uncorrelated supermolecular structures generated by the Monte Carlo simulations. The DFT
calculations were performed with a modified B3LYP exchange-correlation functional proposed by Abu-Awwad
and Politzer which was parametrized to reproduce valence orbital energies in agreement with experimental ion-
ization potentials of the water molecule. We have analyzed the dependence of the DOS and HOMO-LUMO
gap on the number of water molecules and on surface effects. Our prediction forEG is 6.5 ± 0.5 eV in good
agreement with a recent experimental prediction of 6.9 eV.

1 Introduction

Liquid water is the most important liquid for life. Reac-
tivity in liquid water is a fundamental process characteriz-
ing the behaviour of many living organisms. Therefore, the
structure, energetics and electronic properties of liquid water
have merited the attention of a large number of experimen-
tal and theoretical investigations [1-4]. Some properties of
liquid water are fascinating and worth referring: the struc-
ture of water is characterized by a complex hydrogen-bond
network which leads to a very specific dependence of the
density on the thermodynamic state and to the water den-
sity anomaly at T=4oC [5]; the strong polarizability of liq-
uid water, which is related to cooperative effects induced
by hydrogen 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 [6,7]. The complexity of water makes difficult a first-
principle approach to its properties, although some signifi-
cant contributions have been reported [8-13]. The electronic
properties of water, in particular, the density of states (DOS)
and band-gap (EG), have merited the attention of several ex-
perimental [14-21] and theoretical [8,21,22] works. In com-
parison with thermodynamics and structure, electronic prop-
erties of liquid water are not very well understood [14,18].
The dominant view is that water can be described as a very
large band gap amorphous semiconductor [14].

In the present study we will focus on the electronic
properties of liquid water, in particular, on its density of
states (DOS) and HOMO-LUMO gap (EG). To investi-

gate the electronic structure of liquid water we have adopted
a sequential Monte Carlo/Quantum mechanical(QM) ap-
proach [25,26]. From uncorrelated supermolecular struc-
tures generated by the Monte Carlo simulations, QM cal-
culations (HF and DFT) have been carried out to study
the electronic properties of liquid water, in particular the
density of states and the water band gap. Previous stud-
ies of the water electronic properties were based on the
Hartree-Fock method [22] and Density Functional Theory
[8]. It is known that the HF method is not adequate to de-
scribe virtual orbitals. Moreover, Kohn-Sham orbital ener-
gies differ from ionization potentials by a factor of about
2 [23]. Recently, Politzer and Abu-Awwad [27,28] pro-
posed a reparametrization of the Becke-3 hybrid exchange-
correlation functional that predicts orbital energies in good
agreement with experimental ionization potentials. In ad-
dition, the modified exchange-correlation functional is able
to predict other molecular properties of the water molecule
(geometry, dipole moments) in good agreement with exper-
iment [28]. In the present work, this functional will be used
to study the electronic properties of liquid water. We have
investigated the dependence of the results on the basis set,
size of the system, and surface effects. All electrons were
included in the calculations. Comparison between our re-
sults and data from experiment and other theoretical works
indicate that the present approach can provide valuable in-
formation on the electronic properties of liquid water.
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2 Computational Details

Monte Carlo (MC) simulations of water have been car-
ried out in the isobaric-isothermal (npT ) ensemble [29] at
T=298 K andp = 1 atm. The SPC potential proposed by
Berendsenet al. [30] has been adopted to represent the in-
teraction between the water molecules. The number of wa-
ter molecules wasn = 250 and the interactions have been
truncated at a cuttoff radius of 9.0̊A. We have carried out
108 MC steps for equilibration. This run has been followed
by 1.25 x 109 additional MC steps. Each step involves the
attempt to move one molecule of the system. From the con-
figurations generated by the MC procedure we have selected
N=40 and N=50 uncorrelated configurations. These config-
urations can be defined by determining a correlation time
over the Markov chain [25,26].

The density of states of liquid water has been determined
by performing a quantum mechanical calculation over the
uncorrelated MC configurations [25,26]. By adopting such a
procedure, it is possible to get reliable results for many aver-
age properties using a relatively small number of configura-
tions. Each configuration corresponds to a cluster including
explicitelynW water molecules on a sphere of radius R. Size
dependence has been investigated by carrying out calcula-
tions withnW=35 andnW=50. To minimize surface effects
we have assumed that the water molecules surrounding these
clusters can be represented by their SPC charge distribution.
Thus, no periodic boundary conditions are being applied.
The supermolecular structures are nearly spherical clusters
that can be embedded in a rigid (nonpolarizable) charge dis-
tribution representing the surrounding water molecules. The
number of surrounding molecules is represented bync. We
have takennc = 100.

