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To investigate hydrogen bond network structures of tens of water molecules, we report infrared spectra of
moderately size (n)-selected phenol-(H2O)n (∼10 e n e ∼50), which have essentially the same network
structures as (H2O)n+1. The phenyl group in phenol-(H2O)n allows us to apply photoionization-based size
selection and infrared-ultraviolet double resonance spectroscopy. The spectra show a clear low-frequency
shift of the free OH stretching band with increasing n. Detailed analyses with density functional theory
calculations indicate that this shift is accounted for by the hydrogen bond network development from highly
strained ones in the small (n < ∼10) clusters to more relaxed ones in the larger clusters, in addition to the
cooperativity of hydrogen bonds.

1. Introduction

Water is one of the most ubiquitous materials on the earth
and it plays essential roles in the various chemical, biological,
and geophysical processes.1,2 Because the hydrogen bond
governs the characteristic nature of water, the hydrogen bond
network structure of water has been of broad interest. To
understand the network structure of water at the molecular level,
water clusters, (H2O)n, have been extensively studied both
experimentally and theoretically.3-55 Water clusters in the gas
phase, isolated molecular systems consisting of a finite number
of molecules, are expected to bridge the gap between the water
monomer and bulk water by forming the most favored network
structures, which depend on the cluster size (n).

The hydrogen bond network structures of the small-sized
(H2O)n clusters (n e 10) have been established by size-selected
infrared (IR) and far-IR spectroscopy and theoretical calcula-
tions. A water dimer (n ) 2) forms a linear structure,3,10 and a
ring structure starts to be formed at n ) 3.6,7 The water network
develops to three-dimensional (3-D) structures such as cages
at n ) 6.8 Characteristic cubes, which consist of six 4-membered
rings, are identified at n ) 8.9,10,52,53 In this size region, the
observed 3-D networks are dominated by the 4-membered ring
motif, which consists of highly distorted hydrogen bonds. This
makes a sharp contrast with the dominance of the 5- and
6-membered ring motifs in clathrate hydrates or hexagonal ice
(Ih), which are examples of the bulk water structures.1-3

For larger clusters (n > ∼10), Page et al. measured IR spectra
of moderately size-selected (H2O)n (n ∼ 19) using electron
ionization mass spectrometry for the size selection;5 however,
no specific structures were discussed. Except for this work, only
IR spectra of the mean size (〈n〉)-controlled water clusters (∼20
e 〈n〉 e ∼1 000 000) have been reported.4,13-15 These spectra
have shown that the low-frequency shift of the broadened
hydrogen-bonded OH stretch band evidences the network
development from “amorphous” to “crystal interior” (n >
200-1000).

On the other hand, extensive theoretical studies for the n )
∼10 to ∼50 clusters have indicated that the 4-membered ring

motif becomes less important with increasing cluster size while
the 5- and 6-membered ring motifs become superior.4,16-30

However, previously reported IR spectra suffer from widely
distributed sizes,4,13-15 low spectral resolution,4,5,15 and/or
contaminant adsorption.4 Then, correlations between detailed
cluster structures and IR spectral features have not been
examined in this size region.

To analyze hydrogen bond network structures consisting of tens
of water molecules, we report here IR spectra of the chromophore-
labeled water clusters, phenol-(H2O)n (∼10 e n e ∼50).
Phenol-(H2O)n has the advantage of having an ultraviolet (UV)
chromophore (the phenyl ring), which enables us to apply various
spectroscopic techniques based on the UV electronic transition.
Phenol-(H2O)n has been studied extensively by, for example,
fluorescence excitation, resonant two-photon ionization, and various
double resonance spectroscopies.36-50 These studies, especially
vibrational spectroscopy (IR-UV double resonance spectros-
copy) in the OH stretch region,43,45,46,49,50 showed that phenol-
(H2O)n are structural analogues of neat (H2O)n+1 because the
hydroxy group of the phenol plays a compatible role as that of a
water in the hydrogen bond network. For phenol-(H2O)n

