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Rotational Dynamics in Liquid Water: A Simulation Study of 
vibrational Motions 

Igor M. Svishchev* and Peter G. Kusalik 
Department of Chemistry, Dalhousie University, Halifax, Nova Scotia, Canada B3H 4J3 

The rotational dynamics in liquid water have been studied. The power spectra of the single-molecule orienta-
tional autocorrelation functions (ACF) have been calculated in molecular dynamics simulations with the SPC/E 
potential and have been used to characterize various rotational motions of water molecules. Both ordinary and 
heavy water have been examined at temperatures of —10 and 25°C. For liquid H20 at 25°C the power spectra of 
the second-order (Raman) orientational ACFs contain three intense bands, centred at ca. 500, ca. 560 and ca. 
670 cm - 1 , and a less intense high-frequency shoulder at ca. 820 cm - 1 . Two intense librational bands with 
maxima at ca. 570 and ca. 650 cm - 1 are present in the power spectrum of the single-dipole orientational ACF for 
the same system. The average temperature coefficient for the librational frequencies of SPC/E water is found to 
be about —0.65 cm - 1 K_1, which agrees well with experimental estimates. A well resolved rototranslational 
band centred at ca. 55 cm"' is observed in the low-frequency region of the power spectra of the single-molecule 
orientational ACFs. This band is relatively insensitive to temperature variations and shows no isotopic effect. 

1. Introduction 

The dynamical structure in liquid water is often characterized 
as a fluctuating network of hydrogen (H-) bonded 
molecules1'2 in which specific molecular motions, such as 
restricted translations and rotations (librations), give rise to a 
remarkably rich vibrational spectrum in the THz region.1-11 

Many practically important collective phenomena in aqueous 
media (acoustic11'17 etc.) involve these (low-frequency on a 
spectroscopic timescale) vibrational motions, and hence they 
have received a great deal of attention in experimental 
(Raman and IR) 3 - 1 0 and theoretical (computer simu
lation)10^16 studies. 

The low-frequency Raman studies 1,3'5~8 yield three vibra
tional bands of librational origin centred at ca. 720, ca. 550 
and ca. 450 c m 1 and two major translational bands centred 
at ca. 190 and ca. 60 cm - 1 . It is now well documented that 
the translational band at ca. 190 cm"1 (usually referred to as 
an 0 0 stretching mode of water pentamers) shows a pro
nounced increase in intensity with decreased temperature3,7 

(behaviour which is consistent with an increase in intermolec-
ular H-bonding), while the band at ca. 60 cm" ! (believed to 
be induced by OOO bending of three H-bonded molecules) is 
relatively insensitive to temperature variations.5,7 In several 
investigations with supercooled water a weak translational 
band at ca. 260 c m - 1 has also been reported.7 The interpre
tation of this band is that it arises from splitting of the major 
stretching mode into two components due to the difference in 
force constants for the vibrational motions parallel and per
pendicular to the molecule's dipole axis. In recent studies an 
additional relaxation mode has been detected5 which appears 
^ a weak shoulder on the elastic Rayleigh peak with a char
acteristic Raman frequency of ca. 8 cm"1 at 25 °C. The struc-
wal mechanism responsible for this relaxation process has 
yet to be clarified; it has been suggested that large rotational 
potions of water molecules which control the lifetime of H-
°nded pentamers give rise to this peak in Raman spectra.5 

Data from the infrared studies generally support the 
aman data in mapping librational and translational modes 

0r liquid water. The major feature of the far-infrared spec-
rum of water9,10,18,19,21 is an extremely intense broad band 
ntred at ca. 700 cm"1 which overlaps at the low-frequency 

J j w'th a much less intense band with a maximum at ca. 
/~ cm-1. There also exists some evidence for additional 

"tributions at low frequencies to the IR absorption from 
n e 550and55cm- lbands.9 , 2 0 , 2 1 

In principle, we can also use computer simulations to study 
these low-frequency molecular vibrations in liquid water 
structure and a number of such investigations have been 
carried out. Impey et al.11 have examined MCY water at 
several state points. In this work they calculated the power 
spectra arising from single-particle orientational autocorrela
tion functions11'22 and found a single broad librational peak 
at ca. 400-450 cm - 1 . More recently, extensive simulations 
with the TIP4P potential1 3 1 4 1 6 have been carried out. 
Again, only a single librational mode has been found at a 
frequency of ca. 550 cm"1 . However, these results also indi
cate the presence of a low-lying dumped resonance mode at 
ca. 20 cm"1 in the rotational spectra of TIP4P water. It has 
been suggested in the work of Bertolini and Tani15 that this 
mode may be due to rototranslational 'interactions'. 

