Chapter 2

Infrared Spectroscopy of Chromophore-
Labeled Water Clusters Phenol-(H,0),,
(n < ~50)

Abstract To analyze hydrogen bond network structures consisting of tens of
water molecules, we measured moderately size-selective IR spectra of large,
labeled water clusters phenol-(H,0O), in the OH stretch region. The observed
spectral features were analyzed in terms of hydrogen bond ring size motifs and
coordination numbers of water molecules. The detailed analyses of the free OH
band indicated that the observed low-frequency shift originates from the cooper-
ativity of hydrogen bonds and the structural development from the highly strained
4-membered ring motif to the more relaxed 5- and 6-membered ring motifs. The
suppression of free OH band intensity with an increase of n represents the increase
of the abundance of 4-coordinated waters. We expect that the present character-
ization method of hydrogen bond networks may be applicable to more compli-
cated, condensed phase water.

Keywords Phenol-water clusters - Supersonic jet expansion « IR-UV spectros-
copy - Hydrogen bond network distortion - Coordination number analyses of water

2.1 Introduction

As described in Chap. 1, size-selective IR spectroscopy of large water clusters
consisting of ten or more molecules is necessary to study large-scale, bulky
hydrogen-bonded water networks. The clear structural differences can be seen
between small clusters (n < ~ 10) and bulk water. The most obvious differences
are coordination numbers of molecules and ring size of hydrogen bond networks;
small clusters mainly consist of 3-coordinated molecules and 4-membered rings,
while ice Th consists of 4-coordinated molecules and 6-membered rings (see
Fig. 1.5). The main purpose of this chapter is to bridge the gap by extending
spectroscopic method to larger water clusters (H,0),, (n > ~ 10).

K. Mizuse, Spectroscopic Investigations of Hydrogen Bond Network Structures 15
in Water Clusters, Springer Theses, DOI: 10.1007/978-4-431-54312-1_2,
© Springer Japan 2013


http://dx.doi.org/10.1007/978-4-431-54312-1_1
http://dx.doi.org/10.1007/978-4-431-54312-1_1
http://dx.doi.org/10.1007/978-4-431-54312-1_1

16 2 Infrared Spectroscopy

Previously, several approaches have been made towards size-selective spec-
troscopy of large water clusters as introduced in Sect. 1.3.3. Figure 2.1 shows IR
spectra reported in these studies [1-6]. Unfortunately, these studies lack size-
selectivity and/or size variety. As a result, the structures of large clusters have not
necessarily been discussed on the basis of experimental spectra.

On the other hand, there is essentially no difficulty in the size-selection in
theoretical calculations, although exponential increase of possible isomer structures
is another serious problem for large-sized clusters. Recent development of theories,
algorithms, and computer resources make it possible to treat relatively large water
networks with reasonable accuracy. Extensive theoretical studies on the (H,0),
(n < ~50) clusters, from empirical methods to sophisticated density functional
theory and high-level ab initio combined with minimum search algorisms, have
predicted that the 4-membered ring motif will become less important with
increasing cluster size while the 5- and 6-membered ring motifs will become
superior [5, 7-22]. For example, Kazimirski and Buch [7] have carried out a low
energy isomer search for (H,O),4g with the empirical TIP4P potential. In the reported
structure of (H,0),5 (Fig. 2.2), only 18 % of rings are 4-membered and 5- and
6-membered rings become superior, although (H,O)g consists only of 4-membered
rings. Another structural transition, the appearance and increase of 4-coordinated
water molecules and also the interior formation have been also suggested in this size
region [5, 7-22]. For example, Lagutschenkov et al. [10] have suggested the
“interior” water molecules arise at around n = 17 on the basis of their empirical and
high-level ab initio calculations (Fig. 2.2). On the other hand, smaller clusters are
categorized as “all surface” types, in which all the water molecules are located at the
surface of the network. If molecules are completely inside a network, they should be
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Fig. 2.1 Previously reported IR spectra of roughly size-selected or size-estimated large water
clusters. a From Ref. [4], b from Ref. [2], ¢ from Ref. [1], and d from Ref. [3]
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Fig. 2.2 Theoretically predicted cluster structures and structural developments of (H,0),
(n > ~10). Appearance of 4-coordinated molecules and decrease of 4-membered rings is
displayed

4-coordinated. This implies that the signature of 4-coordinated molecules would be
observed in the size range (n ~ a few tens). To study high order structures of
hydrogen-bonded water networks, observation of such interior molecules should be
an important step. Figure 2.2 indicates some characteristic cluster structures of
(H,0),, highlighting the predicted structural changes in the n > 10 region. As
mentioned here, recent developments in computational chemistry have stimulated
size-selective spectroscopy of water clusters consisting tens of molecules. However,
correlations between detailed cluster structures and IR spectral features have not
been extensively examined. This fact also indicates the importance of size-selective
IR spectra of large water clusters.

An experimental bottleneck relates to the detection technique. Clusters of interest
are formed by the supersonic jet expansion technique [23], which is the most popular
method for cluster production. In this method, a gaseous mixture of sample mole-
cules is expanded into a vacuum chamber. Only low concentration is achieved in the
molecular/cluster beam and as a result, direct photo absorption detection, which
detects decrease of light intensity, is generally impossible. We therefore have to
utilize highly sensitive detection techniques, the fluorescence or ionization detection
of gas phase molecular and cluster samples. Water clusters are, of course, not
fluorescent. For spectroscopic purposes, ionization by photons is preferable [24],
however the ionization energy of water molecules (12.62 eV) is very high and we
need a short wavelength vacuum-ultraviolet light (<~ 100 nm, depending on the
cluster size [25-27]) or a very intense light source such as a femtosecond laser for
photoionization of water clusters [28, 29]. Unfortunately, both of these were not
available for our procedures. This problem has made it difficult to select the cluster
size with photoionization mass spectrometry and to measure IR spectra with pho-
toionization-based spectroscopic technique, as shown below.
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To overcome these problems, we introduced a label to the water clusters.
Phenol as an ultraviolet (UV) chromophore was used as a spectroscopic label
(Fig. 2.3). The chromophore-labeled water clusters have the advantage of pos-
sessing an UV chromophore (the phenyl ring), which enables us to apply various
spectroscopic techniques such as resonant two-photon ionization (R2PI) based on
UV electronic transition. Since the earlier stages of spectroscopic studies on gas-
phase hydrated clusters, phenol-(H,0), have been studied extensively by, for
example, fluorescence excitation, R2PI, and various double resonance spectros-
copies [30-50].