43,45,46,49,50

and the similar system, benzene-(H2O)n+1,51-54 size-selected
IR spectra have been measured up to n e 8 using their size-
specific UV transitions. These IR spectroscopic studies on
chromophore-labeled water clusters have pioneered structural
studies on small-sized water networks as those of neat (H2O)n

clusters6-10 have done.
For larger-sized clusters (n > ∼10) with a chromophore, UV

absorption bands are generally broadened and IR-UV double
resonance spectroscopy has been considered useless for the size
selection. In this study, however, we use the scheme of the
IR-UV double resonance but utilize only photoionization mass
spectrometry to select the cluster size. Though we sacrifice the
rigorous size selection because of the fragmentation upon
ionization, we still achieve moderate size selectivity (0 e ∆n
e 6, see the Experimental Section) in the IR spectral measure-
ment of phenol-(H2O)n by monitoring the [phenol-(H2O)n]+

ion signal.
In this study, to probe detailed network structures, we focus

on the free (dangling) OH stretching band. Chang and co-
workers have reported that a free OH stretching frequency of
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water clusters is more sensitive to surrounding hydrogen bond
environments, e.g., coordination numbers and hydrogen bond
directionalities.55,56 In contrast, hydrogen-bonded OH stretch
bands are broadened in the large-sized clusters and are difficult
to analyze.5 Analyses of free OH bands actually have played
key roles in the structure studies on cationic hydrated clusters.55-60

However, no serious analysis of free OH frequencies has been
performed for medium- to large-sized (n > ∼10) neutral water
clusters. Here, we demonstrate that the free OH stretching
frequency of phenol-(H2O)n shows a low-frequency shift with
increasing cluster size. The observed shift is accounted for by
the hydrogen bond network development of water clusters from
the highly strained 4-membered ring motif to the more relaxed
5- and 6-membered ring motifs as well as by the cooperativity
of hydrogen bonds.

2. Experimental Section

2.1. Infrared Spectroscopy. The gas phase phenol-(H2O)n

clusters were produced in a pulsed supersonic jet expansion of
the gaseous phenol/water mixture diluted with helium. IR spectra
of moderately size-selected phenol-(H2O)n (n ) 11-49) in the
free OH stretch region (3650-3750 cm-1) were measured by
the IR-UV double resonance technique combined with mass
spectrometry. The [phenol-(H2O)n]+ ions produced by one-
color resonant two-photon ionization (R2PI) of neutral clusters
were mass-selected by a time-of-flight mass spectrometer.
Because of the fragmentation upon ionization, [phenol-(H2O)n]+

ions can be produced by R2PI of phenol-(H2O)n+∆n (∆n is the
number of evaporated water molecules upon ionization). As we
will discuss later, the maximum ∆n upon one-color R2PI is
evaluated to be 6 or less. Then, the [phenol-(H2O)n]+ ion
intensity can be a measure of the ground state population of
phenol-(H2O)n+∆n (0 e ∆n e 6). An application of two-color
R2PI spectroscopy with an ionization UV pulse at a suitable
frequency should reduce the excess energy and suppress
fragmentation upon ionization. Though we actually applied the
two-color R2PI scheme for the present large-sized clusters, the
two-color ionization signal was hardly detected. This is because
the production yields of the large-sized clusters are so low that
we need to use a relatively intense UV pulse for the first
electronic excitation, and it significantly reduces the ionization
by the second UV pulse.

Figure 1 shows the one-color R2PI spectra of phenol-(H2O)n

obtained by monitoring [phenol-(H2O)n]+. Only a structureless
absorption band is seen in Figure 1 for n g 9. The maximum
size of the cluster which shows sharp vibronic bands has been
reported to be n ) 12 (by two-color R2PI spectroscopy).48,49

Contribution of larger clusters due to fragmentation and inherent
broadening in large-sized clusters would wash out sharp spectral
features in the present spectra. The UV frequency was tuned to
36254 cm-1, which is near the maximum of the broad absorption
of large-sized clusters, and the [phenol-(H2O)n]+ ion intensity
was monitored. Then, an IR pulse was introduced prior to the
UV pulse and its frequency was scanned. When an IR transition
occurs in phenol-(H2O)n+∆n, the monitored [phenol-(H2O)n]+

signal decreases because of the vibrational predissociation of
the clusters.

