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. Introduction

The investigation of structural and dynamical
properties of weakly bound clusters has attracted a
great deal of interest in recent years.'® They provide
an exceptional tool to study the microscopic behavior
of a number of macroscopic phenomena which are
important in physics and chemistry. The advantage
of clusters is the possibility to simply vary the size
and to investigate the development of properties of
the condensed phase step by step which are otherwise
difficult to disentangle. In addition, the finite number
of particles in a well-defined environment helps to
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determine the theoretical concepts, which are easier
to carry out than the direct treatment of bulk liquids
and solids. Of special interest are the hydrogen-
bonded clusters. These complex networks determine
the usual and unusual properties of the most impor-
tant solvent molecules such as alcohols and water.
The latter one is of particular importance because of
the role that water plays as ubiquitous solvent and
that ice particles have in atmospheric and extrater-
restrial physics and chemistry. For these OH-
containing systems, the measurement of the OH
stretch vibration by infrared spectroscopy has proved
to be a very sensitive indicator of the strength of the
hydrogen bond. Therefore, it is not surprising that
this method has also been widely applied for the
investigation of clusters. In particular, these studies
include direct absorption experiments with infrared®
and far-infrared excitation,”® the cavity-ring-down
method,® and the optothermal detection,'°~2 in which
the positive (excitation) or negative (dissociation)
energy content of the beam is detected by a low-
temperature bolometer. All these methods, however,
work best for the small complexes when the spectra
do not overlap. In favorable cases, the spectra them-
selves can be used to identify the cluster size based
on accompanying calculations.

In general, however, the identification has to be
carried out by measurements which are size-selective.
This is not a simple task since the techniques for
generating free cluster beams, the supersonic adia-
batic expansion or the aggregation in cold gas flows,
produce in almost all cases a distribution of cluster
sizes.™ In principle, the problem could be solved by
a size-specific detection method. The most commonly
used detection method, the ionization and the sub-
sequent mass selection in a mass spectrometer, is
hampered by fragmentation during the ionization
process. It is caused by the energy released into the
system as the clusters change from their neutral to
their ionic equilibrium structure. This excess energy
then leads to the evaporation of neutral subunits, and
thus, fragmentation occurs.'>' For the molecular
species considered here, the resulting fragmentation
pattern is often modified by fast chemical reactions
of one of the ionized molecular units with neutral
partner molecules within the cluster.’617 In any case,
a simple mass spectrum does not characterize the
neutral cluster distribution at all.

Therefore, selection methods have to be applied to
make sure that the experiments are carried out with
one neutral cluster size only. One possibility is to use
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special ionization techniques for a certain class of
molecules. A well-known example is the two-color
resonant two-photon ionization of aromatic mol-
ecules.’®1 In this case, the neutral and ionic equi-
librium structures are similar and, by carefully
adjusting the ionization energy near the threshold
region, the fragmentation is avoided. In addition, the
first step, the excitation of a suitable electronic state,
can be made size-specific so that a very reliable
method results. This is, however, restricted to mol-
ecules with suitable electronic transitions, and the
chromophore molecule is always present as a per-
turber. Applications for water- and methanol-con-
taining systems are available for benzene—water,?%2
phenol—water,??=2%> and some other substituted ben-
zene—water systems?® as well as for benzene—
methanol?”:28 clusters.

Another method is the momentum transfer in a
scattering experiment with atoms. In a high-resolu-
tion crossed beam arrangement, the clusters are
separated from each other by making use of their
different angular and velocity distributions in a
single collision experiment.?®301617 Because of the
resolution requirements, this method is restricted to
sizes n < 15. Results obtained by this method will
be the main topic of this article. We note that the
high-resolution spectrum itself has been used as a
fingerprint of the cluster size in the rotation—
vibrational—tunneling spectroscopy of water clusters
using far-infrared laser absorption.31—33 The largest
size analyzed in this way is n = 6.

Thus, it is the main purpose of this article to
summarize our recent studies on the structure and
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dynamics of molecular clusters of the type ROH (R
= H, CHj3) using the scattering method for the
preparation of clusters of one size and combining it
with infrared photodissociation spectroscopy. The
selection method is followed by an appreciable loss
of intensity, and thus, certain restrictions in the
experimental variety occur. However, by applying
this technique, we have the great advantage that we
definitely know that we measure the spectrum of one
size only. The questions we would like to answer
include the following: (1) How can the spectrum,
characterized by the line shifts, be related to the
structure of the clusters? (2) What is the role that
different isomers play, and how does their existence
depend on the temperature? (3) What is the depen-
dence on cluster size and, if available, on the excited
mode? (4) Are there differences for free and embedded
or adsorbed clusters, and what are the reasons for
it? (5) How do the different systems compare with
each other?

Detailed results will be presented for the two
prototype systems of the ROH type with a nearly
linear hydrogen bond H,O and CH3;OH. For pure
water clusters, results are available up to n = 10. In
addition, small clusters have also been investigated
in large helium droplets and on medium-sized argon
clusters. Similar results are available for methanol.
Here, both the OH stretch and the CO stretch were
studied, and also mixed clusters of water and metha-
nol will be considered.

The article starts with a short description of the
experimental tools, the size selection, the infrared
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photodissociation, and the different methods to gen-
erate clusters absorbed on the surface or embedded
in the interior of a large cluster. In the main part of
this paper, we will present the results and try to
answer the questions listed earlier. In addition, we
will compare the results with those obtained for the
condensed phase and for clusters using different
experimental methods.

