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The dynamic polarizability and optical absorption spectrum of liquid water in the 6–15 eV energy
range are investigated by a sequential molecular dynamics �MD�/quantum mechanical approach.
The MD simulations are based on a polarizable model for liquid water. Calculation of electronic
properties relies on time-dependent density functional and equation-of-motion coupled-cluster
theories. Results for the dynamic polarizability, Cauchy moments, S�−2�, S�−4�, S�−6�, and
dielectric properties of liquid water are reported. The theoretical predictions for the optical
absorption spectrum of liquid water are in good agreement with experimental information. © 2009
American Institute of Physics. �DOI: 10.1063/1.3054184�

I. INTRODUCTION

The interaction of radiation with water controls the dy-
namics of chemical and biochemical processes of central im-
portance for life. Therefore water photophysics/
photochemistry deserved the attention of several works in
the scientific literature.1–12 One specific and central issue
concerns the absorption spectrum of water over a wide en-
ergy range. The water molecule is characterized by absorp-
tion of radiation in the infrared and ultraviolet �UV� regions.
This is also observed in liquid water although some features
related to the formation of a complex hydrogen bonding
�HB� network are specific of the liquid phase and well
known examples include the gas to liquid phase redshift of
the O–H stretching frequency13 and the blueshift of the first
maximum of the optical absorption spectrum in the UV
region.8

The strong interest on this subject motivated several the-
oretical studies on the electronic properties of water14 with
emphasis on the calculation of electronic excitations and mo-
lecular polarizabilities.15–20 Recently, some theoretical stud-
ies were dedicated to the study of the optical absorption and
dielectric properties of liquid water.21–24 In spite of the rela-
tive success of these theoretical studies some important ques-
tions persist. In particular the absorption spectrum of water
in the high-energy side and the role of HB on line broaden-
ing deserve more attention. Moreover, reliable theoretical ap-
proaches for the prediction of water electronic properties are

useful for investigating the absorption spectra and dielectric
properties of confined25,26 and supercritical water,27 which
are much less understood.

In this work, we report a sequential molecular dynamics
�MD�/quantum mechanical �QM� study of the absorption
spectrum of liquid water in the 6–15 eV energy range. The
MD simulations are based on a polarizable model of liquid
water.28 The a posteriori QM calculations of its electronic
properties rely on time-dependent density functional theory
�TDDFT� �Ref. 29� and equation-of-motion coupled-cluster
with single and double excitations �EOM-CCSD�.30 Empha-
sis is placed on the calculation of the dynamic polarizability,
Cauchy moments, and dielectric properties of liquid water.
Initially, details on the adopted theoretical methodology and
comparison between TDDFT, EOM-CCSD, and experimen-
tal data for excitation energies of the water molecule are
reported. Then, results for the dynamic polarizability,
Cauchy moments, and dielectric properties are compared
with theoretical predictions and experimental data. A discus-
sion on the relationship between HB formation and the ab-
sorption spectrum of liquid water is also presented.

II. COMPUTATIONAL DETAILS

The MD simulation has been carried out in the �NVE�
microcanonical ensemble with the Niesar–Corongiu–
Clementi �NCC� model28 for polarizable water with N=343
molecules in a cubic box with periodic boundary conditions
at a density �=0.997 g cm−3 and average temperature T
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=298 K. The NCC geometry for the water molecule is the
experimental gas phase structure �O–H=0.9572 Å, HOH
=104.52°�.

A detailed description of the polarizable NCC model as
well as results for the structure and dynamics of water pre-
dicted by this model can be found in the work by Niesar
et al.28 A sequential MD/QM study of liquid water based on
the NCC model was recently reported.31 In the sequential
MD/QM approach, a series of configurations generated by
integration of the equations of motion is used for a posteriori
calculations of the electronic properties. Of particular impor-
tance in performing sequential MD/QM calculations are the
structure of the system and the charge distribution of the
molecules �if the quantum calculations are carried out in an
embedded quantum system�. Therefore, it is important to as-
sess the quality of the structure generated by the NCC model
as well as the adequacy of the embedding charge distribution
for describing polarization effects in liquid phase. The pair
correlation functions for O–O, O–H, and H–H correlations
predicted by the NCC model �see Fig. 3 of Niesar et al.28�
are in good agreement with the experimental infor-
mation.32–34 Integration of the O–O pair correlation function
up to the first minimum �3.3� leads to 4.3, which is the av-
erage number of water molecules in the first coordination
shell. Dielectric properties of the NCC model were investi-
gated by Soetens et al.35 Specifically, the static dielectric
constant of the polarizable NCC model �100�8� �Ref. 35� is
in acceptable agreement with the experimental value for liq-
uid water �78�. Therefore, it seems reasonable to assume that
the present model can correctly describe both the structure
and polarization effects in liquid water.

