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Abstract−The effect of intermolecular interaction on the distribution of the harmonic vibrational frequencies of
water molecules was investigated through ab initio molecular dynamics simulations based on the Born-Oppenheimer
approach. For single water, the effect of the dynamics of the oxygen atom in single water and the simulation time step
on the frequency distribution were examined. The distributions of the OH stretching and HOH bending vibrational
frequencies of liquid water were compared to those of single water. The probability distributions of the change in OH
bond length and the lifetime of the dangling OH bond were also obtained. The distribution of the frequencies was
strongly affected by the long lifetime of the dangling OH bond, resulting in the formation of hydrogen bonds between
water molecules.
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INTRODUCTION

The water detected in interstellar clouds is one of the most abun-
dant molecules in the universe. Water is also vital for all life on earth
and plays crucial roles in many metabolic processes, photosynthe-
sis, and enzyme function. Recently, the structure and function of
internal water molecules in biopolymers have been studied [1-7]
For example, by means of low-temperature Fourier-transform infra-
red (FTIR) spectroscopy, Hashimoto et al. [1] found that Gloeo-
bacter rhodopsin (GR) possesses strongly hydrogen-bonded water
molecules. They observed that there is a strong correlation between
the proton-pumping activity and strongly hydrogen-bonded water
molecules. Water vapor, the tiny water droplets in clouds and ice
clouds absorb solar radiation so that the water causes a greenhouse
effect [8-16]. In particular, water clusters (clusters of water mole-
cules including water dimmers) act as greenhouse gases. Many stud-
ies on water clusters have been carried out not only to investigate
the role of water clusters in biological and chemical systems and
but also to understand the nature of hydrogen bonding [8-11,13-
28]. The geometries and harmonic vibrational frequencies of water
monomers and clusters have also been studied [11,13-17,19,20,25].
The OH-stretching and HOH-bending vibrational band positions
and intensities have been reported for water clusters. Frequency
peaks corresponding to hydrogen-bonded and free OH bonds have
been observed [13,15,25]. Kandori and Shichida [12] studied the
stretching vibrations of a bridged water molecule inside a protein
in bacteriorhodopsin to investigate the role of bridged water in active

proton transport. They observed widely distributed O-D stretching
vibrational frequencies for the bridged water. A high-frequency
OH stretching peak arising from the hydration shell around non-
polar solute groups was observed by using a combination of vibra-
tional spectroscopy and multivariate curve resolution [24]. Kumar
et al. [21] also studied the relation between hydrogen bonding and
the vibrational frequency spectra of water on the surface of rutile.
They found strong adsorption sites produced by strong hydrogen
bonds formed between the surface oxygen atoms and the absorbed
water molecules. In liquid water, many vibrational frequency peaks
have been observed experimentally [22,23,27,28] and theoretically
[18,26], and assigned to intermolecular stretchings and bendings,
librations, intramolecular symmetric and asymmetric stretchings,
and intramolecular bendings. Hydrogen bonding in liquid water
induces a lower frequency for the main stretching band and a higher
bending frequency. In this work, we obtained the distribution of
the harmonic vibrational frequencies of liquid water through ab
initio molecular dynamics simulations. We compared the calculated
intermolecular harmonic vibrational frequencies of liquid water
with the data obtained previously, and discuss the frequency distri-
butions. We investigated the lifetimes of hydrogen-bonded struc-
tures in liquid water. The effects of hydrogen bonds on the dynamics
of the water molecules and on the distribution of the harmonic
vibrational frequencies are also discussed.

COMPUTATIONAL DETAILS

Ab initio molecular dynamics simulations based on the Born-
Oppenheimer approach were performed for single water and liq-
uid water systems at 298.15 K. All calculations were performed
using Quickstep [29] based on the Gaussian and plane wave (GPW)
method and its augmented extension, the Gaussian and augmented
plane-wave (GAPW) method. In this work, the GAPW method
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using DZVP basis sets and an energy cutoff of 300 Rydberg (Ry)
were used. 32 water molecules were used in a cubic box of length
9.8528 Å for the density of liquid water systems (ρ=1.0 kg/L). The
PBE exchange-correlation energy functional and the orbital trans-
formation were employed. Periodic boundary conditions were applied
in all directions, and time steps of 0.1, 0.5, and 1.0 fs were used to
investigate the lifetimes of hydrogen bonded structures in liquid
water. For the calculation of the harmonic vibrational frequencies
of water molecules, the dynamics of single water and of water mol-
ecules was analyzed over 200,000 time steps.