We will also include results which are either not
size-selected or are perturbed by chromophore mol-
ecules. Finally, we will discuss the structure and the
existence of isomers of this important group of
clusters. We will essentially cover the results of the
last 5 years. Several articles and reviews on the
spectroscopy of size-selected molecular clusters have
already appeared. Some of them are relatively short
contributions to conferences®*4? which also address
other subjects. Others deal only with a certain aspect
of the field or do not contain the latest results which
have been obtained both in the interpretation of the
measured infrared spectra and in terms of new
experimental results.**~#” The last detailed and com-
prehensive reviews*®4% appeared some years ago. We
note that results for other hydrogen-bonded systems
obtained with size-selected clusters which are not
treated here are available for ammonia (NHs),50:51
hydrazine (N,H,),524¢ acetonitrile (CH3CN),*5%% hy-
drogen fluoride (HF),54% methyl fluoride (CH3F),%¢
and ethanol (C,HsOH).57

Il. Experimental Methods

A. Size Selection

The method of size selection by momentum transfer
in a scattering experiment with atoms under single-
collision conditions has been described in detail in
the literature;?®16:30.3648 thys, we give here only a
short account of the principle. The method is based
on the fact that the heavier clusters are scattered into
smaller angular ranges with different final velocities
compared to the lighter clusters. For elastic scatter-
ing, all final center-of-mass (cm) velocities u{™ of the
clusters of size n are restricted to end on a sphere
around the center-of-mass with the radius

u” = myg/(nm, + my) (1)

where mq is the mass of the deflecting beam, m;
the monomer mass of the cluster of the size n, and g
the relative velocity. In the case of inelastic scatter-
ing, one has to take into account the transferred
energy AE which changes the final velocity according
to u’ = u(l — AE/E)Y?, where E is the collision
energy. Since, before collision, the different clusters
have nearly the same velocity v, in the laboratory
system (lab), their relative velocities g are also nearly
independent of the cluster size while the final cm
velocities u®™ are quite different. With increasing
mass of the clusters, they decrease and so do the radii
of the spheres and thus the maximum lab deflection
angles. It is immediately clear from this picture that
larger clusters can easily be excluded by choosing the
correct angle for detection. For the necessary ad-
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ditional discrimination against smaller clusters, two
solutions are used, the measurement of the velocity
or the measurement of the mass.3%16.17

In the first method, in addition to the angle, the
final velocity is specified. For this purpose, either
time-of-flight analysis or a mechanical velocity selec-
tor®® is used. This procedure is general and com-
pletely independent of the subsequent detection
process. In the second method, a mass spectrometer
is used to discriminate against the smaller clusters.
This method is applied for the size selection of the
molecular clusters discussed here. The procedure
works best if at least a small fraction of the cluster
M, is detected at the nominal mass of the ion M,* or
at a fragment mass My which is larger than that of
the next smaller cluster M,_;*. Clusters of the
(ROH), type are very often detected at the mass of
the protonated ion (ROH),—;H™ of the next smaller
cluster.

The procedure requires, in general, a high-resolu-
tion molecular beam apparatus and intense cluster
beams with good expansion conditions to minimize
the angular (A® < 0.1°) and velocity spread (Av/v <
0.05) of the colliding beams. The first part is realized
by skimmed beams introducing additional apertures.
The latter is usually achieved by expanding a mixture
of 2—10% of gas in helium or neon.

The natural limit of this procedure for size-select-
ing clusters is given by the fact that the maximum
deflection angles for the different sizes come closer
and closer together with increasing n. In our experi-
mental arrangement, it is no problem to select
clusters with n = 6 for monomer masses around m;
= 50 u when He is used as scattering partner (mgq =
4 u). These values depend, however, very much on
the masses and velocities of the particles. Increasing
m. = nm; and v, deteriorates the resolution, while
increasing mq and vq improves it. In the former case,
the Newton spheres shrink, while in the latter case
the contrary is valid. For the masses, this result
follows directly from eq 1.

These considerations were recently demonstrated
in experiments with acetonitrile, which was seeded
in neon instead of helium, which decreases v.. Scat-
tering from Ne and Ar instead of He increases mq in
addition. At a lab scattering angle of 6°, cluster sizes
of n =5, 12, and 20 are detected for the scattering
from He, Ne, and Ar, respectively. In this way, (CHs-
CN), clusters were selected up to n = 24 + 3.3645

In general, the scattering process reduces the
intensity by a factor of 10°, so that a beam, which
consists of one cluster size only, contains about 3 x
102 particles per sr and s. It is noted that during
the scattering process, a certain amount of energy is
transferred into the cluster. This is especially valid
if Ne or Ar is used as the scattering partner instead
of He. This fact does not disturb the size selection.
As already mentioned earlier, the radii of the spheres
get smaller and the procedure works as with elastic
scattering. The reason is 2-fold. First, the different
cluster sizes are, in general, equally affected by the
inelastic scattering, and thus, all the spheres become
smaller by the same amount. Second, by selecting the
deflecting angle for the detection close to the elastic
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limit, the influence of the internal excitation can be
reduced. In any case, this effect can be measured by
time-of-flight analysis and taken into account in the
data evaluation.

We also note that there is a remarkable influence
of the collisional excitation on the width of the bands
if measured after the size selection. For the CO
stretch band in methanol dimers, values between
30.9 and 37.3 cm~! were observed depending on the
amount of energy put into the system.5%89 For cold
size-selected clusters (see section 11.B), line widths
around 4.0 cm~* were measured,-52 while for a very
dilute mixture of methanol in helium/neon, a value
of 2.4 cm™ was achieved.®® For larger internally
excited clusters, these values decrease from 13.3 cm™
for the trimer, 8.5 cm™! for the tetramer, 7.3 cm™!
for the pentamer, to 6.3 cm™! for the hexamer.%°
Apparently the increasing number of degrees of
freedom which are available for these clusters helps
to distribute the energy so that the effect gradually
disappears for larger clusters.

