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Buffer-gas pressure broadening for the �1+�3 band of H2O at 1.34–1.44 �m for a variety of buffer
gases was investigated at room temperature using continuous-wave cavity ring-down spectroscopy.
The effective interaction energy of water dimer under room temperature conditions was evaluated
from the pressure broadening coefficients for rare gases using Permenter-Seaver’s relation. Monte
Carlo simulations were performed using ab initio molecular orbital calculations to evaluate the
interaction energies for the water dimer at 300 K. In this theoretical calculation, the orientations of
the two water molecules were statistically treated. © 2007 American Institute of Physics.
�DOI: 10.1063/1.2773726�

I. INTRODUCTION

Water dimer, �H2O�2, has an important role in the radia-
tion budget of the terrestrial atmosphere because of con-
tinuum absorptions in the visible, ultraviolet, and thermal
infrared region.1,2 Hence, it is essential to evaluate an accu-
rate value for the abundance at atmospherically relevant tem-
peratures. Experimental studies on the interaction energy of
H2O have been performed with two methods, thermal
conductivity3 and infrared absorption.4–8 The dimerization
enthalpies determined from thermal conductivity and infra-
red spectra are for the optimum structure. Theoretical studies
have also been reported.9–11 Usually, theoretical reports are
based on the standard ab initio molecular orbital �MO� cal-
culations and only one optimized configuration with the
minimum energy is considered, which corresponds to the
“frozen” structure at 0 K. A combination of Monte Carlo
�MC� simulations and ab initio MO calculation enabled us to
evaluate the temperature dependence of the interaction ener-
gies. Bandyopadhyay et al.9 performed multicanonical MC
simulations of the water dimer over a wide range of tempera-
tures with the interaction computed by ab initio MO meth-
ods, but the level of their computation, RHF, might not be
accurate enough to evaluate the small interaction energy of
the water dimer.

In the present work, the effective interaction energy of

the water dimer at room temperature was evaluated with
pressure broadening measurements using Permenter-Seaver’s
relation.12,13 We have measured the pressure broadening co-
efficients in the �1+�3 band of H2O at 1.34–1.44 �m with
noble gases as well as N2 and O2 with cavity ring-down
spectroscopy �CRDS� using a tunable diode laser. First, the
present experimental results were compared with the HIT-
RAN database and the available literature data to check the
reliability of our CRDS system. Second, the effective inter-
action energy at room temperature for �H2O�2 has been ob-
tained by applying an energy transfer model to the observed
pressure broadening coefficients of H2O for noble gases. Fi-
nally, we have evaluated the interaction energies by using the
MC simulation based on the ab initio MO calculation.

II. EXPERIMENTAL AND THEORETICAL METHODS

The experimental setup used in the present study is simi-
lar to that descried in our previous studies.14 An external
cavity diode laser �Santec Co., TSL-210V� was used as the
near-infrared light source. The output laser beam, deflected
by an acousto-optical modulator �Isomet�, was directed into
an optical cavity that consisted of two high reflectivity mir-
rors �II-VI Optics or Kuramoto Co.� with a separation of
60 cm. One of the two mirrors was incorporated in a tube-
type piezoactuator �Piezomechanik, HPSt 150/20� for cavity
length modulation, with a rate of about 300 Hz. The trans-
mitted light from the cavity was directed to an InGaAs pho-
todiode detector �Hamamatsu Photonics, G5851-11� attached
to a preamplifier �NF, SA220F5�. When the transmitted beam
reached a threshold level, the deflected beam was switched
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off by the acousto-optical modulator crystal and the light
stored within the cavity started to ring down.

