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As  the  archetype  of water  hydrogen  bonding,  the  water  dimer  has  been  studied  extensively  by both  theory
and experiment  for  nearly  seven  decades.  In this  article,  we present  a detailed  chronological  review  of
the experimental  dimer  studies  and  the insights  into  the  complex  nature  of  water  and  hydrogen  bonding
gained  from  them.  A subsequent  letter  will  review  the  corresponding  theoretical  advances.

©  2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

The quest for an accurate description of water in its myriad
orms has preoccupied scientists for centuries. Because it has long
een realized that most of the cohesive energy of bulk phases of
ater comprises a sum over two-body interactions, a thorough

nd precise description of the hydrogen bonding between just
wo water molecules is clearly a necessary starting point. Hence,
he water dimer has been the focus of a great many theoretical
nd experimental studies. But the deceptive complexity of this
rchetype of the hydrogen bond continues to make the long-sought
efinitive characterization elusive. Here we present a brief review
f the published experimental work on the dimer and some related
ystems. We  follow an essentially chronological order, with empha-
is on results from Berkeley studies. However, in order to establish
he language employed, we first describe the structure and hydro-
en bond tunneling dynamics that dominate the dimer spectra that
ave been observed.

The experimentally determined ‘trans-linear’ structure is shown
n Figure 1, the three feasible tunneling pathways and the
ssociated rotation-tunneling (RT) energy level diagram for the
ibrational ground state are depicted in Figure 2. The structure
equires six global(Jacobi) coordinates(five angles and one dis-
ance) to completely specify the relative orientation of two rigid
ater molecules, if the water molecules are allowed to be nonrigid,

ix more(internal) coordinates are required. Hence, the tunneling
ynamics described ultimately occur on a 12-dimensional potential
nergy surface.
∗ Corresponding author.
E-mail address: saykally@berkeley.edu (R.J. Saykally).
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2. Matrix isolation spectroscopy

The first spectroscopic observation of the water dimer was made
at Berkeley by George Pimentel and co-workers in 1957 [1]. Mid-
infrared absorption spectra of trapped water monomers, dimers
and higher order clusters were recorded in a solid N2 matrix at
20 K. Infrared spectral shifts observed for various N2/H2O ratios
(N2/H2O = 10–1000) revealed the structure and size of clusters in
the matrix. Two salient features observed in O H stretching region
were assigned to the water dimer, one at 3691 and the other at
3546 cm−1. A cyclic structure of the water dimer yielded the best
agreement with these experiments, as compared to open-chain or
bifurcated structures (Figure 3).

Subsequently, several other groups studied the mid- and near-
infrared spectra of water dimers in various cryogenic matrices
[2–8]. Tursi et al. [2] and Fredin et al. [3], using a higher resolu-
tion spectrometer (1.5–1.0 cm−1 spectral slit width in the region of
3700–1150 cm−1), found four peaks in the O H stretching region of
water and assigned them to a singly hydrogen bonded open dimer
structure. Two  stretching frequencies occurring close to monomer
peaks were assigned as the symmetric and antisymmetric stretch-
ing bands of the proton-acceptor, and the other two were assigned
to hydrogen bonded and free O H stretching modes of the proton
donor counterpart.

In rare gas matrices, water molecules rotate freely, whereas such
rotation is hindered in a nitrogen matrix [5–10]. These rare gas
studies indicated a bifurcated hydrogen bonded structure for the
water dimer under the experimental conditions. Figure 4 shows
these possible structures determined by early matrix studies.

Overtone spectra of water and its polymers in the near-infrared

region have also been recorded in various matrices [11,12]. In a
nitrogen matrix, Perchard found three IR features assignable to
water dimer overtone modes [9,10]. Two of them were assigned to
symmetric and antisymmetric stretching vibrations in combination

dx.doi.org/10.1016/j.cplett.2015.04.016
http://www.sciencedirect.com/science/journal/00092614
www.elsevier.com/locate/cplett
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cplett.2015.04.016&domain=pdf
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dx.doi.org/10.1016/j.cplett.2015.04.016
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Figure 1. Water dimer-archetype of the aqueous hydrogen bond. The ‘trans-linear’
equilibrium structure of the water dimer from the fitted VRT(ASP-W)-II potential
surface. The hydrogen bond deviates ∼2◦ from linearity, the O· · ·O distance is 2.95 Å,
and the bond strength, D0, is 3.40 kcal/mol. The monomer on the right acts as a single
hydrogen bond donor (D), while that on the left is a single acceptor (A). The highly
nonrigid dimer has six floppy intermolecular vibrations, corresponding to the five
angles and single distance required to specify the relative orientation of two rigid
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were the measured donor-acceptor interchange tunneling split-
ater molecules.

rom Ref. [36].

ith the nitrogen stretching mode for the proton acceptor, while
he third was assigned as the antisymmetric proton donor stretch-
ng band in combination with the matrix nitrogen stretch.

In 2008, normal mode intensities of all intra- and most of the
nter-molecular modes of the dimer were measured by Ceponkus
t al. and the results were compared with DFT calculations
13]. Ceponkus et al. using their Bruker HR120 FTIR spectrome-
er (0.1 cm−1 resolution for mid-infrared and 1.0 cm−1 resolution
elow 650 cm−1), recorded spectra of the water dimer and its

sotopologues in the frequency range of 20–5000 cm−1 in both
e (10 K) and p-H2 (2.8 K) matrices [14,15]. Seven intermolecular
ibrations of the dimer were detected below 600 cm−1 with the
se of a liquid He cooled Si bolometer. The highest frequency inter-
olecular vibration appeared at 522.4 cm−1, which was  assigned

o an out of plane shear vibration of the proton donor of (H2O)2. The
ydrogen bond stretching fundamental was observed at 173 cm−1

n a Ne matrix, but was absent in p-H2 matrix. The p-H2 matrix
ata, in combination with DFT/B3LYP/6-311++G(3df,3pd) level of
heory, were used to establish the far-infrared band strength for
he water dimer [12]. Later, Ceponkus et al. showed that a fine
tructure appearing in the mid-infrared region in different matrices
Ne, Ar, Kr, p-H2) cooled to 10 K could be attributed to the acceptor
witching motion of the dimer [16]. The observed acceptor switch-
ng splitting in different matrices were between one half and one
hird of the value currently obtained in gas phase studies.

In a recent study of water dimers in a solid hydrogen matrix,
eponkus et al. found that water rotates freely in solid o-D2 and p-
2 matrices but exhibits only librational motion in n-H2 and n-D2
atrices [17]. In 2011, Sliter et al. found that nuclear spin conver-

ion is faster for dimeric water than for water monomers confined
n a solid Ar matrix at 4 K [18]. In the same year, Tremblay et al.
ationalized some weak transitions observed in the near-infrared
egion for water in inert gas matrices as being due to simultaneous
ransitions of both proton donor and acceptor normal modes [19].
ntensities of simultaneous transitions increase due to vibrational
esonance with the combination mode of the proton donor.

In 2013, Ceponkus et al. reviewed previous matrix isolation
tudies of water dimers, including their own work performed at
und [20,21]. Low frequency intermolecular vibrations of the water
imer in inert gas matrices (Ne, Ar, Kr and p-H2) showed a typical
0–20 cm−1 blue shift compared to corresponding gas phase fre-
uencies. This behavior was attributed to the repulsive interaction

etween water molecules and the matrix. Intensities of hydrogen
ibrational bands were used to determine p-H2 matrix thickness,
hich yielded water cluster concentrations and intensities of
ysics Letters 633 (2015) 13–26

cluster vibrations. Intensity enhancement of the hydrogen bonded
O H stretching vibration was in good agreement with the calcu-
lated value obtained by the DFT level of theory. On the other hand,
the band intensity of the intermolecular hydrogen bond stretching
of (H2O)2 was overestimated by the same level of calculation.

Matrix studies continue to be of great interest due to their ability
to approximately locate prominent intermolecular vibrations and
to determine vibrational band intensities. Historically, the struc-
ture of the dimer has also been elucidated via matrix experiments,
however high resolution VRT and microwave studies have now
superseded matrix studies in this regard.