Figure 2 shows the mass distribution of [phenol-(H2O)n]+

produced by R2PI in the IR spectral measurement condition
for phenol-(H2O)49. The red curve in Figure 2 shows the mass
distribution with the IR irradiation, while the black curve shows
that without the IR irradiation. Figure 2 demonstrates that IR
absorption causes predissociation of neutral clusters. The IR
spectrum of the moderately size-selected cluster was measured
as an ion-dip spectrum by monitoring the [phenol-(H2O)n]+

ion intensity. Because IR predissociation of larger-sized clusters
results in the fragmentation to the monitored ion channel
[phenol-(H2O)n]+, it causes an offset to the IR ion-dip spectrum
of the cluster size of interest. To reduce such interference from
larger-sized clusters, in every IR spectral measurement, we
adjusted the cluster size distribution to reduce the clusters larger
than that of interest by changing the jet expansion conditions.
For example, the size distribution shown as the black curve in
Figure 2 is optimized for the IR measurement of n ) 49.

We should note that structural isomer selectivity is not
achieved by the present IR spectroscopy. In a supersonic jet
expansion, a number of energetically low-lying isomers would
be formed especially for large-sized clusters, and we would
observe an ensemble of such various structural isomers in the
cluster size of interest. Moreover, there are many free OH
oscillators in each cluster. The free OH frequency in this
experiment was determined by the maximum of the single
Lorentzian fitting of overlapped free OH bands. Therefore, the
observed spectra should be regarded to reflect the averaged
behavior of the water network structures in the ensemble of the
clusters.

The experimental setup has been described elsewhere,46 and
only a brief description is given here. UV light was the second

Figure 1. One-color resonant two-photon ionization spectra of
phenol-(H2O)n obtained by monitoring [phenol-(H2O)n]+ ions. The
assignments were taken from refs 38, 40, 41, 45, and 46. The dashed
line indicates the UV photon energy, 36254 cm-1, used for the
photoionization in the IR spectral measurements.

Figure 2. Mass distribution of [phenol-(H2O)n]+ produced by R2PI.
The condition of the cluster production was optimized for the IR spectral
measurement of phenol-(H2O)49. The red curve shows the mass
distribution with the IR irradiation, while the black one shows the
distribution without the IR irradiation.
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harmonic of a dye laser output (Laser Analytical System
LDL20505 with Coumarin 540A dye) pumped by a Nd:YAG
laser (Continuum Surelite III). IR light was obtained by the
difference frequency mixing with a LiNbO3 crystal between the
second harmonic of a Nd:YAG laser (Continuum Powerlite
8000) and an output of a dye laser (Continuum ND6000 with
DCM and LDS698 dyes). The wavelength of the IR light was
calibrated (in vacuum wavenumbers) by recording an ambient
water vapor spectrum. All of the presented IR spectra were
normalized by the IR power.

2.2. Size Selectivity. Because hydrogen-bonded clusters
usually suffer from fragmentations in an ionization process, it
is difficult to precisely measure the size distribution of the
neutral clusters only from mass spectrometry. However, for
phenol-(H2O)n, the number of evaporated water molecules (∆n)
upon one-color R2PI can be estimated to be six or less by the
energetics calculations. Figure 3 shows the schematic energy
diagram on the photoionization and dissociation of phenol-
(H2O)n. Because the one water loss channel ([M-(H2O)n]+ f
[M-(H2O)n-1]+ + H2O) is the major dissociation path in cationic
hydrated clusters with excess energies,61 we assume the
sequential evaporation of water one by one upon ionization.
Then, the maximum ∆n is evaluated by

where Eexcess is the maximum excess energy upon ionizations
and D(D0) is the dissociation energy of the one water loss
channel in the cationic state. Because [phenol-(H2O)n]+ (n g
3 or 4) forms an intracluster proton-transferred [PhO•-H+-
(H2O)n] type structure,62-64 the values of D(D0) of H+(H2O)n,
which have been measured by the mass spectrometric tech-
nique,65 can be used here. Eexcess is given by

where E(S0) and E(D0) are the absolute energies of
phenol-(H2O)n and [PhO•-H+(H2O)n] at the zero-point level,
respectively, then [E(D0) - E(S0)] is the adiabatic ionization
energy of the phenol-(H2O)n; E(UV) is the UV photon energy
(36254 cm-1), and D(S0) is the dissociation energy in the S0