100 configurations �saved every 20 ps� were selected for
the calculation of the electronic properties. Successive con-
figurations generated by MD or Monte Carlo simulations are
strongly correlated and when the property of interest in-
volves a high computational effort, the use of uncorrelated
structures is of crucial importance for evaluating averages
over a relatively small number of representative
configurations.36 Each configuration includes a quantum sys-
tem with one to three water molecules �Nw=1–3�, which are
embedded in the charge distribution of the closest 100 sur-
rounding water molecules. Thus, for the electronic structure
calculations, three different systems were defined: Nw=1
+100, 2+100, 3+100, which correspond, respectively,
to one, two, and three explicit water molecules �the quantum
system�, embedded in 100 water molecules represented as
point charges. In order to investigate how the results depend
on the size of the quantum system, calculations with four and
five explicit water molecules �Nw=4+100 and Nw=5+100�
are also reported. The charge distribution of the embedding
molecules is represented by the permanent charges of the
NCC model as well as by the charges representing the in-
duced dipole moments on each O–H bond of the water mol-
ecule. For the QM calculations, the self-consistent induced
dipole moments associated with the local O–H bond polariz-
ability were reproduced by placing two point charges of
�0.2 a.u., separated by a variable vector, which is centered
on the O–H bond at a distance of 0.432 96 Å from the oxy-
gen atom. The embedding charges mimic the presence of the

surrounding water molecules and no periodic boundary con-
ditions were applied for predicting electronic properties.

TDDFT calculations were carried out with the hybrid
BHandHLYP functional, which is based on the combination
of the Hartree–Fock and Becke88 �Ref. 37� functional for
exchange, and the Lee–Yang–Parr �LYP� functional for
correlation.38 The BHandHLYP functional as implemented in
the GAUSSIAN 03 suite of programs39 is defined as 0.5Ex

HF

+0.5Ex
LSDA+0.5�Ex

Becke88+Ec
LYP. Some calculations with the

hybrid PBE0 functional40 based on the Perdew–Burke–
Ernzerhof �PBE� exchange-correlation functional41 are also
reported. EOM-CCSD �Ref. 30� calculations were carried
out with a development version of the MOLPRO 2006.4

package.42 The Dunning’s double augmented correlation-
consistent basis sets �d-aug-cc-pVxZ; x=D , T , Q�43 were
used for the gas and liquid phases calculations �we will adopt
dapvxz for representing these basis sets�.

The calculation of the complex dynamic polarizability
����=�1���+ i�2���, where �1��� and �2��� are the real
and imaginary parts of ����, was carried out through a sum-
over-states �SOS� according to the following expression:44

���� = �
k=0

�

fk� �Ek
2 − �2

��Ek
2 − �2�2 + �2�k

2

+
i�k�

��Ek
2 − �2�2 + �2�k

2� , �1�

where �Ek and fk are transition energies and oscillator
strengths, respectively, and 1 /�k is a decay time describing
the radiative relaxation of transition k. �k can be estimated as
�k=� /	=6.582
10−16 eV s /	, where the decay time is on
the femtosecond timescale.45 �k has been set to a single ar-
bitrary and small value �0.5442 eV or 0.02 a.u.�.

The convergence of the SOS for evaluating polarizabil-
ities will be discussed in the next section. Finite-field �FF�
calculations of the gas phase dynamic polarizability are also
reported. The number of excited states �Nstates� included in
TDDFT corresponds to the number of single excitations from
the ground state, i.e., Nstates=NoccupiedNvirtual. For Nw=1
+100, Nstates are 265 �dapvdz�, 605 �dapvtz�, and 1120
�dapvqz�. For Nw=2+100 and Nw=3+100 the calculations
were performed with the dapvdz basis set and Nstates are,
1060 and 2385, respectively. Calculations for Nw=4+100
and Nw=5+100 were also performed. However, in these
cases, smaller basis sets were used: cc-pVDZ �H atoms� and
aug-cc-pVDZ �O atoms�. Moreover, for Nw=5+100 the SOS
was truncated at 500 states. Core excitations were not in-
cluded in EOM-CCSD calculations and Nstates=250 for Nw