As shown in Sect. 1.3, IR spectroscopy is a powerful tool to probe hydrogen
bond networks. IR-UV double resonance spectroscopy is a technique to measure a
size- and isomer-specific IR spectra of gas phase molecules and clusters with a
chromophore [44, 51, 52]. This technique was developed by Lee’s group in the
1980s [51]. It has been applied to many molecules/clusters including phenol-
(H,0),, and was successful in characterizing structures and many other properties
[44, 52]. Here, an overview of this method is given. The energy scheme is shown
in Fig. 2.4. First, UV light is tuned to the wavelength of vibronic transition of the
species of interest. Resonant multiphoton ionization signals or fluorescent signals
from the electronic excited state are monitored as a measure of population of the
ground vibrational state. While monitoring this signal, the IR light pulse is irra-
diated prior to the UV light pulse. When IR light is absorbed, vibrational transition
occurs and the ground vibrational level population is decreased, leading a deple-
tion of the monitored signal. A depletion signal as a function of IR wavelength can
be regarded as an IR spectrum. In this method, if the UV wavelength is tuned to
size- and isomer-specific transition, the measured IR spectrum is size- and isomer-
selective.

Previous studies, especially those on vibrational spectroscopy (IR-UV double
resonance spectroscopy) in the OH stretch region, showed that phenol-(H,0),, are
structural analogues of neat (H,0O),,; because the hydroxy group of the phenol
plays a compatible role to that of a water in the hydrogen bond network [43, 49, 50]
(Fig. 2.5). Of course, because phenol is a weak acid molecule, it may act as a
stronger hydrogen bond donor, and the hydrogen bond network of phenol-(H,0), is
more or less perturbed from the neat (H,0O),,. The reported results, that both labeled
and neat clusters have essentially the same network, indicate that perturbation from
UV-chromophore is too small to affect hydrogen-bonded water networks in these
systems. For phenol-(H,0),, [42, 43, 49] and a similar system, benzene-(H,0),,,;
[52-57], size-selected IR spectra have been measured up to n < 8 using their size-
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Fig. 2.4 Energy scheme in IR-UV double resonance spectroscopy. Open circles denote a
molecule/cluster in various states. a First, ground vibrational state population was probed with
R2PL b, ¢ IR light is irradiated and its wavelength is scanned. ¢ When IR light is absorbed,
vibrational excitation results in the ion signal depletion
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Fig. 2.5 Experimentally characterized structures of phenol-(H,0), and (H,0),,,;. Both hydrogen
bond network structures are essentially the same

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 (H,0),, clusters [2, 58-63] have done.

Here, we comment on the choice of the label. There have been other labels used
for water clusters. Benzene-(H,0),, and Na-(H,0),, clusters have been also studied
with photoionization-based methods [52-57, 64-68]. In the case of benzene-
(H,0),,, hydrogen-bonded networks are pure water networks, while phenol-(H,0),,
contains a phenol molecule in a network. Despite this advantage of benzene, in
such a cluster, a benzene ring is bound to an OH moiety of H,O via an OH...n
interaction [53, 54, 69]. Such an interaction is absent from pure water networks
and therefore, spectral interpretation would become complicated [53, 69].
Furthermore, an OH...n interaction is generally weaker than hydrogen bonding,
therefore yields of benzene-(H,0),, are smaller than those of phenol-(H,0),. For
Na-(H,0),, single UV photon ionization can be applied, however, interaction



20 2 Infrared Spectroscopy

between a water network and an unpaired electron on Na seems ignorable [67, 68].
According to these considerations, we employed a phenol molecule as a label.

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 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 rigorous size-selection because of
fragmentation upon ionization, we still achieve moderate size-selectivity in the IR
spectral measurement of phenol-(H,0),, by monitoring the [phenol-(H,0),]* ion
signal. In this study, we measured IR spectra of roughly size-estimated clusters to
probe hydrogen bond networks of 10 or more water molecules.

2.2 Experimental
2.2.1 Overview of Infrared Spectroscopy

Here, a brief overview of experimental methods is given and details are shown in the
following sections. The gas phase phenol-(H,0),, 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-(H,0),, (n = 11-49) in the free OH
stretch region (2,800-3,800 cmfl) were measured by the IR-UV double resonance
technique combined with mass spectrometry. Figure 2.6 shows an energetic scheme
of the present “modified” IR-UV double resonance spectroscopy. The [phenol-
(H,0),,]* ions produced by one-color resonant two-photon ionization (R2PI) of
neutral clusters were mass-selected by a time-of-flight (TOF) mass spectrometer.
Due to fragmentation upon ionization, [phenol-(H,0),]" ions can be produced by
R2PI of phenol-(H,0),,, A, (An is the number of evaporated water molecules upon
ionization). As we will discuss later, the maximum An upon one-color R2PI is
estimated to be 6 or less with the aid of a conservation law of energy (for details, see
Sect. 2.2.3.2). The [phenol-(H,0),]" ion intensity can be a measure of the ground
state population of phenol-(H,0),,,a, (0 < An < 6). Then an IR pulse was intro-
duced prior to the UV pulse and its frequency was scanned. When an IR transition
occurs in phenol-(H,0),..a, the monitored [phenol-(H,0),]* signal decreases
because of the vibrational predissociation of the clusters. IR spectra were thus
measured by monitoring the ion intensity while scanning IR wavelength. In typical
IR-UV double resonance spectroscopy, just a vibrational population transfer
(excitation) is required to observe the dip signal [51], however, when a broadened
UV transition is used, species in a vibrational excited state might also absorb UV
light and then, vibrational dissociation would be needed for depletion spectroscopy.
Of course, if the UV transition probability between the vibrational ground and
excited states is different, IR-induced signal arises. However, the exact evaluation of
such transition probability is beyond the scope of this work.
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Fig. 2.6 Energy scheme in “modified” IR-UV double resonance spectroscopy used in the
present study

2.2.2 Setup

2.2.2.1 Vacuum Chamber

Figure 2.7 shows the scheme of the vacuum chamber used in this study. This
chamber consists of a supersonic jet expansion cluster source and a time-of-flight
(TOF) mass spectrometer. This chamber was evacuated by two turbomolecular
pumps, backed by rotary pumps.

In the cluster source region, the gaseous mixture of phenol (trace), water (trace),
and helium (0.3 MPa) was expanded into a chamber through a pulsed valve (General
valve Series 9, 0.5 mm nozzle diameter, Parker). The gas pulse was skimmed by a
skimmer (2 mm hole diameter) and introduced to the interaction region, between the
repeller and extractor electrodes of time-of-flight mass spectrometer.

_ﬁ_ Pulsed valve

epeller
Deflector Extractor
uv® Ground

Fig. 2.7 Scheme of the vacuum chamber used in the present study
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The time-of-flight mass spectrometer moiety was equipped with a 2-step
acceleration region to improve mass resolution (Wiley-McLaren type [70]). The
deflector was also equipped to compensate for the initial velocity, which is per-
pendicular to the TOF axis. Clusters are ionized by UV pulse between the repeller
(typically +2500 V) and extractor (~+1500 V) electrodes. Ions were extracted
toward TOF tube (grounded), in which ions were mass-separated and then detected
with a stack of microchannel plates (MCP).