state. In eq 2, D(S0) accounts for the maximum internal energy
of the phenol-(H2O)n. Though we employ the supersonic jet
cooling technique, the clusters have finite internal energies
(temperatures). In addition, broadened electronic spectra of the
large-sized clusters prevent us from evaluating the internal
energy. The maximum internal energy of the cluster should be
lower than D(S0), because clusters with internal energy higher
than D(S0) spontaneously dissociate into smaller-sized clusters
prior to arrival at the interaction region with the lasers. With
these relations, we examine the energetics of dissociation of
phenol-(H2O)11,19 following the photoionization, as typical
examples. E(S0) and E(D0) are evaluated using density functional
theory (DFT) calculations at the B3LYP/6-31+G(d) level (see
section 2.3). Calculated adiabatic ionization energies, [E(D0)
- E(S0)], are 56090 cm-1 for phenol-(H2O)11 and 54935 cm-1

for phenol-(H2O)19. For H+(H2O)11,19, experimental D(D0)
values are larger than 3000 cm-1.65 D(S0) is generally smaller
than D(D0) because of the enhanced electrostatic interactions
in the ionic state.66 Then, from eqs 1 and 2, the maximum ∆n
is evaluated to be 6 in both cases. Cluster structures calculated
for energy evaluation were shown in the Supporting Information.

2.3. Quantum Chemical Calculations. For the detailed
analyses of the cluster structures and their correlations with free
OH frequencies as well as their energies, DFT calculations were
carried out using the B3LYP functional67 with the 6-31+G(d)
basis set. The initial geometries of (H2O)n were obtained from
the reported low-lying minima or characteristic structures;19,24,25

otherwise, they were manually constructed. Those of phenol-
(H2O)n-1 were constructed by substituting one of the free
hydrogen atoms in (H2O)n to the phenyl group. In the energetics
calculations, the structures of [PhO•-H+(H2O)11,19] were con-
structed by putting a PhO• radical on a free OH group of the
global minimum structures of H+(H2O)11,19,68 which have been
extensively studied experimentally and theoretically.57-60,69,70 All
of the cluster structures considered here were fully geometry-
optimized.

At the stationary points, harmonic frequencies and IR
intensities were calculated. All of the calculated frequencies
were scaled by a single factor of 0.9736, which was determined
to reproduce the free OH stretching frequency of the cubic water
octamer. There have been three experimental reports on the free
OH frequency of cubic water octamer, i.e., (H2O)8,9,10 benzene-
(H2O)8,52,53 and phenol-(H2O)7.49 Here, we employed the value
of benzene-(H2O)8, 3713.5 cm-1,52 as a reference experimental
value to determine the scaling factor because of the following
reasons: The previously reported spectrum of neat (H2O)8 suffers
from low spectral resolution for precise determination of the
free OH frequency.9,10 On the other hand, the resolution in the
spectra of benzene-(H2O)8 is high enough.52,53 In addition,
perturbation of the benzene ring on the free OH frequency is
estimated to be negligible because free OH bands in both
benzene-(H2O)8 and (benzene)2-(H2O)8 show essentially the
same frequency.53 Though Kleinermanns and co-workers re-
ported the free OH frequencies of 3711.5 cm-1 (D2d type) and
3710.5 cm-1 (S4 type) for cubic phenol-(H2O)7, they employed
atmospheric wavenumbers for their calibration.49,50 We confirm
that their experimental values for phenol-(H2O)7 are in agree-
ment with our calculated values, 3712.7 cm-1 (D2d type) and
3712.1 cm-1 (S4 type) at the B3LYP/6-31+G(d) level of theory

Figure 3. Schematic energy diagram on the photoionization and
dissociation of phenol-(H2O)n.

maximum ∆n ) Eexcess/D(D0) (1)

Eexcess ) 2E(UV) - [E(D0) - E(S0)] + D(S0) (2)
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with the scaling factor of 0.9736 when the vacuum correction
(addition of ca. 0.8-1 cm-1 to atmospheric wavenumbers)50 is
included.

The calculated stick spectra were transformed into the
continuous IR spectra by using a Lorentzian function with 10
cm-1 full width at half-maximum for each free OH stretching
mode. The calculated free OH frequency reported in this study
is the maximum of the single Lorentzian fitting of these
overlapped multiple Lorentzian curves of the free OH bands.
Then, we should note that we discuss the averaged behavior of
the free OH bands. The present theoretical method has been
used in the previous work on various hydrated clusters of the
broad size range (∼6 e n e ∼30) and has successfully
reproduced experimental IR spectra with acceptable computa-
tional costs.55,56,59 All of the energy values include zero-point
corrections. All of the calculations in this study were carried
out using the Gaussian 03 program.71 The cluster structures were
drawn with the MOLEKEL program.72 Optimized structures of
the clusters considered here are shown in the Supporting
Information.