=1+100 and dapvdz basis set.
For small frequencies, �1��� can be represented by the

following series:

�1��� = �
j=0

�

S�− 2j − 2��2j , �2�

where � is the frequency and S�j� are known as the Cauchy
moments.46,47 We will assume that in the low-energy regime
�1��� is given by47
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�1��� = S�− 2� + S�− 4��2 + S�− 6��4, �3�

where S�−2� is the static polarizability ��0�. These Cauchy
moments are then obtained by a fitting of the �1��� curve for
small values of �.

III. RESULTS AND DISCUSSION

A. Dynamic polarizability and Cauchy moments

The lowest excitation energies for the gas phase water
molecule are reported in Table I, where they are gathered
with data from the literature.9,48,49 Comprehensive discus-
sions on the main features characterizing the electronic spec-
trum of the water molecule were previously reported.15 Here,
we would like to highlight the very good agreement between
BHandHLYP, EOM-CCSD, and experimental results for the
lowest excitation energies and oscillator strengths for the iso-
lated water molecule. Moreover, for core excitations a good
agreement between BHandHLYP and the experiment can
also be observed. Excitation energies are clearly underesti-
mated by PBE0 calculations. The performance of other ap-
proaches including ab initio methods and the Coulomb at-
tenuated B3LYP functional �CAM-B3LYP� �Ref. 50� for
predicting excitation energies of the isolated water molecule
was investigated by Paterson et al.51 For the water molecule
the excitation energies calculated by using CAM-B3LYP
�Ref. 51� and PBE0 �Table I� with the dapvtz basis set are
quite similar. Therefore, unless otherwise stated, only TD-
DFT results based on the BHandHLYP will be further ana-
lyzed.

The behavior of the static polarizability ���0�� with the

number of states included in the SOS for the dapvxz �x
=D ,T ,Q� basis sets is shown in Fig. 1. Very similar values
for ��0� are predicted by the different basis sets. However,
the number of states �Nstates� necessary for obtaining conver-
gence is clearly basis-set dependent. SOS, complex polariza-
tion propagator �PP� �Refs. 52 and 53�, and FF results for the
undamped dynamic polarizability ��k=0 in Eq. �1� and
����=�1���� in the 4–18 eV range are reported in Fig. 2
�top panel� for the water molecule in the gas phase. Calcu-
lations based on the PP approach were carried out with the
DALTON program.54 A very good agreement between the dif-
ferent procedures can be observed. Specifically, the energies

TABLE I. Lowest excitation energies �� in eV� from the ground state �1 1A1�and oscillator strengths �f in a.u.�
of the gas phase water molecule �Theoretical calculations with the d-aug-cc-pVTZ basis-set and NCC geometry
for the water molecule �OH=0.9572 Å and HOH=104.52°��.

State BHandHLYP PBE0 EOM-CCSD Expt.a

Valence excitations
1 1B1 � 7.68 7.18 7.61 7.5

f 0.0445 0.0453 0.051 0.0497b

1 1A2 � 9.25 8.54 9.36 9.1
2 1A1 � 9.77 8.97 9.87 9.7

f 0.0419 0.0035 0.0577 0.0732,b0.0509c

2 1B1 � 9.82 8.87 10.00 10.0
f 0.0061 0.0001 0.0082 0.0052b

3 1A1 � 10.06 9.40 10.22 10.2
f 0.0430 0.0730 0.0436 0.0460,b0.022c

3 1B1 � 10.11 9.00 10.63 10.5
f 0.0011 0.0055 0.0000

2 1A2 � 10.38 9.16 10.90 10.8
3B1 � 7.19 6.76 7.1
3A2 � 9.04 8.41 9.0
3A1 � 9.27 8.75 9.3

Core excitations
1A1 � 531.7 520.7 534.0
1B2 � 533.1 522.1 535.9
1B1 � 534.4 522.6 537.1

aSee Ref. 48 and references therein.
bFrom Ref. 9.
cFrom Ref. 49.
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FIG. 1. �Color online� Dependence of the static polarizability of water with
the basis-set and number of states �Nstates� included in the SOS for dapvdz,
dapvtz, and dapvqz basis sets.
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corresponding to diverging values �poles of the real dynamic
polarizability� are coincident. The fact that there is no trun-
cation of the number of excited states in the PP approach
should be emphasized.52 Comparison between the top and
bottom panels shows that, using the SOS procedure, the first
pole of ���� in the liquid is blueshifted by �0.9 eV com-
pared to the gas phase.

