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Based on first-principle molecular dynamic simulations, we calculate the far-infrared spectra of
small water clusters �H2O�n �n=2,4 ,6� at frequencies below 1000 cm−1 and at 80 K and at
atmospheric temperature �T�200 K�. We find that cluster size and temperature affect the spectra
significantly. The effect of the cluster size is similar to the one reported for confined water.
Temperature changes not only the shape of the spectra but also the total strength of the absorption,
a consequence of the complete anharmonic nature of the classical dynamics at high temperature. In
particular, we find that in the frequency region up to 320 cm−1, the absorption strength per molecule
of the water dimer at 220 K is significantly larger than that of bulk liquid water, while tetramer and
hexamer show bulklike strengths. However, the absorption strength of the dimer throughout the
far-infrared region is too small to explain the measured vapor absorption continuum, which must
therefore be dominated by other mechanisms. © 2008 American Institute of Physics.
�DOI: 10.1063/1.2933248�

I. INTRODUCTION

The dynamics of nanoscale water aggregates has re-
cently attracted considerable interest due to the noticeable
differences observed with respect to the dynamics of bulk
liquid water, and to the implications that such differences
may have in our understanding of solvation in biological
environments.1–3 Local changes in the molecular environ-
ment induced by confinement, solvation, or presence of an
interface are known to affect substantially, in particular, the
translational and librational modes in the far-infrared �far-IR�
frequency range up to a few hundreds cm−1. Similar to con-
finement, the presence of open boundaries such the ones
found at the water-air interface and in gas-phase water nano-
clusters is expected to have important effects on the far-IR
dynamics of water, but these changes have not been investi-
gated in full detail yet. The far-IR dynamics and absorption
spectra of water nanoclusters have also an important role in
atmospheric physics. Long-lived water clusters composed of
up to a few water molecules are known to exist in non-
negligible amounts in water vapor and in the atmosphere.4,5

Their concentration decays exponentially with the aggregate
size, but molar fractions up to 10−3 have been suggested for
the water dimer at typical atmospheric conditions, based on
quantum chemical calculations.6,7 The relevance of small
water clusters in our understanding of atmospheric phenom-
ena is not fully understood, but it has recently been pointed
out4–14 that they have an important role in the chemistry and
in the radiation budget of the atmosphere, in particular, in the
far-IR portion of the spectrum relevant for the greenhouse
effect.4,15 The blackbody radiation emitted by Earth’s surface

is peaked at 10 �m �1000 cm−1� and has a large overlap with
the far-IR absorption spectrum of water vapor. Current pa-
rametrization of the water vapor far-IR continuum repro-
duces the outgoing radiation spectrum accurately.15 How-
ever, the microscopic origin of the far-IR absorption of water
vapor is still debated. Far-IR vapor continuum absorption is
known to scale with the square of the water partial pressure,
so models for its origin are either based on the collisionally
broadened far-wing line shapes of the water monomer,16,17 or
on the absorption of dimers.4,18,19 Accurate theoretical mod-
els of the far-wing line shape exist20 and yield absolute ab-
sorption strengths in reasonable agreement with those re-
ported for the vapor continuum.21 However, it has been
claimed that the observed temperature dependence of the va-
por absorption favors the dimer hypothesis,8–11 although
more recent theoretical studies show that the far-wing theory
is capable of describing also the temperature dependence
accurately.22 The measured vapor continuum is a monotoni-
cally decreasing function of frequency in the range between
300 and 1000 cm−1.21 This behavior is qualitatively different
from that of ice and bulk water,23,24 whose far-IR spectrum
consists of one or two distinct peaks �see Fig. 1� and is far
from monotonic in that frequency range. If the dimer hypoth-
eses for the vapor continuum were proven correct, then this
would point to a qualitative difference between the absorp-
tion of small freestanding water aggregates and that of bulk
systems, similarly to what was reported for confined water
aggregates.2

