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Vibrational spectroscopy studies show that the bulk water bending band becomes narrower with increasing
temperature (Mare´chal, Y.J. Mol. Struct.1994, 322, 105). Since this counterintuitive effect is not associated
with the quantum nature of nuclear motion a molecular dynamics (MD) simulation is expected to reproduce
it even in the classical limit. We have performed a classical MD simulation of the flexible simple point
charge (SPC) and extended SPC (SPC/E) water models to determine the temperature dependence of the bulk
water vibrational spectrum. The intramolecular water potential proposed by Toukan and Rahman, including
a stretch-bend coupling term, was applied. We performed MD simulations at-4 and 80°C to compare the
calculated vibrational spectra, in particular, the band associated with the bending mode, with the experiment.
The experimentally determined narrowing of the bending band with increasing temperature is not reproducible
by MD simulation with the applied force field. However, the results show that this approach successfully
reproduces all other experimentally observed spectroscopic properties of bulk water.

1. Introduction

Water is a ubiquitous and exceptional liquid. For a compre-
hensive, recent attempt to collect all the known properties of
water, including the effects of isotopic substitutions and
spectroscopic properties, see ref 1.

Vibrational spectroscopy studies of bulk water in the range
of 400-4000 cm-1 are rare.2-5 A water molecule in the gas
phase has three vibrational modes. Symmetric stretching appears
at 3656 cm-1, asymmetric stretching at 3755 cm-1, and bending
at 1594 cm-1. In the liquid state, the infrared and Raman spectra
become more complex due to vibrational overtones and
intermolecular modes. The latter include librations associated
with restricted rotations, hydrogen-bond stretchings, and modes
involving coupled stretching and bending.5 Both infrared and
Raman spectra give evidence that there is a small but significant
peak associated with coupling of the bending mode to the low-
frequency libration modes. Temperature dependence of frequen-
cies and intensities of various modes has been reported. In liquid
water, the molecular stretching vibration frequencies are blue
shifted upon raising the temperature, whereas the intramolecular
bending vibrations frequencies are red shifted. The anomalous
behavior has different interpretations.3,6 The center of the
combination modes can have different behavior with temper-
ature, depending on the weight of each mode. As examples,
the first overtone combination of symmetric and asymmetric
stretch shows a shift from strongly hydrogen-bonded structures
(6707 cm-1) to weakly hydrogen-bonded structures (7082 cm-1)
with increasing temperature,3 and the combination band at about
5200 cm-1 shifts to slightly higher wavenumbers with reduced
hydrogen-bond strength.6

Recently, Mare´chal thoroughly studied the temperature
dependence of the vibrational spectrum of bulk water.2 An
important conclusion of his work was that the band associated
with bending centered at about 1650 cm-1 becomes narrower

with increasing temperature. Supercooled water at-4 °C has a
broader band than water at 80°C. This is a counterintuitive
result since according to textbook statistical mechanics the
molecular collisions should broaden the vibrational bending band
with increasing temperature.7 Since the same dependence was
observed for deuterated forms of water, namely, for HDO and
D2O,2 one can rule out the effects arising from the quantum
nature of nuclear motion. Classical molecular dynamics (MD)
simulation with a more or less complex potential is therefore
the method of choice for a computational study of the liquid
state.

Recently, numerous molecular simulations of water have been
performed using various models.8-17

In this article, we performed a classical MD simulation with
the flexible simple point charge (SPC) and flexible extended
SPC (SPC/E) water models18,19 to model the temperature
dependence of the vibrational spectrum. The applied water
models were based on the Toukan and Rahman potential,20

which combines SPC nonbonding terms,18 and an intramolecular
part that includes the stretch-bend coupling term first introduced
by Kuchitsu and Morino.21 On top of that, the models applied
in this work also include the reaction field treatment of long-
range electrostatics.22-24 The vibrational spectrum envelope was
calculated by a Fourier transform of the velocity autocorrelation
function. Our simulations were performed at two tempera-
tures: at-4 °C, corresponding to supercooled water, and at 80
°C. The calculated vibrational spectra, in particular, the band
associated with the bending mode, are compared with the
experiment. The organization of this article is as follows. Section
2 describes the applied simulation methods. The results and
discussion are summarized in section 3, followed by conclusions
in section 4.