3. Results and Discussion

3.1. Observed Free OH Stretch Band of Phenol-(H2O)n.
Figure 4 shows the IR spectra of phenol-(H2O)n (n ) 11-49)
in the free OH stretch region measured by monitoring
[phenol-(H2O)n]+. Each spectrum includes the contribution of
the larger-sized clusters of phenol-(H2O)n+∆n (0 e ∆n e 6).
All of the spectra show a single band feature in this region.
Since previous studies have revealed that (H2O)ng6 clusters form
3-D structures consisting mainly of three-coordinated water
molecules,4,8-35,45-54 the band is assigned to the free OH
stretching modes of such water molecules. Figure 4 shows a
low-frequency shift of the band with increasing cluster size.
Though this shift is somewhat slight, this is clear and reproduc-

ible. Observation of this shift demonstrates that the moderate
size selection of the spectral carrier is achieved by using
photoionization mass spectrometry. The observed free OH
frequencies are summarized in Table 1. Compared to cubic
(H2O)8, the magnitude of the shift amounts to 9 cm-1 in
phenol-(H2O)49. We should note that the frequency shift
observed in this study would lead to the similar one reported
for the water nanoparticles in the much larger size range (n )
∼200-106),4 though the relation between the shift and hydrogen
bond network structures has not been clarified so far.

A lower free OH frequency is generally expected when the
surrounding hydrogen bonds are stronger. This is because the
electron density on the free OH bond is slightly withdrawn by
the neighboring proton donor molecules. Then, the observed
low-frequency shifts show that the hydrogen bonds increase their
mean strengths as the network grows. In the following, we
discuss the origins of the enhancement of the hydrogen bond
strengths.

3.2. Cooperative Effect in Water Clusters. One of the
possible factors to explain the enhancement of the hydrogen
bond strength is its cooperativity.2,3 The cooperative effect
essentially originates from the nonadditivity of the induction
and dispersion terms. This effect means mutual enhancement
among hydrogen bonds, and the magnitude of the effect
increases with increasing number of surrounding hydrogen
bonds. To evaluate the magnitude of the free OH frequency
shifts caused by the cooperativity, we performed DFT calcula-
tions at the B3LYP/6-31+G(d) level. We calculated the free
OH vibrational frequencies of the “fused-cube” type structures
(see insets in Figure 5), which are designed to examine only
the cooperative effect. These structures are an extension of cubic
(H2O)8, increasing the number of hydrogen bonds while keeping
the network motif, which consists only of the 4-membered rings.
In Figure 5, filled circles show the observed free OH frequencies
plotted versus the cluster sizes. The open circles and triangle
in Figure 5 represent the calculated free OH frequencies for
phenol-(H2O)7 and benzene-(H2O)8, respectively. These fre-
quencies agree with the previously reported experimental values
(see also the Experimental Section).49,52 Open squares in Figure
5 show the calculated free OH frequencies of “fused-cube”
clusters. Calculated frequencies of cubic (H2O)n show the low-
frequency shift similar to the experimental observations. How-
ever, the magnitude of the shifts in the “fused-cube” series is
estimated to be much smaller than that in the experimentally
observed series. These results suggest that the cooperativity
accounts for only a part of the observed low-frequency shifts.

It has been pointed out that the B3LYP functional is unable
to treat systems in which the dispersion interaction plays vital
roles.73 To evaluate the magnitude of the cooperative effect in
interaction energy, the B3LYP functional may underestimate
such interactions. Though many new functionals have recently
been proposed for better inclusion of the dispersion interactions

Figure 4. Moderately size-selected IR spectra of phenol-(H2O)n (n
) 11-49) in the free OH stretch region measured by monitoring
[phenol-(H2O)n]+. Each spectrum includes the contribution of larger-
sized clusters of phenol-(H2O)n+∆n, where 0 e ∆n e 6. The dashed
line is an eye guide.