3. Microwave and sub-millimeter spectroscopy of the
water dimer

The first high resolution spectra of the water dimer were
observed in 1974 by Dyke et al. [22] who measured over 50 RT
transitions in the spectral range of 8–50 GHz for both (H2O)2 and
(D2O)2 dimers, employing a molecular beam electric resonance
spectrometer. The (B + C)/2 value for (H2O)2 obtained from analysis
of two  K = 2 J = 2 → 3 and J = 3 → 4 transitions were 6155 MHz  and
6144 MHz, respectively. The rich spectrum indicated large ampli-
tude tunneling motions. A near-linear dimer geometry (relative
angle of 10◦ between two monomers) with an equilibrium ROO
distance of 2.98 ± 0.04 Å was extracted from these experiments.
In a subsequent 1977 letter, Dyke presented a group theoretical
representation of the water dimer RT energy levels to character-
ize the different types of tunneling splittings that were possible
in the microwave spectrum [23]. He classified the symmetries of
all RT levels and concluded that the a-type spectrum (�K = 0) con-
tains both pure rotational and rotational-tunneling transitions. In
the same year, Dyke et al. reported additional radio-frequency and
microwave transitions for several isotopes i.e. (H2

16O)2, (D2
16O)2,

(H2
18O)2, using their molecular beam electric resonance spec-

trometer [24]. The average dimer structure extracted by fitting
pure rotational transitions in the vibrational ground state with a
rigid rotor model was also near-linear with an equilibrium ROO
distance of 2.98 Å. The proton acceptor molecule is essentially tetra-
hedrally oriented, making an angle of 58◦ with respect to O O
axis. The hydrogen bond distance in gas phase dimer was some-
what larger than that found in solid phases, attributed to the
cooperative(i.e. many-body) nature of hydrogen bonding. In 1980,
Odutola and Dyke reported microwave spectra for several par-
tially deuterated dimers in the region of 10.5–12.5 GHz, for J = 1 → 0
transitions [25]. They used argon as cooling gas and obtained a
rotational temperature of 20 K, colder than in previous studies.
The improved signal-to-noise ratio at this low temperature facil-
itated resolution of proton hyperfine splittings. The ROO distance
obtained by fitting the rotational transitions with a rigid rotor
model was 2.976 Å. In 1987, Coudert et al. presented Fourier trans-
form microwave spectra of (H2O)2 and several deuterated species
in the frequency range of 7–25 GHz [26]. They reported measure-
ments on ten K = 1 lines, of which six were Q-type (�J  = 0) and
four were R (�J = + 1) type, observing a decrease in donor-acceptor
interchange tunneling splitting from 19.5 GHz (K = 0) to 16.2 GHz
in the K = 1 level. In the subsequent year, Dyke and co-workers
reported additional rotational-tunneling spectra in the K = 0 states
for both (H2O)2 and (D2O)2 in the radio-frequency and microwave
region [27]. With a 3 kHz spectral linewidth in the RF region,
highly detailed nuclear hyperfine splitting was resolved. In case
of (H2O)2 and (D2O)2 dimers, 19,526.73 MHz  and 1172.23 MHz
tings for K = 0 level, respectively. This result is intuitively consistent
with the dependence of the tunneling barrier with particle mass.
Odutola et al. in 1988 reported the observation and assignment
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Figure 2. Tunneling pathways and energy levels for the water dimer. (A) The water dimer exhibits three distinct low barrier tunneling pathways that rearrange the hydrogen
bonding  pattern and induce a sixfold splitting of the vibration-rotation energy levels. Acceptor switching (AS) has the lowest barrier, estimated at 157 cm−1 by VRT(ASP-W).
This  tunneling pathway exchanges the two  protons in the hydrogen bond acceptor (A) monomer and begins with a flip of the acceptor followed by a rotation of the donor (D)
monomer around its donating O H bond, and is completed by a 180◦ rotation of the complex about the O O bond. The tunneling motion splits each rovibrational energy
level  into two. Interchange tunneling (I) exchanges the roles of the donor and acceptor water monomers. Several possible pathways exist for this exchange, the lowest barrier
path  being the geared interchange motion. This pathway begins with a rotation of the donor in the �D angle and rotation of the acceptor about its C2 axis to form a trans
transition state structure. This is followed by a rotation of the initial donor about its C2 axis and a rotation of the initial acceptor in the �A angle such that it becomes the
donor.  The pathway is completed by a 180◦ end-over-end rotation of the complex. Calculations with the VRT(ASP-W) potential determine the barrier to be 207 cm−1. The
anti-geared interchange pathway also has been determined to be important and is similar to the geared pathway except that it has a cis transition state. The tunneling motion
splits  each energy level by a much smaller amount than the acceptor switching, resulting into two sets of three energy levels. The bifurcation tunneling motion B, wherein the
donor  exchanges its protons, comprises the simultaneous in-plane librational motion of the donor with a flip of the acceptor. This is the highest barrier tunneling pathway
[394  cm−1 with VRT(ASP-W)] resulting only in a small shift of the energy levels, with no additional splitting. (B) Associated energy level diagram showing the tunneling
splittings and some rotation-tunneling(RT) transitions for the ground vibrational state, as well as the 5 intermolecular vibrational states that have been measured(DT = donor
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f K = 0 rotation-tunneling states of (H2O)2 and (D2O)2 in the rf
nd microwave region using the same spectroscopic technique.
opulation of only the lowest few rotational levels was achieved
y expanding 1000 Torr of argon mixed with 2% water through

 25 �m orifice. The donor-acceptor interchange tunneling split-
ings for (H2O)2 and (D2O)2 were extracted as 19,526.73 MHz  and
172.23 MHz, respectively. The effect of rotational-tunneling split-
ing is more significant on the (H2O)2 rotational constant than on
hat of (D2O)2.

In 1989, Fraser, Suenram, and Coudert measured microwave

pectra of (H2O)2 in the range of 14–110 GHz using an electric-
esonance optothermal spectrometer [28]. With the resulting high
ensitivity and broad spectral coverage, they were able to observe
he A±1 states and c-type Ka = 1–0 band for A±2 and B±2 states. They
ne bend), with all energies given in wavenumbers. The RT splittings vary strongly
nergy levels between A+/− and B+/− are labeled E+/− in practice but are excluded in

sent allowed transition between energy levels.

obtained the ground vibrational state (A±1 /B±1 ) tunneling splitting
for J = 0, K = 0 as 22.6 GHz and the separation of Ka = 1–0 A±2 /B±2 as
27 GHz. This measured value of interchange tunneling splitting dif-
fers from the J = 1, K = 1 splitting obtained by Coudert et al. and the
discrepancy was  attributed to the nonrigidity of the dimer.

In 1990 Zwart et al. measured sub-millimeter transitions from
Ka = 1 → Ka = 2 of (D2O)2 in the region of 350–430 GHz using a
slit nozzle expansion [29]. Four bands were observed with Q
and R branches. The four bands were fitted with a near-prolate
symmetric top model as c-type transitions. The value of the A con-

stant was  determined as 120,327.492(32) MHz, and values of other
molecular constants were also determined. Subsequently, Zwart
et al. measured rotation-tunneling spectra of (H2O)2 by a direct
absorption technique in a continuous slit nozzle (4 cm long and
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Figure 3. Mid-IR spectra of water trapped in solid nitrogen matrices. Recorded at various
the  spectra at O H stretching fundamental vibration region and the RHS represents the H

F
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igure 4. Proposed structures for the water dimer. Deduced from early matrix
xperiments. Taken with permission from Ref. [1].
5–50 �m wide) expansion, with the aim of precisely determin-
ng the value of A and the magnitude of largest tunneling splitting
ue to 180◦ rotation of the acceptor monomer (‘acceptor switch-

ng’) [30]. Transitions from Ka = 0 (lower) → Ka = 1(upper) and
 nitrogen to water ratios (M = moles Nitrogen, A = moles Water). The LHS represents
 O H bending region of water.

Ka = 1(lower) → Ka = 2(upper) were observed. The value extracted
by fitting the experimental data with an IAM-like treatment for A
and the 1 → 4 tunneling splitting (largest) were 227,580.432 MHz
and −70,128.436 MHz  with an uncertainty of 0.50 and 0.10 MHz,
respectively. This improvement in precision was attributed to the
incorporation of three additional �Ka = 1 subbands in the analy-
sis. In 1997, Fraser et al. reported measurements of microwave and
sub-millimeter wave rotational spectra of 12 mixed deuterated-
protonated isotopomers of the water dimer up to 460 GHz [31],
using a molecular-beam electric resonance optothermal spectrom-
eter which employed a 40 �m pinhole nozzle. Both Ar and He Ne
mixtures were used as the carrier gas with a backing pressure
of 300 kPa, and both a-type �Ka = 0 (Ka = 0–0 and Ka = 1–1) and b
and c-type �Ka = 1 (Ka = 1–0) transitions were observed. The value
of the tunneling splitting for J = 0 was extracted from experiment
as 3.59 cm−1 for HDO-DOD, but a smaller value (2.6(4) cm−1) was
obtained by Gregory and Clary via Monte Carlo calculations.