Clearly, many questions still remain concerning both the 
structure and the physical origin of these low-lying vibra
tional modes. For example, it remains unclear as to how 
many librational modes are actually active in a non-
polarizable water model. These questions can be most readily 
addressed through computer simulation. In this paper we 
present the rotational spectra for the SPC/E model of liquid 
water in the 10-1000 cm"1 region in which the features due 
to various molecular motions are clearly resolved. These 
spectra have been obtained via Fourier transforms of the 
single-molecule orientational ACFs. We have also calculated 
the power spectra of the principal components of the angular 
velocity ACF. In order to resolve the complex spectral struc
ture in the frequency region under consideration, large 
storage arrays for these ACFs (thereby providing high-
resolution spectra) have been exploited in rather long simula
tion runs (with production periods of ca. 800 ps). In this work 
two temperatures, —10 and 25 °C, have been examined and 
both ordinary and heavy water have been studied. 

The remainder of this paper is organized as follows. In 
Section 2 we outline the methodological details of our simu
lations, and then in Section 3 we present spectra and discuss 
their origin. Finally, our conclusions are given in Section 4. 

2. Simulation Details 

In this article we report results from molecular dynamics 
simulations of liquid water performed with the SPC/E pair-
potential.23 The principal frame is defined in Fig. 1. As in our 
previous work with SPC/E water,24 where the spatial dis
tributions of molecules in the local frame were examined, we 
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Fig. 1 
model 

Principal frame coordinates and geometry of the SPC/E 

have taken the Z-axis to be along the dipole moment and the 
XZ plane to be the molecular plane. For heavy water the 
interaction parameters and the corresponding molecular 
geometry of the SPC/E model were assumed to be unchanged 
except for the increase of the hydrogen mass. 

Our MD simulations have been carried out with samples 
of 256 molecules at experimental densities at constant tem
peratures of - 10 (H20) and 25 °C (H 2 0 and D20). In order 
to ensure that our spectra did not contain artificial peaks due 
to the periodic boundaries, test calculations were conducted 
with 108 particles at 25 °C and no significant changes in the 
spectral structure were detected. In our calculations isother
mal conditions were maintained by means of a Gaussian 
thermostat.25 We have utilized a truncated octahedral 
geometry for the simulation cell26 and periodic boundary 
conditions (Ewald sums).27'28 Our implementation of the 
Ewald method is described in detail in ref. 24. A fourth-order 
Gear algorithm29 with a time step of 1.25 fs was used to inte
grate the isokinetic equations of motion and the rotational 
degrees of freedom were represented using quaternions.27 At 
each temperature the system was allowed to equilibrate for 
ca. 100 ps and averages were collected over the subsequent 
800 ps. 

Single-molecule orientational autocorrelation functions 
have been employed to calculate the spectral functions: 

IK Jw) = w2 Re Ck a(r)exp(icor) df (I) 

where 

Q , ( ' ) = ( W ) ^ . ( 0 ) ] > (2) 

In eqn. (1) and (2), k is a positive integer, e„ (a = x, y, z) are 
the unit vectors of the principal frame, w is the wavenumber 
defined as v/c (v is the frequency and c is the speed of light), 
and Pt denotes a Legendre polynomial of order k. The 
Fourier transforms were carried out after the principal relax
ation modes (the long-time exponential decays) have been 
subtracted from the autocorrelation functions Ck a(t). We 
remark that the Fourier transforms of the second-order 
orientational ACFs C2 Jj) can be used to approximate an 
allowed Raman spectrum for our system, while the transform 

of the ACF C, z(t) represents the single-dipole contribution 
to its allowed IR spectrum. 

The statistical errors in our simulated spectra were esti
mated using the procedure outlined by Allen and Tildesley;2' 
they are <0.5%. Large storage arrays, spanning at least 
two13 time-steps (ca. 10 ps), have been used to accumulate 
CtJt) during simulation runs, since smaller arrays, while 
requiring less memory, would have resulted in a much lower 
resolution. 