2.2.2.2 Laser Systems

Figure 2.8 shows a diagram of the experimental setup. UV light was the second
harmonic (SHG) of a dye laser output (Laser Analytical System LDL20505 with
Coumarin 540A dye) pumped by a third harmonics (355 nm) of a Nd:YAG laser
(1064 nm, Surelite III, Continuum). UV light was introduced to the middle of the
repeller and extractor electrodes of time-of-flight mass spectrometer. A plano-
convex quartz lens (f = 500 mm) was used for focusing the UV light. IR light was
obtained by the difference frequency generation (DFG) with a LiNbOs5 crystal
between the second harmonic (532 nm) of a Nd:YAG laser (1064 nm, Surelite III,
Continuum) and an output of a dye laser (ND6000, Continuum, with DCM and
LDS698 dyes). The optical path of the IR light was aligned to the same axis as the
UV light from the opposite side. The IR light was focused by a plano-convex CaF,
lens (f = 250 mm). In both systems, autotrackers (Inrad) were used to keep the
phase matching angle while scanning wavelength. IR power was monitored by
installing a CaF, beam sampler plate and an IR power meter (Molectron). The
wavelength of the IR light was calibrated (in vacuum wavenumbers) by recording
an ambient water vapor spectrum. Figure 2.9 shows a typical power curve of IR
light obtained with DFG. The gap of around 3,500 cm™' is due to the IR
absorption by water impurities in the LiNbO; crystal. The wavelength of the UV
light was calibrated in vacuum wavenumbers by recording a reported R2PI
spectrum of phenol-(H,0)_,.

2.2.2.3 Measurement System

Two YAG lasers and a pulsed valve were triggered by TTL outputs (10 Hz) from
digital delay generators (DG 535, SRS). Ion signals from MCP were amplified (wide
band preamplifier BX-31A, NF Electronic Instruments) and transferred to an
oscilloscope (TDS 640A, 500 MHz, Tektronix) and a boxcar integrator (SR250,
SRS). Both of which were triggered by a photodiode, which monitored emissions
from Surelite. The oscilloscope was used for monitoring ion signals, gate signals of
the boxcars, and IR power. It was also used for the measurement of TOF mass spectra.

For IR measurements, the ion signal of interest and IR power signal were
averaged with SR250, and their data were sent to a digitizer (analog-to-digital
converter) (SR245, SRS). Thus obtained data points were transferred to a computer
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and plotted as a function of IR wavelength. Here, IR wavelength was scanned by
operating a ND6000 with a constant speed scan mode. The observed raw IR spectra
were normalized by IR power.

In the long-range scan (e.g. for the whole OH stretch region 2,800-
3,800 cm™"), the signal intensity sometimes changed in time due to the valve
conditions and for other reasons. To improve the quality of observed spectra, the
active baseline subtraction technique was applied to reduce artifacts by fluctuation
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of the signal baseline. For this technique, the pulsed valve and the pulsed UV light
were operated at 10 Hz while the pulsed IR light was at 5 Hz. The (raw) IR
spectral data points were obtained from the differences in the ion intensity with
and without the IR irradiation.

2.2.3 Measurements

2.2.3.1 Resonant 2-Photon Ionization of Phenol-(H,0),,

Figure 2.10 shows the one-color R2PI spectra obtained by monitoring [phenol-
(H,0),]* while scanning the UV wavelength. The spectra of the phenol® and
phenol-(H,0O)] channels show essentially the same features as those reported
previously [32, 35, 40, 43, 44]. In Fig. 2.10, only a structureless absorption band is
seen for n > 9. The maximum size of the cluster, which shows sharp vibronic
bands, has been reported to be n = 12 (by two-color R2PI spectroscopy, which
minimizes the fragmentation) [48]. Contribution of larger clusters due to frag-
mentation and inherent broadening in large-sized clusters would wash out sharp
spectral features in the present spectra. The UV frequency was tuned to
36,254 cm ™!, which is at near the maximum of the broad absorption of large-sized

Fig. 2.10 One-color phenol* channel | monomer
resonant two-photon | 0-0
ionization spectra of phenol- |

(H,0),, obtained by
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clusters, and the [phenol-(H,0),]* ion intensity was monitored. Figure 2.11 shows
a R2PI mass spectrum recorded by irradiating the 36,254 cm™' UV light. Efficient
cluster detection of up to n < ~50 was achieved.

We note that 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 [48]. Though we actually applied the two-color R2PI
scheme for the present large-sized clusters, the two-color ionization signal was
hardly detectable. This is because the production yields of the large-sized clusters
are so low that we needed to use a relatively intense UV pulse for the first electronic
excitation, and it significantly reduced the ionization by the second UV pulse.

2.2.3.2 Evaluation of Size-Selectivity

Because hydrogen-bonded clusters usually suffer from fragmentations in an ioni-
zation process, it is difficult to precisely measure the size distribution of the neutral
clusters only from mass spectrometry. However, for phenol-(H,0),,, the number of
evaporated water molecules (An) upon one-color R2PI can be estimated to be 6 or
less by the energetics calculations. Figure 2.12 shows the schematic energy dia-
gram on the photoionization and dissociation of phenol-(H,0),. Because the one
water loss channel ([M-(H,0),]" —» [M-(H,0),_;]" + H,0) is the major disso-
ciation path in cationic hydrated clusters with excess energies [71], we assume the
sequential evaporation of water molecules one by one upon ionization. Then, the
maximum An is evaluated by

maximum An = Eexeess/D(Do) (2.1)

where Eqycess 18 the maximum excess energy upon ionization and D(Dy) is the
dissociation energy of the one water-loss channel in the cationic state. Because
[phenol-(H,0),]* (n >3 or 4) forms an intracluster proton-transferred
[PhO--H*(H,0),,] type structure [72-74], the dissociation energies of H"(H,0),,
which have been measured by the mass spectrometric technique [75], can be used
as D(Dg) here. Eexcess 1S given by:
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Eexcess = 2E(UV) - [E(DO) - E(SO)] + D(SO) (22)

where E(Sg) and E(D,) are the absolute energies of phenol-(H,O), and
[PhO--H*(H,0),,] at the zero-point level, respectively, then [E(Dg) — E(Sy)] is the
adiabatic ionization energy of the phenol-(H,0),;; E(UV) is the UV photon energy
(36,254 cm™ 1), and D(Sy) is the dissociation energy in the Sy state. In Eq. (2.2),
D(Sy) accounts for the maximum internal energy of the phenol-(H,0),,. 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(Sy), because clusters with
internal energy higher than D(S,) spontaneously dissociate into smaller-sized
clusters prior to arrival at the interaction region with the lasers.