TABLE 1: Observed Frequencies of the Free OH Stretching
Bands in Phenol-(H2O)n+∆n (n ) 11-49)a

cluster frequency (cm-1) cluster frequency (cm-1)

benzene-(H2O)8 3713.5 phenol-(H2O)24 3706.0
phenol-(H2O)11 3709.0 phenol-(H2O)29 3705.1
phenol-(H2O)14 3707.2 phenol-(H2O)39 3705.3
phenol-(H2O)19 3706.8 phenol-(H2O)49 3704.5

a These values are determined by the single Lorentzian fitting of
the free OH bands. Each cluster size has the uncertainty of 0 e ∆n
e 6. Errors in the frequencies are within (1 cm-1. The value of
benzene-(H2O)8 is taken from ref 52.
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and the long-range electron correlations,74-80 evaluation of
vibrational frequencies by these functionals is underway. As
for frequency calculations (at least for scaled harmonic frequen-
cies), the B3LYP functional with a suitable basis set seems to
be the best-balanced method between the computational cost
and accuracy for large-sized clusters. Furthermore, ab initio
calculations for cubic (H2O)8 and (H2O)20 at the MP2/aug-cc-
pVDZ level were reported by Xantheas and co-workers.22,31

These high-level calculations, however, predict the low-
frequency shift of ∼1 cm-1 from (H2O)8 to (H2O)20. This small
shift suggests that the present DFT calculations do not signifi-
cantly underestimate the frequency shift due to the cooperative
effect.

3.3. Structural Strains in Water Clusters. Another possible
factor for the low-frequency shifts of the free OH bands is the
change of the hydrogen bond network structural motif, which
also affects hydrogen bond strength. On the basis of the DFT
calculations for the small-sized (H2O)n (n e 10), Jiang et al.
have shown the hydrogen bond distortion affects the free OH
frequency.55 To evaluate such a structural effect on the free OH
frequency, we calculated model structures of larger-sized
clusters. Figure 6 shows some characteristic model structures
of (H2O)18-20

3,4,16-30 and those of corresponding phenol-
(H2O)17-19 with the frequencies of the free OH bands simulated
using DFT. Optimized cluster structures of four different types
of networks are shown. The frequencies of phenol-(H2O)17-19

of the same hydrogen bond network are presented in parenthe-
ses, and they show the perturbation caused by the phenyl group
is less than 1.5 cm-1 for the free OH frequency. Among these
structures, the “fused-cube” consists only of 4-membered rings
and has highly distorted hydrogen bonds, the same as cubic
(H2O)8. The “prism” structure, which consists of 4- and
5-membered rings, has been predicted to be the energetically

global minimum in (H2O)20 by the various theoretical studies
including high-level ab initio calculations.4,17-30 The “dodeca-
hedral cage” consists of twelve 5-membered rings and can be
regarded as the partial structure of clathrate hydrates.2,3 “Hex-
agonal ice” has a very similar network structure to the crystalline
hexagonal ice, consisting only of 6-membered rings. The
distortions of hydrogen bonds in the “dodecahedral cage” and
“hexagonal ice” structures are much less: the hydrogen bond
angles are straighter (O-H · · ·O angle is 170-180°) in the 5-
and 6-membered rings than those in the 4-membered rings
(O-H · · ·O angle is 140-170°). Figure 6 shows the clear
correlation between the magnitude of the hydrogen bond
distortions and the free OH frequencies. The free OH frequency
of the most strained “fused-cube” is predicted to be the highest
value, 3710.8 cm-1 (3710.9 cm-1 in corresponding phenol-
(H2O)n), and those of the less strained “dodecahedral cage” and
“hexagonal ice” are 3704.2 cm-1 (3704.2 cm-1) and 3702.7
cm-1 (3703.3 cm-1), respectively. The free OH frequency of
“prism” locates in between those of “fused-cube” and “dodeca-
hedral cage” (or “hexagonal ice”), reflecting the coexistence of
the 4- and 5-membered ring motifs. It should be noted that the
frequency calculations at the MP2/aug-cc-pVDZ level also show
a similar correlation.

The experimental frequency of phenol-(H2O)19 is located
between “prism” and “dodecahedral”. This location suggests
the observed water networks of n ∼ 20 consist not only of
4-membered rings but also of 5- and/or 6-membered rings. At
this time, the 4-membered ring motif is no longer exclusive
and the networks are being replaced by more relaxed structural
motifs.