Quantum mechanical calculations were based on
Hartree-Fock (HF) and Density Functional Theory (DFT).
To analyze the dependence of the results on the basis set,
HF calculations have been carried out with the STO-3G,
3-21G(d), 6-31G(d), 6-31G(d,p), and 6-31+G(d) basis sets
[31]. Correlation effects have been investigated with the 6-
31+G(d,p) basis set. DFT calculations have been carried out
with a modified functional exchange-correlation functional
(Exc) proposed by Abu-Awwad and Politzer [28]. This
functional is represented by a Becke’s three parameter hy-
brid [32] given by:

Exc = αESlater
x + (1− α)EHF

x

+β∆EBecke
x + EVWN

c + γ∆Enon−local
c (1)

Thus, the exchange energy is written as a combination
of HF and local Slater terms plus a Becke’s gradient cor-
rected contribution. The correlation energy is represented
by a local Vosko-Wilk-Nusair [33] expression combined
with a non-local gradient correction. By adopting a Lee-
Yang-Parr [34] functional for this contribution, Abu-Awwad
and Politzer [28] determined the optimal combination of
α, β and γ for predicting orbital energies. For the water
molecule, using the 6-31+G(d,p) basis set, this combination

is α = 0.30, β = 0.72, γ = 1.0 [28]. We are using this
reparametrization of the B3LYP functional to investigate the
electronic properties of liquid water. The QM calculations
were carried out with the Gaussian-98 program [35]. The
Monte Carlo simulations were carried out with the DICE
program [36].

3 The electronic density of states in
liquid water

3.1 Basis set dependence

The DOS dependence on the basis set for water clusters
with nw = 35 is illustrated in Fig. 1, where HF calcula-
tions with different basis sets are compared. The results are
quite sensitive to the quality of the basis set. As expected,
in comparison with larger basis sets (6-31G(d), 6-31G(d,p)
and 6-31+G(d)), calculations based on the STO-3G and 3-
21G basis sets leads to a DOS shifted to higher orbital ener-
gies, indicating that these energies are not converged at this
level. However, predictions based on the larger basis sets
(6-31G(d,p) and 6-31+G(d)) lead to similar distribution of
orbital energies. We interpret this behaviour as an indica-
tion that these basis sets are adequate to study the DOS in
liquid water.
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Figure 1. Dependence of the density of states (DOS) on the basis
set. RHF density of states for free clusters withnW = 35 water
molecules.

Figure 2 illustrates the dependence of the HOMO and
LUMO energies on the basis set. With the exception of the
STO-3G calculations, they are very similar. The 6-31G(d)
and 6-31G(d,p) results are almost identical and cannot be
distinguished in Fig. 2.

Table I reports the averaged HOMO-LUMO gapEG.
Results forEG with the larger basis sets (6-31G(d), 6-
31G(d,p), and 6-31+G(d)) are quite similar (within the er-
ror bars), illustrating that although the absolute HOMO and
LUMO orbital energies are not truly converged, their differ-
ences seem to be less dependent on the basis set.
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P. Cabral do Couto et al. Fig. 2Figure 2. Dependence of the HOMO and LUMO energies on the
basis set. Results from RHF calculations for free clusters with
nW = 35 water molecules.

Table I. RHF results for the HOMO-LUMO gap (EG). Basis
set dependence. Averages were calculated over N=50 un-
correlated configurations. The number of water molecules
in the clusters wasnw = 35.