2. Computational Methods

2.1 Symplectic MD Integrator. We have employed in our
simulations a recently derived split integration symplectic
method (SISM),25-27 a second-order symplectic MD integrator.* Corresponding author. E-mail: janez@kihp2.ki.si.
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In derivation of the SISM we split the HamiltonianH of a
system into two parts

whereH0 is the part of the Hamiltonian, which can be solved
analytically andHr is the remaining part.

Then a second-order approximation for the classical propaga-
tor exp(∆tL̂H) known as the generalized leapfrog scheme28,29

defines the SISM if the propagation by exp(∆t/2L̂H0) is solved
analytically using normal modes of an isolated molecule,30-33

while the propagation by exp(∆tL̂Hr) is solved numerically.
Owing to the analytical treatment of high-frequency molecular

vibrations, the SISM is especially accurate and efficient for
computing the vibrational spectrum. Since the vibrational
spectrum is one of the most sensitive properties with respect to
the simulation protocol, application of such an accurate integra-
tor is justified.

2.2 Simulation Protocol.MD simulations were implemented
for a system of 2048 flexible simple point charge (SPC) water
molecules18 with the intramolecular potential proposed by
Toukan and Rahman20 in a cubic box with periodic boundary
conditions using the minimum image convention. The MD
Hamiltonian was of the following form20,34,35

wherei andj run over all atoms and intramolecular interactions
are excluded,k runs over all molecules,mi is the mass of the
ith atom,pi is the linear momentum of theith atom,∆r1k, ∆r2k

are the stretch in the O-H bond lengths,∆r3k is the stretch in
the H-H distance of thekth molecule,De is the depth of the
Morse potential,a ) (xkr/2De), kr, kθ, krθ, andkrr are the force
constants of intramolecular potential;ei denotes the charge on
the ith atom,ε0 is the vacuum dielectric permittivity,rij is the
distance between theith andjth atoms, andεij andσij are the
corresponding constants of the Lennard-Jones potential. The
nonbonded interactions were calculated following the procedure
described in refs 8, 23, and 24: the van der Waals and
electrostatic interactions among all molecules inside the cutoff
sphere of radiusRc ) 14 Å were calculated explicitly while
the long-range electrostatic interactions between molecules with
the centers of mass at a distance beyond the cutoff radiusRc

were included by the reaction field term8,36,37

The system outside the spherical cavity of radiusRc is thus
treated as a dielectric continuum with a dielectric constantεRF

corresponding to the experimental value at the given temper-
ature, as listed in Table 3. We have chosen the reaction-field
method to treat the long-range electrostatic interactions since it

is known that the Ewald summation method38 and related mesh
methods impose an artificial periodicity in systems that are
inherently nonperiodic, e.g., liquid water, and therefore can
cause artifacts in molecular simulations.39-44 The applied force
field parameters are collected in Table 1.

The first term in the Hamiltonian (3) is the kinetic energy of
the system, the second term is the Morse potential defining the
bond stretching potential, the third one describes the angle
bending potential, the fourth and the fifth term are cross terms
describing coupling between the internal coordinates, the sixth
term is the Coulomb potential, the seventh term is the Lennard-
Jones potential, and the last term is the reaction field term,
respectively.

