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Intermolecular Dynamical Charge Fluctuations in Water: A Signature of the H-Bond Network
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3Dipartimento di Fisica Teorica, Università di Trieste, Strada Costiera 11, I-34014 Trieste, Italy

(Received 29 October 2004; revised manuscript received 15 April 2005; published 25 October 2005)
0031-9007=
We report a simulation of deuterated water using a Car-Parrinello approach based on maximally
localized Wannier functions. This provides local information on the dynamics of the hydrogen-bond
network and on the origin of the low-frequency infrared activity. The oscillator strength of the transla-
tional modes, peaked around �200 cm�1, is anisotropic and originates from intermolecular—not intra-
molecular—charge fluctuations. These fluctuations are a signature of a tetrahedral hydrogen-bonding
environment.
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Water is an unusual liquid due to the network of highly
directional H bonds that connect adjacent molecules. The
crucial role that water plays in chemistry and biology is
largely a consequence of its H-bond network [1]. The
dynamics of this network has signatures in the far infrared
(IR) spectrum [2,3]. This exhibits a prominent peak at
�200 cm�1 [4], which is the main topic of the present
investigation. A feature at �60 cm�1 has sometimes been
discussed, but its infrared signature is very weak and is
only detected below room temperature [5]. The feature at
�200 cm�1 is associated to hindered translational motions
of the water molecules [3]. Since translations of rigid
(nonpolarizable) neutral molecules do not couple to elec-
tromagnetic fields, classical simulations [6–8] have ad-
dressed the IR activity of the translational modes by
means of force fields, where each molecule is polarized
according to the local field: the induced polarization is thus
intramolecular. Here we adopt a first-principles approach,
where the liquid is regarded as an assembly of electrons
and nuclei. We find that polarization effects depend on the
environment in a strong intermolecular way.

We report a calculation of the IR spectrum of liquid
water using a modified Car-Parrinello (CP) approach
[9,10], in which maximally localized Wannier functions
(MLWFs) [11] are used in place of delocalized Bloch
orbitals to represent ‘‘on the fly’’ the electronic wave
functions. Our simulation [12] produces a spectrum in
good agreement with experiment. MLWFs show that only
the hindered translational modes associated to asymmetric
changes in the H-bond environment of a tagged molecule
are IR active.

We consider here deuterated water D2O, which in ex-
periments exhibits a low-frequency peak at �185 cm�1

[2]. Given that the onset of intramolecular bond-bending
and bond-stretching modes in D2O is above 1200 cm�1,
the mechanisms responsible for the low-frequency peak
can be understood in a picture in which the molecular
frames are essentially rigid.
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Within classical simulations each molecule in the fluid is
a well-defined entity, carrying a permanent and a dynamic
induced dipole, the latter depending on the environment
only via the value of the local field at the molecular center.
By contrast, in a quantum-mechanical picture the electron
distribution in the fluid cannot be partitioned into terms
unambiguously attributed to individual molecules. In a
quantum picture the electron distribution around the nu-
clear frame of each molecule is strongly affected by its
environment.

H bonds are responsible for the local tetrahedral coor-
dination of the O atoms, and for the Pauling ice-rule
geometry of the H atoms. In the liquid, not all the mole-
cules are tetrahedrally coordinated and H bonds continu-
ously break and reform. In our simulation we consider a
molecule to be tetrahedrally coordinated if it has four
oxygen nearest neighbors and these belong to four non-
face-sharing octants associated to a Cartesian frame cen-
tered on the oxygen atom of the tagged molecule. These
tetrahedral configurations have a typical lifetime of ’
0:2 ps, while individual H bonds exist on average for ’
0:8 ps [18]. A typical tetrahedral configuration from a
snapshot of the simulation is shown in Fig. 1(a).