For further confirmation, similar analyses were carried out
for the larger clusters. Figure 7 shows characteristic structures
and their free OH frequencies of (H2O)48.19 The values of
corresponding phenol-(H2O)47 are also shown in the parenthe-
ses. These calculations show the same trend as (H2O)20. The
free OH frequency of the most strained “fused-cube” structure
is evaluated to be the highest, while those of the more relaxed
“hexagonal prism” and “filled cage” are evaluated to be lower.
As is in (H2O)18-20, the frequency of the “fused-cube” is much
higher than the experimental value, meaning that the 4-mem-
bered ring (cubic) motif is not exclusive in the hydrogen bond
network. In the case of (H2O)20 in Figure 6, the frequency of
the “prism” structure is nearest to the experimental value. On
the other hand, the free OH frequency of “hexagonal prism” in
(H2O)48 no longer agrees with the experimental value, while
the more relaxed “filled cage”, which is the reported global
minimum on the TIP4P potential energy surface,19 is in good
agreement with the observation. The contribution of the
4-membered rings in this “filled cage” was reported to be only
18%, and the 5- and 6-membered rings are clearly dominant.19

These results indicate that the hydrogen bond network
structure develops from the highly strained 4-membered ring
motif to the more relaxed motifs of 5- and 6-membered rings
with the growth of the network, and the low-frequency shift of
the free OH stretching band originates from the gradual
transition of the structural motifs as well as the hydrogen bond
cooperativity. This interpretation is consistent with the structural
trends of hydrogen bond network development, which have been
predicted by theoretical calculations. At n ) 8, the 4-membered
rings are exclusive (100%). With increasing size, at n ∼ 20,
the contributions of the 5- or 6-membered rings become
necessary to reproduce the experimental frequency (in the
plausible “prism” structure, the 4-membered rings still take over

Figure 5. Size-dependent free OH frequencies of phenol-(H2O)n-1

observed by IR spectroscopy (filled circles) and those of “fused-cube”
(H2O)n obtained by calculations (open squares). Calculated values were
obtained at the B3LYP/6-31+G(d) level, in which the harmonic
frequencies were scaled by a factor of 0.9736. The insets show the
“fused-cube” structures. The open circles and triangle show the
calculated free OH frequencies for phenol-(H2O)7 and benzene-
(H2O)8, respectively, which agree with the corresponding experimental
values.49,52
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67% of the network). Then, at n ∼ 50, the contribution of the
4-membered rings is estimated to be ∼20%.

Because the experimental and calculated free OH frequency
shifts are somewhat slight (within 10 cm-1), accuracy of the
calculated frequencies is critical. Actually, the absolute accuracy
of the scaled harmonic frequencies based on the B3LYP/6-
31+G(d) level has been estimated to be only ∼20 cm-1.81

However, we optimized the scaling factor for free OH stretching
frequencies and essentially focused on the relative frequencies.
Then, the reliability of the present calculations will be higher.
Furthermore, the MP2/aug-cc-pVDZ level calculations of
(H2O)20 also show a similar correlation between the hydrogen
bond distortions and the free OH frequencies.22 The consistency
of these higher-level calculations and our DFT calculations
suggests that such correlation is a general trend and that the
experimental frequency shift, more or less, is accounted for by

the relaxation of the hydrogen bond distortions. Of course,
further discussion will be done by fine anharmonic frequency
calculations, which will be available in the near future.

In addition to the effect of the hydrogen bond distortion, Jiang
et al. have reported another factor for the free OH frequency
shift.55 On the basis of the DFT calculations for model clusters,
they showed that neighboring four-coordinated waters lower the
free OH frequency relative to neighboring three-coordinated
waters.55 The present calculations are helpful to estimate the
magnitude of such a coordination environment effect in the
larger-sized region. In Figure 6, the free OH bond in the “dode-
cahedral cage” is surrounded by three three-coordinated waters
and that in the “fused-cube” is surrounded by two three-
coordinated and one four-coordinated waters. However, the free
OH frequency in the “fused-cube” is calculated to be higher
than that in the “dodecahedral cage”. These calculations suggest
that the network distortion is more effective than the neighboring
water coordination effect in the size region of n ∼ 20.

In the present DFT analyses, we pick up some characteristic
cluster structures to examine the correlation between the
structural strain and the free OH frequency. However, it should
be noted that numerous structural isomers exist in the observed
sizes, and only their averaged trend associated with the size is
reflected in the observed frequency. No specific isomer structures
can be identified in the present study, but only the general trend
in the network development is inferred. Though the present
calculations show the clear correlation between the observed
frequency shift and the structural strain in the water network,
extensive sampling of isomer structures or global search of
potential energy surfaces32,33 is requested for unequivocal proof
of the origin of the shift. Such calculations for clusters of n >
∼10 are very time-consuming, and are beyond the scope of the
present study.