Although the original SPC water model is rigid and was
originally designed to reproduce the experimental density and
heat of evaporation of liquid water at 298 K, it is quite successful
in reproducing most thermodynamic properties of water not only
at ambient conditions but also in a wide range of state
conditions, including the supercritical conditions.45 As an
improvement of the rigid model, the flexibility of the water
molecule is incorporated by adding additional energy terms for
stretching and bending to the potential function.20,34,46,47The
flexible SPC water model can also account for corrections due
to the self-polarization energy inherent in the potential as well
as the correction to the average monomer energy when going
from gas to liquid.47 Also, the water spectroscopic properties
are well reproduced including the experimentally observed
solvent-induced red shift of the stretching band and the
characteristic blue shift of the bending band upon going from
gas to liquid.20,34,47

The flexible SPC water model20 applied in this study is more
realistic in reproducing the vibrational spectra than the flexible
SPC water model developed in ref 47 or the flexible TIP3P
(transferable intermolecular potential with three interaction sites)
water model48,49since it uses the Morse function instead of the
quadratic function for describing the bond stretching and
includes an additional stretch-bend coupling term. As discussed
in refs 20 and 46, this is the key factor to describe the
experimentally observed red shift of the stretching band, which
is due to both the liquid surrounding as well as the anharmo-
nicity of the potential.

The chosen sizes of the cubic box were 39.5 and 39.9 Å
corresponding to experimental densities of 1.0 and 0.972 g/cm3

at -4 and 80°C, respectively. The simulations were performed
at two constant temperatures,-4 and 80°C, using Berendsen’s
thermostat with the 0.1 ps coupling constants.50

TABLE 1: Parametersa of the Flexible SPC Model18 of
Water Molecule with Kuchitsu-Morino Intramolecular
Potential20,21

parameter value

r0 1.0 Å
θ0 109.47°
De 101.9188 kcal/mol
a 2.567 Å-1

kθ 328.645606 kcal/mol/Å2

krθ -211.4672 kcal/mol/Å2

krr 111.70765 kcal/mol/Å2

eH 0.41e0

eO -0.82e0

σOO 3.166 Å
εOO 0.1554 kcal/mol

a Parameterr0 is the equilibrium O-H distance,θ0 is the equilibrium
value of angle H-O-H, and quantitye0 is the positive unit charge.
All force field parameters of the flexible SPC/E model19 are the same
except for the increased partial chargeseH ) 0.4238e0 and eO )
-0.8476e0.
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The initial positions and velocities of the system atoms were
chosen at random. Then the system was equilibrated for 100 ps
to ensure that the velocities at a desired temperature assume a
Maxwell distribution. Using the SISM with a 1.0 fs integration
time step and these initial conditions two 500 ps MD simulations
were performed and used for analysis. Performing MD simula-
tions by the SISM with a 1.0 fs integration time step avoids all
possible artifacts due to inaccurate integration.27

We have also performed two additional MD simulations at
-4 and 80°C with the same simulation protocol for a system
of 2048 flexible extended SPC (SPC/E) water molecules.19 In
the SPC/E water model the self-polarization energy term is
included in the effective pair potential. This is realized by the
increased partial chargeseH ) 0.4238e0 on the hydrogen atoms
and eO ) -0.8476e0 on the oxygen atoms, wheree0 is the
positive unit charge and all others force-field parameters are
the same as the parameters of the flexible SPC model reported
in Table 1.

2.3 Calculation of Vibrational Spectrum. The infrared (IR)
absorption spectrum is obtained by Fourier transforming the
dipole moment autocorrelation function as51-53

where I(ω) is the spectral density,M (t) is the total dipole
moment of the system at timet, andω is the vibration frequency.
M (t) is equal to the sum of all the individual dipole moments
of the molecules in the simulation box

whereµi(t) is the dipole moment of theith molecule at timet
andm is the number of molecules in the simulation box. The
autocorrelation function of the dipole moment is given by54,55

wheren is the number of all the atoms in the system,ej is the
fixed electric charge of thejth atom, andr j(t) is the position
vector of thejth atom at timet. The angular brackets represent
an average taken over all time origins. The IR spectrum can be
also computed using the dipole moment time derivative auto-
correlation function53-55

The spectral density is then given as54,55

The IR spectrum calculated by eq 9 differs from the IR spectrum
using eq 5 only by its intensity.54

In strongly coupled molecular systems with a large number
of atoms time autocorrelation functions (7) and (8) should decay
to zero very rapidly within a small number of vibration periods.