In the presence of an absorbing species, the light inten-
sity within the cavity is given by the expression

I�t� = I0 exp�− t/�� = I0 exp�− t/�0 − �Nct� , �1�

where I0 and I�t� are the light intensities at time 0 and t, � is
the cavity ring-down time in the presence of an absorbing
sample, �0 is the cavity ring-down time without the absorber
present �typically 1.2 �s�, and c is the velocity of light. N
and � are the concentration and absorption cross section of
the absorbing species, respectively. The exponential decay
data were digitized with an analog to digital converter �Na-
tional Instruments, NI5122 100 MHz, 14 bits� and processed
using LabVIEW software. Our program averaged the profile
of several ring-down wave forms, for which individual ring-
down decay curves except for the very initial part of the
decay were fitted to a single-exponential function. Sixteen
ring-down events were averaged for each spectral data point,
thus, a complete scan took about 5–10 min.

Pressure broadening by various buffer gases �N2, O2, He,
Ne, Ar, Kr, and Xe; 60–500 Torr� was measured at a fixed
partial pressure of H2O �0.04 Torr�. Three or four measure-
ments of the spectra were performed at each pressure condi-
tion. The gases �except Kr and Xe� were flowed with the use
of mass-flow controllers �Kofloc, model 3660�. Pressure and
temperature of the sample gases in the cavity were monitored
by pressure gauges �MKS, Baratron 622� and thermocouples,
respectively, at the monitor ports. All experiments were per-
formed at 298±2 K.

We performed the MC simulation combined with the ab
initio MO method to evaluate the interaction energies of wa-
ter dimer. The metropolis algorithm with the standard um-
brella sampling technique was used to generate various con-
figurations of water dimer at 300 K. The geometry of the
molecule is fixed at the experimental one �ROH=0.9579,
�HOH=104.5°�. MP2/6-31+ +G�d,p� level of computa-
tion was employed to evaluate the interaction energy at each
configuration. The effective interaction energy was then
computed as the statistical average over these configurations.
Mrazek and Burda15 suggested that this level of ab initio MO
computations provided reasonable accuracy for the interac-
tion energy. We would like to emphasize that this is a reliable
computational level from the standpoint that thousands of
configurations are needed to be sampled to evaluate the av-
eraged interaction. Although it is time consuming compared
to empirical force field or to Hartree-Fock method, the elec-
tron correlation often plays a crucial role to evaluate the
accurate interaction energy.

III. RESULTS AND DISCUSSION

A. Pressure broadening coefficients for N2, O2, air,
and noble gases: A comparison with the HITRAN
database

The database for the pressure broadening coefficients in
the near-infrared region has been accumulated with the use
of Fourier transform spectroscopy �FTS� and tunable diode
laser spectroscopy �TDLS�. To check the reliability of our

CRDS measurements, the air-broadening coefficients were
compared with the HITRAN database16 and available litera-
ture data.17,18 An example of the measured profile for the
�JKa�Kc�

� -JKa�Kc�
� �= �1037-936� transition of the �1+�3 band of

H2O, which was broadened by 210 Torr of Kr, is shown in
the inset of Fig. 1, in which the best-fit Voigt profile is shown
by the solid curve. The Gaussian component was constrained
to the room temperature Doppler width. The data obtained
for the half-width at half maximum �HWHM� of the Lorent-
zian component are plotted as a function of buffer gas pres-
sure. A straight-line fit provides the pressure broadening co-
efficient � in units of cm−1 atm−1, as shown in Fig. 1. A small
contribution ��2% � of self-broadening was taken into ac-
count.

The obtained � values of H2O for various buffer gases,
N2, O2, He, Ne, Ar, Kr, and Xe, are listed in Table I. We
calculated the air-broadening coefficients ��air� using the re-
lation ��air�=0.79��N2�+0.21��O2�, which are listed in
Table I and plotted as a function of the rotational quantum
number index �m� and quasiquantum number �Ka� in the up-
per and lower panels in Fig. 2, respectively. The following
index, m, was used to treat simultaneously the P- and
R-branch transitions:

2m = J��J� + 1� − J��J� + 1� ,

P branch�J� − 1 ← J��, m = − J�,

R branch�J� + 1 ← J��, m = J� + 1.