EG (eV)
STO-3G 18.1± 0.7
3-21G(d) 11.3± 0.9
6-31G(d) 11.7± 0.8

6-31G(d,p) 11.7± 0.8
6-31+G(d) 11.1± 0.7

3.2 Surface effects on the DOS

Our main aim is to investigate the electronic properties of
liquid water. However, our uncorrelated supermolecular
structures generated by the Monte Carlo simulations are wa-
ter clusters where surface effects are certainly significant.
Therefore, it is necessary to discuss how these effects can
be minimized in order to allow a comparison with bulk wa-
ter. Here, we have adopted the strategy used for predicting
the average dipole moment of the water molecule in liquid
water [7]. SPC charges, representingnc surrounding water
molecules were added to the quantum system (in the present
case, the water cluster withnw molecules). Surface effects
are illustrated in Fig. 3, where the DOS for free clusters with
nw = 35, 50 are compared with those for the clusters em-
bedded in the point-charge distribution ofnc = 100 water
molecules. The results show that when the charge distri-
bution, representing the surrounding water molecules is in-
cluded, the distribution of the orbital energies or the DOS is
significantly modified. In comparison with free clusters, the
DOS of the embedded clusters is characterized by a distribu-
tion of the orbital energies in a narrower range. Although we
have not included a larger number of polarizing charges, we
believe that the main effect is well described. Minor changes
should be expected with an increasing number of polarizing
charges and it seems reasonable to assume that the DOS of
these systems can be used to discuss the electronic proper-
ties of the bulk phase. Moreover, as we could expect, the

importance of surface effects on the orbital energies is es-
sentially related to the polarization of the water molecules
close to the surface of the cluster. To illustrate this effect
we have calculated the difference of the electronic density
in free and embedded clusters. Isosurfaces representing this
quantity are shown in Fig. 4. The main changes of the elec-
tronic density concern the water molecules close to the sur-
face. No significant changes are observed in the electronic
density of the inner molecules.
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Figure 3. Dependence of the density of states (DOS) on the num-
ber of water molecules in the cluster (nW) and on surface effects.
RHF/6-31G(d) results for free water clusters and for clusters em-
bedded in the SPC charge distribution of nc = 100 surrounding
water molecules.

Figure 4. Isosurfaces corresponding to the electronic difference
between free and embedded water clusters with nW = 50. The
isosurfaces correspond to electronic density differences of -0.001
eÅ−3 (dark) and 0.001 e̊A−3 (white). The number of surrounding
water molecules (represented by SPC charges) is nc = 100.

Quite interestingly, the DOS for free clusters with
nw=35 and 50 are very similar, indicating that the size of
the present systems can adequately describe the orbital en-
ergy distribution of water clusters.



P. Cabral do Coutoet al. 45

Figure 5 illustrates the dependence of the HOMO and
LUMO energies on the number of water molecules in the
cluster (nW) and on the inclusion of surrounding point-
charges (or surface effects). In keeping with the modifica-
tions of the DOS, these energies are not very dependent on
the number of water molecules (nW), but are quite sensi-
tive to the presence of polarizing charges. We note that the
presence of embedding charges shifts the LUMO to higher
energies and the HOMO to lower energy values, illustrating
thatEG is very sensitive to surface effects.
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P. Cabral do Couto et al. Fig. 5Figure 5. Dependence of the HOMO and LUMO energies on the
number of water molecules and on surface effects. RHF/6-31G(d)
results for free water clusters and for clusters embedded in the SPC
charge distribution of nc surrounding water molecules.

The results forEG are summarized in Table II. We can
observe that at the HF level this quantity changes from 11.7
eV to 14.6 eV when we move from the free cluster including
nw=35 to the cluster embedded innc = 100.

Table II. RHF/6-31G(d,p) results for the HOMO-LUMO
gap (EG). Dependence on the number of water molecules
and surface effects. Average values are over 50 uncorrelated
configurations. nw is the number of water molecules in the
cluster. nc is the number of embedding water molecules rep-
resented by SPC charges.

nw nc EG (eV)
35 0 11.7± 0.9
50 0 11.3± 0.8
50 100 14.6± 0.5

3.3 Correlation effects: HF versus DFT cal-
culations

Figure 6 represents the DOS for the water clusters from HF
and DFT calculations. In comparison with HF results, DFT
calculations shift the occupied orbital energies to higher val-
ues, whereas virtual orbital are shifted to lower values. This
is very clear for the DOS describing core states where the
peak of the orbital energy distribution in the presence of po-
larizing charges changes from -560 eV to -527 eV. The same

effect can be observed in the valence DOS where DFT re-
sults are shifted to high energies by∼ 10 eV relative to HF
predictions. In addition, in comparison with the HF results,
the difference between the top of the valence band and the
bottom of the conduction band (that also includes negative
LUMO eigenvalues not present in the HF calculations) is
significantly reduced. Thus, as it should be expected, intro-
duction of correlation effects, contribute to reduce the band
gap. This effect (reduction ofEG by introduction of cor-
relation effects at the DFT level, is illustrated in Fig. 6) is
opposite to the effect induced by the addition of embedding
charges, which contributes to increase the gap. By adding
point charges (or minimizing surface effects), the top of the
valence band is shifted to lower energies and the bottom of
the conduction band is shifted to higher energies.
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Figure 6. Correlation effects on the water density of states. Com-
parison between HF and DFT results with the 6-31+G(d,p) basis
set.