RESULTS AND DISCUSSION

1. Harmonic Vibrational Frequencies
Kim et al. [20] calculated the harmonic vibrational frequencies

of a water monomer. They obtained the symmetric stretching, asym-
metric stretching and bending frequencies by through various lev-
els of ab initio molecular dynamics simulations using various basis
sets and compared the calculated frequencies with the experimen-
tal data [17] of 3,832.2 cm−1, 3,942.5 cm−1, and 1,648.5 cm−1, respec-
tively. They reported that the root mean square deviations of these
three vibrational frequencies ranged from 1 to 255 cm−1. In this
work, ab initio molecular dynamics simulations were performed
for single water and liquid water systems at three different time steps.
The distributions of the stretching vibrational frequencies are shown
in Fig. 1. The average values at the time steps of 0.1, 0.5, and 1.0 fs
are 3,689, 3,709, and 3,774 cm−1, respectively. The range of frequen-
cies increased as the simulation time step increased. The maximum
probability also increased with the time step. The lower average
frequency, narrower range of frequencies, and lower maximum
probability at smaller time steps are considered to be due to the
degree of precision. We also calculated the distribution when the
position of the oxygen atom was fixed, in order to understand the
effect of the dynamics of the oxygen atom on the harmonic vibra-
tional frequencies of the water monomer. The average values at the
time steps of 0.1, 0.5, and 1.0 fs are 3,590, 3,685, and 3,751 cm−1,

respectively. When the oxygen atom is frozen, the averages decrease
and the maximum probabilities increase. The restricted dynamic
behavior of the oxygen atom of a water monomer causes sparsely
distributed frequencies. Therefore, the dynamics of the oxygen atom
induces lightly higher stretching vibrational frequencies.

The bending vibrational frequencies were also calculated from
the trajectories obtained from ab initio molecular dynamics simu-
lations. The distribution of the HOH bending vibrational frequen-
cies of the water monomer is shown in Fig. 2. The calculated average
bending vibrational frequencies at the time steps of 0.1, 0.5, and
1.0 fs are 1,616, 1,611, and 1,615 cm−1, respectively. The computed
average bending vibrational frequencies of the water monomer are
very similar regardless of the time step, and are also similar to the
experimental data. However, unlike the stretching frequency dis-
tribution, there are no low bending frequencies. The average HOH
bending vibrational frequencies of the water monomer with a fro-
zen oxygen atom decrease relative to those with free oxygen. The
average values at time steps of 0.1, 0.5, and 1.0 fs are 1,531, 1,547,
and 1,551 cm−1, respectively. Even though the average values are
very similar regardless of the time step, the distributions are differ-
ent at each time step. The frequencies with short time steps (0.1
and 0.5 fs) are mostly distributed between 1,430 and 1,853 cm−1,
except for one very high frequency of around 5,000 cm−1. The dis-
tribution does not have a steep peak. At the time step of 1.0 fs, all
the frequencies are distributed between 1,450 and 1,853 cm−1, and
the distribution peak is very steep. Therefore, the dynamics of the
oxygen atom have a stronger influence on the bending frequen-
cies than on the stretching frequencies.

The dynamics and structure of small-sized water clusters are very
important for understanding their role in human life, including in
active proton and the absorption of solar radiation. Furthermore,
this information provides a key to understanding the dynamics
and structure of liquid water. Many experimental and theoretical
studies on OH stretching and HOH bending vibrations in water
clusters have been carried out [11,13,15,20,25]. The authors have
reported several absorption bands of small water clusters located
from 3,300 to 3,800 cm−1 for the bonded OH stretching and free

Fig. 1. Distribution of OH stretching vibrational frequencies of a
water monomer.