3. Simulation Results and Discussion 

Our major simulation results, the Fourier transforms of the 
single-particle orientational autocorrelation functions of 
SPC/E water, are presented in Fig. 2 and 3 for ordinary water 
and Fig. 4 and 5 for heavy water. The transforms of the 
second-order (Raman) orientational ACFs C2,y(t) and C2 (A 
possess very similar structure (both band shapes and posi
tions of spectral maxima) and hence for reasons of clarity we 
have plotted only the X and Z contributions. The Fourier 
transforms of the first-order single-dipole ACF Clz(t) for 
ordinary and heavy water are plotted, respectively, in Fig. 3 
and 5. To illustrate the temperature dependence in these 
spectra, data for ordinary water at — 10 and 25 °C have been 
directly compared in Fig. 2 and 3, in which the upper curves 
are always the low-temperature result. The spectral 
resolution achieved can be clearly seen in Fig. 2(b), 3(b), 4(6) 
and 5(b), where the discrete points in frequency are explicitly 
shown. 

200 300 400 500 600 700 800 900 1000 
co/crrr1 

tali"8' Fig. 2 Fourier transforms of the second-order (Raman) orient; 
al ACFs C2iX(t) (a) and C2Jt) (b) for ordinary SPC/E water u»» 
10-1000 cm -1 frequency region. A, High-frequency end; °> ,( 
frequency end. The solid and the dotted lines are, respectively. 
results at 25 and — 10 °C. In B only !2 x((o) is shown. 
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Fig. 3 Fourier transforms of the single-dipole orientational ACF 
C,Jt) for ordinary SPC/E water in the 10-1000 cm -1 frequency 
region, (a) High-frequency and (b) low-frequency end. The solid and 
the clotted lines are as in Fig. 2. 
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Fig. 4 Fourier transforms of the second-order (Raman) orientation
al ACFs C2, Jt) (a) and C2 Jt) (b) for heavy SPC/E water at 25 °C in 
the 10-1000 c m 1 frequency region. A, High-frequency and B, low-
frequency end. In B only l2 Jto) is shown. 

We begin our analysis with the power spectra of the 
second-order orientational ACFs for liquid H 2 0 and focus 
first on the high-frequency end. It can be seen in Fig. 2(a) that 
while the Fourier transform of C2 Jt) has a single librational 
Peak centred at ca. 500 cm"1 (at 25°C), the Fourier trans
form of C2 Jt) has a rather complex structure with major 
ra«ima at 560 and 670 cm"1 . We point out that all these 
Wks have been detected, although at slightly different fre
quencies, in experimental Raman studies.3-5"7'20 In addition 
t0 these major maxima, a high-frequency shoulder at ca. 820 
m~' (at 25 °C) is also evident in the spectrum of C2- Jt). 

In order to relate these spectral features to specific molecu-
ar motions in as direct a way as possible we have also con-
Wered the power spectrum of the angular velocity 
"^correlation function. In Fig. 6(a) the Fourier transforms 

'he three principal components of the angular velocity 
CF are shown (at frequencies 100-1000 cm"1). We observe 

„ the rotational oscillations of water molecules about their 
and Z axes, as reflected by peaks at 500 cm" ' in the power 

Arc-14 °^ " l e ^ anc^ ^ c o m P o n e n t s ° f t n e angular velocity 
[see Fig. 6(a)], give rise to a nearly symmetric 

Cj
aximum in the I2,Jco) [see Fig. 2(a)]. At the same time we 

iial|See l ^ a t t n e m o r e raPid rotations about the X-axis essen-
* do not contribute to the / , This fact can be 
>nea on the basis of the cumulant expansion of the 

*ntain 
in which the leading order dependence does not 
terms due to (wjt)coj0)}.il We also find that, unlike 

molecular rotations about the Y and Z principal axes, rota
tional motion about the X axis appears more complex; the 
power spectrum of (a>Jt)a>JO)} is noticeably skewed toward 
higher frequencies. This seems to indicate that the fine libra
tional structure in the spectra of the second-order (Raman) 
orientational ACFs reflects different types of oscillatory 
motions primarily about the principal X axis (given our defi
nition of the local frame). 