B. Molecular Beam Depletion Spectroscopy

The cluster absorption spectra are measured using
a technique that exploits the collimation and direc-
tional properties of a molecular beam and the dis-
sociative behavior of weakly bound complexes upon
absorption of a single IR photon. This technique is
termed molecular beam depletion spectroscopy. It
was first proposed by Klemperer® and later experi-
mentally realized by Gough, Miller, and Scoles.*! In
their experiment, Gough et al.'! produced a molecular
beam containing No,O monomers and van der Waals
(vdW) clusters. This beam was crossed by the radia-
tion of a tunable IR laser and directed to a liquid-
helium-cooled bolometer or, alternatively, to a mass
spectrometer detector. Since the excitation energy
(—2225 cm™) is larger than the cluster binding
energy and since there is sufficient coupling between
the excited intramolecular mode and the intermo-
lecular vdW modes, every cluster excitation results
in its prompt dissociation.’®> The fragments of the
dissociated cluster are expelled from the cluster
beam, and thus, the occurrence of dissociation or
equivalently absorption is readily detected by moni-
toring the decrease in cluster signal. This technique
constitutes an elegant and very sensitive alternative
to the more direct absorption spectroscopy.

Shortly after its demonstration, the new technique
was applied worldwide by several laboratories spe-
cialized in molecular beam studies. Pioneering work
was carried out in the laboratories of Scoles,!! Re-
uss, and Watts®” using a bolometer as the detector
and Lee,®® Janda,®® Gentry,’”® and Klemperer’ em-
ploying a mass spectrometer detector.

C. Molecular Beam Machines and Experimental
Setups

The measurements were carried out in two differ-
ent crossed molecular beam machines which have
been described in several publications and which are
referred to here as Apparatus 19072 and Apparatus
11.48547374 While in Apparatus | the deflection angle
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is varied by rotating the atom and cluster beam
sources about the scattering center and keeping the
detector stationary, in Apparatus Il the beam sources
are stationary and the detector is rotated about the
scattering center. Both cluster beam machines make
use of the size-selection technique discussed in the
previous section. To combine the molecular beam
depletion spectroscopy*® and the cluster selection
technique, two possible configurations arise: the
clusters can be excited by the laser either before the
scattering center or behind it. In Apparatus I, it is
most convenient to direct the laser beam through the
stationary detector so that it interacts with the
scattered and size-selected clusters. In contrast, in
Apparatus Il where the detector is rotated, it is more
appropriate to place the interaction of the clusters
with the laser beam before the scattering center.

The different configurations used in the two cluster
beam machines are schematically depicted in Figure
1. Each geometry has its own merit, and both
configurations complement each other very nicely.
The conceptionally simpler configuration is that of
Apparatus |. Here the clusters are selected by the
scattering process before they are probed by the laser.
By choosing a deflection angle appropriate for select-
ing cluster size n, the laser beam will interact only
with clusters of size k < n. If the quadrupole mass
spectrometer is tuned to a mass larger than that of
size n — 1, the depletion is monitored only for the
clusters of size n. Since the laser is pulsed, the
interaction with the scattered cluster beam results
in a transient depletion signal which is measured by
time-of-flight analysis as schematically shown in the
inset of Figure 1. The depletion is measured for each
laser frequency, and in this way a size-selected
cluster spectrum is obtained. It has been discussed
before that due to the scattering process, the selected
clusters may be internally excited.

In Apparatus Il (see Figure 1b), the laser always
interacts with internally cold clusters as they were
prepared by the adiabatic expansion. However, in
contrast to the previous situation, it interacts with
all clusters present in the beam. If the laser radiation
is absorbed by the clusters of size n, they will be
dissociated and the resulting depletion will also be
translated to the scattered beam. Therefore, with the
mass spectrometer tuned to the proper angle and
mass, it is possible to measure a size-selected absorp-
tion spectrum just as is the case with Apparatus I,
except that the addressed species are cold now.
Unfortunately, this configuration has a serious draw-
back when larger clusters are to be studied since, in
that case, we have to choose small deflection angles.
If it now happens that at the same laser frequency
larger clusters are also dissociated, the resulting
fragments may be directed into the detector without
being scattered. Thus, they give rise to a positive
contribution to the signal which will interfere with
the depletion signal carried by the scattered clusters
of the proper size n. If these two contributions cannot
be untangled, it is not possible to measure a proper
absorption spectrum.

Summarizing the merits and drawbacks of the two
different configurations, we can state that Apparatus



Infrared Spectroscopy of Size-Selected Water and Methanol Clusters
a) Apparatus I

He beam source

chopper

Chemical Reviews, 2000, Vol. 100, No. 11 3867

b) Apparatus II:

He beam source

chopper

dissociation
products

=
| =
=
(7]
time of flight
®
=
=]
w
time of flight

Figure 1. Schematic view of the experimental setups (Apparatus | and I1) used for the present study. The main difference
between the two configurations is that in Apparatus | the laser beam interacts with size-selected internally warm clusters
while in Apparatus Il the interaction takes place with the unselected beam of cold clusters. Apparatus Il is more suitable
for the spectroscopy of small clusters, whereas Apparatus | is superior for the study of larger species.

Il will be more suitable for the study of smaller
clusters (n < 6) while Apparatus I will be superior if
larger clusters are to be investigated (n > 5). The
appropriate cluster sizes given in parentheses are
typical values which may depend on the system.

Due to the significantly reduced intensity of the
scattered cluster beam, the size-selective studies are
rather time-consuming. Therefore, it is often useful
to first measure an overview spectrum in the direct
nonselected cluster beam. Of course, all cluster sizes
having absorption bands in the investigated spectral
range will contribute to this spectrum. Such overview
spectrum can be obtained in two different ways. It
is possible to monitor the depletion in the nonselected
beam, or it is equally possible to measure the signal
enhancement produced when the dissociation prod-
ucts are deflected into the detector that should be
positioned at a small scattering angle ® = 0° (typi-
cally 2° < ® =< 4°). The latter technique is referred
to as fragment spectroscopy. Both configurations are
depicted in Figure 2. Whereas depletion spectroscopy
in the direct beam may be hampered by a small
signal on a large background, fragment spectroscopy
has the advantage that the background is usually
very low, especially if the deflection angle is chosen
to be not too small. Depletion spectroscopy can be
carried out in both molecular beam machines (Ap-
paratus | and Il); fragment spectroscopy, however,
is reserved to Apparatus Il. Even though both
methods are not size-selective, some size-specific
information is obtained from the setting of the mass

