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The results of a combined study of dielectric loss (ε′′(ν)) and power-absorption coefficient (R(ν)) are reported.
Theε′′(ν) andR(ν) values are obtained for liquid water (H2O) and heavy water (D2O) using analytical modeling
and the molecular dynamics (MD) simulations method. The calculated spectra span the microwave and far-
infrared (FIR) region. The temperature range probed is 220-355 K. Appropriate parametrization of the
analytical model for liquid water enables the quantitative description of the dielectric spectra over the frequency
range of 0-1000 cm-1. An excellent agreement between the calculated spectra and the experimental data
demonstrates the accuracy of the applied analytical approximations. The spectra obtained using the MD
simulations agree rather qualitatively with the experimentalε′′(ν) andR(ν) dependences. The observed spectra
are interpreted in terms of four molecular mechanisms that have been recently described [J. Phys. Chem. A
2006, 110, 9361].

1. Introduction

A long-standing problem posed in the terahertz (THz)
spectroscopy of liquid water and ice is to understand the
molecular dynamics (MD) behind the absorption features in the
microwave and far infrared (FIR) spectral regions. The problem
is complicated by the fact that these regions are on a threshold
between the primarily collective motion, observed at micro-
waves, and essentially intramolecular modes of the mid-infrared
(mid-IR) region. It is becoming more and more evident that a
quantitative description of the spectra for condensed H2O phases
in the FIR region requires a combination of these two very
different-in-nature mechanisms (collective intermolecular and
single-particle intramolecular) within a unified theory. Many
aspects of the problem are not fully clear. A remarkable example
is the 200 cm-1 band in liquid water and ice, the origin of which
is still in dispute.1

The MD simulation technique can provide an insight, at a
molecular level, into the motion mechanism of many interacting
bodies. Even though this method has helped to achieve
significant advances, especially with the development of the
ab initio MD technique,2 the understanding and interpretation
of the MD responsible for microwave and FIR spectra (given,
e.g., in ref 1 and refs 3-5) are not absolutely conclusive. In
particular, the problem in the interpretation of the simulation
results for the librational band at 700 cm-1 and especially for
the translational band, centered at 200 cm-1, has been
encountered.1-3

On the other hand, considerable progress that has been
made recently6-10 in the analytical calculation of dielectric
spectra for liquid water and ice (Ih) has enabled description
of the autocorrelation function (ACF) spectra, in terms of
the two-fraction model, based on application of effective
potentials.

We believe that a combination of the MD technique,
analytical models, and experimental data over a range of
thermodynamic states can provide a new insight into the
problem. To the best of our knowledge, a systematic comparison
of the results of MD simulations (with classical potentials) with
available experimental data for the condensed H2O phases has
not yet been performed in a systematic way. The results of
molecular simulations also have not been accurately compared
with the analytical calculations of such spectra. We shall correct
these drawbacks in the present work. Namely, the MD simula-
tions were partially performed over a range of temperatures,
including those temperatures for which analytical calculations
were reported earlier.8 Within a chosen temperature interval,
including the supercooled region, there exist the experimental
data for liquid water.11-14 We refer, in particular, to the work
by Zelsmann,14 where the data for the real and imaginary part
of the complex refraction index are given in the wavenumber
range of 19.5-600 cm-1. In our previous work,8 the results of
analytical calculation of the dielectric spectra are compared with
those from the work of Zelsmann.14 For the comparison with
the results of MD simulations, we also use the work of Liebe
et al.,15 where an empirical formula for the complex permittivity
(ε(ν)) is suggested.

In section 2, we describe the simulation details and give a
general outline of the results of this simulation. In section 3,
the latter are compared with the experimental spectra. In section
4, a brief description of four molecular mechanisms, used in
the analytical theory, is given. Section 5 presents the main result
of our work, specifically the loss spectra of H2O, obtained by
MD simulations in the range of temperatures, which are
compared with the spectra calculated analytically as well with
available experimental data. The results of such a comparison
are discussed in section 6.
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2. Molecular Dynamics (MD) Simulations