The low-energy behavior for the real part of the dynamic
polarizability of the water molecule has been investigated by
experimental55 and theoretical studies.46,47 This behavior is
illustrated in Fig. 3 for water in the liquid and gas phases.
Fitting of ���� of expression �3� in the range of 0–2.7 eV
leads to the Cauchy coefficients S�−2�, S�−4�, and S�−6�
reported in Table II. We will first discuss the gas phase re-
sults. BHandHLYP predictions for S�−2� are 0.40 a.u. lower
than the experimental value �9.64 a.u.�.55,56 PBE0 slightly
overestimates S�−2�. Similar trends can be observed when
we compare TDDFT predictions and experimental data for
S�−4� and S�−6�. EOM-CCSD results for S�−2� are basis-set

dependent. S�−2� is 8.62 a.u. �dapvdz� and 9.24 a.u. �dapvtz�.
This last value is very similar to the BHandHLYP prediction,
whereas the first one underestimates the experimental value
by 1.02 a.u. However, it should be observed that vibrational
contributions to the molecular polarizability57 are not in-
cluded in the present calculations. For the water molecule in
vacuum this contribution is estimated as �4% of the total
polarizability.57 If such a correction is added to our best es-
timates �EOM-CCSD and TDDFT-BHandHLYP with the
dapvtz basis set� then S�−2� would be �9.6 a.u, which is in
very good agreement with experiment.55,56

Cauchy coefficients for the liquid phase are also reported
in Table II �values in parenthesis�. All these liquid phase
values are averaged over 100 configurations statistically un-
correlated sampled during the simulations �saved every 20
ps�. TDDFT calculations indicate that the static polarizability
of the water molecule in the liquid is �4% lower than its gas
phase values. This trend is also corroborated by EOM-CCSD
calculations and it is in agreement with other theoretical
results.58 TDDFT predicts that S�−4� in liquid water is
�14%–17% lower than its gas phase value, whereas S�−6�
is smaller by �40% in the liquid. Experimental Cauchy co-
efficients for liquid water are apparently not available. The
behavior of ���� in the liquid phase for quantum systems
with one, two, or three water molecules embedded in the
charge distribution of other 100 water molecules is also
shown in Fig. 3. The results indicate that in comparison with
Nw=2+100 and Nw=3+100, ��w� for Nw=1+100 is verti-
cally shifted by �−0.04 a.u.. No significant differences
are observed between the curves for Nw=2+100 and
Nw=3+100.

B. Optical absorption spectrum of liquid water

In condensed phases, the relationship between the di-
electric constant ����=�1���+ i�2��� at high frequency and
the dynamic polarizability ���� is given by the Lorenz–
Lorentz equation,59

���� − 1

���� + 2
=

4�

3
����� , �4�

where the number density �=N /V, N is the number of par-
ticles and V is its volume. Before a comparison between
theoretical results and experiment on the water absorption
spectrum is presented, it is important to discuss how the
results depend on the adopted theoretical approaches �EOM-
CCSD and TDDFT-BHandHLYP�, different basis sets
�dapvxz; x=D ,T ,Q�, number of states in the SOS �Nstates�,
and on the number of water molecules explicitly included in
the quantum system embedded in the charge distribution of
more than 100 water molecules with the NCC model
�Nw=1+100, 2+100, 3+100�.

Calculations were also carried with two other different
charge embeddings. In the first, the embedding charges are
those of the TIP3P model for liquid water.60 In the second
one, atomic charges fitted to the electrostatic potential61 for a
quantum system of six water molecules embedded in the
NCC charges of 100 water molecules were estimated at the
BHandHLYP/dapvdz level. Then, calculations of electronic
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FIG. 2. �Color online� Comparison between SOS, PP, and FF calculations
for the dynamic polarizability of the gas phase water molecule �top panel�
and dynamic polarizability of liquid water Nw=1+100 �bottom panel� cal-
culated with SOS.
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FIG. 3. �Color online� Low-energy behavior for the dynamic polarizability
of water in the gas �G� and liquid �L� phases �BHandHLYP/dapvdz�. Liquid
phase calculations were performed for Nw=1+100 �circles�, Nw=2+100
�squares�, and Nw=3+100 �diamonds�.
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properties for a system with one quantum molecule sur-
rounded by the self-consistent charges �SCF� of the nearest
five water molecules embedded in 100 NCC charges �Nw