spectrometer. Assume that the mass spectrometer is
tuned to the mass of the cluster of size k. Then, in
depletion (fragment) spectroscopy, all clusters with
n >k (n > k + 1) may contribute to the spectrum,
provided that they absorb in the respective spectral
range. By measuring the overview spectra with
different settings of the mass spectrometer, it is, in
some cases, possible to derive size-specific informa-
tion just by comparing the different spectra. In some
studies, we have applied an alternative procedure.
It consists of first measuring an overview spectrum
(in depletion or as a fragment spectrum) and then
determining to what cluster size each absorption
band belongs. The assignment is made by measuring,
with the secondary beam on and the laser tuned to
the maximum of the respective absorption band, the
laser-induced depletion as a function of the deflection
angle. In this way, it is possible to determine, from
the cutoff angle, the cluster size responsible for the
absorption band and to properly assign the various
absorption bands measured in the overview spec-
trum.

The techniques just discussed are employed for the
study of gas-phase clusters. Complementary informa-
tion is obtained by attaching or embedding the
hydrogen-bonded complexes [(ROH),] to or in large
rare-gas host clusters (Rgn, Rg = He or Ar). The
composite cluster systems, designated by (ROH),-
Rgn, are generated by making use of the pickup
technique introduced by Gough et al.”® The experi-
ments with argon clusters were carried out with the
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a) Depletion spectroscopy without size selection:
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Figure 2. Two possible configurations used to measure an overview absorption spectrum without size selection. In the
upper configuration, the laser-induced depletion is monitored with the detector positioned at ® = 0°. In configuration b,
the detector is positioned off-axis (2° < ® =< 4°) and the laser-induced dissociation products are measured as an increase

in signal.
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Figure 3. Schematic sketch of the experimental setups used for the IR spectroscopy of rare-gas clusters, Rgn, doped with

hydrogen-bonded complexes, (ROH),.

experimental arrangement shown in Figure 3a and
described in more detail elsewhere.”7¢ Briefly, argon
clusters (Ary) with an estimated mean size of IN[=
50 are produced by expanding argon gas at high
pressure into the vacuum. Before entering the dif-
ferential chamber through the skimmer, the argon
cluster beam is crossed by a beam of ROH molecules
emanating from an effusive molecular beam source
operated at stagnation pressures below 50 mbar.
Upon collisions, monomeric ROH molecules are at-
tached to the argon clusters and carried by them to
the detector. At larger pickup source pressures,
multiple adsorption occurs and, by interacting through
their large dipole moment, the ROH molecules ag-
gregate and form small polymers within or on the
surface of the host clusters. The process follows a
Poisson distribution with a simple correlation be-

tween the size of the complexes and the pressure of
the chromophore molecules.”” Due to the strong
fragmentation of the composite clusters in the ionizer,
the small ROH complexes can be detected on the
typical fragmentation channels known from the mass
spectrometry of gas-phase ROH polymers.”® Unfor-
tunately, the kinematic size-selection technique dis-
cussed before cannot be applied since the large argon
clusters are too heavy to be sufficiently deflected by
the helium beam.

When the embedded ROH complexes are excited
by IR radiation, the vibrational energy is transferred
to the host cluster which acts as a heat bath. The
excess energy is rapidly released by evaporating ca.
10 Ar atoms. This evaporation leads to a broadening
of the angular width of the cluster beam and to a
reduction of the ionization cross section. Both effects
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result in a depletion signal measured with the mass
spectrometer as shown in the schematic time-of-flight
spectrum of Figure 3a.

For the production of ROH complexes embedded
in large helium clusters [(ROH),-Hey], the setup has
been slightly changed”™ (see Figure 3b). The helium
cluster beam is generated by supersonic expansion
of helium gas through a pinhole nozzle cooled with
liquid helium to temperatures around T, = 20 K. At
a stagnation pressure of po = 40 bar, we produce
helium clusters containing between 1000 and 6000
He atoms on the average. The helium clusters then
pass through the differential chamber which serves
as the pickup chamber. For this purpose it is filled
with ROH vapor adjusted to the desired partial
pressure of ca. 1 x 107° mbar.

The free ROH clusters were generated by expand-
ing mixtures of 5—-20% ROH in helium at total
pressures of po = 2 bar through pinhole or conical
nozzles with diameters of 100 um kept at tempera-
tures between 273 and 373 K. After passing through
a differential chamber, the skimmed and collimated
ROH cluster beams could be crossed by a secondary
helium beam if size-selective information was re-
quired. Finally, the scattered cluster species were
detected by a stationary (Apparatus I) or rotatable
(Apparatus Il) mass spectrometer detector equipped
with electron bombardment ionizer (E = 100eV, | =
15 mA), quadrupole mass filter, and electron multi-
plier. To produce the Ar (He) host clusters, we used
a 50 (5) um diameter pinhole nozzle, kept at 300 (18—
24) K, and a backing pressure of 7.5 (40) bar.”®7
These conditions resulted in mean cluster sizes of IN[]
= 50 for Ary and 1000—5400 for Hey.