2.1. Calculation Details. In the present work, we use the
extended simple point charge (SPC/E) model,16 which is known
to give reasonably accurate values of the static dielectric
permittivity of liquid water under ambient conditions.17 We
performed the MD simulations for both water (H2O) and heavy
water (D2O) with a system size of 1024 particles at temperatures
of 220, 240, 267, 273, 300, and 355 K. The parallel MD code
for arbitrary molecular mixtures (DynaMix, by Lyubartsev and
Laaksonen18) is used. The simulations have been performed on
a Linux cluster built on the Tyan/Opteron 64 platform, which
enables calculations of relatively long trajectories for a system
of 1024 water molecules. The simulation run lengths are
dependent on temperature and are in the range of 1-4 ns for
the warmest and coldest simulation, respectively. The initial
condition was a cubic lattice; therefore, the equilibration time
was chosen to be temperature-dependent in the range from 200
ps at 355 K to 1 ns at 200 K.

The motion equations have been solved using the Verlet
Leapfrog algorithm, subject to periodic boundary conditions in
a cubic simulation cell and a time step of 2 fs. The simulations
have been performed in the NPT ensemble at atmospheric
pressure (1 atm) with the Nose-Hoover thermostat.19 The
SHAKE constraints scheme20 was used. We have used a
spherical cutoff radius of 1.2 nm. The Ewald sum method was
used to treat long-range electrostatic interactions.

For periodically replicated nonconducting molecular systems,
the complex dielectric permittivityε(ω) can be computed from
the time ACF of the total dipole moment21 during the course of
a simulation run as follows:

with the complex refractive indexn* (n* ) n + ik) being given
by

Here, ε(ν) is the permittivity, with the complex conjugation
symbol omitted (ε(ν) ) ε′(ν) + iε(ν)), n∞ is the refractive index
at infinite frequency,V is the volume of the simulation cell,kB

is the Boltzmann constant, andT is temperature.M is the total
dipole moment of the simulation cell, where the angular brackets
indicate the ensemble average. The dipole moment is computed
as

where the summation runs over all the molecules (indexi) and
three atom sites (indexR) carrying the charge value ofqR. C(t)
is the normalized ACF of the total dipole moment:

Note that we compute the functionC(t) and the value of the
total dipole momentM independently, because sampling of the
valueM from trajectories generated by the MD method can be
done much more often, which provides better statistics and, thus,
more accurate value of the static dielectric constantεs, which
is computed through the following relation:

Velocity time ACFs〈v(t)v(0)〉 for the center of mass (COM) of
a water molecule have been computed in the local (molecular)
coordinate frame, making it possible to look at the COM motion
alone for each local (Cartesian) coordinateX, Y, and Z
independently.3 In the present work, all three atoms (O, H1,
and H2) are placed on theX0Z (molecular) plane and the H1-
O-H2 median coincides with theZ-axis.

2.2. Spectral Density of Center-of-Mass (COM) Motion.
We begin the discussion with the low-frequency end of the FIR
region of 10-300 cm-1. This region can, in part, be examined
by the spectral intensity of the motion of molecular COM. Figure
1 shows the COM velocity ACFs for two temperatures: 220
and 352 K. Prominent variations in the COM motion with the
changes in the direction and temperature are evident. The
oscillation strength (magnitude) is noticeably larger at 220 K,
in comparison to that at 235 K.

The spectral densities of the COM motion have two peaks,
at ∼60 and∼200 cm-1 (see Figure 2). The pronounced band
at 60 cm-1 is not active in the IR region and has been recently
attributed to the O-H bond bending [4] and earlier to the
fluctuations of the dipole-induced dipole [3], which do not
change the value of the total dipole moment. This implies that
the mode is intermolecular in nature. The results of the present
work show that it is still a subject for discussion, because the
intense 60 cm-1 mode is observed in the simulations that use a
rigid water molecule as a model.

The 200 cm-1 mode is active in the FIR spectrum of liquid
water11 and ice22 and the Raman scattering spectra.23 In a recent
study1 of the FIR spectrum of liquid D2O by the Carr-Parrinello
MD simulation method,2 this mode is shown to result from
intermolecular charge density fluctuations. The COM displace-
ment is more probable in theY-direction, perpendicular to the
molecular plane; in contrast, it is diminished in theZ-direction,
coincident with thepermanentdipole moment of a water
molecule.