In 2007, Coudert et al. observed hyperfine splittings for
J ≤ 2 rotation-tunneling sublevels using a FT-MW spectrometer
for (H2O)2 [32]. The hyperfine energy levels were calculated
using a Hamiltonian consisting of magnetic spin-rotation and
spin–spin terms, simplified using symmetry adapted operators

of the G16 CNPI group. They found that the hyperfine ener-
gies obtained using symmetry adapted rovibrational and nuclear
wavefunctions yielded a satisfactory match with the experi-
ment.
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Figure 5. IR vibrational predissociation spectra of the water dimer. Taken in a super-
sonic molecular beam. The dominant peaks of the spectra were assigned as follows:
3545 cm−1→ �1 (donor), 3600 cm−1→ �1 (acceptor), 3730 cm−1→ �3 (acceptor),
3715 cm−1→ �3 (donor). All peaks were shifted greater than 20 cm−1 from the
A. Mukhopadhyay et al. / Chem

The first definitive observation of water dimers in equilibrium
ater vapor at room temperature was reported by Tretyakov et al.

n 2013 [33]. The dimer absorption was recorded in the range
f 100–150 GHz at 13 Torr pressure and 296 K using a high-Q
abry–Perot resonator spectrometer. The water monomer shows

 few weak, narrow lines in this region, corresponding to HDO
nd the excited bending state of H2

16O. Four equally spaced broad
eatures (due to unresolved transitions) were observed, the center
ositions of which are separated by 2Beff and these were assigned
o the water dimer based on the previous supersonic jet mea-
urements. These equidistant rigid rotor-type features actually
orrespond to E1 type rotational transitions which are affected rel-
tively weakly by dimer internal rotation and produce a series of

 + 1 ← J, K = 0 transitions]. The ab initio-based dimer spectra exhibit
 factor of four smaller effective linewidth than the experimental
ata. This discrepancy between experiment and calculation was
ttributed to the use of a simple symmetric top approximation in
he latter case (in contrast to a prolate symmetric top approxima-
ion). The authors concluded that some low-frequency vibrational

odes, which can be populated at room temperature, probably
ontribute to the water dimer rotational transitions, resulting in
he broad features. On the other hand, the intensities of experi-

ental spectra match well with the calculated amplitudes, and the
elative abundance of dimer extracted from calculations was about
.0 × 10−3. Saykally wrote an invited article on Tretyekov et al.’s
bservation of water dimer in vapor phase [34]. He emphasized
hat the surprising regularity in spectral shift and the four times
roader spectral linewidth of observed features compared to ab

nitio calculations needs to be addressed accurately by the authors.
e also pointed out that consideration of collisional broadening to
haracterize water dimer vapor phase spectra would be of much
nterest.

Early in 2014, Leforestier and co-workers developed a sim-
le model, based on ab-initio calculations, to fit experimental
illimeter-wave spectra of the water dimer recorded in a wide

ange of pressure and temperature [35]. Modeling the dimer spec-
rum in the range of 60–350 GHz, the whole spectrum is divided
ccording to the type of transition. Spectra associated with the
ransition between levels with A and B symmetries are denoted
he ‘A + B spectrum’, which has several irregular patterns and that
f E symmetry (the ‘E spectrum’) contains regular transitions. The
emperature and pressure effect was considered using empirical
ower laws as (T0/T)x1 and (P0/P)x2, where x1 = 10.67 determined by
cribano and Leforestier and x2 = 2. Also, T0 = 296 K and P0 = 13 Torr.
he dimer spectrum obtained using this model yielded good agree-
ent with the experimental spectra recorded in 110–150 GHz and

90–250 GHz regions.
MW spectroscopy provided the first definitive determination

f the dimer ground state energy level structure and provided a
easure of the rotation-tunneling motion. This data in combina-

ion with the vibrational–rotational transitions outlined in a later
ection provide the most complete characterization of the dimer
otential energy surface. The recent observation of water dimer

n the vapor is of great experimental and theoretical interest and
hould be enlightening as to the role of the dimer in water vapor.

. Gas phase IR spectroscopy of the water dimer

Keutsch et al. presented an overview of mid-infrared spec-
roscopy of gas phase free water clusters in a 2003 review article
36]. The study of water cluster IR spectra in supersonic molecu-

ar beams was initiated by Vernon et al. and Page et al. in the Y.T.
ee group at Berkeley [37,38]. With the use of supersonic molec-
lar beams the selective control of the cluster species could be
chieved, and allowed researchers to focus on particular cluster
matrix results.

Reproduced with permission from Ref. [38].

sizes. Infrared absorption spectra of water polymers (H2O)n, n = 1–5
were recorded by detecting the recoiling off-axis fragments with
angle-resolved mass spectrometry, wherein the fragments were
produced by vibrational predissociation following the absorption of
infrared laser radiation (2900–3750 cm−1). Page et al. [38] focused
mainly on the hydrogen bonded water dimers formed in the molec-
ular beam under optimized conditions (Figure 5).

They found four peaks in the fundamental O H stretching region
of water, and assigned them to symmetric and antisymmetric
stretching bands of donor and acceptor molecules of the dimer.
The broad peak near 3545 cm−1, significantly red-shifted from the
monomer peak, was assigned to the hydrogen bonded O H stretch.
In later work, Coker et al. found four water dimer peaks similar
to those observed by Page et al. [39]. Their assignment of dimer
peaks was supported by quantum chemical calculations reported
in the same article. Several different potential surfaces were used
to predict the sensitivity of the experimental data, and the best
agreement was  obtained with RWK2 potential [40].

Huisken et al. used their molecular beam depletion technique
in combination with cluster size selection to observe two  peaks at
3750 and 3601 cm−1, which were assigned to free and bonded O H
stretching frequencies of water dimer, respectively [41]. Notably,
their assignment of the bonded O H stretching band was in conflict
with the work of Page et al. [38], Coker et al. [39] and Huang et al.
[42]. Briefly, Huisken et al. presented evidence that the bonded OH
stretch previously assigned at 3554 cm−1 was  in error and reas-
signed the stretch to 3601 cm−1. Furthermore, band at 3554 cm−1

was theorized to originate from a water trimer.
In 1997, Paul et al. measured direct absorption spectra of water

clusters (both (H2O)2 and (D2O)2) using a pulsed molecular beam
source in combination with the newly developed infrared cav-
ity ringdown absorption technique at Berkeley [43,44]. They were
able to record rotationally resolved bands for bonded and free
O D stretch vibrational frequencies of the (D O) dimer. All other
2 2
higher clusters observed were not rotationally resolved because
of vibrational predissociation. In 1999, Paul et al. performed the
first measurement of H2O monomer bending vibrations in gaseous
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Figure 6. The bending vibration of (D2O)2. The infrared cavity ringdown spectrum
for the Ka 1 ← 0 transitions of the hydrogen bond donor bending mode in an
8 A. Mukhopadhyay et al. / Chem

ater clusters, observing discrete blue-shifted bands near 6 �m for
lusters up to tetramers [45]. Parallel H2O bands were measured
t 1600.6, 1613.8, 1614.7, and 1628.6 cm−1, while other features
ere attributed to �K  = ±1 bands. These measurements provided a

uantification of the monomer distortion that accompanies hydro-
en bond formation. This measure is essential to incorporate into
ny water potential model.

In 2007, Nakayama et al. evaluated the interaction energy for
ater dimers by measuring pressure broadening coefficients of

he �1 + �3 vibrational combination band of water monomers in
he region 1.34–1.44 �m [46]. Various buffer gases, including inert
ases (He, Ne, Ar, Kr and Xe) and N2 and O2 at varying pressures
60–500 Torr) were used with a constant partial pressure of water
0.04 Torr). Permenter–Seaver’s energy transfer model [47] based
n pressure broadening coefficients was used to evaluate the inter-
ction energy for water dimers. The extracted experimental value
3.24 ± 0.95 kcal/mol) was  smaller than some recent experimental
alues. Consideration of a structure averaged over different orien-
ations of two colliding water molecules at 298 K rather than the
imer equilibrium geometry was proposed to account for the above
iscrepancy.