In MD simulations of systems with a relatively small number
of atoms the obtained autocorrelation functions however fluctu-
ate around the value of zero for much longer times. This artifact
can be attributed to a small number of atoms and periodic
boundary conditions. These fluctuations can be removed either
by averaging together several individual correlation functions
from statistically independent portions of the same trajectory
or by applying an apodization function of a Gaussian type exp-
(-Rt2) prior to the Fourier transform calculation.54,56 The
parameterR is chosen in a way that the amplitude of fluctuations
asymptotically approach zero in the 0.5 ps time interval. The
spectral density is then

3. Results and Discussion

We determined the effect of using the apodization function
exp(-Rt2) in the calculation of a vibrational spectrum. In Figure
1 are presented the calculated vibrational spectra for the flexible
SPC water model atT ) 80 °C obtained by eqs 9 and 10,
respectively, employing the fast Fourier transform (FFT)
routine.57 It can be observed that the spectrum computed by eq
10 is only smoothed with the respect to the corresponding
spectrum obtained by using eq 9, while peak positions and line
widths remain the same. Therefore, we have used eq 10 for all
further evaluations of the vibrational spectra.

The calculated vibrational spectra of bulk water atT )
-4 °C andT ) 80 °C are depicted in Figure 2, which displays
three characteristics frequency bands of bulk water correspond-
ing to the stretching, bending, and librational motions of water
molecules. Both the flexible SPC and SPC/E water models with
the reaction field treatment of the long-range electrostatics were
considered. Although the SPC/E model predicts improved self-
diffusion and static dielectric constants and an improved liquid
structure relative to the SPC model,8 it is evident from Figures
2-5 that the results for the flexible SPC and SPC/E models
are similar. The bending and libration bands of the flexible
SPC/E water are positioned at slightly higher frequencies and
the stretching band at a slightly lower frequency relative to the
flexible SPC model. In both cases, the positions of the three
characteristics frequency bands are in agreement with the
experiment as indicated in Table 2 in which the experimental
and calculated vibrational frequency are given for the gas and
liquid phases of water. The solvent-induced red shift of the
stretching band and the blue shift of the bending band upon

Figure 1. IR spectrum (arbitrary units) of water atT ) 80°C calculated
by SISM for the flexible SPC water model with or without the
application of the apodization function exp(-Rt2) with R ) 20.
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going from gas to liquid are well reproduced. Also, as can be
observed from Figure 2, the blue shift of the stretching band as
well as the red shifts of the bending and the librational band
with an increasing temperature2,47,58 are reproduced. This
confirms that the quality of the applied water models is high
enough to qualitatively reproduce spectroscopic properties of
liquid water at given temperatures.

However, from Figure 3, which shows the corresponding
bending bands atT ) -4 °C andT ) 80 °C, we can observe
that the widths of both bands are approximately the same (≈60
cm-1) in contrast to the experiment (≈40 cm-1 for T ) 80 °C).2

Maréchal attributed the effect of narrowing of the bending
band to the uniaxial rotational intermolecular motion. The

explanation is based on the premise that the rotational motion
around the symmetry axis is faster than rotation around the other
two axes. Mare´chal explains the effect by rotational energy
levels that are above the classical potential barrier and therefore
exhibit a diffusive character. This leads to rapid relaxation of
bending vibrations and consequently to bending band narrowing
with increasing temperature.2

Anisotropy of water rotational motion has been critically
discussed by van der Spoel et al.59 Experimental data give strong
evidence that rotational motion is isotropic, while classical MD
simulation using various effectively polarized water models
gives significant anisotropy.59 Therefore, MD simulation should
reproduce the effect even in the classical limit.