In the classical simulations of the present work, the magnitude
of the 200 cm-1 band increases as the temperature decreases.
The COM motion of a water molecule is highly anisotropic, as
shown in Figure 2, which illustrates the spectral density of the
motion in theX-, Y-, andZ-directions, the latter of which being
the most (intense) preferable at a wavenumber of 200-300
cm-1. The exact position of this band is dependent on both
temperature and direction. The mode magnitude is the largest
for the motion in theZ-direction; it is centered at∼250 cm-1

for the temperature of 325 K and at∼270 cm-1 at 220 K. In
the X-direction, the mode is located at∼200 cm-1 at 325 K
and it is shifted to a higher frequency of 220 cm-1 for
supercooled water at 220 K. Some indication of the mode in
the Y-direction does exist at∼200 cm-1 in supercooled water
at 220 K.

2.3. Spectra of the Total Dipole Moment Autocorrelation
Function (ACF). The total dipole moment ACFs are shown in
Figure 3. After initial fast decay due to molecular vibrations
and reorientations (librations), which are observed at times of
<0.1 ps, the total dipole moment ACFs exponentially decrease
on the larger time scales. The slope of the exponential decays
gives the dielectric relaxation time (see Table 1 for the exact
values for the temperatures shown in Figure 3); the relaxation
time ranges from∼2 ps at 355 K to∼25 ps at 267 K. The
spectra of dielectric permittivity,ε(ν) ) ε′(ν) + iε(ν), are
computed using eq 1. In Figure 4, we illustrate the Cole-Cole
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plot of the dielectric permittivity,ε′′(ν) ) f[ε′(ν)], together with
the spectra of the refractive indices (see eq 2) (shown in Figure
4b). The calculation results are summarized in Table 1. As might
be expected, the MD simulations reveal a very strong temper-
ature dependence of dielectric relaxation, which is reflected in
the relaxation (Debye) time (τd); however, the peak position of
the librational bandsand, consequently, the librator’s lifetime
(τL)sis rather independent of temperature. The static dielectric
permittivity (εs) decreases as the temperature decreases, and its
value is in a good agreement with the earlier studies.17

3. Comparison with Experiment

In Figure 5a and b, we show the spectra of dielectric loss
ε′′(ν) and the power absorption coefficientR(ν), respectively,
obtained from MD simulations at 300 K for liquid water (H2O).
In Figures 5c and 5d, the experimental spectra14 observed for
the same temperature are depicted by the solid lines and the
spectra calculated from the empirical relationships15 are shown
by the dashed lines. The Debye loss peak (denoted as D) and
librational mode peak (denoted as L) are observed in the
microwave and FIR regions, respectively. These peaks agree
correspondingly with the peaks in Figures 5a and 5b that were
obtained by the MD simulations.

Figure 6 shows that the same agreement also holds at a
temperature of 273 K. As expected, the decrease in temperature
produces a significant shift of the dielectric loss peak D to lower
frequencies.

In Figures 7a and b, we show the simulation results for heavy
water (D2O) at 273 K. The corresponding experimental spectra
are shown in Figures 7c and d. The increase in the inertia
moment of the water molecule results in a shift of the librational
mode toward lower frequencies. Such temperature dependence
agrees with the experimental results.

Figures 5-7 suggest that, for both temperatures (300 and 273
K), and for both water isotopes (H2O and D2O), the translation
band, which generally arises atν ≈ 200 cm-1, is not observed
in the spectra that are computed by the MD simulations (the
latter give the spectra with an account of the total dipole moment
determined by the calculated ACFs). In contrast, the translational-
band peak, marked as T in the figures (see Figures 5-7) appears
in the experimental spectra or in those spectra calculated from
the empirical formulas.15 We discuss a possible reason for this
MD result in section 6.

Figure 1. Velocity time autocorrelation functions (ACFs) of the center-
of-mass (COM) in the local (molecular) coordinate frame for temper-
atures of 220 and 235 K.

Figure 2. Spectral densities of the H2O COM motion in theX-, Y-,
andZ-directions for temperatures of 220 and 235 K.

Figure 3. Total dipole moment determined by ACFs.

Figure 4. Refractive indices and Cole-Cole plot.