The librational spectrum of the single-dipole ACF C1 Jt) 
for liquid H 2 0 is shown in Fig. 3(a) and, as we might expect, 
its shape appears to be quite similar to that of the second-
order ACF C2 Jt). Both major librational peaks, centred at 
ca. 570 and ca. 650 cm"1, are present, although the high-
frequency peak clearly displayed in 72 Ja>) is not resolved in 
lx z(cu). We recall that the major difference between experi
mental IR and Raman spectra at these frequencies arises 
largely from the fact that only the single-dipole ACF C^ Jt) 
contributes to the IR spectrum, while the Raman spectrum 
has contributions from all second-order orientational 
ACFs.11 '22 '30 Correspondingly, the 500 cm"1 band which 
dominates the Raman spectrum is absent in the experimental 
IR data. 

In order to illustrate how temperature affects the libra
tional motions of molecules in SPC/E water, simulation 
results at — 10 and 25° C have been compared directly in Fig. 
2(a) and 3(a). From these data we have then estimated the 
average temperature coefficient, A<cumsx l ib(H20)>/AT, for 
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Fig. 5 Fourier transforms of the single-dipole orientational ACF 
Clz(t) for heavy SPC/E water at 25°C in the 10-1000 cirT1 fre
quency region, (a) High-frequency and (b) low-frequency end. 

the librational frequencies of SPC/E water. The value 
obtained by averaging over the four observed maxima in 
12,x(a>) and I2_z(<ti) and the two major maxima in / j z(pj) is 
ca. —0.65 c m 1 K"1 . The available experimental estimate 
from IR data18 is —0.7 c m 1 K" 1 and we conclude that we 
have successfully reproduced both the sign and the magni
tude of the average temperature coefficient for librational fre
quencies. 

As we might expect, the librational frequencies for SPC/E 
water exhibit a pronounced isotopic effect. The power spectra 
of the second-order orientational ACFs for liquid D 2 0 at 
25 °C are given in Fig. 4(a) and the corresponding spectrum 
of the single-dipole ACF is plotted in Fig. 5(a). The average 
isotopic ratio for frequency maxima, <wmai, lib (D20)> 
/<tomal. Hb.(H20)>, obtained from the librational peaks in 
these spectra appears to be ca. 1.38, reproducing the ideal 
isotopic ratio for the water molecule. 

We now shift our focus to the low-frequency end (<200 
cm"1) in our spectra. As mentioned above, the experimental 
data indicate the presence of at least two resonance bands in 
this region centred around 190 and 60 cm"1 whose intensity 
is largely determined by the many-body interaction-induced 
polarization effects.121*"16 Our simulation results in this fre
quency range from the explicitly non-polarizable SPC/E 
model are shown in Fig. 2(b)-3(b) (for H 2 0) and Fig. 4(b)-
5(b) (for D20). They clearly indicate the presence of a low-
lying band centred at ca. 55 cm"1 (25 °C). It can also be seen 

100 200 300 400 500 600 700 800 900 1000 
ra/cm-' 

c 

100 
co/cm 

Fig. 6 Power spectra of the angular velocity ACF of ordinary 
SCF/E water at 25 °C. A, High-frequency and B, low-frequency end. 
(a), (b) and (c) represent the X, Y and Z principal components, 
respectively. 

that this band is well resolved from the more intense libra-
tiona) peaks. At the same time, we observe that the 190 cm 
band does not appear active in the power spectra of the 
single-molecule ACFs for SPC/E water. 

The low-frequency power spectra of the components of tM 
angular velocity ACF for SPC/E water at 25 °C are shown i» 
Fig. 6(b) and it can be seen that they also exhibit shallo* 
maxima at ca. 65 cm"1, most evident in the X and Z cofl>" 
ponents. Given the fact that a peak appears in the po*61 

spectrum of the linear-velocity ACF at approximately «"J 
same frequency, it becomes apparent that the band at ca-
cm"1 in the spectra of the single-molecule orientation 
ACFs arises from a coupled rotational-translational taoW • 
This claim is strongly supported by our recent work wlu 

explicitly examines rototranslational motion in liquid wate • 
As we might expect, the rototranslational mode at ca. 