=1+5�SCF�+100�NCC�� were calculated at the same theo-
retical level. The purpose of the second embedding was to
assess how the self-consistent calculation of polarization ef-
fects for both the quantum system and the nearest five water
molecules may affect the results in comparison with a frozen
embedding. The results of these calculations are reported in
Fig. 4 for TIP3P �top panel� and SCF �middle panel� embed-
dings. A small redshift �less than 0.1 eV� of the peak posi-
tions is observed for the SCF charges in comparison with the
NCC frozen embedding. In agreement with Brancato et al.,23

we confirmed that the results for the dielectric properties are
not significantly dependent on the choice of the embedding
charges. Therefore, it seems reasonable to dismiss the choice
of embedding charges as a significant source of error in the
prediction of the dielectric properties. This should be verified
for interaction models that describe, at least approximately,
polarization effects in the liquid phase. However, we should
stress the interest of adopting a polarizable model for the
embedding charges and to take into account in a self-
consistent way the polarization of both the quantum system
and embedding charges.16

Figure 4 �bottom panel� shows the imaginary part of the
dielectric constant �2��� for liquid water �Nw=1+100� pre-
dicted by EOM-CCSD and TDDFT calculations with the
dapvdz basis set. A good agreement between the two ap-
proaches can be observed and the most significant difference
between EOM-CCSD and TDDFT concerns the first maxi-
mum of �2���, which is �0.3 eV blueshifted by TDDFT.
The middle panel of Fig. 4 also shows the basis-set depen-
dence of the TDDFT results and it appears that �2��� is not
significantly dependent on the basis set �dapvdz, dapvtz, or
dapvqz� for energies below 15 eV. Consequently, it seems
reasonable to assume that by using the dapvdz basis set, the
results for �2��� based on EOM-CCSD and BHandHLYP are
reliable below 15 eV. On the other hand, results for the ab-
sorption spectrum based on TDDFT for higher energies �up
to 18 eV� should rely on calculations with the dapvqz basis
set �see Fig. 4�.

The dependence of �2��� on the number of states in the

SOS is illustrated in Fig. 5 �bottom� using TDDFT-
BHandHLYP with the dapvdz basis set. Comparison between
the results for Nstates=120 and 265 indicates that �2��� is
essentially unchanged by using a small number of states in
the SOS and the positions of the maxima are not modified.
This feature suggests that calculations for the dielectric prop-
erties with a larger number of particles in the quantum sys-
tem could be carried out by using a smaller number of states.
However, in any case, the convergence of the dynamic po-
larizability with the basis set and Nstates should be checked.

Figure 5 �top panel� shows the behavior of �2��� for
quantum systems with 1–5 water molecules. These results
were based on calculations with a smaller basis set and
strongly suggest that no significant dependence of �2��� on
the size of the quantum system is observed when Nw3.
However, as previously discussed �see Table I and Fig. 4� at
least a dapvdz basis set is necessary for reliable predictions
of excitation energies. Therefore, accurate averaged proper-

TABLE II. Cauchy moments �a.u.� for the water molecule in the gas and liquid phase �values in parentheses�.
The Cauchy moments were fitted in the energy interval �0, 2.7� eV. The calculations were carried out with the
NCC geometry for the water molecule.

S�−2� S�−4� S�−6�

BHandHLYP dapvdz 9.24�8.92� 31.02�27.0� 216.05�155.4�
�8.96,a8.97b� �27.2,a27.2b� �157.1,a158.0b�

dapvtz 9.23�8.92� 30.87�26.84� 215.0�155.1�
dapvqz 9.23�8.84� 30.82�26.72� 213.6�155.1�

PBE0 dapvtz 9.75�9.38� 36.92�31.48� 309.8�212.48�
EOM-CCSD dapvdz 8.62�8.53� 35.26�30.46� 275.31�192.88�

dapvtz 9.24 34.01 248.29
Expt. 9.64c,d 35.42d 240.1d

aNw=2.
bNw=3.
cFrom Ref. 56.
dFrom Ref. 55.
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FIG. 4. �Color online� Imaginary part of the dielectric constant of liquid
water ��2���� for Nw=1+100. Top: comparison between TIP3P and NCC
charge embedding with the dapvtz basis set. Middle: behavior of �2��� using
TDDFT-BHandHLYP with different basis sets �dapvdz, dapvtz, and dapvqz�
in the 6–18 eV range and comparison between �2��� calculated with the
NCC frozen embedding and self-consistent charges �SCF�. See text for de-
tails. Bottom: comparison between EOM-CCSD and TDDFT-BHandHLYP
with the dapvdz basis set.
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ties �over 100 uncorrelated configurations� with larger basis
sets will rely on quantum systems including explicitly a
maximum of three water molecules. For calculations with the
dapvdz basis set, the dependence of �2��� on the number of
water molecules included in the quantum system for Nw=1
+100, Nw=2+100, and Nw=3+100 is also illustrated in Fig.
5 �middle panel�. In comparison with Nw=1+100, the second
band of �2��� is broadened and redshifted by �0.2 eV when
Nw=2+100 and Nw=3+100. The broadening of �2��� re-
flects electronic and thermal broadenings.62,63 Electronic
broadening is related to the size of the quantum system and
number of excitations included in the SOS, whereas thermal
broadening depends on the number of configurations. The
similarity between the curves for Nw=2+100 and Nw=3
+100 is an indication that a correct description of the water
dielectric properties is possible by performing calculations
for a small quantum system embedded in the polarization
field of the liquid. However, the reliability of this approach is
based on averaging over a significant number of uncorrelated
configurations and by the inclusion of a large number of
excited states in the SOS.

The absorption spectrum of liquid water will now be
related with the local structure of the hydrogen �H� bond
network. For Nw=3+100, we calculated the number of
H-bonds that the central water makes with the two other
molecules of the quantum system. The criterion for H-bond
formation was that the O–O distance should be less than
3.5 Å and the O–H. . .O angle less than 35°. A given water
molecule can accept �a� or donate �d� a hydrogen atom. For
each configuration with three water molecules, the central
molecule can form zero, one �a;d�, or two �aa;ad;dd�
H-bonds with the other two molecules in the quantum sys-
tem. The fraction of the configurations for each case are the
following: a�0.12�, d�0.6�, aa�0.13�, ad�0.56�, and dd�0.12�.
The behavior of �2���, averaged over the configurations for
the different cases is illustrated in Fig. 6. For configurations
of type �a�, where the central water molecules make only one

H-bond as H-bond acceptor, �2��� is blueshifted in compari-
son with configurations of type �d�. The top panel of Fig. 6
shows �2��� for configurations with two H-bonds. In this
case, no significant difference in the first maximum position
of �2��� is observed. However, the second band for �aa�
configurations is blueshifted although the second maximum
positions are nearly the same for �aa� and �ad� configurations.
The blueshift of �2��� for �aa� configurations is possibly re-
lated to the energetic stabilization of the quantum system
when the H-bond interaction involves directly the oxygen
atom of the central molecule. Therefore, for Nw=3+100 the
broadening of the �2��� second band can be possibly ex-
plained by differences between the electronic excitation en-
ergies of �dd� and �aa� configurations.

Dielectric properties of water in the gas and liquid
phases based on TDDFT calculations are reported in Fig. 7,
where �1���, �2���, as well as the energy loss function
�−Im�1 /��� are represented. The most significant feature
characterizing the dielectric behavior of liquid water is that
the two first maxima of �2��� are blueshifted by �0.9 eV
relative to their gas phase values. This first maximum is as-
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sociated with the gas phase 1 1B1←1X 1A1 transition and its
gas to liquid blueshift agrees well with the experimental
value �0.96 eV�.8 However, the first maximum position of
�2��� predicted by BHandHLYP �8.5 eV� is displaced to
higher energies by 0.3 eV in comparison with the maximum
in the optical conductivity of water �8.2 eV�.5 Similar shifts
��0.9 eV� to higher energies are also observed when we
compare gas and liquid phase predictions for �1��� and
�−Im�1 /���.