Considering these relationships, we examined the energetics of dissociation of
phenol-(H,0);, 19 following the photoionization, as typical examples. E(S,) and
E(Dy) were evaluated using density functional theory (DFT) calculations at the
B3LYP/6-31+G(d) level (see Sect. 2.2.4). The structures of [PhO--H*(H,0)1 0]
were constructed by putting a PhO--radical on a free OH group of the global
minimum structures of H*(H,0);, 19, which have been extensively studied exper-
imentally and theoretically [76-78]. Cluster structures calculated for energy eval-
uation, shown in Fig. 2.13, have a separated radical-charge pair form. Although
Kleinermanns et al. [74] reported that the PhO radical directly solvates the H;0"
moiety in the [phenol-(H,0)4]", cluster structures with [PhO-H;0] core did not
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survive during the geometry-optimization steps in our calculations of [phenol-
(H,0);]* and [phenol-(H>O)o]* because of the intracluster proton transfer.
A similar situation was also seen in the (H,O);; case (Chap. 5). Calculated adiabatic
ionization energies, [E(Dg) — E(Sp)], are 56,090 cm™~! for phenol-(H,0),;, and
54,935 cm™ ' for phenol-(H,0)9. For H*(H,0);; 19, experimental dissociation
energy values are larger than 3,000 cm™' [75]. According to the structural and
chemical similarity, we assume D(Dg) of [phenol-(H,0),]" is the same as the
reported dissociation energy of H"(H,0),. D(Sy) is generally smaller than D(D)
because of the enhanced electrostatic interactions in the ionic state. Therefore, from
Egs. (2.1) and (2.2), the maximum An is evaluated to be 6 in both the cases..

It should be noted that the estimated value of An is based on hypothetical ionic
cluster structures and calculated energies. This means an “exact” evaluation of
An is hardly possible. Furthermore, An would be size-dependent because the
ionization energy of clusters is size-dependent. This uncertainty is a limitation of
the present moderately size-selective spectroscopy. Despite such uncertainty,
observed spectra show clear size-dependence indicating good size-selectivity as
shown in Sect. 2.3.

2.2.3.3 IR Spectral Measurements

For IR spectral measurement, the timing of the IR pulse was tuned to ~ 50 ns prior
to the UV pulse. Optical paths were then optimized by using reported IR transition
of the phenol monomer. Re-adjustment of optical paths was not necessary for
cluster spectroscopy.

Figure 2.14 shows the mass distribution of [phenol-(H,0),]* produced by R2PI
in the IR spectral measurement condition for phenol-(H,O)4o. The red curve in
Fig. 2.14 shows the mass distribution with IR irradiation, while the black curve
shows it without IR irradiation. Figure 2.14 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-
(H,0),,]* ion intensity. Because IR predissociation of larger-sized clusters results
in the fragmentation of the monitored ion channel [phenol-(H,0),]*, 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,


http://dx.doi.org/10.1007/978-4-431-54312-1_5
http://dx.doi.org/10.1007/978-4-431-54312-1_5

28 2 Infrared Spectroscopy

[Phenol-(H,0),1*

IR off

IR on

n=59

lon intensity (arb. units)

L I T T T T | T T T L} I T L T T | T T T T I T T
800 1000 1200
miz

Fig. 2.14 Mass distribution of [phenol-(H,0),]* produced by R2PI. The condition of the cluster
production was optimized for IR spectral measurement of phenol-(H,0)49. The red curve shows
the mass distribution with IR irradiation, while the black one shows the distribution without IR
irradiation

we adjusted the cluster size distribution to reduce the clusters larger than those of
interest by changing the jet expansion conditions. For example, the size distri-
bution shown as the black curve in Fig. 2.14 is optimized for the IR measurement
of n = 49.

2.2.4 Quantum Chemical Calculations

2.2.4.1 Calculation Procedures

For the detailed analyses of the cluster structures and their correlations with
experimental spectra as well as their energies, DFT calculations were carried out
using the B3LYP functional [79, 80] with the 6-31+G(d) basis set. The initial
geometries of (H,0O), were obtained from the reported low-lying minima or
characteristic structures [7, 13, 16, 21, 81, 82], or otherwise they were manually
constructed. Those of phenol-(H,0),_; were constructed by substituting one of the
free hydrogen atoms in (H,O), to the phenyl group. All the cluster structures
considered were fully geometry-optimized. In the geometry-optimizations, we
typically used the redundant internal coordinates while the use of the distance
matrix coordinates sometimes results in a better convergence.

At the stationary points, harmonic frequencies and IR intensities were calcu-
lated. All 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 fre-
quency of cubic water octamer, i.e. (H,O)g, benzene-(H,0)g, and phenol-(H,O),
[49, 54, 56, 63]. Here we employed the value of benzene-(H,O)g [54],
3713.5 cm ™' as a reference experimental value to determine the scaling factor for
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the following reasons: The previously reported spectrum of neat (H,O)g suffers
from low spectral resolution for precise determination of the free OH frequency.
On the other hand, the resolution in the spectra of benzene-(H,O)sg is high enough.
In addition, perturbation of the benzene ring on the free OH frequency is estimated
to be negligible because free OH bands in both benzene-(H,O)g and (benzene),-
(H,0)g show essentially the same frequency [56]. Though Kleinermanns and co-
workers reported the free OH frequencies of 3711.5 cm ™! (Dy4type) and
3710.5 cm™' (S type) for cubic phenol-(H,0);, they employed atmospheric
wavenumbers for their calibration [49, 50]. We confirm that their experimental
values for phenol-(H,O); are in agreement with our calculated values,
3712.7 cm™! (D24type) and 3712.1 cem™! (S4-type) at the B3LYP/6-31+G(d) level
of theory with the scaling factor of 0.9736 when the vacuum correction (addition
ca. 0.8-1 cm ™' to atmospheric wavenumbers) is included.

The calculated stick spectrum was transformed into the continuous spectrum by
using Lorentzian functions of 10 and 50 cm™" full widths at half-maximum for the
free and hydrogen-bonded OH stretches, respectively. Here, two bandwidths were
used to take into account the lifetime-broadening induced by hydrogen bonding
[83]. We note that this convolution was used only for convenience in the com-
parison with the simulated spectra and the values of the bandwidth have no rig-
orous physical meanings. 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. Therefore, we should note that we discuss
the averaged behavior of the free OH bands. All the energy values include zero-
point corrections. All the calculations in this study were carried out using the
Gaussian 03 [84] and Gaussian 09 [85] programs. The cluster structures were
drawn with the MOLEKEL program [86].

2.2.4.2 Detailed Analyses of Calculated Results

In spectroscopic studies of relatively small clusters, spectral analyses are sometimes
carried out just by comparing calculated and experimental IR spectra. If the number
of plausible isomers is small and their simulated spectra show isomer-dependent
features, such an analysis works well to deduce cluster structures from the spectra.
On the other hand, for large systems as in the present case, numerous stationary
points should be possible [87, 88]. Furthermore, isomer-specific spectral features
would be washed out. In these situations, isomer-based understanding is not pos-
sible. In this study, we tried to deduce structural trends of hydrogen bond networks,
not exactly molecular-level structures. Calculated cluster structures and spectra
were, then, analyzed in terms of the ring size distribution in networks and the
coordination numbers of water molecules, both of which are introduced in Sect. 2.1
as the key factor to bridging the gap between the small clusters and bulky networks.