While in a classical simulation the dipole of each mole-
cule is well defined at any time, in a quantum-mechanical
simulation, owing to the delocalized nature of the electron
distribution, the molecular dipoles are ill defined [19].
However, variations �P of the macroscopic polarization
of a condensed sample are well defined and measurable, at
least via ‘‘gedanken’’ experiments [20,21]. �P for the
translational modes has been expressed in Ref. [19] in
terms of a dynamical molecular charge tensor Z��
(Greek subscripts denote Cartesian components) which
measures the polarization change induced by rigid trans-
lations of a tagged molecule in a sample of volume �. The
dynamical molecular charge tensor generalizes the well-
known concept of effective charge tensor in polar crystals
[21,22]. To linear order in the molecular displacement u
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FIG. 1 (color). (a) Instantaneous tetrahedral environment of a
molecule. The O neighbors are labeled 1 to 4; the x axis connects
1 and 2; the y axis connects 3 and 4; the z axis connects the
center of 1–2 with the center of 3– 4. This local frame is not
orthogonal but the deviation is usually small. 1, 2, 3, and 4
identify a ‘‘cubic’’ cage shown by dashed lines, the center of
which is near the O of the central molecule. The isodensity plots
show MLWFs of the corner molecules participating in H bonds
with the central molecule. The 1 and 2 MLWFs are lone pairs; 3
and 4 are bond pairs. The central molecule forms donor bonds
with 1 and 2 and acceptor bonds with 3 and 4 (Pauling ice rule).
In (b) and (c) the red dashed arrows show molecular dipole
changes induced by a displacement of the central molecule along
z (b) and �x (c); the full black arrows show the net effect of the
coordinated dipolar changes.
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the polarization change is �P� � Z��u�=�. To eliminate
the dependence of �P from the shape of the sample it is
customary to specify the macroscopic field E in the bulk of
the sample [E is the screened field, also called ‘‘Maxwell
field’’ [23] ]. Here we follow the most common choice,
which is to keep E vanishing [20–22]: the same choice
was also made in Ref. [19], where Z��, called ‘‘dynamic
molecular monopole,’’ was calculated as a linear-response
property of the electron distribution corresponding to a
liquid snapshot. The actual frequency of the modes was
absent in this analysis. According to Ref. [19], the molecu-
lar charge tensor is strongly anisotropic. With reference to
Fig. 1(a) the polarization change is sizeable when the
central molecule is translated in the x or the y direction,
whereas for translations along z the polarization change is
negligible. These findings suggest that intermolecular dy-
namic charge fluctuations are at the origin of the polariza-
tion change. Classical models, based on point-dipole intra-
molecular polarizability, usually do not capture environ-
mental effects of this kind. Indeed Madden and Impey [6]
find different oscillator-strength selection rules than in
Ref. [19].

Previous work showed that CP simulations, which treat
quantum mechanically the electron distribution, reproduce
the main experimental features of the IR spectrum, includ-
ing the low-frequency peaks [24]. In our simulation four
doubly occupied valence MLWFs are associated to each
molecule, thus defining a neutral instantaneous charge
distribution. We indicate the nuclear coordinates of the
ith molecule by RO, RD1

, RD2
, respectively, and the cor-

responding Wannier centers by RWs
, s � 1; 4. Two

MLWFs are centered on the O-D bonds and the other
two are lone pairs centered on the remaining (approxi-
mately) tetrahedral directions. An instantaneous static mo-
lecular dipole �i (in atomic units) can be defined as in
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Ref. [25]:

� i � RD1
�RD2

� 6RO � 2
X4

s�1

RWs
: (1)

These ‘‘static’’ dipoles are not related to measurable prop-
erties, but their time derivatives or, equivalently, their time-
correlation functions, correspond to measurable properties.
The origin of the Z�� tensor is in the fact that the MLWF
centers do not follow rigidly the motion of the molecular
frame. Instead, when neighboring molecules are displaced
relative to each other, the MLWF centers move in a con-
certed way, and the sum of their dipoles changes by a
nonzero amount. This is illustrated in Figs. 1(b) and 1(c).
In Fig. 1(b) the nuclear frame of the central molecule is
rigidly displaced by 0.1 Å in the z direction while all the
other nuclei in the cell are fixed. The dashed red arrows
show the molecular dipole changes after electronic mini-
mization. These changes are almost entirely due to dis-
placements of the MLWF centers associated to the lone
pairs of the central molecule and to the lone pairs of
molecules 1 and 2 in Fig. 1(a). Lone pairs 1 and 2 move
in a manner anticorrelated to the lone pairs of the primary
molecule, in spite of the fact that their nuclear frames are at
rest. The net dipole is indicated by the black arrow and is
quite small. In Fig. 1(c) we report a similar plot obtained
for a displacement of the central molecule along �x. Here
the cooperative effect is constructive and the net dipole is
larger than the changes of the individual dipoles. The
buildup of a dipole while displacing a neutral molecule
effectively corresponds to a charge flow signaling an in-
termolecular charge transfer. We have checked that this
picture is quite universal by repeating the calculation for
other local tetrahedral configurations. In the liquid all the
molecules move simultaneously and the actual displace-
ments are significantly more complex than in Figs. 1(b) and
1(c). We expect that the charge transfer effect should be
even enhanced in this case, because cooperative H-bond
motions would extend to entire tetrahedral fluctuations.

The IR absorption coefficient is related to the power
spectrum of the autocorrelation function of the macro-
scopic polarization P [7,24]. P is equal to the sum of the
�i in the simulation cell, divided by the cell volume
[20,26]. The absorption coefficient per unit path length of
a sample of volume V is:

��!� /
! tanh��@!=2�

n�!�V

Z 1
�1

dte�i!t
�X
ij

�i�t� � �j�0�
�
;

(2)

where n�!� is the refractive index and � � �kBT��1 is the
inverse temperature [27]. Our calculated spectrum, shown
in Fig. 2 [28], is in good agreement with the experimental
features indicated by the arrows [2], and with the experi-
mental relative peak intensities shown in the inset.