TABLE 1: Parameters Derived from MD Simulations with
the Extended Simple Point Charge (SPC/E) Model

temperature,T (K) εS τd (ps) fL (cm-1) τL (ps)

200 95 2320 775 0.0425
220 92 1050 779 0.0423
240 88 290 780 0.0423
267 80 25.3 781 0.0422
273 79 20.4 784 0.042
300 71 9.2 787 0.0419
355 57 4.2 783 0.042
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In the MD-simulated Cole-Cole plot, shown in Figure 4a,
we see, for the same reason, only one “curl”, placed in the
L-band. On the other hand, as shown in Figure 8b by the solid
curve, the experiment14 gives two curls, T and L, which are

observed in the translational and librational bands, respectively.
By analogy, the estimate, based on the empirical formulas,15

also gives two such curls (shown by the dashed line in Figure
8). This problem is discussed below.

Figure 5. Spectra for water (H2O) at 300 K: (a) loss spectrum, obtained by MD simulations; (b) absorption spectrum, obtained by MD simulations;
(c) loss spectra, measured experimentally and in empirical relationships; and (d) absorption spectra. The experimental data from ref 14 are shown
by the solid line. The spectra calculated by the empirical relation from ref 15 are shown by the dashed line. Symbols D, T, L refer, respectively,
to Debye, translational, and librational band, respectively.

Figure 6. Same as Figure 5, but for a temperature of 273 K. Symbols D, T, and L refer, respectively, to Debye, translational, and librational bands.
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4. Outline of the Analytical Approach

The results of the MD simulations are compared to those
obtained by the analytical theory, in which the calculation of
the ACF spectrum is based on application of the effective
intermolecular potentials. The latter govern motion and the
resulting dielectric response of interacting permanent (rigid) or
flexible (nonrigid) dipoles.

The two-fraction composite model, described in ref 6 and,
with more detail, in refs 7-10, is used. This model, which is
comprised of the librational (LIB) and vibrational (VIB)
fractions, permits calculation of the complex dielectric permit-
tivity ε(ν) and power absorptionR(ν) spectra of water, in the
frequency range of 0-1000 cm-1, and ice, in the frequency
range of∼10-1000 cm-1. This LIB/VIB model allows analyti-
cal calculation of the ACF spectra determined by four molecular
mechanisms, labeled here as a-d.

Mechanism a, which pertains to the LIB fraction, governs
collision-interrupted reorientation (termed libration) of a per-
manent dipole in the intermolecular potential with a hatlike
profile.

In the VIB fraction, the dielectric relaxation is treated in terms
of a dimer of elastically vibrating H2O or D2O molecules, whose
dielectric response is determined by the following three mech-
anisms: (b) harmonic vibration of a nonrigid dipole along the
hydrogen bond (HB), (c) harmonic reorientation of permanent
dipoles around the HB, and (d) non-harmonic vibration of two
hydrogen-bonded water molecules transverse to the HB direc-
tion.

4.1. Mechanism a. Mechanism a reveals (1) a quasi-
resonance dielectric response in the librational band (L-band)
located atνor ≈ 700 cm-1 and (2) the nonresonance Debye
relaxation band, with its loss peakε′′ located in the microwave
region.

The L-band results from the almost free, but somewhat
cooperative, reorientation of a water molecule, with the per-
manent dipole momentµor, during a lifetimeτor in the hatlike
potential well. The lifetimeτor is of the order of fractions of a
picosecond. The shape of the hat potential is characterized by
a rather deep well, with the dimensionless (scaled bykBT) depth
of u ≈ 8, and with a half-width ofâ ≈ 23° (whereâ is the
libration amplitude). The bottom of the well is assumed to be
flat. At higher temperatures, this profile is almost rectangular;

at lower temperatures, it approaches a parabola. Note that the
reorientation of a water dipole is nonlinear in nature. Conse-
quently, the density of libration states is enriched with higher
harmonics, especially at higher temperatures. Thus, in the FIR
region, the librational-band shape is far from being Lorentzian.

The librational band is characterized by an isotopic shift of
its peak located atνor. Because the librations are almost free,
the frequencyνor is determined by the moment of inertiaIor.
BecauseIor(H2O) ≈ 1/2Ior(D2O), the corresponding frequency
is νor(H2O) ≈ x2νor(D2O).