Since, according to Kubo relations,60 the bending band is
expected to adopt a Lorentzian shape, we have fitted the
obtained bending band at both temperatures by a Lorentzian
curve of the formf(x) ) P/πµ{1 + [(x - xj)/µ]2}. The results
are presented in Figures 4 and 5 forT ) -4 °C andT ) 80 °C,
respectively, for both water models. We have also fitted the
computed bending bands by a fitting function of the Gaussian
type and found that the agreement of the computed data with
the Lorentzian curve is slightly better than the corresponding
fit to the Gaussian curve (lower standard deviation (std) value57),
which is in agreement with Kubo.60 The parameterµ, which
corresponds to the width of the Lorentzian curve, is slightly
larger in the case ofT ) 80 °C. Therefore, we can conclude
that our simulations did not reproduce the narrowing of the
bending band with increasing temperature. The discrepancy
between computed and experimental results could be attributed
to the limitations of the water models employed.

To determine the possible effects of the system size and the
simulation length, we also performed all simulations for a system
of 256 molecules. The simulation protocol was the same as in

Figure 2. IR spectrum (arbitrary units) of water atT ) -4 °C and
T ) 80°C calculated by SISM (smoothed withR ) 20). (a) The flexible
SPC water model. (b) The flexible SPC/E water model.

TABLE 2: Experimental and Calculated Vibrational
Frequencies of Water

experimenta calculated

gas phase [cm-1] [cm-1]

asymmetric stretch 3755 3965
symmetric stretch 3656 3836
bending 1594 1659

liquid phase (SPC) [cm-1] [cm-1]

stretching 3557 3564b, 3621c

bending 1670 1806b, 1790c

libration 597 675b, 640c

liquid phase (SPC/E) [cm-1] [cm-1]

stretching 3557 3515b, 3540c

bending 1670 1829b, 1811c

libration 597 750b, 685c

a Experimental values are taken from refs 46 and 58, where stretching
and bending correspond toT ) 40 °C and libration corresponds to
supercooled water atT ) -15 °C. b T ) -4 °C. c T ) 80 °C.

Figure 3. Bending peak (arbitrary units) of water atT ) -4 °C and
T ) 80°C calculated by SISM (smoothed withR ) 20). (a) The flexible
SPC water model. (b) The flexible SPC/E water model.
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the example of 2048 molecules except for the cubic box sizes
19.75 and 19.95 Å, the cutoff radiusRc ) 9 Å, and the 2 ns
production run length. The computed spectra for the smaller
(256 molecules) and larger (2048 molecules) system, shown in
Figure 6 for the example of the system of the flexible SPC/E
water molecules atT ) -4 °C only, coincide regardless of the
temperature and water model used. Therefore, we can conclude
that the system size and effects due to periodic boundary
conditions associated with it have no effect on the bending
bandwidth.

To further validate our simulations and the models used, we
also computed the static dielectric constantε for the smaller
system. The static dielectric constantε is related to the
fluctuations in the total dipole moment of the system as22,61

whereM is the total dipole moment of the system,V is the
total volume of the system,kB is the Boltzmann constant, and
T is the absolute temperature. The angular brackets denote a
time average. The results for the flexible SPC and SPC/E water
are listed in Table 3 together with the experimental values.65

The computed values for both systems at both temperatures are

slightly lower than the corresponding experimental values, but
nevertheless higher than the reported literature values of the
rigid SPC and SPC/E water models.8,59,61The better agreement
of our results with the experiment is due to the flexibility of
the flexible SPC and SPC/E models, which allow internal
geometry changes and oscillation of the dipole moment of a
water molecule.

Although these water models are unable to reproduce the
experimentally observed bending band temperature narrowing,

Figure 4. (a) Bending peak (arbitrary units) of water atT ) - 4 °C
calculated by SISM using the flexible SPC water model (smoothed
with R ) 20). Fitting functionf (x) is the Lorentzian curve defined as
f(x) ) P/πµ{1 + [(x - xj)/µ]2} with P ) 0.85,xj ) 1806 cm-1, andµ
) 57 cm-1 (std) 0.000159). Fitting functiong(x) is the Gaussian curve
defined asg(x) ) a exp[-(x - xj)2/2σ2] with a ) 0.0043,xj ) 1805
cm-1, andσ ) 59 cm-1 (std) 0.000292). (b) The same as in (a) except
for the flexible SPC/E water model. The fitting parameters areP )
0.85,xj ) 1829 cm-1, andµ ) 58 cm-1 (std) 0.000168) for the fitting
function f(x) and a ) 0.0043,xj ) 1829 cm-1, and σ ) 59 cm-1

(std ) 0.000276) for the fitting functiong(x), respectively.