For the purpose of ring-size analyses, calculated structures are denoted by ring-
size configuration, For example, the cubic water octamer (see Fig. 2.2) is repre-
sented by 4° (six 4-membered rings). For the coordination number analyses,
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we determined coordination number distributions and spectral contributions of
each coordination number according to the following procedures. First, using
optimized geometry, atoms were grouped as the units of H,O molecules. Second,
the number of hydrogen bonds around each HO moiety (the coordination number)
was counted. Here, the hydrogen bond was defined when O... H distance was
longer than 1.3 and shorter than 2.3 A. The definition of hydrogen bonding is
thereby not sensitive to results. To estimate the distortion of networks, hydrogen
bond angles were also calculated with the cosine formula. Thus determined
coordination numbers were used for evaluating spectral contribution of each
coordination number. For each normal mode, the magnitude of displacement of
each atom was calculated and separately summed up according to each coordi-
nation number, to which each atom belonged. The calculated IR intensity of this
mode was distributed to each coordination number according to the ratio of the
resultant total values, i.e., relative weights of each coordination number. This band
decomposition agreed with those reported so far for various sizes of (H,0), [5, 19,
89]. Figure 2.15a shows an example of such spectral decomposition for (H,O)4s.
The blue and red traces show the decomposition of the simulated spectrum (in
black) to the 3- and 4-coordinated water components, respectively. We also tested
simplified analyses, in which full IR intensity was assigned to the molecule with
the largest displacement (Fig. 2.15b). This procedure resulted in similar trends to
those of the detailed method, while vibrational mode was delocalized to several
water molecules. For reasonability, we employed the former, detailed method in
this study. All the above-mentioned procedures were automated by writing a Perl
program.
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Fig. 2.15 Spectral decompositions for (H,O)4s. a IR intensity is divided into each coordination

number according to its contribution. b IR intensity is attributed to one water molecule showing

largest displacement
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2.2.4.3 Choice of the Calculation Method

As a result of recent progress in theory and also in computer technology, many
theoretical methods are available today. Among them, ab initio and DFT calcu-
lations are powerful and therefore have become standard techniques to examine
cluster structures and vibrational spectra. Of course, choice of the methods is
important because calculated results often strongly depend on the chemical models
employed. It should be noted that if someone strongly relies on calculated results
(e.g., when someone compares calculated spectra of only a few isomers and
concludes that the cluster structure is the one which shows the largest similarity in
the spectral comparison), misinterpretations may occur [90, 91]. Benchmark
studies, comparison of several methods and experimental results are required. For
small hydrated clusters, Chang’s group have carried out systematic calculations for
hydrated clusters and compared the results of B3LYP functional, which is one of
the most frequently-used methods in many chemical communities and ab initio
MP2 [92-93]. They have shown both results are consistent with experimental
results. Since their studies were conducted, lower-cost B3LYP calculations with
the use of a scaling factor for harmonic frequencies have been applied to many
hydrogen-bonded clusters of the broad size range (~6 < n < ~30) and have
successfully reproduced experimental IR spectra with acceptable computational
costs [76, 92-95]. Furthermore, for large water clusters, high-level ab initio, such
as MP2 and CCSD methods are not acceptable due to the computational limita-
tions. Especially a frequency calculation based on these methods is highly time-
and resource-consuming and only available with supercomputers. One of the
largest systems ever to have been studied is (H,O),( calculated at the MP2/CBS
level [8, 9]. In this study, because we have to examine larger clusters and many
structural isomers, the computational cost is an important factor to be considered.
According to these considerations, we employed B3LYP here with a standard 6-
31+G(d) basis set, which has also been tested previously [76, 92-94, 96].

It has been pointed out that the B3LYP functional is unable to treat systems in
which the dispersion interaction plays vital roles. To evaluate the magnitude of the
cooperative effect in interaction energy, the B3LYP functional may underestimate
such interactions. Many new functionals (wB97X-D [97], M06-2X [98, 99], etc.)
[100] and empirical potentials (e.g., TTM2-F [101, 102]) have recently been
proposed and they would be more accurate for energy evaluation due to better
inclusion of the dispersion interactions and the long-range corrections. Evaluations
of accuracy on vibrational frequencies with these methods are underway [8, 100].
As for frequency calculations of large-sized water clusters, the B3LYP functional
with the use of a scale factor still seems to be a well-balanced method [103]
between computational cost and accuracy (reliability).
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2.2.4.4 Computational Resources

As mentioned above, the cost of the present method (B3LYP/6-31+G(d)) is
relatively low. Even for the harmonic frequency calculation of a large system such
as (H,O)ys, only about 5 GB of memory is required. We then typically use home-
built or commercially purchased low-cost computers. Typical specifications are as
follows; Intel Core i7-2600 3.40 GHz (4 cores, 8 threads) CPU/DDR3-1333
4 x 4 =16 GB memory/2 TB SATA HDD/PGI or Intel compilers/Fedora 10
(64-bit) operating system. Of course, we had to calculate many cluster structures to
characterize water networks and to find correlations between hydrogen bond
network structures and spectral features. For this purpose, parts of the calculations
were performed using supercomputing resources at Cyberscience Center, Tohoku
University (TX7/i9610, up to 16 CPUs and 128 GB memory) and at the Research
Center for Computational Science, Okazaki National Institutes of Natural Sciences
(Altix4700, up to 8 CPUs and 64 GB memory).

2.3 Results

Figure 2.16 presents the observed IR spectra of size-selected phenol-(H,0),
(n = 19-49) in the OH stretching region. Each spectrum includes the contribution
of larger-sized clusters of phenol-(H20),,,4, (0 < 4n < ~6), but gradual changes
of the spectral features prove the size-selectivity in the present spectroscopic
scheme. The broadened absorption below 3,600 cm ™' is attributed to the hydro-
gen-bonded OH stretching vibrations, and the sharp band near 3,700 cm™' is the
free (dangling) OH stretching vibrations. Insets of Fig. 2.16 represent free and
hydrogen-bonded OH stretching motions. The most prominent size-dependence is
the decrease of relative intensity of the free band with increasing cluster size.

In previous studies on hydrated clusters, it has been shown that the behavior of
free OH is sensitive to the surrounding hydrogen bonding environment. Fig-
ure 2.17 shows the expanded IR spectra of phenol-(H,0),, (n = 11-49) in the free
OH stretch region. All the spectra show a single band feature in this region. Since
previous studies have revealed that (H,0), > ¢ clusters form 3-D structures
consisting mainly of three-coordinated water molecules [60, 63], the band is
assigned to the free OH stretching modes of such water molecules. Figure 2.17
shows a low-frequency shift of the band with increasing cluster size. Though this
shift is somewhat slight, this is clear and reproducible. Observation of this shift
also 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 2.1 and plotted in Fig. 2.18 (filled circles).
Compared to cubic (H,O)g [54], the magnitude of the shift amounts to 9 cm™ ! in
phenol-(H,0)49. We should note that the frequency shift observed in this study
would lead to a similar one reported for the water nanoparticles in a much larger
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Fig. 2.16 Infrared (IR) Hydrogen-bonded
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the OH stretching vibrational

region. Each spectrum is (a) n=19
obtained by monitoring the

[phenol-(H,0),]* cluster ion

intensity. The size

uncertainty (An) is estimated

tobe 0 < An < ~6. The !

depletion depth of the ion (b) n=29
intensity has been plotted.