We assign the VIB states to a water dimer, whose vibration,
which is governed by mechanisms b, c, and d, is parametrized
by three force constants:k, kcrot, andk⊥.

4.2. Mechanism b.Two oppositely charged ions form a
nonrigid dipole O+-H‚‚‚O- or O+-D‚‚‚O- (other atoms can
also be attached to these oxygen atoms). The concentrationNvib

of chargeddimer molecules comprises about one-third of the
concentrationN of water molecules (Nvib ≈ N/3). This result
follows from the parametrization of the model, if one assumes
that the absolute value of the charge pertaining to each of the
two dimer molecules comprises approximately the charge of
an electron (other assumptions would appear to be unreason-
able). One may assume that the charges appear due to the proton
jump from one dimer molecule to the other. The recombination
of these charges transforms the VIB fraction to the LIB fraction
during the HB lifetime (about 0.1 ps).

A nonrigid dipole constituted by the dimer molecules executes
longitudinal (viz. along the hydrogen bond) harmonic vibration,
controlled by the force constantk. The latter is parametrized to
reproduce the position of the loss peakε′′q in the translational
band (T-band), centered at∼180 cm-1. Because the equation
of motion for longitudinal vibration is linear, the band shape
ε′′q(ν) is close to Lorentzian. The peak frequencyνq is almost
independent of temperature, so thatνq ≈ 165 cm-1. At room
temperature, however, the band shits to 190 cm-1. This may

Figure 7. Same as Figure 6, but for heavy water (D2O). Symbols D,
T, and L refer, respectively, to Debye, translational, and librational
bands.

Figure 8. Cole-Cole diagrams (s) determined from the experimental
data14 and (- - -) estimated from the empirical formulas,15 for water
(H2O) at 300 K. Symbols D, T, and L refer to the same designations
as those given for Figures 5, 6, and 7.
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be an indication of a certain change of structure8 at ∼300 K.
An important feature of a hydrogen bond, determined by the
quantum nature of interactions, is a rather weak isotopic
dependence of the T-band. Thus, at room temperature (293 K),
our analytical estimate of the shift∆νisotope between the loss
maximaε′′qmax

calculated for two specific loss curves, pertaining
to mechanism b, is∼50 cm-1 (the loss maxima are located near
150 cm-1 for H2O and at 200 cm-1 for D2O). (We note that
obtaining an accurate value of∆νisotope from the experimental

data from ref 14 seems difficult.) On the other hand, analytical
estimation, in terms of our theory, of the shift∆νisotope gives,
for mechanism a (that is, for the librational band), a much larger
value, viz.∆νisotope ≈ 150 cm-1 (the specificε′′or maxima are
placed at 450 cm-1 for D2O and at∼600 cm-1 for H2O).

The parametrization of the model shows that the mean elastic
HB moment (µq) of a nonrigid elastic dipole is∼3 times larger
than that of a permanent dipole (µor). This difference arises
perhaps due to polarization of the hydrogen bond by dimer

Figure 9. Evolution with temperature of the loss spectra of water (H2O) obtained by analytical calculation (left column) and MD simulations (right
column). Other explanations are given in the text.
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charges. The lifetime is relatively short in water (τq ≈ 0.08 ps)
and slowly increases as the temperature decreases.

4.3. Mechanism c.In a manner similar to that for mechanism
b, mechanism c generates one Lorentz line (we indicate this as
the V-band), with the peak centered at room temperature at
∼150 cm-1. This position is determined by the rotary dimen-
sionless force constant (crot). Note that the T- and V-bands
overlap in water, but they are resolved in ice. The rotary-
vibration lifetime (τµ) is similar to the longitudinal-vibration
lifetime (τq). One may argue that both times are determined by
the harmonic oscillation of a hydrogen bond.

4.4. Mechanism d.Mechanism d results as the dielectric
response that is due to the vibration of two oppositely charged
water molecules in the direction transverse to the equilibrium
HB direction. This vibration, which is nonlinear in nature, is
determined by the transverse force constantk⊥ and by other
dimer parameters. The peak transverse-vibration (TV) frequency
(ν⊥) is centered near 30 cm-1. The band shape of the TV loss
frequency dependence (ε′′⊥(ν)) is not Lorentzian and is very
damped (especially at low temperatures). This property could
be attributed to collective oscillations of an ensemble of nonrigid
dipoles.