ε )
1 + [(〈M2〉 - 〈M 〉2)/3ε0VkBT][2εRF/(2εRF + 1)]

1 - [(〈M2〉 - 〈M 〉2)/3ε0VkBT][1/(2εRF + 1)]
(11)

Figure 5. (a) Bending peak (arbitrary units) of water atT ) 80 °C
calculated by SISM using the flexible SPC water model (smoothed
with R ) 20). Fitting functionf(x) is the Lorentzian curve defined as
f(x) ) P/πµ{1 + [(x - xj)/µ]2} with P ) 0.84,xj ) 1790 cm-1, andµ
) 69 cm-1 (std) 0.000143). Fitting functiong(x) is the Gaussian curve
defined asg(x) ) a exp[-(x - xj)2/2σ2] with a ) 0.0035,xj ) 1789
cm-1, andσ ) 71 cm-1 (std) 0.000289). (b) The same as in (a) except
for the flexible SPC/E water model. The fitting parameters areP )
0.84,xj ) 1811 cm-1, andµ ) 72 cm-1 (std) 0.000145) for the fitting
function f(x) anda ) 0.0034,xj ) 1810 cm-1, andσ ) 73 cm-1 (std
) 0.000276) for the fitting functiong(x), respectively.

Figure 6. IR spectrum (arbitrary units) of water atT ) -4 °C
calculated by SISM for systems of 256 and 2048 flexible SPC/E water
molecules.
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they successfully reproduce overall spectroscopic properties of
bulk water. We expect that the MD simulation using a more
accurate potential function would also reproduce the experi-
mentally observed bending band narrowing.

4. Conclusions

A classical MD simulation of the flexible SPC and SPC/E
water models with the Kuchitsu-Morino intramolecular potential
and the reaction field treatment of long-range electrostatics,
together with an accurate symplectic SISM integrator, was used
to study the temperature dependence of the water vibrational
spectrum. All spectroscopic properties of liquid water, except
the narrowing of the bending band at 1650 cm-1, were
reproduced.

To our belief, a quantum-dynamical treatment of nuclear
motion would not improve the agreement between the calculated
and experimental vibrational water spectrum, since experimental
data indicates that even HDO and D2O show the same effect.2

Speculations that the narrowing of the bending band of water
at 80°C could be caused by the molecules being more ordered
than in supercooled water are ruled out by the neutron scattering
studies showing no enhanced water ordering at 80°C.62 This
means that the narrowing of the bending band is due to some
other cause.

Perhaps we would be able to better describe this subtle effect
by using less crude water models. However, within the class of
nonpolarizable models the SPC/E model19 combined with the
reaction field gives the closest agreement with experimental data
for various properties of bulk water.59 Combined with the
intramolecular potential proposed by Toukan and Rahman,20 the
SPC/E model should therefore be the preferred nonpolarizable
water model for calculating the vibrational spectrum of bulk
water.

The flexible SPC and SPC/E water models used in our study
were developed from the rigid SPC and SPC/E water models
by adding the intramolecular potential with no adjustment of
the other model parameters.20 In these models, it is therefore
not considered that the internal vibrational motion will change
the equilibrium configuration of a molecule.35

Further improvements of the water models could also be
achieved by reparametrizing the parameters to be optimized for
use with a reaction field59,63 and by including an explicit
polarization term in the model potential. Much work remains
to be done in the development of this approach to explore its
advantages and limitations. Besides the electronic polarizability,
the electron transfer among the molecules might be important.
A first principle simulation, such as Car-Parrinello molecular
dynamics,66 would be able to reproduce the temperature
dependence of the vibrational spectrum of bulk water. With the
ever increasing available computing power,67 these simulations
will become feasible.
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(25) Janezˇič, D.; Praprotnik, M.Int. J. Quantum Chem.2001, 84, 2.
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