cm"1 is rather insensitive to isotopic substitution C00111^ 
Fig. 2(b) and 4(b) or Fig. 3(b) and 5(b)]. We also find that ^ 
temperature coefficient, A<tomax>/AT, for this mode is v 
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small, ca. —0.1 cm 1 K l, which agrees with experimental 
observations.5 

Another feature of this low-frequency rototranslational 
band (exhibited in our model spectra at ca. 55 cm"1) is that 
j t s intensity is rather insensitive to changes in temperature 
(this becomes clearer after the contribution due to the sym
metric librational peak at ca. 500 cm"1 has been removed 
from the spectral data in Fig. 2), which is again consistent 
with experimental observations.5'7 A remarkable increase in 
intensity with decreased temperature is well documented in 
the experimental Raman spectra for another low-lying 
band,31''7 at 190 cm - 1 , and in early work it was correlated 
with the degree of association of H 2 0 molecules in tetra-
hedrally H-bonded fragments in liquid water structure.3" 
Later, this temperature variation in the experimental Raman 
spectra was interpreted as a collective interaction-induced 
polarization effect which accompanies immediate structural 
changes in real water.1213 '22 It has also been argued that the 
60 cm " ] band of the experimental spectra originates from an 
induced polarization effect.22 Our results obtained with the 
non-polarizable SPC/E model, however, indicate that the slow 
rotational dynamics of individual molecules activates the 55 
cm-1 mode. This mode, as shown in ref. 12-14, is enhanced 
in the experimental Raman and IR spectra by many-body 
polarization contributions. At the same time, the absence of 
the 190 cm"1 band in our simulation data suggests that it is 
the interaction-induced polarization effect that activates this 
band in the experimental spectra and governs its temperature 
behaviour. 

Clearly, the simulations with polarizable water models are 
needed to understand more fully the influence of temperature 
on the low-frequency region in the optical spectra of liquid 
water. Sciortino and Corongiu32 have recently calculated the 
low-frequency optical spectra for hexagonal ice using the pol
arizable NCC potential and have compared them with the 
spectra obtained for the TIP4P model. Their results indicate 
that the polarizable model is far better at reproducing the 
positions of experimental bands in the spectra of the ice /h . 

4. Conclusions 

In this article we have reported results from MD simulations 
of liquid water performed with the SPC/E potential. We have 
analysed the Fourier transforms of the single-molecule orien-
tational autocorrelation functions focussing upon the fine 
structure of the molecular librational modes. These modes 
are widely used as probes of the vibrational dynamics in 
liquid water, yet their previous statistical-mechanical analysis 
has been limited because of insufficient spectral resolution in 
simulation data. Both ordinary and heavy SPC/E water have 
been studied at temperatures of - 1 0 and 25 °C. 

Three major librational modes centred at ca. 500, ca. 560 
and ca. 670 cm" ' and a less intense high-frequency shoulder 
al ca. 820 cm"1 have been identified in the spectra of the 
*»otid-order (Raman) orientational ACFs (liquid H 2 0 at 

3 C). Two intense librational bands with maxima at ca. 570 
^d ca. 650 cm"1 have been found in the spectrum of the 
s"igle-diPole ACF (liquid H 2 0 and 25 °C). Analysing the 
Principal components of the angular velocity ACF we have 

nhed that the complex librational structure in these 
J*wa is largely associated with the rotational dynamics of 

a,er molecules about the principal X axis. We have also 
nQ that the average temperature coefficient for the libra-

°ial frequencies of SPC/E water agrees well with available 
"Perimental estimates. 
«, 1? °^ t n e m o s t interesting features of our simulation data 

presence of a well resolved rototranslational mode 
w*s the 
^ntred at ca. 55 cm : which is relatively insensitive to tem

perature variations. This mode has been well characterized in 
experimental Raman studies. We have also found that 
another characteristic low-lying mode, active in experimental 
spectra at ca. 190 cm" i , is absent in the spectra of the single-
molecule orientational ACFs for SPC/E water. This observa
tion supports the claim that its origin in experimental optical 
spectra is due to interaction-induced polarization effects 
accompanying structural transformations in liquid water. 

We are grateful for the financial support of the Natural 
Sciences and Engineering Research Council of Canada. 
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