In 2008, Vigasin et al. measured the contribution of water dimers
o the O H stretching fundamental band profile of pure water vapor
48]. The spectra were recorded for 650 K and 673 K isotherms with

 cm−1 spectral resolution. They were able to show that a simple
onomer-dimer model gives an excellent fit for the O H stretching

pectral profile of water vapor up to a density of 0.04 × 10−3 kg/m3.
igasin subsequently rationalized the partial contributions of ‘true
ound’ and ‘metastable’ dimer absorptions in the O H stretching
undamental region of pressurized water vapor [49]. The experi-

ental spectra were taken from the work of Jin and co-workers
48]. It was shown that ‘metastable’ water dimer absorption played

 significant role in the temperature region from 573 to 773 K, com-
ared to contributions from ‘true bound’ dimers. The experimental
bservations of Jin and co-workers were reanalyzed very recently
y Tretyakov and Makarov using their newly developed model,
hich was based on high resolution monomer spectra and with

he frequencies and intensities of rovibrational bands of the dimer
nd trimer derived from cold molecular beam experiments [50]. It
as shown that the developed model yields a good fit to the O H

tretching fundamental band of high temperature (650 K) water
apor for densities up to 0.05 g/cm3. The extracted value for the
imer equilibrium constant (Kd) 0.87 × 10−3 atm−1, was in accord
ith the values obtained by some other groups [51].

Moudens et al. recorded FTIR spectra of water clusters up to
entamer in a planar slit jet expansion of Ar–water mixtures [52].
lear signatures of free and hydrogen bonded O H vibrations were
bserved for all the clusters. The peak position of the hydrogen
onded O H stretching infrared frequency at 3601 cm−1 was con-
istent with previous experiments.

In 2011, Reisler and co-workers determined an accurate value
f the bond dissociation energy (D0) of the water dimer using
elocity map  imaging (VMI) and resonance enhanced multipho-
on ionization (REMPI) [53]. The D0 value (1105 ± 10 cm−1) was  in
xcellent agreement with the D0 (1103 ± 4 cm−1) value estimated
y Shank et al. [54] utilizing a modified full-dimensional poten-
ial energy surface in association with CCSD(T)/aug-ccpVTZ theory
nd diffusion Monte Carlo calculations. In the subsequent year,
eisler and co-workers reported the bond dissociation energy D0

or (D2O)2 using 2 + 1 REMPI and VMI  techniques [55]. The obtained
0 value for (D2O)2, 1244 ± 10 cm−1, was in excellent agreement
ith the theoretical prediction (1244 ± 5 cm−1) of Czakó et al. [56].
xperiment in combination with quasi-classical trajectory (QCT)
alculation based on the HBB2 potential energy surface predicts
0 0 0) + (0 1 0) as the dominant dissociation channel for (D2O)2,
herein one quanta of the fragment bending mode is excited. Here
argon supersonic expansion. Transitions were determined to have originated from
A1

+/E+/B1
+ tunneling levels based on the strength of the transitions.

Reproduced with permission form Ref. [57].

(0 0 0) refers to the vibrational ground state and (0 1 0) refers to the
first excited bending state following the notation developed in Ref.
10 of the above letter. The minor channel yielded highly rotationally
excited fragments in their ground vibrational state.

Rotationally resolved spectra of the bending mode of (D2O)2
were reported by Stewart and McCall in 2013, complementing
the corresponding (H2O)2 results of Paul et al. [45]. They used
a supersonic jet expansion in combination with a quantum cas-
cade laser-based cavity ringdown spectroscopy technique [57].
Two main bands appearing at 1187 and 1195 cm−1 were assigned to
Ka = 1 ← 0 and Ka = 2 ← 1 subbands of the donor bending mode. They
concluded that these two  main features arose from overlapping Q
branches of multiple tunneling states, wherein each Q branch is fol-
lowed by an R branch with a regular 0.36 cm−1 separation between
two consecutive R branches. This separation is almost twice the
known B (0.1812) rotational constant for (D2O)2. Additionally, the
assignment of two �Ka = 1 bands was  confirmed by the separation
of (2(A′-B′) = 8 cm−1) for (D2O)2 dimer. The estimated band cen-
ter at 1182.2 cm−1 yielded an excellent agreement (within 1 cm−1)
with the theoretical value from Wang et al.’s MULTIMODE calcula-
tion [58]. Figure 6 shows the Ka 1 ← 0 spectrum obtained by Stewart
et al. and the assigned Q and R branches.

Földes et al. very recently (2014) reported rotationally resolved
spectra of the H2O dimer 2�OH (overtone) band in the spectral
region 7229–7262 cm−1 [59]. This new report helps to refine the
previous assignment of Nizkorodov et al. [60]. In their vibrationally
mediated laser dissociation spectroscopy experiment, Nizkorodov
et al. used a tunable (7100–7300 cm−1) near-infrared pump laser
followed by ArF photolysis with a 0–1000 ns time delay from the
pump beam. The photolysis beam dissociates a fraction of the vibra-
tionally excited water molecules, and finally, a probe laser fixed at
the A2X ← X2� v = 1 ← 0 band of OH with a time delay of 20 ns from
the photolysis beam was  used to probe the fluorescence of OH.

The measured spectrum is shown in Figure 7. Four bands
appearing at 7193, 7240, 7249.8 and 7282 cm−1 were assigned to
(H2O)2 [60]. The 7193 cm−1 band was assigned to the |02〉a+/|1〉f|1〉b
mode, where a, f and b stand for proton acceptor, free proton donor,
and bound proton donor OH stretches, respectively. A slow scan
over this region revealed a rotationally resolved structure. The
7240 and 7249.8 cm−1 bands were assigned to the |2〉f|0〉b mode.
The band appearing at 7282 cm−1 remained unassigned. Földes
et al. observed eight broad features using Fourier transform,

tunable diode and quadrupole mass spectrometers coupled
with supersonic expansions [59]. Two  weak bands appearing at
7233.9 and 7234.4 cm−1, not listed in Nizkorodov et al.’s report,
were assigned to other H2O-containing clusters. The band at



A. Mukhopadhyay et al. / Chemical Physics Letters 633 (2015) 13–26 19

F sis. W
t s indi
A

7
h
o
l
s
n
v
w

5

u
r
o
o
e
t
i
w
(
b
t
c
p
w
t
c

a
i
t
1
t
a
s
2
s
a
r
a
w
f
a
w
i

igure 7. Dimer overtone spectra measured by vibrationally mediated laser photoly
o  the 2�3/2

− state of OH(v = 0) while the pump laser was scanned in frequency. A
r–water dimers.

256.5 cm−1 was previously assigned to Ar–H2O. On the other
and, a sharp Q branch accompanied by R and P branches was
bserved and assigned to (H2O)2. This high energy feature over-
apped with H2O-rare gas lines that were confirmed from spectral
hifts using different rare gases (Ar, Kr and Ne). They observed
ine equally spaced R lines and five equally spaced P lines. The
alue of the dimer rotational constant (B + C)/2 for excited state
as determined by fitting the experimental spectrum.

. Water vapor continuum absorption: recent studies

Water vapor continuum absorption in the near-infrared region
nder different temperature and pressure conditions has been
eported in the literature by several goups [61–65]. The definition
f the continuum is an absorption whose cross section depends
n the pressure of water vapor (self) and the buffer gas (for-
ign). A possible explanation for this continuum absorption is
he presence of water clusters, particularly the dimer [61]. Near-
nfrared (5000–5600 cm−1) pure water vapor absorption spectra

ere recorded at various pressures (98 and 20 kPa), temperatures
297 K, 299 K and 342 K) and path lengths (29 cm,  128 cm and 9.7 m)
y Newnham and co-workers [66]. The measured laboratory spec-
ral features match quite well with the atmospheric water vapor
ontinuum spectra in the region of 5000–5500 cm−1. This article
rovides an interesting description of the look at the role of the
ater dimers in the atmosphere. However, it should be noted that,

heir measured features could also be attributed to higher-order
lusters because of higher water vapor pressure dependence.