Theoretical approaches to model the far-IR absorption of
water clusters have been so far based either on empirical
potentials13,25 or on a potential fitted to far-IR data26 or on
more accurate quantum chemical calculations but only at
zero temperature.27 Calculations with empirical
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potentials13,25 have yielded spectra characterized by the pres-
ence of several peaks and a clear nonmonotonic behavior. In
Ref. 13, for example, the dimer spectrum shows a two-peak
shape similar to that observed in bulk ice �see Fig. 1�, but
qualitatively different from the monotonic behavior of the
measured vapor continuum. Results obtained with empirical
potentials should be considered with caution, as empirical
potentials have been shown to yield an incomplete descrip-
tion of the far-IR spectrum in the case of liquid water.28

Quantum-mechanical perturbative approaches have been
used to describe the near-IR OH-stretching modes of the
dimer5 �however, some criticism has been raised also in this
case, regarding line broadening29�. Accurate, all-atom poten-
tials are being developed, particularly for the dimer.30–33 The
calculation of the finite-temperature dimer far-IR absorption
using one of these potentials fitted to far-IR transitions30 has
been recently reported.26 However, the far-IR intermolecular
classical dynamics of small water clusters is, at temperatures
in the range of 200–300 K of interest for the atmosphere,
comparable to that of a “melted” system,25,34 and it is sam-
pling regions of the phase space which may be far from those
sampled in far-IR experiments. Moreover, no attempt has
been made so far to study with nonempirical methods water
clusters larger than the dimer. Although slightly less accurate
than quantum chemical methods, approaches based on the
density-functional theory �DFT� are nonempirical and, when
combined with molecular dynamics �MD�, allow for the full
dynamical treatment of finite-temperature effects, including
classical anharmonicity, in much larger systems than the wa-
ter dimer. First-principles DFT-based MD has been shown to
reproduce the far-IR spectrum of bulk water systems �water
and ice� with great accuracy28,35,36 and to lead to new in-
sights into the intermolecular nature of the dynamical charge
transfer responsible for the far-IR absorption of bulk water.28

Here we calculate, by means of first-principles MD simula-
tions, the absorption spectra of small water clusters at two
different temperatures to study the effect of size and tem-
perature on their spectra. We also estimate the contribution
of the water dimer to the water vapor continuum, as mea-
sured by Burch,21 and find it to be small in the frequency
range between 300 and 1000 cm−1, in accordance with recent
studies.26

II. COMPUTATIONAL DETAILS

We performed first-principles, MD simulations of
�H2O�n �n=2,4 ,6� at two different temperatures by using a
pseudopotential, plane wave approach with energy cutoff of
80 Ry for the wave functions, in conjunction with a gradient
corrected exchange-correlation functional �Becke–Lee–
Yang–Parr �BLYP��, as implemented in the QUANTUM-

ESPRESSO codes.37 The choice of the BLYP functional was
motivated by its excellent performance in describing the
structural, energetic, and vibrational properties of small wa-
ter clusters, as compared to higher level quantum chemical
�MP2� calculations. Of particular importance to this study is
the ability of BLYP to reproduce harmonic intermolecular
vibrational frequencies ���1000 cm−1�, which have been
shown to deviate by at most 18 cm−1 from the MP2 values.38

Atomic positions and electronic wave functions were
evolved at finite temperature with the Car–Parrinello
algorithm.39 The electronic fictitious mass was set to a value
of 250 a.u.,40 and equations of motion were integrated with a
time step of 5 a.u. Trajectories were initially equilibrated by
means of a thermostat41 for about 1–2 ps, followed by mi-
crocanonical runs of up to at least 25 ps. Statistical averages
were typically collected in the last 20 ps of the simulation.