Fig. 2. Distribution of HOH bending vibrational frequencies of the
water monomer.
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OH stretching vibrations, and from 1,600 to 1,640cm−1 for the HOH
bending vibrations. For liquid water, previous studies obtained ab-
sorption bands located at around 3,400, 1,650, 650 and 170 cm−1,
which can be assigned to the stretching, bending, libration, and
hydrogen-bonding anti-symmetric stretching vibrations, respec-
tively [18,22,26,28]. The distribution of the harmonic vibrational
frequencies of liquid water was obtained in Fig. 3. On comparison
of the distribution of the stretching vibrational frequencies of liq-
uid water with the frequencies of a water monomer, broad stretch-
ing frequencies appear in the range of 106 cm−1 to 33,356 cm−1. The
largest frequencies obtained at time steps of 0.1, 0.5, and 1.0 fs are
25,658, 33,356, and 16,678 cm−1, and the highest peaks at these time
steps of 0.1, 0.5, and 1.0 fs are obtained at 3,511, 3,511, and 3,335
cm−1, respectively. Therefore, the highest stretching frequency peaks
are obtained at the almost same frequency by varying their relative
intensities. The relative intensity of the hydrogen bonded OH stretch-
ing vibration varies significantly with the time step. The average
values are 3,353, 3,377, and 3,420 cm−1, respectively, which are lower
than those for a water monomer. It is well known that hydrogen
bonding leads to changes in the OH stretching vibration. There-
fore, good agreement between predicted and experimentally ob-
served frequency shifts is established.

The effect of the hydrogen-bonding and intermolecular repul-
sive interactions on the bending vibration is very interesting. In
general, it is believed that the bending vibrational frequencies of
liquid water are found at a position slightly shifted from that of the
water monomer (about 1,650 cm−1). A broad distribution of bend-
ing vibrational frequencies was also obtained for liquid water, as
shown in Fig. 4. The distribution was obtained at time steps of 0.1,
0.5, and 1.0 fs, at which the smallest values of the bending vibra-
tional frequencies are 538, 551, and 546 cm−1, respectively, and the
largest values are 25,658, 22,237, and 16,678 cm−1, respectively. The
averages (1,655, 1,646, and 1,649 cm−1, respectively) are larger than
those of the water monomer. The shifting is in good agreement
with the increase in the average HOH bending vibrational frequency
in liquid water due to hydrogen bond formation. The highest bend-
ing frequency peaks are also obtained at the almost same frequency

by varying their relative intensities. The relative intensity of the hy-
drogen bonded OH bending vibration varies significantly with the
time step.
2. Hydrogen Bond

For the investigation of the effect of the hydrogen bonding inter-
action in liquid water on the harmonic vibrational frequencies, the
probability distribution of the change in bond length (ΔL=Lt+1−Lt)
was calculated. Here, Lt+1, and Lt are the bond lengths at t+1 and t,
respectively. The change in bond length is defined as the differ-
ence between the bond lengths calculated at two consecutive sim-
ulation steps. Therefore, a small ΔL value means a slow stretching
vibration, which has a low frequency. The probability distributions
of the change in bond length of liquid water and single water mono-
mer are compared in Fig. 5, where the small ΔL value is higher for
single water. The small ΔL value in single water (smaller than 0.001)
might be related mainly to the change in direction of the hydro-
gen atoms. In liquid water, the small ΔL value (smaller than 0.001)
might be related mainly to the change in direction of the hydro-
gen atoms and intermolecular interaction. Therefore, the difference
between the smallest ΔL value of single water and that of liquid

Fig. 3. Distribution of OH stretching vibrational frequencies of liq-
uid water.

Fig. 5. Probability distribution of bond length change of liquid water.

Fig. 4. Distribution of HOH bending vibrational frequencies of liq-
uid water.
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water can be considered to arise because of the change in lifetime
of the dangling OH-bond due to hydrogen bonding. In liquid water,
a large ΔL value, which must be due to intermolecular repulsive
interactions, is observed. As the time step increases, the small ΔL
value decreases, whereas the large ΔL increases. The effect of the
dynamics of the oxygen atom on the probability distribution of the
change in bond length was also studied. The probability distribu-
tion was obtained by using an energy cutoff of 600 Rydberg (Ry)
and a convergence tolerance ten times smaller than this cutoff.
The distribution is not affected by the energy cut-off and the con-
vergence tolerance.