Figure 7 shows the behaviour of the HOMO and LUMO
energies from DFT/6-31+G(d,p) calculations with and with-
out embedding charges. In keeping with the behaviour of
the DOS, introduction of embedding charges increase the
HOMO-LUMO gap. In the free clusters the average HOMO
energy is -6.1±0.5 eV. By adding charges it is shifted to
-7.5± 0.4 eV. At the same time, the average LUMO energy
is −2.4 ± 0.4 eV in the free water clusters and changes to
−0.96± 0.3 eV when charges are added.

The results for the water HOMO-LUMO gap (EG) are
summarized in Table III where we also report data from sev-
eral experiments and theoretical investigations. Experimen-
tal values range from 6.9 eV [21] to 8.9 eV [19]. Our HF/6-
31+G(d,p) prediction (13.8± 0.4 eV) clearly overestimates
the band gap and illustrates the need to introduce correlation
effects. It is significantly different from the HF prediction
for cubic ice (7.8 eV), which was based on pseudo-potential
theory [22]. The lowEG value predicted by Laasonenet al.
(4.6 eV) [8] reflects the inadequacy of their exchange cor-
relation functional to predict absolute values of the orbital
energies. The present DFT/6-31+G(d,p) result forEG (6.5
± 0.4 eV) is close to a recent prediction by Coeet al. (6.9
eV) [21], which was based on the value of the OH•

radical hydration energy. Very recently [24], we
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P. Cabral do Couto et al. Fig7Figure 7. Surface effects on the HOMO and LUMO DFT/6-
31+G(d,p) energies.

have verified that the Coeet al. semi-empirical prediction
for this quantity (0.369 eV) was in excellent agreement with
the Monte Carlo simulation result for the OH• radical hydra-
tion energy (0.379 eV) [24]. This agreement and the present
findings support the Coeet al. prediction and suggest that
the energy gap of liquid water can be smaller than it has been
indicated by several experimental works.

Table III. Comparison between RHF and DFT results for the
HOMO-LUMO gap (EG). The calculations have been car-
ried out with the 6-31+G(d,p) basis set. N is the number of
uncorrelated configurations.nw = 50 is the number of wa-
ter molecules in the cluster.nc is the number of embedding
water molecules represented by SPC charges.

N nc EG (eV)
RHF 40 100 13.8± 0.4
DFT 50 0 3.7± 0.7

50 100 6.5± 0.5
Expt. 7a; 8.9b;8.7c;6.9d

Theor. 7.8e; 4.6±0.05f ;6.8g.

aFrom Grandet al. [16]; bFrom Gouletet al. [18]; cFrom
Bernaset al. [19]; dFrom Coeet al. [21]; eFrom Parravicini
et al. [22]; fFrom Laasonenet al. [8]; gFrom Coutoet al.
[24].

4 Conclusions

This work reports theoretical results for the density of states
(DOS) and the HOMO-LUMO gap of liquid water. We
have adopted a sequential Monte Carlo/Quantum Mechan-
ics approach. Quantum mechanics calculations were based
on HF and DFT functional theory. DFT calculations were
carried out with a modified exchange-correlation functional
proposed by Abu-Awwad and Politzer [28]. By using uncor-
related supermolecular strucures, the present approach was
able to provide information on the DOS and HOMO-LUMO
gap in water clusters. Surface effects were minimized by the

introduction of a charge distribution representing the sur-
rounding water molecules and the results indicate that the
electronic properties of the embedded clusters can be com-
pared with the electronic properties of liquid water. Our es-
timation for the HOMO-LUMO gap (EG) is 6.5± 0.4 eV.
Although this value is smaller than most of the experimental
data, which are in the 7-9 eV range it is close to a recent
prediction by Coeet al. (6.9 eV) [21].

Our main conclusion is that the present approach can be
of great interest to study the electronic properties of liquids.
Concerning its present application to liquid water, we be-
lieve that further studies with other functionals able to pre-
dict orbital energies in agreement with experiment, and with
larger samples could be important for a better understanding
of the electronic properties of this fascinating liquid.
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