Far-IR spectra were calculated from the Fourier trans-
form of the time self-correlation of the total �electronic and
nuclear� polarization. The absorption coefficient per mol-
ecule is defined as:35,42

���� =
4�� tanh����/2�

3�n���cN
�

−	

+	

dte−i�t�M�t� · M�0�� , �1�

where N is the number of molecules in the cluster, T is the
temperature, �=1 / �kBT�, n��� is the refractive index �in our
case we take n=1 since we are considering an isolated sys-
tem�, c is the speed of light in vacuum, M is the total dipole
moment, and the angular brackets indicate a statistical aver-
age over initial times. The total dipole moment at each time
step was evaluated using a Berry-phase approach.35 Uncer-
tainties due to the approximate nature of the quantum correc-
tions in Eq.�1� were estimated by comparing the results to
those obtained by replacing the tanh term in Eq.�1� with its
argument, as discussed in Ref. 43. Differences between the
two formulations at T�200 K amount to only about 20% of
the total intensities. This is consistent with a study of quan-
tum effects on the vibrational spectra of supercooled liquid
water,44 where similar corrections to the classical spectrum
are found. Spectra at low T are instead subject to larger un-
certainties both in terms of intensities �see Table I� and in
terms of peak positions due to the fact that the dynamics
used to generate the trajectories is classical. Inclusion of
quantum anharmonicity can lead to a reduction of the har-
monic frequencies by up to 40%.27,45 As a consequence, low-
temperature spectra will only be used for qualitative
comparisons.

FIG. 1. �Color online� Experimental far-IR absorption spectra of ice and
liquid water. Data are taken from Bertie et al. for ice �Ref. 23� and Robert-
son et al. for liquid water �Ref. 24�.
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III. RESULTS AND DISCUSSIONS

A. Geometry

We started our simulations from the known ground state
structures for the dimer and the tetramer �cyclic�, as shown
in Figs. 2�a� and 2�b�, respectively.38,46 In the case of the
hexamer several isomers are known to be almost degenerate
in energy, so we optimized the parameters of four different
initial structures with ring �also known as cyclic�, book,
cage, and prism geometry, respectively.46 At our
pseudopotential/BLYP level of theory, the ring structure �Fig.
2�c�� has the lowest energy among these four degenerate ge-
ometries. The obtained binding energies of the dimer, tet-
ramer, and hexamer �ring�, calculated after full relaxation of
the atomic positions without inclusion of quantum effects,
are 0.09, 0.27, and 0.30 eV /molecule, respectively, which
compare favorably to MP2 calculations �0.095, 0.264, and
0.307 eV /molecule�. Our calculated O–O distance for the
dimer at low temperature is 2.95 Å, to be compared to the
MP2 value of 2.91 Å.38,47 Moreover, differences between
hexamer isomers are also found to be very small �the four

isomers are within 0.02 eV�, in fair agreement with the value
of 0.03 eV from quantum chemical calculations.47

Our MD simulations at two temperatures highlight dif-
ferences between the classical quasiharmonic regime �80 K�
and fully anharmonic regime relevant for the atmosphere
��200 K�. At 80 K, molecules show only oscillations
around their equilibrium positions for all the clusters studied.
However, for the dimer at 220 K, we find large fluctuations
of the intermolecular distance and angle and occasional ex-
changes of the hydrogen atoms pointing to the acceptor mol-
ecule, indicating a completely anharmonic classical dynam-
ics. For the tetramer at 270 K, we observe a large fluctuation
of the free �dangling� hydrogen atoms, but no hydrogen bond
breaking or exchange, a likely consequence of the energetic
stability of the ring isomer with respect to other �H2O�4

isomers.48 For the hexamer we find that when the simulation
is started with the cage structure, the system transforms upon
heating into ring �via an intermediate state with booklike
geometry�. After equilibration the ring structure continues to
exhibit large fluctuations which occasionally bring the struc-
ture into a booklike geometry, as shown in Fig. 2�d�. A very
similar behavior was observed when the simulation was
started from the ring structure. The large thermal fluctuations
observed for the hexamer are a consequence of the energetic
quasidegeneracy of the book and ring isomers and of the
simple transformation path between the two isomers. Our
finding that temperature stabilizes more open structures is
consistent with finite-temperature free energy calculations on
the different isomers.49