Ravishankara and co-workers measured the water vapor
bsorption cross-section at different N2 pressures (500–850 Torr)
n the region of 10500–10800 cm−1 using cavity ringdown spec-
roscopy [61]. The measured line strength for several lines around
0,604 cm−1 yielded a good match with the HITRAN values. On
he other hand, the overall absorption for the entire region
ppeared larger than the database value. Baranov and Lafferty mea-
ured water vapor continuum absorption in the spectral range of
.88–5.18 �m under different temperature (311–363 K) and pres-
ure (21–259 Torr) conditions using a FTIR Spectrometer [62]. The
bsorption coefficient at 5 �m was in good agreement with the
esults from the MTCKD continuum model. The MTCKD model is

 semi-empirical computer simulation that computes the entire
ater continuum spectra and takes into account the effect of dif-
erent gas species on the water lines [67]. In the self-continuum
bsorption near 3 �m,  a distinct feature appearing at 3200 cm−1

as assigned to an overtone of a water dimer O H O bend-
ng vibration. The absorption coefficient of this bending vibration
ith permission from Ref. [47]. The spectra were obtained by tuning the probe pulse
cated by the labels, the peaks result from water monomers and dimers as well as

matches well with previously reported data taken at 351 K, this
results indicates a significant contribution of the water dimer in
that spectral region. The MTCKD 2.5 result yielded best agreement
with the experimental data at 326 K, however significant deviations
were observed at 311 K and 352 K. Unfortunately, this implies that
neither the MTCKD nor the updated MTCKD 2.5 model can reli-
ably predict the temperature dependence of the strong absorption
coefficients [61]. This model contains an exponential dependence
of the continuum absorption coefficient on temperature, while the
observed dependence is much stronger than exponential. Figure 8
shows a comparison of predicted continuum absorptions from the
different MTCKD versions along with a simulated dimer spectrum.

In 2011, Ptashink, Shine, and Vigasin critically reviewed recent
work on water vapor continuum absorption and proposed a model
that can explain both the wavelength and temperature depen-
dences of continuum absorption [62]. The model, based on ab
initio theoretical calculations and high-precision laboratory mea-
surements, can distinguish the contributions of true bound dimers,
quasi-bound dimers and free-pair collisions of water monomers to
the continuum absorption. Contributions from quasi-bound dimers
and true bound dimers based on VPT2 calculations were proposed
to explain the laboratory measured continuum absorption in the
near-IR region. The temperature dependence in the 8–12 �m range
is explained by separation of true and quasi-bound dimer absorp-
tions.

The observed larger continuum absorption compared to the
MTCKD model results is attributed to possible dimer contri-
butions in some definite near-IR windows. In 2013, Ptashink
et al. reported self-continuum absorption in the spectral range of
1300–8000 cm−1 within the 289–318 K temperature range using
a multipass cell of path length of 612 m and high resolution
(0.03 cm−1) Fourier Transform Spectrometry (FTS) as the probe
[64]. They report self-continuum absorption at room temperature
in the 6200 cm−1 (1.6 �m)  frequency range. The self-continuum
absorption in 4 �m (2700 cm−1) and 2.1 �m (4000 cm−1) region
yielded a good agreement with the experimental result of Bara-
nov [63] and Ptashink [68]. On the other hand, a discrepancy was
found with the MTCKD results, indicating that the latter underesti-
mates the experimental measurement, possibly due to the absence
of dimer absorption in the model. Mondelain et al., in the same
year investigated water vapor continuum absorption at room tem-
perature in the 1.6 �m range using cavity ringdown spectroscopy

[65]. The absorption coefficient was determined for the frequency
range of 5875–6450 cm−1 with a varying pressure up to 12 Torr.
The minimum absorption in this window was found at 6300 cm−1.
Pressure dependence of the absorption coefficient fit well to a
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igure 8. The near-IR water continuum. The figure displays the water continuum ab
n  the same spectral region.

eproduced with permission from Ref. [62].

econd order polynomial, rather than showing purely quadratic
ependence. This discrepancy was accounted for as water adsorp-
ion on the mirror surface, the first order term accounts for this
dsorption [65]. The experimental self continuum absorption cross
ection (3 × 10−25 to 3 × 10−24 cm2 molecule−1 atm−1) yielded a
ood agreement with the MTCKD 2.5 model, but disagreed with
he Fourier transform spectroscopy measurements of Ptashink et
l. [64], which yielded up to 2 orders of magnitude higher cross
ections compared to Mondelain’s measurements. Some possible
xplanations for this contrast are outlined in Mondelain’s conclu-
ion [65], but the question remains open.

. Water dimers in exotic environments

The observation of small water clusters ((H2O)n n = 2, 3, 4)
n liquid helium droplets at very low temperatures (0.4 K) was
rst made in 1996 by Fröchtenicht et al. [69]. A small red shift
3.6 cm−1) was observed for the dimer hydrogen bonded O H
tretching fundamental (�O H = 3597.4 cm−1 in He droplets), com-
ared to the gas phase frequency. This red shift was  attributed
o the interaction with the solvent helium molecules, although
he effect of this interaction on other O H stretching modes of
ater dimer was negligible. The most striking feature was  the
arrowing of the dimer bands in liquid helium relative to gas
hase spectra, which was thought to result from the very low
emperature environment. Nauta et al. observed a linear dimer
tructure in liquid helium droplets, whereas cyclic structures were
bserved for trimer through hexamer [70]. Recently, rotation-
lly resolved IR spectra were reported for mixed water dimers
HDO·  · ·H2O, HDO· · ·HDO and HDO· · ·D2O) embedded in liquid
elium by Havenith and co-workers [71]. The covered spectral
egion included the O–D stretch (2650–2660 cm−1) and symmet-
ic stretch vibrations of acceptor (2725–2740 cm−1) molecules. An
bserved increase in the linewidth was attributed to the inter-
ibrational relaxation, which occurred due to the coupling between
ovibrational levels. The observed ground state acceptor switching

plitting for HDO· · ·DOH was determined to be 5.68 cm−1.

This technique provides a unique avenue to studying narrowed
ands of the water dimer, and helps to elucidate the dynami-
al behavior of the dimer in this low temperature environment.
ion for each MTCKD version along with a simulation of the water dimer absorbance

Studying the tunneling motion in LHe droplets offers the advan-
tage of avoiding the technical difficulties of supersonic molecular
beams.

Infrared absorption spectra of water in CCl4 solution was first
recorded by Borst et al. [72]. Subsequently, molecular dynamics
studies of monomeric water in CCl4 were reported by Danten et al.
[73]. Both of these studies were focused on monomeric structure
and water–solvent interactions. In 2009, IR absorption spectra of
both monomeric and dimeric water in CCl4 solution were recorded
by Nicolaisen in the spectral range of 3100–4200 cm−1 [74]. A new
broad feature was  observed at 3804 cm−1 that was  assigned as
a combination of an intramolecular OH stretching mode and an
intermolecular vibration. However, the author recognizes that this
assignment may  be incorrect and the origin of the observed band
is still an open question. The other measured dimer bands were
consistent with the inert matrix and molecular beam results. After
subtraction of monomer features from the entire absorption spec-
tra, Nicolaisen concluded that the dimer contributes only 6% to the
total absorption spectrum. Intensity enhancement was  observed
for both monomer and dimer due to water-solvent interactions.

7. Terahertz vibration–rotation tunneling (VRT)
spectroscopy of the water dimer

The first terahertz (far-infrared) spectrum of the gaseous water
dimer was  observed near 22 cm−1 for (H2O)2 by Busarow et al. in
1989 using the Berkeley-tunable far-IR laser spectrometer coupled
with a planar supersonic jet [75]. This work was contemporary
with the microwave study of (H2O)2 published by Coudert et al.,
which reported a-type (�K = 0) transitions and sampled one low
frequency tunneling motion (donor-acceptor tunneling) of the
vibrational ground state. Busarow et al. observed 350 transitions
in the frequency range of 510–835 GHz range, and assigned 56 of
them to a perpendicular band originating from the lower acceptor
tunneling level of K = 1 to the lower acceptor tunneling level of K = 2.
The first high resolution intermolecular vibrational spectrum of a

water dimer[(D2O)2]was reported by Pugliano et al. in 1992 for a
transition near 2.5 THz (84 cm−1) [76]. The intermolecular vibration
was assigned to the �8 mode (acceptor wag), which is associated
with large amplitude motion of the hydrogen bond acceptor. The
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Figure 9. VRT energy level diagram for the water dimer. The levels are label based on their irreducible representation in the CNPI G16 group. The level diagrams on the
LHS  represent K = 0 levels for J = 0.1 while the RHS shows the diagram for K = 1, J = 1. Tunneling splittings are shown and labeled as: acceptor switching = a0,  interchange
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nto  a set of two triplets, which are referred to as ‘1s’, for the lower energy triplet, a
he  K = 1 levels show the effect of Coriolis coupling between the 2’s of the J, K = 0 lev

plitting due to donor tunneling increased from the ground state
alue of 6 MHz  to the excited state value of 163 MHz, attributed
o a reduction in tunneling barrier height in the excited state. In

 subsequent letter, Pugliano et al. measured 230 transitions near
2.6 cm−1 and assigned them to 12 vibration-rotation-tunneling
VRT) sub-bands originating from lower Ka = 0 to upper Ka = 0 or 1
evels of (D2O)2 �8 acceptor bending motion [77]. In 1999, Fellers

t al. determined a detailed polarizable water potential based on
tone’s ab initio ASP models [78,79], fitting a small subset(4 or 6)
f the total of 76 parameters to extensive water dimer data from
icrowave, terahertz and mid-IR spectra [80,81]. Braly et al. in
tatistic weight for each level in H2O and D2O respectively. Each J, K level is divided

’, for the higher energy triplet (in the case of the lowest energy state). Additionally,
 the 2’s of the J, K = 1 level.