The gap in the spectra around

3,500 cm™" is due to the

depletion of the output of the

IR light source (see Sect. 2.2)

Wm ||“'“

~—

2800 3000 3200 3600 3800
Wavenumber (cm 1)

Hydrogen-bonded

OH stretching Jc T::{ecﬁrt'g

‘mv*‘- ‘w“v/

«‘%,u»;_} i g

Pod Pod

1) 1~ &)

size range (n = ~200—106) [5], though the relation between the shift and
hydrogen bond network structures has not been clarified so far.

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 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 reflect the averaged behavior of the water network structures in the
ensemble of the clusters.
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Fig. 2.17 Expanded IR
spectra of phenol-(H,0),,

(n = 11-49) in the free OH
stretch region. The dashed
line is a visual guide

Table 2.1 Observed
frequencies of free OH
stretching bands in phenol-
(H20)4an (n = 11-49)

Phenol-(H,0),,

Phenol-(H,0),,

Phenol-(H,0),4

Phenol-(H,0),,

Phenol-(H,0),,

Phenol-(H,0),,

Phenol-(H,0),4

2 Infrared Spectroscopy

3700 3750

Wavenumber (cm™1)

Cluster

Frequency (cm™ b}

Benzene-(H,0)g*
Phenol-(H,0);4
Phenol-(H,0) 4
Phenol-(H,0);9
Phenol-(H,0),4
Phenol-(H,0),9
Phenol-(H,0)39
Phenol-(H,0)49

3713.5
3709.0
3707.2
3706.8
3706.0
3705.1
3705.3
3704.5

These values are determined by single Lorentzian fitting of free
OH bands. Each cluster size has an uncertainty of 0 < An < 6.
Errors in frequencies are within £1 cm™". The value of benzene -
(H,0)g is taken from previous work [54]

% From the Ref. [54]
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Fig. 2.18 Size-dependent free OH frequencies of phenol-(H,0),_; observed by IR spectroscopy
(filled circles) and those of “fused cube” (H,O), 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-(H,O); and
benzene-(H,0)s, respectively, which agree with the corresponding experimental values

In the following sections, these spectral features are analyzed in terms of
structural information of hydrogen bond networks.

2.4 Discussion
2.4.1 Analyses of Free OH Stretch Bands

2.4.1.1 Overview

To study the structures of hydrogen-bonded water networks, analyses of the free
OH band would be a useful tool as OH band frequency is also very sensitive to
hydrogen bonding environments [92, 94]. The free OH band is considered in this
section. A lower free OH frequency is generally expected when the surrounding
hydrogen bonds are stronger [94]. This is because the electron density on the free
OH bond is slightly withdrawn by the neighboring proton donor molecules.
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The observed low-frequency shift of ~9 cm ™! from (H,O)g (Figs. 2.17 and 2.18)
show that the hydrogen bonds increase their mean strengths as the network grows.
In the following section, we discuss the origins of the enhancement of the
hydrogen bond strengths.

2.4.1.2 Cooperative Effects in Water Clusters

One possible factor that may explain the enhancement of the hydrogen bond
strength is cooperativity [83, 104]. The cooperative effect essentially originates
from the non-additivity of the induction and dispersion terms. This effect means
mutual enhancement among hydrogen bonds, and the magnitude of the effect
increases with the number of surrounding hydrogen bonds. Figure 2.19 and its
caption show an example schematic explanation of cooperativity in the case of the
water trimer.

To evaluate the magnitude of the free OH frequency shifts caused by cooper-
ativity, we performed DFT calculations at the B3LYP/6-31+G(d) level. We cal-
culated the free OH vibrational frequencies of the “fused-cube” type structures
(see insets in Fig. 2.18) [8, 9, 15], which are designed to indicate only the
cooperative effects. These structures are extensions of cubic (H,O)g, increasing the
number of hydrogen bonds while keeping the network motif, which consists only
of 4-membered rings. In Fig. 2.18, filled circles show the observed free OH
frequencies plotted versus the cluster sizes. The open circles and the triangle in
Fig. 2.18 represent the calculated free OH frequencies for phenol-(H,O); and
benzene-(H,O)g, respectively. These frequencies agree with the previously
reported experimental values (see also Sect. 2.2) [49, 54]. Open squares in
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Fig. 2.19 Schematic explanation of cooperativity of hydrogen bonds. Upon trimer formation,
two hydrogen bonds (/ and 2) are formed. This enhances the strength of the hydrogen bond
(green) for the following reason. Due to the hydrogen bond (/) formation, electron density around
the O atom in the H,O (blue) increases (hydrogen bonding can be interpreted as the charge
transfer from the lone pair to the anti-bonding orbital). On the other hand, hydrogen bonding (2)
decreases electron density around the O atom in the H,O (red). As a result, polarization of the
original water pair (blue—red pair) is enhanced. This leads to the enhancement of the
intermolecular interaction (the green hydrogen bond)
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Fig. 2.18 show the calculated free OH frequencies of “fused-cube” clusters.
Calculated frequencies of cubic (H,0),, show the low-frequency shift similar to the
experimental observations. However, 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 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 [105]. However, in frequency
calculations (at least for scaled harmonic frequencies), the B3LYP functional with
a suitable basis set seems to be the best-balanced method between the computa-
tional cost and accuracy for large-sized clusters, as mentioned in Sect. 2.2.
Furthermore, ab initio calculations for cubic (H,O)g and (H,0), at the MP2/aug-
cc-pVDZ level were reported by Xantheas and co-workers [9, 106]. These high
level calculations, however, predict the low-frequency shift of ~1 cm™' from
(H,0)g to (H,0),0. This small shift suggests that the present DFT calculations do
not significantly underestimate the frequency shift due to the cooperative effect.