B. Far-IR spectrum

Calculated far-IR spectra at two representative tempera-
tures of 80 and 220 K �270 K for tetramer� are reported in
Figs. 3 and 4. Peak positions in the spectra calculated at
80 K are in fair agreement with harmonic IR frequencies and
intensities calculated with quantum chemical methods.27,38

Due to the lack of quantum anharmonicity, our results may
therefore overestimate the real frequencies by as much as
40%.27,45 The size dependence of the high temperature ab-
sorption spectra shows that the librational peaks �i.e., peaks

TABLE I. Integral over frequency of the far-IR absorption strength per
molecule �in units of 10−20 cm�. Integration up to 320 cm−1 emphasizes the
contribution of translational modes, while integration up to 1000 cm−1 in-
cludes both translational and librational motion. Values in brackets refer to
calculations using a different approximation for the quantum effects �see
text, for details�. Values for ice and liquid water are obtained from the
experimental data of Bertie et al. �Ref. 23� and Robertson et al. �Ref. 24�,
respectively.

T �K� I ��
320 cm−1� I ��
1000 cm−1�

Dimer 80 490 �740� 510 �830�
220 1430 �1580� 1770 �2150�

Tetramer 270 720 �800� 1560 �2200�
Hexamer 220 630 �720� 1160 �1790�
Ice 100 780 3700
Water 300 890 5550

FIG. 2. �Color online� The ground state geometry of the dimer �a�, tetramer
�b�, and hexamer �c�. Also shown is a booklike structure �d� observed during
the MD simulation of the hexamer at 220 K.

FIG. 3. �Color online� Calculated far-IR absorption spectra per molecule for
the dimer. The spectrum obtained by Scribano and Leforestier �Ref. 26�
�dotted line� is also shown, for the comparison.
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above 320 cm−1 in the low-temperature spectra� shift to
higher frequency for increasing cluster size, which is similar
to the trend reported for water confined in reverse micelles,
as a function of the cavity size.2 The intensity of the libra-
tional peaks is systematically smaller than in bulk systems
and appears to be the largest in the case of the tetramer, an
observation which might be related to the energetic stability,
and thus geometrical rigidity, of the ring isomer in the case
of the tetramer. The temperature dependence of the calcu-
lated IR intensities shows, for the dimer, a considerable
broadening of the spectrum at 220 K. Contrary to previous
empirical potential calculations,13,25 the dimer spectrum at
220 K is here found to decrease monotonically above
200 cm−1, with a shape that resembles that of the observed
vapor continuum. Strong temperature effects are found also
in the case of the tetramer and hexamer. The librational
peaks above 400 cm−1 start to merge and shift to lower fre-
quencies for increasing temperature, although inclusion of
quantum effects neglected in this work may reduce such
shift. In the harmonic limit, broadening is generally accom-
panied by a decrease of the peaks heights, due to sum-rule
constraints, at least so long as the molecular effective
charges related to the intermolecular modes28 can be consid-
ered temperature independent. In contrast, we find that the
integral of the far-IR spectrum is strongly temperature de-
pendent �see Table I�, with an increase of more than three
times between 80 and 220 K in the case of the dimer. This
shows that not only the shape but also the total strength of
the absorption is strongly temperature dependent, a likely
consequence of the complete anharmonic nature of the dimer
classical dynamics at 220 K. It is interesting to remark that a
large increase in the total strength of the far-IR absorption is
also seen in bulk water upon melting. The integrated spec-
trum of liquid water is, in fact, 1.5 times larger than that of
ice. In absolute terms, we find that the absorption strength
per molecule for the frequencies below 320 cm−1 is larger in
the dimer at 220 K than in water at ambient conditions. A
comparison of our results for the dimer at high temperature
to the spectra obtained using an extrapolation to large rota-
tional numbers of the transition elements calculated with an

all-atom potential,26 shows that the two approaches agree in
predicting a monotonic decrease of the absorption and their
intensities above 200 cm−1 �Fig. 3�.