The infrared radiation used to excite and dissociate
the clusters was obtained from either a CO; laser or
a Nd:YAG laser-pumped optical parametric oscillator
(OPO). To access the spectral region from 1000 to
1100 cm™1, in which we could excite, besides some
methyl rocking modes, the CO stretch of MeOH,
either a cw (Apparatus 1) or a pulsed (Apparatus I1)
CO, laser was used. The more recent experiments
were carried out in the spectral region from 2800 to
3800 cm™! in which we could address the CH stretch
of MeOH and, most importantly, the OH stretches
of all clusters discussed here. This infrared radiation
was obtained from an injection-seeded OPO.78 It
consisted of a master oscillator containing a LiNbO3
crystal, which was pumped by the fundamental of a
Nd:YAG laser. The master oscillator was seeded by
the narrow-bandwidth infrared radiation obtained by
difference frequency mixing the output of a pulsed
dye laser and the 532 nm radiation of the same Nd:
YAG laser in a LilOj crystal. The typical output
energy for the low-frequency component (idler) was
>4 mJ per pulse in the entire spectral range covered
in this study. The bandwidth of the infrared radia-
tion, T' = 0.25 or 2 cm™1, which was determined by
the bandwidth of the dye laser, was chosen to be 2
cm~! in most experiments carried out in Apparatus
I1. The bandwidth obtained in Apparatus | was 0.5
cm™L,

The interaction between cluster and laser beams
was realized by using a collinear configuration with
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counterpropagating laser beams (Apparatus I) or a
guasicollinear configuration with the laser beam
intersecting the cluster beam at small angles (Ap-
paratus I1). The absorption of the IR photons by the
clusters and the following dissociation was monitored
by observing either the reduction of the signal in the
direct or scattered beams (depletion spectra) or the
enhancement of the signal on a fragment mass with
the detector positioned to a small deflection angle
(fragment spectra). In each case, the signal was
monitored in real-time, using a computer-controlled
time-of-flight analyzer™ triggered by the laser. To
determine the dissociation yields quantitatively, the
measured TOF spectra were convoluted taking into
account the clusters’ time-of-flight distributions.*®

[ll. Water Clusters

A. Introduction

The exploration of the structural and binding
properties of water clusters (H,O), provides a key
instrument for the understanding of bulk water in
its solid and liquid phase as well as for the under-
standing of the solvation properties of the most
important solvent. At first, the highest priority was
given to the theoretical and experimental study of
small water complexes. In the meantime, the struc-
ture and dynamics of small water clusters (n < 10)
are already quite well understood and emphasis is
now being placed more and more on larger systems.

Early structural information on water polymers
has been obtained from molecular beam electric
deflection studies.®® These experiments revealed the
polar nature of the dimer, consistent with a linear
hydrogen bond, and the nonpolar character of the
higher polymers with n = 3—6, suggesting that the
larger complexes have cyclic structures. These ex-
perimental results were predicted by early®! ab initio
calculations and have been confirmed by more
recent®-89 ab initio calculations.

The first vibrational studies of water clusters were
devoted to the investigation of the intramolecular
modes. The water monomer has three fundamental
vibrations: the bending mode (v2) near 1595 cm™1,
the symmetric OH stretch® (v,) at 3657.05 cm™1, and
the asymmetric OH stretch®® (v3) at 3755.97 cm™. In
the water dimer which consists of two nonequivalent
water molecules (the proton donor and proton accep-
tor), each vibration splits into two components.
Correspondingly, larger (H.0), polymers have n
components for each intramolecular vibration.8284
Due to the unfavorable wavelength around 6.3 um
needed to excite the v, bending mode, this vibration
has only been studied in matrix isolation experi-
ments® % and very recently also in cluster distribu-
tions using CRD and FTIR spectroscopy.®>% In
contrast, it is easier to access the 2.7 um region where
the symmetric and asymmetric OH stretching vibra-
tions can be excited using various continuous-wave
lasers or pulsed laser sources in conjunction with
nonlinear frequency conversion techniques.

The first absorption studies of the stretching vibra-
tions of gas-phase water clusters were carried out by
Lee and co-workers®”®® employing molecular beam
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vibrational predissociation spectroscopy with an opti-
cal parametric oscillator. Although the problem of
fragmentation in the electron bombardment ionizer
was realized and care was taken to minimize this
effect, the broad spectra seemed to be strongly
affected by the fragmentation of larger polymers. The
following study, carried out by Page et al.?® in the
same laboratory, focused on the IR spectroscopy of
the water dimer, (H;0),. The four major absorption
bands were assigned to the excitation of the sym-
metric (v1) and asymmetric (vs) stretching vibrations
in the nonequivalent dimer constituents as discussed
before. The most red-shifted band at ¥, = 3545 cm™!
was attributed to the donor v; vibration, which, in
later studies,® was associated with the stretching
vibration of the OH group engaged in the hydrogen
bond and is now referred to as the bonded OH
stretch. Shortly after that, Coker et al.®® studied the
evolution of water polymer spectra from the dimer
to large clusters employing their molecular beam
color center laser apparatus with bolometric detec-
tion. At their mildest expansion conditions, they
observed four absorption bands, in agreement with
the earlier study of Page et al.®® Again, the most red-
shifted band (now at 3532 cm™?) was attributed to
the bonded OH stretch of the water dimer. The
assignment of all four spectral features to the water
dimer was strongly supported by quantum simulation
calculations carried out within the same study.%

The assignments of the molecular beam studies
were in disagreement with various investiga-
tions carried out in cryogenic matrices.9%,92:100.101
Nelander®? drew attention to this conflict and pro-
posed that the bands at 3532 and 3545 cm~* could
be due to the water trimer and that instead the
strong band at 3600 cm~? should be attributed to the
bonded OH stretch of the dimer. The recent high-
resolution study of Huang and Miller'® yielded very
detailed information on the asymmetric stretch of the
proton-acceptor molecule in the water dimer but was
not able to resolve the conflict concerning the band
position of the bonded OH stretch and locate the
absorption bands of the larger water polymers.

To provide an unambiguous assignment of the
absorption band near 3532 cm™! to the size of the
water complex (dimer or trimer) and to obtain size-
specific information on the spectroscopy of the larger
water polymers, we have combined molecular beam
depletion spectroscopy with the kinematic cluster
selection technique.?® In a first set of experiments,
carried out in Apparatus Il, we have studied size-
selected (H,0), clusters with n = 2—5. Later studies,
carried out in Apparatus I, were devoted to the larger
water clusters with n = 7—10 which adopt three-
dimensional structures.