Finally, we comment on the effect of the cluster temperature.
Finite (and undefined) temperature or internal energy of clusters
affects their preferential structures.11,12,33-35 In conventional
IR-UV double resonance spectroscopy of a jet-cooled neutral
cluster, only a few energetically low-lying isomers are ordinarily
considered because low temperature (or specific internal energy)
of the cluster can be ensured by sharp vibronic bands in its
electronic spectrum.45,46,49,50,52-54 In the present experiment,

Figure 6. Free OH stretching frequencies of the characteristic cluster structures of (H2O)18-20 and corresponding phenol-(H2O)17-19. For (H2O)20

and phenol-(H2O)19, the relative energies at the vibrational zero-point level (∆E0) were also shown in kJ/mol. All of the cluster structures, their
harmonic frequencies, and relative energies were calculated at the B3LYP/6-31+G(d) level. The harmonic frequencies were scaled by a factor of
0.9736. In “hexagonal ice”, the free OH stretching modes of the two-coordinated water molecules and the π-hydrogen-bonded OH bond were
excluded from the evaluation of the free OH frequency.

Figure 7. Free OH stretching frequencies and the relative energies
(∆E0) in kJ/mol of the characteristic cluster structures of (H2O)48. The
frequencies of corresponding phenol-(H2O)47 were also shown in
parentheses. Each cluster structure and its energy and harmonic
frequencies were calculated at the B3LYP/6-31+G(d) level, and all of
the harmonic frequencies were scaled by a factor of 0.9736.
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broadened electronic spectra of the large-sized clusters prevent
us from evaluating the cluster temperature. In addition, the
optimization of the size distribution in each IR measurement
might cause the size dependence of the temperature of the
observed clusters. Though the temperature of the clusters is an
ambiguous factor in the present experiment, we infer that the
size dependence of the cluster temperature is not a major origin
of the observed OH frequency shift because of the following
reasons: (i) The observed shift is reproducible irrespective of
arbitrary optimization of the jet condition and size distribution.
(ii) For both (H2O)20 and (H2O)48, the calculated free OH
frequencies based on the reported energetically global minimum
structures are in agreement with the experimental values. These
agreements imply the observed IR spectra of both n ∼20 and
∼50 reflect low-lying cluster structures. (iii) The similar low-
frequency shift has been found for ice nanoparticles of the much
larger size range (n ) 200-106) prepared by a collisional
cooling cell.4 The shift reported here would lead to this ice
nanoparticle behavior, which smoothly converges to the bulk
ice surface (the free OH frequency of the clean (0001) surface
of hexagonal ice has been reported to be ∼3695 cm-1).82,83 This
surface OH frequency is consistent with the relaxation of the
structural strains with increasing cluster size.4

4. Concluding Remarks

To analyze hydrogen bond network structures consisting of
tens of water molecules, we measured IR spectra of moderately
size-selected phenol-(H2O)n (n e ∼50) in the free OH
stretching region. The observed spectra provided somewhat size-
averaged information of the water clusters. The low-frequency
shift of the free OH band with increasing cluster size was seen
in the spectra. The detailed analyses with the aid of the DFT
calculations indicated that the observed shift originates from
the cooperativity of hydrogen bonds and the structural develop-
ment from the highly strained 4-membered ring motif to the
more relaxed 5- and 6-membered ring motifs. For further
confirmation of the origin of the free OH frequency shift,
spectral simulations including anharmonic frequency calcula-
tions for various isomer structures will be helpful.

This study shows the importance of a free OH frequency to
probe water network structures. Because free OH bands are
characteristic also of the bulk water surface,82-85 it is hoped
that detailed analyses of free OH frequencies are helpful to
explore the correlation between the surface of bulk water and
large-sized water clusters.
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(22) Fanourgakis, G. S.; Aprà, E.; de Jong, W. A.; Xantheas, S. S.

J. Chem. Phys. 2005, 122, 134304.
(23) Lagutschenkov, A.; Fanourgakis, G. S.; Niedner-Schatteburg, G.;

Xantheas, S. S. J. Chem. Phys. 2005, 122, 194310.
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