C. Far-IR absorption of water dimer and water vapor
continuum

Having obtained the far-IR absorption strength of water
dimers, we now turn to the problem of determining whether
absorption by dimers can explain the far-IR water vapor con-
tinuum. In order to compare our results to experimental data,
the water partial pressure PH2O and the partial pressure of
dimers P�H2O�2

in water vapor must be specified. At standard
conditions and 100% relative humidity, the water partial
pressure PH2O is 21 torr. P�H2O�2

is not known experimen-
tally, but theoretical calculations suggest for P�H2O�2

values in
the range of �11–54��10−3 torr.6 Absorption coefficient
measurements for the water vapor are generally reported in
the literature as absorption cross section per water molecule,
normalized to the water partial pressure. The dimer contribu-
tion to the water vapor continuum �dimer��� is therefore
given, in terms of ����, by

�dimer��� = 2����
P�H2O�2

PH2O
2 ,

where the factor of 2 accounts for the number of molecules
in the dimer. The theoretical contribution from dimer absorp-
tion to the vapor continuum is compared to the experimental
spectrum21 in Fig. 5, for the largest available value of P�H2O�2
�54�10−3 torr�.6 The comparison shows that the calculated
far-IR absorption due to dimers is significantly smaller than
the observed water vapor continuum even for the largest
value of the dimer concentration. Hence, it is highly likely
that collisional broadening is the predominant mechanism
responsible for the water vapor continuum. It has been re-
marked that the temperature dependence of the dimer contri-
bution reproduces the observed temperature dependence ob-
served for water vapor more closely than the collisional
broadening.8–11 This conclusion was based on the assump-
tion that the temperature dependence in the absorption cross

FIG. 4. �Color online� Calculated far-IR absorption spectra per molecule for
the tetramer and the hexamer.

FIG. 5. �Color online� Calculated contribution due to water dimers to the
water vapor at 296 K assuming a dimer partial pressure of 54�10−3 torr.
The triangles show the experimental water vapor absorption coefficient mea-
sured by Burch et al. �Ref. 21�.
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section is solely due to the dimer partial pressure, which is
inconsistent with our calculated strong temperature depen-
dence of the absorption coefficient per dimer. Interestingly,
however, the shape of the theoretical dimer curve has a simi-
lar, monotonic behavior, indicating that the dimer absorption
mechanism would explain the vapor continuum if the con-
centration of dimers in the vapor would reach values in the
range of 0.1–0.2 torr, i.e., much larger than current theoret-
ical estimates.

IV. CONCLUSIONS

The far-IR spectra of the water dimer, tetramer, and hex-
amer have been calculated by employing DFT-based MD
simulations at two different temperatures. The librational
peaks shift to higher frequency as the cluster size increases.
The similarity between these trends and those reported for
water confined within reverse micelles suggests a universal
nature for the changes induced by confinement on the far-IR
dynamics of water aggregates. Temperature effects are found
to be important, both in the shape and in the intensity of the
spectra. By comparing the calculated far-IR absorption of the
dimer to the measured water vapor continuum, we conclude
that even though the shape of the two spectra is similar, the
intensity in the case of the water dimer is too small to ac-
count for the vapor continuum. The origin of the vapor con-
tinuum therefore cannot be explained solely by a dimer ab-
sorption mechanism. The agreement between our results for
the dimer and those obtained recently by means of a poten-
tial fitted to far-IR data provides an important cross valida-
tion of the two methods. In particular, it suggests that DFT-
based approaches are able to capture the relevant aspects of
the water cluster dynamics with an accuracy comparable, at
least for the scopes of the present work, to that of the best
available all-atom potential calculation.
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