5. Comparison of MD Simulations with Analytical
Calculations

Here, we consider the temperature dependence of the loss
spectra. In the left column of Figure 9, the solid lines show the
loss spectrum of water (H2O) calculated analytically for the
temperatures of 273, 300, 330, and 355 K. The circles depict
the experimental data.12,14,15As can be seen, the results obtained
using the analytical theory (the model parameters are given in
ref 8) are in a quantitative agreement with the experiment.

The MD calculations, as illustrated in the right column of
Figure 9, give a rather qualitative agreement with the experi-
mental data.HoweVer, the employed MD calculation scheme,
which has been briefly described preViously, is incapable of
describing the water spectra in the 200 cm-1 band.This band,
which is marked by an arrow in the left column, does not appear
in the right column. Comparison with several other works
shows that this drawback is generally characteristic for the
currently used classical potential models that are used in MD
simulations.

6. Concluding Remarks

Classical MD simulations, which include polarizable models,
address the intensity of the translational mode by means of force
fields, where each water molecule is polarized according to a
local field, so that the induced polarization is intramolecular.
In contrast, in the work by Sharma et al.,1 it was shown, in
terms of the first-principles quantum approach, that a tetrahedral
coordination of oxygen atoms in the liquid is regarded as an
assembly of electrons and nuclei and that the FIR spectra are
dependent on concerted tetrahedral fluctuations of the hydrogen
bonds. In this assembly, “the polarization effects” are dependent
on the environment in a “strongintermolecular way”, thus
indicating the 200 cm-1 mode. The intramolecular polarization
of a water molecule in the presence its (closest) neighbors may
be seen in classical molecular dynamics (MD) simulations with
a flexible model and/or effectively introduced polarization (for
instance, through a polarizability tensor). Thus, we speculate
that an indication of the translational mode (not necessarily at
200 cm-1) may be observed in the spectra computed by the
MD method with an appropriately parametrized flexible model
for water.

In our analytical (classical) approach, which is based on
intuitively introduced molecular potentials, depending on the
appropriate force constants (regarded as fitted model param-
eters), the translational band is ascribed to interaction of adjacent
charged molecules and, hence, generally is ascribed to the same
origin, as is suggested by Sharma et al.1 However, instead of
considering an assembly of particlessas was done in the work
of Sharma et al.1swe calculate the spectra generated (i) bytwo
elastically vibrating charged HB molecules and (ii) by one polar
molecule, almost freely librating in a certain intermolecular
potential well. Then, as observed from the left column of Figure
9, it is possible to describe the translational band, as well as
other bands of water in the range of 0-1000 cm-1, in terms of
the analytical theory that has been briefly reviewed previously.
This theory connects a linear Lorentz-type dielectric response
in the translation band (T-band) with fast vibration of two
charged water molecules along the hydrogen bond (combined
with harmonic reorientation of permanent dipoles about this
bond) during a lifetime of∼0.1 ps. Thus, this classical
mechanism is in approximate correspondence with the quantum
approach.1

Perhaps the main advantage of our analytical approach
consists of the application of thetwo-fractionmodel, for which
two features are characteristic:

(1) The main decrease in the permittivity constantε′(ν), with
frequencyν, from the static value toε∞ ≈ 3, is determined by
the motion of a polar water molecule, regarded as anisolated
rigid dipole, noninteracting with other molecules and moving
rather freely in a certain (hat) intermolecular potential.

(2) The T-band, which presents (in this context) a peak of
our interest, is partially determined by an intermolecular
vibration that is governed by the longitudinal force constant,
whose valuek is fitted to obtain the 200 cm-1 band.

One may suggest that (2) isnot properly regarded in the
current MD approach. However, we emphasize the inestimable
advantage of the MD simulation method, in regard to its ability
to predictthe spectra (as well as many other important properties
of investigated fluids) usingonly an intermolecular interaction
potential. The analytical theory that has been used in this work
is generally capable of parametrizing the model only ad hoc,
using, to a greater or lesser extent, the experimentally obtained
spectra. Therefore, it is reasonable to use both methods to
calculate the water/ice spectra.
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