2.4.1.3 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. To clarify this point, we calculated structures of small ring-type
(H;0),, (n = 3-8). Figure 2.20 shows their structures with the averaged hydrogen
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hydrogen bond length (A) 1.88 1.76 1.74 1.74
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Fig. 2.20 Calculated hydrogen bond parameters of various ring type (H,O),. These structures
are optimized at the B3LYP/6-31+G(d) level. Hydrogen bonds are clearly weaker in the 3- and
4-membered rings as indicated distorted angles and longer intermolecular distances
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bond angles and hydrogen bond lengths. It is clear that hydrogen bonds are weaker
in the 3- and 4-membered rings as indicated by distorted hydrogen bond angles and
longer hydrogen bond lengths. On the basis of the DFT calculations for the small-
sized (H,0),, (n < 10), Jiang et al. [94] have shown the hydrogen bond distortion
affects the free OH frequency. To evaluate such a structural effect on the free OH
frequency in larger systems, we calculated model structures of larger clusters.
Figure 2.21 shows some of the characteristic model structures of (H,O),5_5o and
those of corresponding phenol-(H,0)7_19 with their frequencies of the free OH
bands simulated using DFT. The frequencies of phenol-(H,0);7_j¢ of the same
hydrogen bond network are presented in parentheses, and they show the pertur-
bation caused by the phenyl group is less than 1.5 cm ™' for the free OH frequency.
To clarify the correlation between the hydrogen bonding environment and the OH
frequency, Fig. 2.22 contains a summary of calculated results on hydrogen bond
networks of these four different types. Among these structures (in Figs. 2.21 and
2.22), the “fused-cube” consists only of 4-membered rings and has highly dis-
torted hydrogen bonds, the same as cubic (H,O)g. The “prism” structure, which
consists of 4- and 5-membered rings, has been predicted to be the energy global
minimum in (H,O),, by the various theoretical studies including high level
ab initio calculations. The “dodecahedral cage” consists of twelve 5-membered
rings and can be regarded as a partial structure of clathrate hydrates. “Hexagonal
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3715
(Hz0)30
Phenol-(H,0),q
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AL LA L (3706.8 cm™)
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Fig. 2.21 Free OH stretching frequencies of the characteristic cluster structures of (HyO)1g 20
and corresponding phenol-(H,0);7_;9. For (H,0),o and phenol-(H,0),, relative energies at the
vibrational zero-point level (AEy) were also shown in kJ/mol. All cluster structures, their
harmonic frequencies, and relative energies were calculated at the B3LYP/6-31+G(d) level.
Harmonic frequencies were scaled by a factor of 0.9736. In “hexagonal ice”, free OH stretching
modes of the two-coordinated water molecules and the n-hydrogen bonded OH bond were
excluded from the evaluation of the free OH frequency



2.4 Discussion 39

Averaged Averaged
hydrogen bond hydrogen bond
length (A) angle (degree)

The number of
hydrogen bonds

YIS 1.86 159.0 36
‘d ] -

gj‘f: '”_'}“7« 1.82 163.8 34
\I ks e .8

m”"“f:;» 1.78 176.7 30

1.78 176.2 (24)

Fig. 2.22 Summary of calculated results of the four (H,O)g 59 structures shown in Fig. 2.21.
Note that the bottom (“hexagonal ice”) is smaller system than the others and therefore, the
number of hydrogen bonds should also be small

ice” has a very similar network structure to the crystalline hexagonal ice, con-
sisting only of 6-membered rings. The distortions of hydrogen bonds in the
“dodecahedral cage” and “hexagonal ice” structures are much fewer: 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°)
as indicated in Fig. 2.22. Figures 2.21 and 2.22 show 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 (3710.9 cm~ ! in corresponding phenol-(H,0),,), and those of the
less strained “dodecahedral cage” and “hexagonal ice” are 3704.2 (3704.2) and
3702.7 (3703.3 cm™ "), respectively. The free OH frequency of “prism” is located
in between those of the “fused-cube” and “dodecahedral 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-(H,0),4 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.
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At this time, the 4-membered ring motif is no longer exclusive and the networks
are being replaced by more relaxed structural motifs.

Because the observed experimental spectrum measured by monitoring [phenol-
(H,0)10]" includes the contribution of phenol-(H,O0)z ..., we also carried out
similar analyses for these sizes. Figure 2.23 shows optimized structures of
(H20),0_2>. These structures have been reported as low-lying minima in previous
theoretical studies [13, 21]. In Fig. 2.23, some structures with higher frequencies
(>~3,710 cm™ ', for example) clearly include more 4-membered rings than oth-
ers. The above-mentioned correlation is therefore confirmed.

For further confirmation, similar analyses were carried out for the larger clusters.
Figure 2.24 shows characteristic structures of (H,O)4g with their free OH fre-
quencies and hydrogen bond parameters. The frequencies of corresponding phenol-
(H,0)47 are also shown in parentheses. These calculations show the same trend as
(H>0),0. The free OH frequency of the most strained “fused-cube” structure is
evaluated to be the highest while those of more relaxed “hexagonal prism” and
“filled cage” are evaluated to be lower. As is in (H;0);g 709, the frequency of
“fused-cube” is much higher than the experimental value, meaning that the
4-membered ring (cubic) motif is not exclusive in the hydrogen bond network. In

Fig. 2.23 Optimized cluster structures of (H,O),p_»»> with the calculated free OH frequency. We
can see a clear trend that the structures with 3,710 cm™' or higher frequency contain many
4-membered rings than the others
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Fig. 2.24 Free OH stretching frequencies and relative energies (AE,) in kJ/mol of the
characteristic cluster structures of (H,O),g. Parameters of the hydrogen bond environment are
also indicated. Frequencies of corresponding phenol-(H,0)47 are 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 the harmonic frequencies were scaled by a factor of 0.9736

the case of (H,O),o in Fig. 2.21, the frequency of the “prism” structure is nearest to
the experimental value. On the other hand, the free OH frequency of the “hexagonal
prism” in (H,O)4g 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 [7], 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 [7].

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 67 % of
the network). Then, at n ~ 50, the contribution of the 4-membered rings is esti-
mated to be ~20 %.
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Because the experimental and the calculated free OH frequency shifts are
somewhat slight (within 10 cm™"), 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 have been estimated to be only ~20 cm ™.
However, we optimized the scaling factor for free OH stretching frequencies and
essentially focused on the relative frequencies. In this case, the reliability of the
present calculations will be higher. Furthermore, the MP2/aug-cc-pVDZ level
calculations of (H,0),( also show a similar correlation between the hydrogen bond
distortions and free OH frequencies. The consistency of these higher-level cal-
culations 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.

2.4.1.4 Further Discussion of Free OH Bands

In addition to the effects of the hydrogen bond distortion, Jiang et al. [94] have
reported another factor in the free OH frequency shift. On the basis of the DFT
calculations for model clusters, they showed that neighboring 4-coordinated waters
lower the free OH frequency relative to neighboring 3-coordinated waters. The
present calculations are helpful to estimate the magnitude of such a coordination
environment effect in the larger-sized region. In Fig. 2.21, the free OH bond in the
“dodecahedral cage” is surrounded by three 3-coordinated waters and the “fused-
cube” is surrounded by two 3-coordinated and one 4-coordinated waters. How-
ever, the free OH frequency in the “fused-cube” is calculated to be higher than
that in “dodecahedral cage”. These calculations suggest that the network distor-
tion is more effective than the neighboring water coordination effect in the size
region of n ~ 20.

In the present DFT analyses, we selected some characteristic cluster structures
to examine the correlation between the structural strain and the free OH frequency.
However, it should be noted that there exist large numbers of structural isomers in
the observed sizes, and only their averaged trend associated with 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 a 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 surfaces [88] 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. In conventional IR-UV double resonance spectroscopy of a jet-cooled
neutral cluster, only a few energetically low-lying isomers are ordinarily
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considered, because the low temperature (or specific internal energy) of the cluster
can be ensured by sharp vibronic bands in its electronic spectrum. In the present
experiment, 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 for
the following reasons: (i) The observed shift is reproducible irrespective of arbi-
trary optimization of the jet condition and size distribution. (ii) For both (H,O),q
and (H;0),4g, the calculated free OH frequencies based on the reported energeti-
cally 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) A similar low-frequency shift has been found for
ice nanoparticles of a much larger size range (n = 200-10°) prepared by a col-
lisional cooling cell [5]. The shift reported here would lead to this ice nanoparticle
behavior.