2000 reported four intermolecular vibrations of (D2O)2 compris-
ing 731 transitions in the frequency region of 65–104 cm−1 [82].
The four intermolecular vibrations were assigned as donor torsion
(�12 mode) near 65 cm−1, acceptor wag (�8 mode) near 83 cm−1,
acceptor twist (�11 mode) near 90 cm−1 and in-plane bend (�6
mode) near 104 cm−1. Later that same year, Braly et al. reported
four intermolecular vibrations for (H2O)2 in the frequency range

of 87 and 108 cm−1 comprising a total of 362 transitions [83].
The acceptor wag  (�8 mode) motion was assigned to a feature
observed near 102.1 cm−1. Acceptor twist (�11 mode) vibration was
observed near 108 cm−1 and a 103.1 cm−1 band was assigned as
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Figure 10. Temperature dependent dimer diffusion rates. Comparison of rates for
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he in-plane bend (�6 mode) vibration of (H2O)2. These two arti-
les by Braly et al. provide a fairly complete overview of both
H2O)2 and (D2O)2 intermolecular bend(torsion) and stretch vibra-
ions, including great deal of VRT data. In 2002, Goldman et al.
84] and Leforestier et al. [85] determined new water potential sur-
aces by fitting the experimental VRT data for the dimer provided
y the Saykally group. Details will be discussed in later section.
ubsequently, Keutsch et al. reported high frequency terahertz
pectra between 140.5 cm−1 and 145.5 cm−1 [86]. The spectrum
as assigned to both the hydrogen bond translational mode and
onor torsion overtone mode in which 64 new K-subbands were
bserved for (H2O)2 and 16 new K-subbands were assigned to
D2O)2. Both the observed interchange splitting and bifurcation
unneling splitting in the excited state were respectively three and
wo times larger than the ground state splittings, again due to a
educed tunneling barrier in the excited state. Keutsch et al. later
eported rotation-tunneling spectra of both (H2O)2 and (D2O)2 with
igher value of K, viz. K = 0–3 and K = 0–4 for H2O and D2O, respec-
ively, in the region of 70–80 cm−1 [87]. Experimentally determined

olecular constants and tunneling splittings were compared with
ifferent model potential energy surfaces (Figure 9).

In 2007, Harker et al. combined the values of experimentally
etermined rotational constants and tunneling splittings to predict
he fingerprint of weakly allowed E2↔ E1 transitions and the tran-
ition frequencies of both (H2O)2 and (D2O)2 dimer [88]. A global
tting program with a prolate rotor energy expression was used,
herein a total of 391 (D2O)2 lines and 343 (H2O)2 lines were fit

nd analyzed separately. The analysis yielded expressions for the
round and excited state acceptor switching (AS) splitting as a com-
ination of transition between 1s and 2s triplets. The expressions
re as follows:

AS(0) + AS(1) = �(0,1)
1s − �(0,1)

2s .

AS(2) − AS(1) = �(0,2)
1s − �(0,1)

2s − �(0,1)
1s − �(0,1)

2s .

These equations are helpful to precisely determine an unknown
S splitting from a previously known AS value, as various Ka

riplets are linked by c-type transitions. Using ground state
cceptor switching splitting values (53,000 MHz  for (D2O)2 and
79,650 MHz  for ((H2O)2) along with the accurate rotational con-
tants, they predicted the frequencies of E2↔ E1 transitions.

Harker et al. next reported the measurement of four new sub-
ands of the hydrogen bond stretch (S) [89]. The Berkeley THz VRT
pectrometer was extended to higher frequencies (4 THz) by using
wo 70 �m (4251.6736 GHz) CH3OH and 72 �m (4158.9158 GHz)
3CH3OH FIR lasers and a KVARZ millimeter synthesizer which cov-
red frequencies from 53 to 118 GHz. Four new donor S subbands
ere identified, and the donor torsion overtone (DT)2 and hydro-

en bond stretch (S) subbands observed by Keutsch et al. [71] were
ugmented by these authors. Harker et al. proposed reassignment
f the 4261 GHz band to Ka = 1(E1) ← 1(E2), whereas the previous
ssignment was as the (DT)2 Ka = 0 ← 1(lower) or E2 Ka = 1 ← 1(lower)
ransition. The 4295 GHz Q-branch was assigned to the (DT)2 E1

a = 1 ← 0 subband.
To date Terahertz VRT spectroscopy of the water dimer has

rovided the most accurate determination of the rotational con-
tants. The assigned VRT transitions serve a crucial test for any new
otential model, as the model must be capable of reproducing the
bserved transitions. In the future, as the absent libration modes

f the dimer are measured, inversion of the assigned energy levels
rovide the promise of determining an accurate potential for the
wo body interaction. These modes remain essential fro determi-
ation of the role of hydrogen bonds in the bulk water medium.
water monomers and dimers with respect to temperature on Pd{1 1 1}. Dd/m repre-
sents the rate of diffusion for the dimer or monomer respectively.

8. Water dimer diffusion on metal surfaces

Several groups have studied cluster formation and interactions
of water on metal surfaces using several spectroscopic techniques
(viz. high-resolution electron energy loss spectroscopy [90,91]
infrared spectroscopy [92,93] and helium atom scattering [94]).
Mitsui et al. (2002) reported water adsorption, aggregation and
diffusion on a Pd(1 1 1) surface using STM [95]. Clusters ranging
from dimer through pentamer were observed. A rapid diffusion of
water dimers (residence time of 120 ms  on a site) was observed.
A lower limit of the diffusion constant D2 ≥ 50 Å2 s−1 for water
dimer on a Pd(1 1 1) surface was  extracted from STM movies at
40 K. This high mobility (ca. 104 times larger than other water clus-
ters) of water dimers was attributed to the strong hydrogen bond
between the water molecules and a mismatch between the dimer
O O (2.96 ± 0.05 Å from gas phase experiments) bond length and
the Pd(1 1 1) lattice constant (2.75 Å). Later, Ranea et al. presented
a novel mechanism for the diffusion of water dimers on Pd(1 1 1)
surface based on density functional theory [96].

The DFT calculation predicts that the adsorbed water molecule
lies in a plane parallel to the substrate surface. The calculated
adsorption energy is 0.33 eV and the O O distance is 2.74 Å, which
is 0.2 Å shorter then the to gas phase water dimer equilibrium O O
distance. Ranea et al. adopted the mechanism of donor-acceptor
interchange, described in Saykally group work [81], which nicely
explains the large value of the diffusion constant experimentally
observed by Mitsui et al. Figure 10 shows the newly established
domains of diffusion determined by Ranea et al., in the quantum
regime (less than 70 K) tunneling was  found to rearrange the H-
bond network and account for the change in diffusion. Kumagai
et al. reported direct observation of hydrogen bond exchange in
water dimers on a Cu(1 1 0) surface using STM [97]. (H2O)2 dimers
on this surface at 6K show preferred stability relative to water
monomers, and a ∼0.2 V voltage pulse was required to dissoci-
ate this dimer. The (D2O)2 dimer, on the other hand, appeared
stationary compared to (H2O)2. A temporal profile of the inter-
change motion was obtained by recording tunneling current with
the STM tip fixed on the (H O) dimer. A jump in tunneling cur-
2 2
rent was observed between two  consecutive interchange events.
The obtained interchange rate was  (6.0 ± 0.6) × 101 s−1 for (H2O)2
and (1.0 ± 0.1) s−1 for (D2O)2. This seven orders-of-magnitude
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eduction in interchange rate compared to gas phase results (inter-
hange rate∼109 s−1 for (H2O)2) was attributed to the tenfold
ncreased barrier height on the surface(23 kJ/mol on Cu(1 1 0) com-
ared to 2.48 kJ/mol in gas phase [81]).