The data for the transitions of Ka�=Ka�=2, �Ka=0 and m=9,
�Ka=0 were plotted in the upper and lower panels in Fig. 2,
respectively. The HITRAN database16 �solid line� and avail-
able literature data reported by Toth17 based on FTS �tri-
angles� and Liu et al.18 based on TDLS �inverted triangles�
are also plotted. Our values are in good agreement with the
HITRAN database,16 and the literature data reported by
Toth17 and Liu et al.18

FIG. 1. Lorentzian widths �HWHM� for the �1037←936� transition of the
�1+�3 band of H2O at 298 K as a function of pressure of buffer gases. Error
bars indicate one standard deviation determined by the profile-fit procedure.
�: Kr, �: Ar. The inset shows an absorption profile for the �1037←936�
transition of the �1+�3 band of H2O broadened for 210 Torr of Kr at 298 K.
Filled circles represent experimental data. The solid curve represents a cal-
culated spectrum with the Voigt function.
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B. Experimental determination of the effective
interaction energy of water dimer at 298 K

The effective interaction energy of �H2O�2 was evaluated
using the observed broadening coefficients for noble gases.
Broadening coefficients for noble gases for the �523←404�,

�1037←936�, and �1055←954� transitions of the �1+�3 band
were used for the evaluation. Permenter and Seaver19,20 have
developed a successful model that correlates Boltzmann av-
eraged cross sections �M of a variety of energy transfer pro-
cesses for a variety of collision partners M, with the inter-
molecular well depths 	AM, for the interaction between the
molecule A and a collision partner M.

�M = C exp�	AM/kBT� , �2�

where C is a constant, kB is Boltzmann’s constant, and T is
temperature. The correlation is particularly useful for energy
transfer processes which depend upon long range attractive
forces. In the Lorentz-Berthelot geometric mean approxima-
tion, 	AM = �	AA	MM�1/2, the equation is conveniently ex-
pressed in terms of the well depth 	AA for the dimer of A and
	MM for the dimer of M,

ln��M� = ln C + �	AA/kBT2�1/2 
 �	MM/kB�1/2. �3�

Figure 3 shows the Permenter-Seaver plots for the pressure
broadening of the �523←404��, �1037←936�, and �1055

←954� transitions of the �1+�3 band for a variety of collid-
ing rare gases �	NeNe/kB=42.31 K, 	ArAr/kB=143.33 K,
	KrKr/kB=201.43 K, and 	XeXe/kB=282.88 K�. These
	MM /kB data are taken from the best estimated values com-
piled by Tang and Toennies.21 In Fig. 3, �M is the cross
section for the broadening process calculated by converting
� to SI units and multiplying by the factor 2�kBT / �vr�. As
shown in Fig. 3, a linear correlation is observed for Ne, Ar,
Kr, and Xe. Linear least-squares fit analysis of the data in
Fig. 3 yielded the effective intermolecular well depth �inter-
action energy at room temperature� for �H2O�2 to be
	H2OH2O/kB=1360±200, 1630±180, and 1900±210 K for
�523←404�, �1037←936�, and �1055←954� transitions, respec-
tively. We chose to cite a final value, the average of the
individual determinations together with error limits, which
encompass the extremes of the determinations, hence,
	H2OH2O/kB=1630±480 K �3.24±0.95 kcal mol−1�.

TABLE I. Buffer-gas pressure broadening coefficients �, in the unit of
cm−1 atm−1 for H2O at 298 K. �Numbers in parentheses are one standard
deviation obtained by the straight-line fitting in units of the last digits
quoted.�

Transitiona

J
ke�kc�
� -J

ke�kc�
� N2 O2 Airb

523-624 0.0968�50� 0.0729�60� 0.0918�43�
532-413 0.1034�44� 0.0594�23� 0.0942�35�
927-826 0.0774�34� 0.0411�23� 0.0698�27�
1019-918 0.0450�27� 0.0236�27� 0.0405�22�
1028-927 0.0784�37� 0.0391�17� 0.0702�29�
1037-936 0.0988�30� 0.0503�28� 0.0886�25�
1046-945 0.0854�29� 0.0390�34� 0.0757�24�
1055-954 0.0750�24� 0.301�23� 0.0656�20�
1129-1028 0.0662�30� 0.0293�16� 0.0585�24�
12210-1129 0.0606�43� 0.0217�29� 0.0524�34�

Transition
J

ke�kc�
� -J

ke�kc�
�

He Ne Ar Kr Xe

523-404 0.0217�17� 0.0230�13� 0.0420�18� 0.0522�21� 0.0618�25�
1037-936 0.0283�12� 0.0219�27� 0.0356�13� 0.0465�32� 0.0694�30�
1055-954 0.0135�31� 0.0142�11� 0.0242�22� 0.0358�27� 0.0522�20�
aThe rotational quantum numbers are in standard asymmetric rotor notation.
bCalculated from ��air�=0.79��N2�+0.21��O2�.

FIG. 2. Pressure broadening coefficients of H2O for air as a function of
�upper panel� rotational level �m� for Ka�=Ka�=2, and �lower panel� quasi-
quantum number Ka� for �Ka=0 with m=9. �: This work, �: Toth �Ref.
17�, �: Liu et al. �Ref. 18�, solid line: HITRAN �Ref. 16�. Error bars
indicate one standard deviation determined by the profile-fit procedure.

FIG. 3. Plots of the logarithm of the cross section �M for the broadening
process of the �523←404� �inverted triangles�, �1037←936� �circles�, and
�1055←954� �triangles� transitions of the �1+�3 band vs the well depth 	MM

of the dimer of a variety of noble gases �filled circles: Ne, Ar, Kr, and Xe�.
Solid lines show the results of a linear least-squares fit of the experimental
data. See Eq. �3�.
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The obtained experimental result was listed in Table II
with the selected literature experimental data of the dimer-
ization enthalpy of H2O. The present results provide the ef-
fective interaction energy of H2O dimer at room temperature.
Our experimental value, 3.24±0.95 kcal mol−1, is smaller by
0.35–1.96 kcal mol−1 than the recent experimental data. This
difference could be attributed to the fact that the reported
dimerization enthalpy was obtained for the minimum energy
geometry in the thermal conductivity and infrared absorption
measurements, while our experimental result was obtained
for an average over the different orientations of the two col-
liding water molecules at 298 K, an atmospheric relevant
temperature.

C. Theoretical calculations of the effective interaction
energy of water dimer at 300 K

The integration over various configurations using mo-
lecular simulation technique such as MC is necessary to
compare with the experimental estimation. Figure 4 shows
the distribution of the interaction energy at 300 K. The dis-
tribution is typical in the canonical distribution and shows
qualitative agreement with that by Bandyopadhyay et al.,9

although they did not show the absolute value. Note that the
levels of ab initio computations are different between their
simulation and ours, and their energy using RHF/6-31G*

slightly underestimates the binding energy. It is noteworthy
that the depth shows significant temperature dependence,22

that is, the distribution of the interaction energy is shifted to
positively greater �shallower� direction with increasing tem-
perature due to the thermal energy in the vibrational modes.
The averaged interaction energy from our simulation is
−4.54 kcal mol−1, in which the zero point energy �ZPE� is
neglected. The ZPE of the geometry-optimized dimer is
1.22 kcal mol−1. Since ZPEs cannot be evaluated at arbitrary
configurations except for the minimum, we estimate the ef-
fective interaction energy with the ZPE correction by simply
adding the aforementioned ZPE. Our best theoretical estima-

tion of the effective interaction energy at 300 K is, thus,
3.32 kcal mol−1. This value agrees well with the experimen-
tal one within the margin of the experimental error. It should
be noted, however, that a few sources of errors still remain
that are difficult to be estimated. One is the basis set super-
position error �BSSE� and the other is the contribution from
the geometrical relaxation of the water molecule. The former
overestimates the interaction while the latter underestimates
it. Xantheas et al.23 reported that BSSE of the water dimer is
0.83 kcal mol−1 �MP2/aug-cc-pVDZ� at the optimized con-
figuration including the deformation of the molecules. This
could be regarded as the maximum limit of the error since
the value must be averaged over the various configuration.
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