2.4.2 Analyses of Hydrogen-Bonded OH Stretch Bands

2.4.2.1 Intensity Ratio

Coordination numbers of water molecules are also important factors in charac-
terizing hydrogen-bonded water networks. The IR spectra of phenol-(H,0), in
Fig. 2.16 show that the intensity of the free OH band relative to that of the
hydrogen-bonded OH band gradually decreases with increasing n. Because
4-coordinated waters have no free OH, the observed free OH band is mainly
attributed to 3-coordinated waters. The decrease of the free OH band intensity is
therefore a signature of the increase of 4-coordinated waters.

2.4.2.2 Contribution from Each Coordination Number

Corresponding to this indication of 4-coordinated waters, spectral contributions of
the 4-coordinated waters are expected to appear in the hydrogen-bonded OH
stretch region. In the spectrum of n = 19, the hydrogen-bonded OH band is very
broad and it shows the almost flat intensity distribution in the range of 3,000—
3,600 cm™'. With increasing cluster size, the absorption at around 3,200—
3,500 cm ™" gradually rises, while the intensities in both the edge regions of the
hydrogen-bonded OH band are relatively suppressed. In the spectrum of n = 49,
the band finally forms a broad peak at around 3,350 cm™'. Because this spectral
change in the hydrogen bonded OH band correlates with the suppression of the
free OH band, it is reasonable to attribute the rise of the absorption centered at
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~3,350 cm ™! to the increase of 4-coordinated waters. Similar trends have been
also reported for average size-estimated water clusters [5].

To provide further confirmation of the contribution of 4-coordinated waters, a
similar comparison was carried out among the observed IR spectrum of phenol-
(H,0)49 and simulated ones of (H,O)4g, as shown in Fig. 2.25a, c¢. The global
minimum structure of (H,O)4g under the TIP4P potential has been reported by
Kazimirski et al. [7]. We re-optimized this structure at B3ALYP, and the resulting
spectral simulation is shown in Fig. 2.25¢c (the same structure as in Fig. 2.24). To
highlight the feature of 3-coordinated waters, we also constructed a model struc-
ture consisting only of 3-coordinated waters. This structure became a “hollow-
cage type”, shown with its simulated spectrum in Fig. 2.25b. The calculated
spectrum (b) shows broad absorption in 3,000-3,600 cm™! without a single
prominent maximum. This reveals that the peak at ~3,350 cm™' in the observed
spectrum (a) cannot be rationalized only with 3-coordinated waters. The free OH
band in spectrum (b) is also too intense relative to the hydrogen-bonded OH band,
in comparison with spectrum (a). On the other hand, the spectrum in Fig. 2.25¢

()

2800 3000 3200 3400 3600 3800
Wavenumber (cm")

Fig. 2.25 Comparison between (a) observed IR spectrum of phenol-(H,0)49 and (b, ¢) simulated
spectra of (H,0)4g. Simulated spectrum (b) is based on all 3-coordinated water structures shown
in the inset. Spectrum (c¢) is given by the global minimum structure at the TIP4P potential, which
is taken from the previous work [7]. Both the structures are (re-)optimized at the B3LYP/6-
31+G(d) level. In the simulations, the black line represents the IR spectrum, and the green, blue,
and red traces are a decomposition of the spectrum to the 2-, 3-, and 4-coordinated water
components, respectively
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shows qualitative agreement with spectrum (a): a peak appears at around
3,300 cm ™', and the relative intensity of the free OH stretch band is similar to the
observed one. The global minimum structure of (H,O)4g is constructed of 27, 20,
and 1 water molecules in the 4-, 3-, and 2-coordinated sites, respectively. The
contribution of the 4-coordinated waters is dominant in the simulated spectrum,
and it causes the apparent maximum in the hydrogen-bonded OH region. These
results show that the absorption maximum centered at ~ 3,350 cm ™' is reasonably
interpreted as a spectral signature of 4-coordinated water sites in the neutral water
clusters of n < ~50.

For further confirmation of the 4-coordinated water band, we also simulated
spectra of isomers of other sizes, which are used in discussion of free OH behavior
or previously reported minima. The band decompositions (Fig. 2.26) show similar
trends as that of (H,0),g, showing the generality of coordination number depen-
dent frequencies. This result also supports the formation of 4-coordinated water
molecules in the present size range.

Fig. 2.26 a — e Comparison
between experimental spectra (@)n=30
and simulated spectra for R
many cluster structures of ‘} bon
(H,0),, (n = 30-34) e

3200 3400 3600 3800

Wavenumber (cm™1)

2800 3000



46 2 Infrared Spectroscopy
2.4.2.3 Further Discussion of Hydrogen-Bonded OH Bands

Formation of 4-coordinated sites is closely related to formation of the interior
moiety in water clusters. This is an important step in the development of hydrogen
bond networks from water clusters to bulk water, and the network evolution in this
size range (n < ~50) corresponds to its very early stage. The hydrogen-bonded
OH stretch frequency of ice (Ih) is 3,200 cm ™! [83, 107, 108], much lower than in
the present observations. This means that the OH frequency of 4-coordinated sites
in the clusters will show further lowering with the expansion of the network among
4-coordinated waters. Such a shift has been observed in much larger-sized clusters/
ice nano particles [5, 109].

2.5 Conclusion

To analyze hydrogen bond network structures consisting of tens of water mole-
cules, we measured moderately size-selective IR spectra of large, labeled water
clusters phenol-(H,O),, in the OH stretch region. The observed spectral features
were analyzed in terms of hydrogen bond ring size motifs and coordination
numbers of water molecules. The detailed analyses of the free OH band indicated
that the observed low-frequency shift originates from the cooperativity of
hydrogen bonds and the structural development from the highly strained
4-membered ring motif to the more relaxed 5- and 6-membered ring motifs. The
suppression of free OH band intensity with an increase of n represents the increase
of the abundance of 4-coordinated waters. The rise of the absorption maximum of
the hydrogen-bonded OH stretch band at ~3,350 cm™" can also be attributed to
4-coordinated water sites. The characterized structural trends are bridging the gap
between the small clusters and bulky networks. We note that we did not determine
the exact or specific structures. As numerous structures should coexist in such a
large system and many of them are not distinguishable with spectroscopy, the
present approach toward averaged behavior seems helpful in characterizing and
understanding hydrogen bond networks. In this study, we discussed the correlation
between spectral features and structures by calculating only a few characteristic
structures. If many more structures were systematically used, more detailed
information could be obtained. Owing to recent progress in computational
chemistry, such calculations will become possible in the near future. In such a
procedure, we hope that our approach, which checks the coordination number and
ring size distribution, will also be useful for evaluating the calculated results. We
also expect that the present characterization method of hydrogen bond networks
may be applicable to more complicated, condensed phase water.
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