Experimental data for the dielectric properties of liquid
water indicate that �2��� is characterized by three broad
bands with maxima approximately at 8.2, 10.0, and 13.7 eV.5

More recently, Hayashi et al.10 pointed out some discrepan-
cies between the curves for the reflectance of liquid water
obtained by inelastic x-ray scattering spectroscopy and the
data of Heller et al.5 The differences mainly concern results
for energies above 15 eV and, although the positions of the
first maximum coincide ��7.9 eV�, the positions of the sec-
ond and third maxima reported by Hayashi et al.10 are appar-
ently blueshifted by �0.6 eV relative to the data of Heller et
al.5 �see Fig. 3 of Ref. 10�.

Data for the dielectric properties of liquid water are re-
ported in Fig. 8, where EOM-CCSD and TDDFT-
BHandHLYP results are compared with data from Heller
et al.5 for �1���, �2���, and �−Im�1 /���. Regarding the re-
sults with Nw=1+100 �left panel of Fig. 8� some aspects are
worth remarking. First, a very good agreement between the
EOM-CCSD results and experiment for the first maximum
position is observed for all of the three curves. However, the
EOM-CCSD results for �2��� indicate that the positions of
the second �10.7 eV� and third �14.2 eV� maxima are blue-
shifted by �0.7 eV in comparison with the results of Heller
et al.5 EOM-CCSD and TDDFT calculations predict similar
positions for the second and third maxima of �1��� and
�2���. The first maximum of �2��� predicted by TDDFT is
blueshifted by �0.3 eV relative to the experimental data of
Heller et al.,5 whereas the positions of the second �10.7 eV�
and third �14.1 eV� maxima are also blueshifted in compari-
son with experiment.5 The results for Nw=3+100 �right

panel of Fig. 8� indicate that the broadening of the �2���
second band that was previously discussed seems to improve
the agreement with experiment, particularly in the case of the
energy loss function �−Im�1 /���.

The vertical arrows in the lower panel of Fig. 8 for Nw

=1+100 indicate the positions of the three first maxima �7.9,
10.6, and 14.2 eV� for the reflectance of liquid water from
the data of Hayashi et al.10 If it is assumed that the 0.6 eV
blueshift in the reflectance of Hayashi et al.10 for the posi-
tions of the second and third maxima will induce a similar
shift on �1���, �2���, and �−Im�1 /���, then, the agreement
between our results �particularly those based on EOM-CCSD
calculations� and experimental information is significantly
improved. Our theoretical study thus suggests that the more
recent experimental data of Hayashi et al.10 apparently pro-
vide a better description of the high-energy side of the liquid
water absorption spectrum.

IV. CONCLUSIONS

Sequential MD/QM results for the dynamic polarizabil-
ity, Cauchy coefficients, and dielectric properties of liquid
water were reported. The MD simulations were based on a
polarizable model for liquid water. 100 uncorrelated MD
configurations were then used in the QM calculations, which
were based on TDDFT-BHandHLYP and EOM-CCSD meth-
ods. Initially, we verified that excitation energies for the iso-
lated water molecule predicted by the two adopted theoreti-
cal approaches were in very good agreement between them
and also with experiment. Moreover, the dynamic polariz-
abilities of the gas phase water molecule predicted by SOS
and FF procedures are quite similar. A reliable prediction of
the dielectric properties of water can be carried out in the
6–15 eV energy range with a dapvdz basis set. However, for
higher energies, improved basis sets are needed. Our calcu-
lations indicate that Cauchy coefficients for liquid water are
smaller than those for the isolated water molecule, which
reflects modifications of the low-energy range optical prop-
erties of liquid water in comparison with the gas phase re-
gime.

We analyzed the dependence of the results for the imagi-
nary part of the dielectric constant ��2���� on the number of
water molecules explicitly included in the quantum system.
It was concluded that its behavior was correctly described by
carrying out calculations with a single water molecule in the
quantum system. However, the explicit inclusion of a larger
number of molecules leads to a broadening of the second
band of �2���. For a quantum system with three water mol-
ecules, we discussed how the absorption spectrum depends
on HB. Our results confirm that the acceptor/donor character
and the number of H-bonds may significantly affect �2���.

A very good agreement between EOM-CCSD calcula-
tions and the experimental data from Heller et al.5 is ob-
tained for the first maximum of �2���. However, some dis-
tinctions were noted for the positions of the second and third
maxima. The agreement with experiment is apparently im-
proved when the number of water molecules in the quantum
system increases or when comparison is made with more
recent experimental information.10
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