The largest frequency deviation from experiment occurs
for the intramolecular bond-stretching modes, which have
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FIG. 2 (color online). Calculated D2O IR spectrum. Arrows
indicate the experimental peak positions from Ref. [2]. The full
spectrum of undeuterated H2O (solid line) from Ref. [4] and a
spectrum of D2O (dashed line) in the range 1000 cm�1 to
2800 cm�1 from Ref. [34] are shown in the inset.
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a frequency (2200 cm�1) lower than experiment by about
10%. About a third of this error is consequence of the finite
fictitious electronic mass that we use in CP dynamics. The
remaining error should be attributed to the finite basis set
and to the approximation adopted for the exchange-
correlation functional [12,14].

Besides providing the integrated quantities in Eq. (2),
the MLWFs carry local information that can be used to
construct ‘‘partial’’ correlation functions to analyze the far
IR spectrum. In these calculations (reported in Figs. 3 and
5) we consider only tetrahedrally coordinated molecules;
i.e., we include only the segments of trajectories in which a
given molecule remains ‘‘tetrahedrally’’ bonded to the
same four O atoms [Fig. 1(a)].

We begin with a correlation function that is purely kine-
matic, disregarding oscillator-strength issues. This is con-
structed by computing the time autocorrelation function of
each of the three Cartesian displacements of an O atom
with respect to the center of its associated tetrahedral cage
[Fig. 1(a)]. These correlations select translational modes.
The corresponding spectra, shown in Fig. 3, are strongly
peaked at �200 cm�1 [29]. The figure also shows that the
modes in the three Cartesian directions are equally likely.
However, as we will show below, not all the three modes
are IR active.

We now exploit the MLWFs to monitor the IR activity of
the modes identified in the kinematic analysis. A first, very
informative, experiment consists in suppressing the off-
FIG. 3. Kinematical correlation function that blows up the
translational modes (see text).
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diagonal terms (i � j) in the double sum in Eq. (2). The
resulting power spectrum, shown in Fig. 4, has no signature
of the translational modes, thus perspicuously confirming
our main message: the IR oscillator strength is mostly due
to intermolecular charge transfer, not to dynamical fluctu-
ations of the intramolecular dipole.

In fact, while the former comes from i � j terms, the
latter would show up even suppressing the i � j terms.
Interestingly, the molecular center-of-mass velocity auto-
correlation function, also reported in Fig. 4 (dash-dotted
line), shows a clear feature at �200 cm�1 in addition to a
prominent peak at �60 cm�1.

We then compute the time autocorrelation function of
the displacement of the centers of the four MLWFs H
bonded to a tagged molecule with respect to the center of
mass of this molecule, projected over the instantaneous
Cartesian axes [Fig. 1(a)]. The corresponding spectra,
plotted in Fig. 5, show that only the modes on the xy plane,
perpendicular to the z axis of the central molecule, have a
prominent peak around 200 cm�1.

This is at variance with the spectrum reported in the
classical simulation of Ref. [6], where the IR activity
originates from dynamic dipoles induced by the local field
at the molecular centers. In this approach the environment
enters solely through long range Coulomb interactions.
This produces an intramolecular polarization, which is
strong in the molecular xz plane and weak along y. Our
results indicate that the effect of the environment is more
complex and due primarily to short range effects associated
to concerted tetrahedral fluctuations of the H bonds [30].

Finally, we comment on the 60 cm�1 modes. We find, in
agreement with Ref. [24], that these modes do not show IR
activity. Nonetheless, they are prominent in the center-of-
mass velocity autocorrelation function reported in Fig. 4.
These modes correspond to H-bond bending, which, at
variance with H-bond stretching, give rise to negligible
intermolecular charge transfer. If induced intramolecular
dipoles were important, they would contribute to both the
200 cm�1 and 60 cm�1 modes, as found indeed in the
classical simulations of Ref. [6].

In conclusion, we have analyzed the far IR spectrum of
water. We find that the translational peak at 200 cm�1
FIG. 4 (color online). IR spectrum calculated by retaining only
the i � j terms in the sum (solid line). Center-of-mass velocity
autocorrelation function (dash-dotted line). The vertical dashed
line is at 200 cm�1.

1-3



FIG. 5 (color online). Dynamical correlation functions, en-
hancing the IR activity due to intermolecular charge transfer
(see text).
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arises from intermolecular charge fluctuations associated
to the H bonds of a local tetrahedral environment.
Interestingly, a similar feature is present in the far IR
spectrum of ice [2,31]. In supercritical water instead,
where the environment is no longer tetrahedral, the vibra-
tional feature at 200 cm�1 disappears [32]. The physical
mechanism to which we attribute the IR feature at
200 cm�1 is completely different from the fluctuating
intramolecular dipoles, to which this feature has been
attributed so far. Intermolecular dipoles have different
selection rules for IR coupling than intramolecular dipoles,
suggesting that, in principle at least, the issue on the origin
of the far IR feature could be settled experimentally [33].
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