. Development of water dimer potential surfaces from
xperiment

The great interest in the water dimer emanates largely from
ts central role in the development of an ultimate water potential

odel. In this ultimate water potential, the two-body terms are
ompletely analogous to the dimer potential, and provide quanti-
ative insight into the most unique feature of water – the hydrogen
ond. Current issues regarding the development of improved bulk
ater models apply even to the dimer models, e.g. the num-

er of interaction sites in the dimer complex, whether to use
exible or rigid monomers, and the proper inclusion of polariz-
bility(induction) and dispersion. Researchers must address the
radeoff between accuracy and computational expediency. Regard-
ess of the method, however, any potential model should suitably
eproduce the spectroscopic results outlined within this review.

A logical starting point for the discussion of dimer potentials is
orgensen et al.’s 1983 review of, the existing potential models, viz.
F, SPC, ST2, TIPS2, TIP3P, and TIP4P. Classical Monte Carlo simu-

ations showed that these models gave good agreement with the
xperimental monomer geometry, but displayed poor accuracy for
he dimer structure. For example, all these potential models pre-
icted a hydrogen bond energy that was nearly twice the accepted
alue of 3.40 kcal/mol. Additionally, the oxygen-oxygen separa-
ion was consistently overestimated by about 10%. This review
emonstrates that models with greater number of interaction sites,
enerally give a more accurate representation of the dimer geome-
ry [98]. Later that same year, Reimers and Watts published a study
herein deformable monomers were used in a model for water

lusters up to tetramers. Using this framework, the authors devel-
ped a semi-empirical model for the intermolecular vibrations of
he dimer. The calculated vibrational frequencies all overestimated
he observed bands from VRT and matrix isolation experiments
99].

Stone and coworkers developed an ab initio potential for bulk
ater using known monomer properties and perturbation theory

alculations for the dimer. Long range interactions were mod-
led using a distributed multipole method. The developed model,
alled ASP, did extremely well in reproducing the monomer and
imer geometries, although the model was constrained to fit a lin-
ar geometry for the dimer which will impact the prediction of
imer energies in other configurations. Nevertheless, the calculated
eometry produced the best-to-date agreement with the experi-
ental structure. The calculated binding energy of the dimer was

nderestimated compared to other potential models, but still fell
n the range of the experimental uncertainty. One drawback to this

odel is that calculations of the second virial coefficient indicated
hat, especially at lower temperatures, the potential overpredicted
he depth of the global minimum [78]. The ASP model was  also used
o calculate the tunneling splittings of the water dimer with limited
uccess. The real power of the ASP model was that the water poten-
ial was constructed as a sum of the different energy components
one-body, two-body, etc.) which allows the model to be improved
s more experimental data become available. Several years later,
xplicit higher order cluster terms were included in the model,
eading to improvements in the dimer binding energy. That letter

lso reports predictions for the contribution of higher order terms
o the overall potential model [100].

The key limitation of the Stone ASP model was the absence of
he electron–electron correlation energies. This can be accounted
ysics Letters 633 (2015) 13–26 23

for by applying symmetry adapted perturbation theory (SAPT), as
outlined by Jeziorski et al. [101]. Applying this model to the water
dimer, extremely accurate calculations of the interaction energy
were obtained, viz. 4.7 ± 0.2 kcal/mol, compared to the accepted
value of 4.7 ± 0.1 kcal/mol obtained from large basis set, super-
molecular calculations.

An alternative route to determining an universal water potential
is direct inversion of spectroscopic results. In 2002, Goldman et al.
presented two  6D, polarizable dimer potential models obtained
from fitting of microwave, VRT, and mid-IR cavity ringdown data
along with the ab initio parameters in the ASP model. The data
were fit by varying a small subset of the 72 parameters of the
ASP model and resulted in excellent agreement of binding ener-
gies and second virial coefficients [84]. Furthermore, the new
models were able to reproduce experimental VRT spectra, and
therefore included estimates of the three tunneling pathways of
the water dimer. These potentials, VRT(ASP)II and VRT(ASP)III,
predicted intermolecular vibration frequencies and tunneling split-
tings shown in Tables 1 and 2.

It can be seen that the results for (D2O)2 are better represented
by the new models, whereas results for (H2O)2 are only marginally
better than from SAPT. This work was  extended later that same year
to include flexible monomers in a version of Clementi’s MCY  poten-
tial, thus making the calculation span 12D (‘full-dimensional’),
this new model was named VRT(MCY-5f). The full-dimensional
calculation was achieved by adiabatic separation of the slow,
intermolecular, and fast, intramonomeric, modes, which allows
recasting the calculation to a parametric 6D form, thus allowing
simpler computation while still considering monomer flexibility
[85]. Better agreement with spectroscopic properties was obtained
with the simpler but fully flexible VRT(MCY-5f) model for both
inter- and intra-molecular vibrations of the water dimer than was
obtained with the more elaborate but rigid VRT(ASP)III. As a result,
the predicted VRT spectra of the dimer were in excellent agreement
with the experimental data existing at the time.

Very soon after this, Keutsch et al. published a complete charac-
terization of the dimer grounds state for both (D2O)2 and (H2O)2.
In that letter, an explicit comparison is made between VRT(ASP)III,
SAPT, and VRT(MCY-5f) [87], and the interested reader is directed to
that letter for the details, viz. Tables 5, 6, 7, and 8. As all three poten-
tial models give good agreement with experimental spectroscopic
properties, a comparison of the tunneling splittings is enlighten-
ing. For the (H2O)2 complex, the acceptor tunneling was found
to be best reproduced by the VRT(MCY-5f) model, which yielded
agreement to within of 1% of the experimental value. However, for
both interchange and bifurcation tunneling, the SAPT model was
superior. However, it is important to note that at higher rotational
quantum number K, values the VRT(MCY-5f) model better repro-
duce the interchange splittings. The overall results of the study
concluded that the SAPT model was in best agreement with the
experimental results, which can be rationalized by recalling that
the model was  ‘tuned’ to the (H2O)2 data which could explain the
slight deviations that are observed in the (D2O)2 results.

Very recently, realization of a full-dimensional, flexible poten-
tial that includes polarizability has come to fruition. Leforestier
et al. presented new results using a rigid water pair potential cal-
culated at the coupled cluster level of theory, then adapted into a
flexible pair potential. A decoupling of the fast and slow monomeric
modes, similar to that used to develop the VRT(MCY-5f) model, was
again employed to simplify the calculation [102]. This new model,
CCpol-8sf, displays extreme accuracy with respect to VRT energy
levels and precisely predicted the binding energy of the water

dimer. The geometry of the dimer is also predicted to a greater
degree of accuracy then in the SAPT model. Details of the calculation
are presented in Ref. [101], and no elaboration will be attempted in
this review. However, the results of this potential model are very
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Table 1
Comparison of potential models for (H2O)2 intermolecular vibrations.

Ground state Acceptor wag (v8)

VRT(ASP-W)II VRT(ASP-W)III SAPT5st Experiment VRT(ASP-W)II VRT(ASP-W)III SAPT5st Experiment

Band Origin (1) 0.00 0.00 0.00 0.00 108.74 108.17 113.39 107.93
Band  Origin (2) 11.86 10.67 11.18 11.18 99.50 99.93 110.00 97.71
Interchange (1) 0.60 0.36 0.72 0.75 2.44 1.14 2.60 2.95
Interchange (2) 0.59 0.39 0.65 0.65 −0.27 0.02 0.65 0.02
Acceptor Switching 11.86 10.67 11.18 11.18 −9.23 −8.24 −3.39 −10.20

Donor  torsion (v12) Acceptor twist (v11)

VRT(ASP-W)II VRT(ASP-W)III SAPT5st Experiment VRT(ASP-W)II VRT(ASP-W)III SAPT5st Experiment

Band Origin (1) 110.66 118.19 118.26 – 130.46 136.31 132.31 –
Band  Origin (2) 69.76 73.28 64.52 64.44 106.55 121.02 120.97 120.19
Interchange (1) 4.12 1.54 3.05 1.11 0.70 2.40 4.99 –
Interchange (2) 1.33 0.397 1.72 2.54 6.84 4.92 10.36 9.39
Acceptor Switching 40.91 44.91 64.92 – 23.71 15.29 11.46 –

In-plane bend (v6) O O stretch (v7)

VRT(ASP-W)II VRT(ASP-W)III SAPT5st Experiment VRT(ASP-W)II VRT(ASP-W)III SAPT5st Experiment

Band Origin (1) 133.69 138.46 134.37 – 138.67 148.90 – –
Band  Origin (2) 150.83 152.65 148.22 ∼103.1 178.42 186.12 – 142.44
Interchange (1) 7.88 0.452 8.25 – 1.81 2.47 – –
Interchange (2) 2.33 0.519 0.56 – 20.05 8.49 – 1.88
Acceptor Switching 17.14 14.19 22.08 – 39.74 39.22 – –

Table 2
Comparison of potential models for (D2O)2 intermolecular vibrations. A single asterisk indicates experimental data included in the VRT(ASP-W)II fit, and double asterisks
indicate data included in the VRT(ASP-W)III fit.