Finally, additional experiments were performed in
Apparatus Il to investigate the spectral shifts occur-
ring when the water polymers were attached to or
embedded in large rare-gas clusters. Employing the
pickup technique of Scoles and co-workers,’® we have
produced and spectroscopically investigated small
water complexes adsorbed on argon’® and embedded
in liquid helium™ host clusters. Such composite
clusters may be considered as mesoscopic systems
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Figure 4. Absorption spectra of small water clusters (n
= 2-5) in the OH stretch region.” To record these spectra,
the laser-induced dissociation products were measured
with the detector positioned to a small deflection angle and
the mass spectrometer tuned to m = 19 u (upper spectrum)
and m = 18 u (lower spectrum), respectively. In the upper
spectrum, the maximum band positions in wavenumbers
are given in parentheses. Their assignments to cluster sizes
have been made by employing the secondary helium beam
and measuring the laser-induced depletion as a function
of the scattering angle (see Figure 5).

between free gas-phase polymers and molecular
complexes trapped in macroscopic cryogenic rare-gas
matrices and therefore deserve special attention. It
will be shown that the whole set of data can be
regarded as highly consistent if the frequency shifts
are analyzed in terms of a correlation with the square
root of the critical temperature of the gas constituting
the matrix or host cluster.%*

We note that the IR spectrum of the OH stretch
mode of liquid water shows an unstructured distribu-
tion peaked at 3450 cm~. The corresponding spec-
trum of hexagonal ice I, exhibits a further red-shifted
peak at 3220 cm~! with two shoulders at 3100 and
3380 cm~*. The general shift is an indication of the
stronger hydrogen bonds in the tetrahedral arrange-
ment of the solid, while the relatively broad distribu-
tion can be traced back to the proton disorder.1%

B. Free Clusters

1. Sizes n = 2-5
The first size-selective studies on free water clus-
ters® were carried out in Apparatus Il in the

configurations shown in Figures 1b and 2b. Absorp-
tion spectra were recorded by detecting the laser-
induced dissociation products at small deflection
angles with the mass spectrometer tuned to m = 18
[H.O*] and 19 u [(H20)H']. The results are sum-
marized in Figure 4. The upper spectrum was mea-
sured at mass m =19 u and ® = 2.5°, while the lower
spectrum was recorded at m = 18 u and ® = 3.5°.
Since the fragment spectrum measured on mass m
= 19 u cannot contain contributions from dissociating
water dimers (which must be monomers), the spectral
features of the water dimer can be readily assigned
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Figure 5. Relative depletion of water clusters measured
as a function of the scattering angle with the secondary
helium beam turned on.”® For each curve the laser fre-
guency ¥ was kept fixed at the maximum of an absorption
band labeled in the upper spectrum of Figure 4. The
positions marked by arrows indicate the maximum scat-
tering angles as expected for the various cluster sizes n
from the Newton diagram.

by comparing the two spectra. They are indicated in
the m = 18 u spectrum by arrows labeled with n =
2. Note that the dimer band at 3601 cm™? is rather
pronounced.

The other assignments, given in the upper spec-
trum, are much less obvious. They were determined
in a scattering experiment employing the secondary
helium beam (see Figure 1b). As described in section
11, the laser frequency was tuned to the maxima of
the absorption bands marked by arrows in the upper
spectrum of Figure 4 while the laser-induced deple-
tion was measured as a function of the scattering
angle. From the cutoff angle, the size of the cluster
responsible for the absorption could be determined.
The results are depicted in Figure 5. In each plot the
arrows indicate the maximum deflection angles of the
water clusters of size n, as calculated from the
Newton diagram.*® The first angular depletion curve,
measured at ¥ = 3360 cm™%, goes to zero just before
the maximum deflection angle of the water pentamer
(n =5) is reached, indicating that the corresponding
absorption band must be assigned to the pentamer.
In contrast, the depletion signals measured at V =
3416 and 3532 cm™! can be observed up to the
maximum tetramer and trimer deflection angles from
which we conclude that tetramers and trimers are
responsible for the respective absorption bands. The
angular depletion curve measured for ¥ = 3714 cm™!
shows two maxima and a cutoff below the tetramer
angle. Thus, it appears that both tetramers and
pentamers are contributing to the band at ¥V = 3714
cm~t. The latter frequency position is marked in
Figure 4 by the arrow labeled with n > 2. All band
positions and assignments discussed so far are col-
lected in Table 1.

In agreement with earlier studies,®” % the present
investigation has shown that the ionization-induced
fragmentation of water clusters constitutes a serious
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Table 1. Intramolecular Stretching Frequencies (in
cm™) of Small Water Complexes in the Gas Phase
and in Rare-Gas Host Clusters

free (H20)n  (H20)n'Hen  (H20)n-Ary

size vibration

n=2 w3 3745.482 3745
v 3660 =+ 5°
free OH 3735 3730 3714
bonded OH 3601 3597.4 3576
n=3 free OH 3726 3719 3705
bonded OH 3533 3532 3516
n=4 free OH 3714
bonded OH 3416 3390¢
n=5 free OH 3714
bonded OH 3360 3350°¢

a Reference 103. P estimated by extrapolation of the matrix
data (see section I11.C.3). ¢ Miller, R. E. Private communica-
tion, 2000.

problem when the spectra measured with a mass
spectrometer are to be assigned to specific cluster
sizes. However, with the help of the kinematic size
selection (using the secondary helium beam to dis-
perse the water complexes), it was possible to achieve
a consistent interpretation. While in earlier molec-
ular beam studies®*° the vibrational band near 3532
cm~* was attributed to the bonded OH stretch of the
water dimer, the present study clearly reveals that
this assignment is wrong and that the trimer is
responsible for this absorption band.”® With this
reassignment, the band at 3601 cm~! becomes the
lowest frequency dimer band and, therefore, has to
be attributed to the bonded OH stretch. On the other
hand, it turns out that the symmetric stretch (v,) of
the proton-acceptor molecule, falsely located at 3601
cm~1,%89% has not yet been observed. However, this
is not surprising since the v, acceptor band should
be at least 6 times weaker than the bonded OH band,
as line-strength calculations have revealed.106-110
This example demonstrates that the size selection is
very important to obtain proper assignments of the
spectral features to cluster sizes. It should be noted
that the new assignment is in agreement with the
results of matrix isolation studies.'%?