In Fig. 6, the probability distributions of the bond length at ΔL≤
0.0002 and time steps of 0.5 and 1.0 fs are shown. A low probabil-
ity at around the average bond length at ΔL≤0.0002 (0.969 Å) of
the water monomer was found, which arises because the small ΔL
is due to the change in direction of the hydrogen atoms. However,
for liquid water, there is a Gaussian-like distribution centered at
the average bond length at ΔL≤0.0002 (1.007 Å). This is clear evi-
dence that hydrogen bonding interactions generate low stretching
vibrational frequencies.

The average changes in bond length (ΔLave) at two consecutive
simulation steps were calculated to be 1.5×10−3 Å, 7.7×10−3 Å, and
1.6×10−2 Å at time steps of 0.1, 0.5, and 1.0 fs, respectively. Here,
we define a dangling OH-bond as one when the change in bond
length is smaller than 0.2×ΔLave. The probability distribution of the
bond lifetime satisfying the dangling OH-bond condition was cal-
culated. For single water, the maximum lifetimes at time steps of
0.1, 0.5 and 1.0 fs are less than 1.0 fs because of the maximum time
step of 1.0 fs. If there are short lifetimes satisfying the dangling OH-
bond condition, these come from change in direction of the hydro-
gen atoms arising because of the lack of intermolecular interac-
tion. However, for liquid water, a long lifetime was obtained. Fig. 7
shows the probability distribution of the lifetime of the dangling
OH-bond in liquid water. The maximum peaks are obtained at 4.5,
4.5, and 4.0 fs for time steps of 0.1, 0.5, and 1.0 fs, respectively. Even
though the maximum intensities are obtained at similar lifetimes,
the average values increase as the time step increases. The average
values and maximum lifetimes are related to the different criteria.
0.2×ΔLave, which is used as a criterion, is 3.0×10−4 Å, 1.54×10−3 Å,

and 3.2×10−3 Å at time steps of 0.1, 0.5, and 1.0 fs, respectively.
The maximum lifetimes are 510, 488, and 1,144 fs at time steps of
0.1, 0.5, and 1.0 fs, respectively. If a dangling OH-bond is defined
as one for which the change in bond  length is smaller than 0.2×
ΔLave (=1.5×10−3) at the time step of 0.5 fs, the maximum lifetimes
are 30.24 ps, 488 fs, and 179 fs at time steps of 0.1, 0.5, and 1.0 fs,
respectively.

CONCLUSIONS

We performed ab initio molecular dynamics simulations to inves-
tigate the effect of intermolecular interactions on the distribution
of the harmonic vibrational frequencies of water molecules. The
frequency distributions for single water and liquid water were ob-
tained at three different time steps. The range of frequencies increased
as the simulation time step was increased. The maximum proba-
bility also increased with the time step. The lower average frequency,
narrower range of frequencies, and the maximum probability at
smaller time steps were considered to be due to the degree of pre-
cision. We also calculated the distribution when the position of the
oxygen atom was fixed, in order to understand the effect of the dy-
namics of the oxygen atom on the harmonic vibrational frequen-
cies of the water monomer. The restricted dynamic behavior of the
oxygen atom of a water monomer gave rise to sparsely distributed
frequencies. Therefore, the dynamics of the oxygen atom induce
slightly higher stretching vibrational frequencies. The computed
average bending vibrational frequencies of the water monomer
were very similar regardless of the time step. The average HOH
bending vibrational frequencies of the water monomer with a fro-
zen oxygen atom were lower than those with free oxygen. There-
fore, the dynamics of the oxygen atom has a stronger influence on
the bending frequencies than on the stretching frequencies. The
distribution of the harmonic vibrational frequencies of liquid water
was obtained. A broader stretching frequency distribution was ob-
tained for liquid water than that for the water monomer. This is
because of the effect of the hydrogen-bonding and intermolecular
repulsive interactions. The probability distributions for the change

Fig. 6. Probability distribution of bond length at ΔL≤0.0002.

Fig. 7. Probability distribution of dangling OH bond lifetime.
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in OH bond length and the lifetime of the dangling OH bond were
also obtained. For liquid water, we obtained a Gaussian-like distri-
bution for the change in OH bond length, which is clear evidence
of hydrogen-bonding interactions. The hydrogen-bonding interac-
tion also induces a long lifetime of the dangling OH bond. There-
fore, the frequency distribution is strongly affected by the hydrogen-
bonding interaction.
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