Ground state Acceptor wag (v8)

VRT(ASP-W)II VRT(ASP-W)III SAPT5st Experiment VRT(ASP-W)II VRT(ASP-W)III SAPT5st Experiment

Band Origin (1) 0.00 0.00 0.00 0.00 82.82 83.76 89.82 82.64**
Band  Origin (2) 1.77 1.65 1.69 1.77* 80.98 82.83 95.03 84.40**
Interchange (1) 0.04 0.02 0.0393 0.04* 0.16 0.06 0.15 0.13*
Interchange (2) 0.04 0.02 0.0385 0.04* 0.07 0.04 0.23 0.11*
Acceptor Switching 1.77 1.65 1.69 1.77* -1.83 -0.93 5.21 1.76

Donor  torsion (v12) Acceptor twist (v11)

VRT(ASP-W)II VRT(ASP-W)III SAPT5st Experiment VRT(ASP-W)II VRT(ASP-W)III SAPT5st Experiment

Band Origin (1) 74.74 78.50 76.26 75.38* 83.08 93.46 93.78 92.91**
Band  Origin (2) 64.06 64.93 60.13 59.59** 74.35 88.62 91.98 90.37**
Interchange (1) 0.53 0.08 0.10 0.33* 0.12 0.24 0.8407 0.43
Interchange (2) 0.06 0.02 0.11 0.27 0.67 0.32 0.9965 0.44
Acceptor Switching 10.68 13.57 16.13 15.81 8.74 4.84 1.80 2.54

In-plane bend (v6) O-O stretch (v7)

VRT(ASP-W)II VRT(ASP-W)III SAPT5st Experiment VRT(ASP-W)II VRT(ASP-W)III SAPT5st Experiment

Band Origin (1) 103.94 108.93 107.32 104.24* 130.03 149.41 144.44 –
Band  Origin (2) 129.80 132.86 140.50 – 137.62 153.71 150.88 –
Interchange (1) 0.38 0.05 0.6905 0.78* 5.64 0.13 1.399 –
Interchange (2) 3.97 0.27 0.1312 – 1.94 5.23 0.0175 –
Acceptor Switching 25.86 23.93 33.19 – 7.60 4.30 6.44 –

Table 3
Comparison of MB-pol to other leading potential models. HBB2 is a model which incorporates flexible monomers into an ab initio model. Some inaccuracies exist as a result
of  missing experimental studies of particular bands.

Experiment HBB2 CCpol-8s/f MB-pol Experiment HBB2 CCpol-8s/f MB-pol

OO - (2) 153.62 (1.88) 148.57 (1.14) 149.63 (.23) 154.31 (2.41) (1) 152.50 (1.12) 152.07 (1.48) 156.60 (2.71)
-  (1) 145.00 (3.48) 143.20 (3.27) 149.44 (1.97) (2) 150.52 (1.04) 153.54 (2.54) 152.69 (4.13)

AT  - (1) 128.91 (0.74) 132.10 (1.48) 129.44 (0.24) (1) 142.25 (4.33) 142.42 (4.04) 143.68 (4.87)
-  (2) 120.19 (9.39) 121.01 (8.41) 117.50 (8.67) 119.07 (10.15) (2) 136.24 (5.31) 136.52 (4.66) 137.04 (5.95)

AW  - (2) 108.89 (0.002) 105.78 (0.03) 107.82 (0.10) 108.87 (0.13) (2) 123.56 (3.41) 122.25 (2.48) 123.12 (3.16) 123.65 (3.83)
-  (1) 107.93 (2.95) 105.35 (1.99) 109.23 (3.29) 108.38 (3.24) (1) 109.98 (5.24) 108.95 (4.55) 108.28 (4.76) 109.65 (5.89)

DT  - (1) 116.54 (4.84) 113.35 (5.91) 113.83 (5.61) (2) 94.25 (2.66) 92.18 (3.34) 91.22 (3.47)
-  (2) 64.52 (2.54) 67.18 (2.03) 61.33 (2.48) 61.31 (2.54) (1) 87.75 (1.11) 89.55 (0.54) 86.37 (1.32) 85.63 (1.00)

GS  - (2) 11.18 (0.65) 10.16 (0.60) 12.75 (0.61) 12.05 (0.69) (1) 14.39 (0.70) 14.00 (0.64) 15.45 (0.67) 15.04 (0.77)
-  (1) 0.00 (0.75) 0.00 (0.68) 0.00 (0.72) 0.00 (0.81) (2) 11.66 (0.54) 11.50 (0.49) 12.36 (0.51) 12.18 (0.48)

K  = 0 K = 1
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atisfactory for predicting not only the band origins and redshifts
f the intermolecular vibrations, but also the tunneling splittings.
n the majority of cases, the CCpol-8sf potential agrees to within

 percent or two with the experimentally determined VRT spec-
ra. Further improvements have yielded the most accurate dimer
otential model to date, published by Babin et al. [103]. This model,
B-pol, while computationally expensive, predicts spectroscopic

roperties and spectra for the dimer that are in nearly quantitative
greement. A direct comparison of this potential model with the
ext, most accurate, models is shown in Table 3.

In the future, potential models will continue to be improved
y including experimental measurements of elusive intermolecu-

ar modes, such as the in-plane and out-of-plane librational modes
nd complete data for all isotopomers. While it seems impera-
ive to include the full-dimensionality of the complex in terms of
exible monomers in additional to explicit polarizability terms,
he computational expense of these models limits their useful-
ess for condensed phase simulations, they nevertheless serve
s benchmarks for ongoing experimental and theoretical studies.
eveloping still more elegant, computationally efficient models
ould serve to greatly expand the possible applications.

0. Conclusions

The study of water clusters is driven by the quest for the ‘ulti-
ate’ water model-a water potential surface that is capable of

ccurately predicting any property of the bulk forms and repro-
ucing all experimental results. Such a model would have obvious
pplications in essentially any subject involving water. This level of
nderstanding could definitively describe and predict the complex
ehavior of the most ubiquitous substance on the planet.

In the six decades since Pimentel and coworkers first observed
he water dimer, remarkable advances in the understanding of
his unique complex have been achieved. We  now accept that
he structure of the water dimer comprises a near-linear hydro-
en bond between a donor and an acceptor, as shown in Figure 1.
he results presented herein summarize the current understand-
ng of the quantum structure and dynamics of the water dimer and
he efforts toward determining an ‘ultimate’ twelve dimensional
otential energy surface for the complex.

High-resolution spectroscopy experiments have determined
he energy level structure for most of the dimer rotational
nd vibrational modes. The ground state has been completely
haracterized by microwave experiments in molecular beams,
hich establishes a firm starting point for future spectroscopic

tudies. In the mid-IR region, several techniques have been suc-
essful in measuring the intramolecular vibrations of the water
imer. From terahertz VRT spectroscopy experiments, most of the

ntermolecular modes of the dimer have been characterized. How-
ver, it is essential to note that the two librational modes for
he dimer, the in-plane and out-of-plane bend, remain elusive.

atrix isolation experiments have provided good clues to their
pectroscopic location, but until characterized by a high-resolution
echnique, this vital piece of the PES is missing. These librational

otions are crucial to understanding the dynamics of hydrogen
ond formation and breaking in the liquid, so continued efforts to
bserve them are urgently needed. The key limitation is the current
ack of spectral coverage in the 200–700 cm−1 region. Develop-

ent of new laser systems is thus essential to characterizing these
ibrational modes.

While the MB-pol potential model described in the previous

ection represents a nearly complete dimer model, it still lacks
nformation regarding the librational modes. Once measured and
ncorporated into such a model, the two-body part of the ‘ulti-

ate’ potential will have been completed. The remaining task is
ysics Letters 633 (2015) 13–26 25

then to determine the three-body and higher-order terms through a
similarly detailed study of water trimers and larger clusters. Fortu-
nately, many of the experimental techniques discussed within this
review have also been applied to these larger clusters, and a consid-
erable understanding of these systems has already been achieved.
For example, the 21-dimensional VRT dynamics of the trimer have
been addressed by sequentially more sophisticated calculations,
and a full-dimensional model seems close at hand.
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