Up to now we have not yet discussed the vibra-
tional modes responsible for the various absorption
bands. As is quite well established by theoretical
calculations,®?784 the smaller water complexes (from
trimer to pentamer) have cyclic structures. Their
vibrational stretching modes are identified as either
bonded OH stretches or free OH stretches, each of
which has n components for a complex containing n
water molecules. While these n components may be
very close in frequency so that they cannot be
resolved in the experiment, the separation between
the free and bonded OH stretches is quite large (> 130
cm™1), with the bonded OH vibrations having signifi-
cantly lower frequencies. Finally, the positions of the
bonded OH stretching bands are shown to depend
much more sensitively on the cluster size than the
frequencies of the free stretching vibrations which
lie close together. With these theoretical results in
mind, it is quite obvious that the measured absorp-
tion bands shown in Figure 4 must be assigned, for
¥ < 3650 cm™, to bonded OH stretches and, in the
unresolved peak at 3720 cm™, to the free OH
stretches of various water cluster sizes.
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Figure 6. Comparison of the present gas-phase results
on water clusters with theoretical predictions by Leutwyler
et al.828 and Xantheas and Dunning.®* The frequency
shifts of the bonded OH stretches of water trimer, tetramer,
and pentamer rings, relative to the bonded OH stretch of
the water dimer, are plotted as a function of cluster size.
The experimental trimer splitting has been observed for
(H20);3 trapped in helium clusters (see section 111.C.2).

Now we want to compare our gas-phase results
with recent ab initio calculations. Kim et al.'!
computed water dimer frequencies at various levels
of theory [HF, MP2, CCSD(T)]. Best agreement with
the experimental results is obtained for a Hartree—
Fock (HF) calculation with a triple-¢ plus double
polarization (TZ2P) basis set, followed by the coupled-
cluster calculation [CCSD(T)]. The HF/TZ2P calcula-
tion yields the following frequency shifts from the
monomer v; and vz bands: —10 cm™? for the v; band
of the proton acceptor, —22 cm™* for the v; band of
the proton donor (free OH stretch), and —48 cm™? for
the v, band of the proton donor (bonded OH stretch).
Comparing these values with the respective experi-
mental shifts (—10.5,'% —21, and =56 cm™), the
agreement must be regarded as extremely good. We
note that this follows from a compensation of errors
caused by the approximate basis set, the harmonic
treatment, and the neglect of zero-point energy and
electron correlation.

The intramolecular frequencies of the larger water
polymers [(H20),, n = 3—5] were first derived by
Honegger and Leutwyler® and Knochenmuss and
Leutwyler® in the harmonic approximation at the
SCF level. To account for the anharmonicity, the
authors determined scaling factors for the monomer
frequencies which were also used for the larger
clusters. Since the scaled frequency of the bonded OH
stretch of the dimer (3552 cm™?) is significantly
smaller than the experimental result (3601 cm™2), it
is more meaningful to compare the relative shifts
from this dimer frequency rather than the absolute
values. This is done in Figure 6. It is immediately
seen that the qualitative behavior of the theoretical
curve of Leutwyler et al.828 (O) and our data (O) is
the same. The theoretically predicted red shifts are
consistently too large, but the overall trend is repro-
duced very well. If the calculated shifts are multiplied
by a factor of 0.76, perfect agreement is obtained.
Xantheas and Dunning® calculated harmonic vibra-
tional frequencies at the MP2 level with an aug-
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mented basis set. At this higher level approach, it
was not necessary to adjust the computed values.
Plotting the shifts from the dimer-bonded OH stretch
(vaim) @s a function of cluster size, it is seen that the
agreement between experiment and theory is very
good, in particular if one considers that no scaling
was applied. The pentamer frequencies have been
calculated by Xantheas very recently.1%® Discussing
vibrational frequency calculations, the new approach
of Gerber and coworkers should be mentioned. These
authors used the correlation-corrected vibrational
self-consistent field (CC—VSCF) approximation and
obtained results in fairly good agreement with the
experiment. The advantage of the new approach is
that anharmonicity and coupling between different
vibrational modes are included.

Very recently, Paul et al.® studied the vibrational
spectroscopy of small water clusters (n = 2—6) by
combining the molecular beam technique with a
cavity ringdown experiment. With this rather new
technique, which is denoted by infrared cavity ring-
down laser absorption spectroscopy (IR—CRLAS), it
was possible to determine the concentration of water
clusters in the beam from dimer to hexamer. The
positions of the vibrational bands of the smaller
water clusters (n = 2—5) are in close agreement with
the results of the present study (see Figure 4).

Using resonant ion-dip infrared spectroscopy, Prib-
ble and Zwier?° studied the vibrational spectroscopy
of small water clusters attached to a benzene mol-
ecule. The spectra are characterized by additional
bands due to the interaction of the benzene molecule
with the water complex, which breaks the degeneracy
in the water ring vibrations and allows for a new
hydrogen bond involving the s electron cloud of the
benzene molecule. Similar experiments were carried
out in Mikami’s group where the water clusters were
attached to a phenol molecule.?? Here the phenol OH
group takes the role of a water molecule, so that the
phenol-(H,0), spectrum must be compared with the
benzene-(H,0); spectrum.

2. Sizes n = 7-10

The experiments in the size range from n = 7 to
10 have been carried out for fully size-selected
clusters.113114 The experimental arrangement is that
of Apparatus | described in Figure 1a of section 11.B.
The clusters were prepared by an adiabatic expansion
of a 15% mixture of water vapor in helium carrier
gas. The detector was set to the largest possible
scattering angle for each size. Clusters of larger size
cannot reach this angle. To discriminate against the
smaller clusters in the beam, the mass spectrometer
was operated at the mass of the next smaller proto-
nated ion, e.g., (H,O), was detected as (H,O),-1H".

The results are presented in Figure 7 and Table 2.
At first glance, the spectra exhibit more structure
than the two groups, the free and the hydrogen-
bonded OH bands which are observed in the spectra
of the cyclic clusters from n = 3 to 5. This is clearly
a reflection of their more complicated three-dimen-
sional structure which starts with n = 6.3 For the
heptamer, a sort of line spectrum was measured in
which each of the 14 OH groups is reflected in a
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Figure 7. Measured depletion spectra of size-selected
water clusters in the OH stretch region from n = 7 to
10.113114 The upper panel shows a spectrum of a cluster
distribution in the size range from n = 10 to 20.122 The
gray block on the wavenumber axis indicates the gap of
the OPO.

Table 2. Intramolecular OH Stretching Frequencies?®
of Water Clusters in the Gas Phase (in cm~1)113.114

vibration n= n=238 n=29 n=10
free 3720 3727 3719 3723
IRR 3657
DDA 3614—3543 3557 3568 3568
DDA 3528 3541 3542
IRR 3430—3413
IRR 3312
DA 3140 3129
DAA 3108—3055 3087° 3101 3100
DAA 3065P 3066 3063
IRR 2965P
IRR 2935P

2 IRR, irregular, indicates positions which are not explained
by the regular pattern of the octamer cube, the double donor
DDA, and the single donor DAA. DA are 2-fold-coordinated
molecules. ® Two isomers.

different line position ranging from 3710 to 2935
cm~L. This is the largest line shift ever measured for
water clusters and the bulk condensed phase. For the
larger clusters, the spectra are again simplified and
consist essentially of three groups, now an indication
of collective vibrations of the OH groups in similar
environments. We note the remarkable fact that the
spectra of the nonamer and decamer are, aside from
some intensity around 3130 cm™%, not very different
from that of the octamer.
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butterﬂy

Figure 8. Calculated minimum energy configurations of
water clusters from heptamer to decamer. For the hep-
tamer and octamer, the second lowest energy isomers are
presented also.11> The DDA molecules are black, the DAA
molecules white, and the DA molecules gray. Note that the
two heptamers are generated by removing a DDA molecule
from the upper front corner or a DAA molecule from the
lower front corner of the S, octamer. The orientation of the
hydrogen bonds in the two tetramer cycles of the octamer
occur in the opposite (Daq) or the same (S,) direction.

In a very detailed effort, the experimental spectra
could be completely explained by combined high-level
ab initio calculations and simulations based on a
polarizable model potential using permanent charges
and induced dipoles.'’® In the latter case, the fre-
guencies were calculated in a Morse oscillator basis
with the help of a parametrized function of the
electric field component parallel to the OH bond. The
zero-point motion was explicitly taken into account.
First, the contribution to the binding energies was
calculated using the rigid body diffusion Monte Carlo
method. Later, the force constant was averaged over
the intermolecular motion also.

The structures which reproduce the measured
spectra and which correspond with one exception to
the minimum energy configurations are shown in
Figure 8. They can be considered as members of a
series, derived from the octamer cube by either
insertion or removal of water molecules. The struc-
tural units of the octamer are 3-fold-coordinated
molecules acting as double donor and single acceptor
(DDA) (black) or as single donor and double acceptor
(DAA) (white). All DDA molecules are connected only
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to DAA molecules and vice versa. As already noted
in the past, the cube is not perfect and the O---O
distances emanating from bonds between DDA and
DAA molecules tend to be longer (2.8 A) than bonds
emanating from DAA to DDA (2.6 A) and thus the
OH frequencies tend to be larger, since the hydrogen
bond is weaker.83116.20.117.118 The reason is that the
DAA bonds manage to optimize the single, linear
hydrogen-bond geometry much better than the DDA
molecules which have to accommodate two bonds
which are bent. As a result, the OH stretch spectrum
contains two well separated bands, one at 3065 cm™!
which can be traced back to the DAA configuration
and one at 3560 cm™! which corresponds to DDA
molecules. The third one close to 3720 cm™ is that
of the unshifted free OH stretch of the DAA mol-
ecules. The splitting of the DDA band is caused by
the interaction of the symmetric and asymmetric
stretch of the two adjacent OH bonds. It is with 30
cm~1, much smaller than the 100 cm™? of the free
molecules and even smaller than the 45 cm™1 of the
solid. The reason is the change of the sign in one of
the potential coupling constants which reduces the
size. The splitting of the DAA band originates from
two different isomers with nearly the same minimum
energy but a different orientation of the hydrogen
bonds in the two four-membered rings of the octamer.
The one with S, symmetry has the same and the one
with D,y symmetry the opposite orientation of the
bonds (see Figure 8).

The simple spectroscopic pattern of the three
clearly separated bands is also observed for the two
larger clusters n = 9 and 10. Here, the rings are
extended by adding one or two 2-fold-coordinated AD
molecules (see Figure 8, grey). This leads to a new
line around 3130 cm~! and a broadening of the DAA
band. All other molecules are more or less in the
same environment as they are in the octamer so that
the same spectra result. We note that for the octamer
and nonamer, other isomers have distinctly larger
minimum energies and are thus clearly separated
from the global minimum configurations. This is not
the case for the decamer. Here, the configuration
shown in Figure 8, the “butterfly” structure with two
DA molecules, is 2.6 kcal/mol higher in energy than
the configuration with two five-membered rings. This
difference is reduced to 0.08 kcal/mol when the zero-
point energy is taken into account. Since in the latter
configuration two DDA and two DAA molecules are
found in neighboring positions, the calculation gives
additional spectral features between 3200 and 3500
cm™%, in clear contrast to the experimental result.
Obviously, this configuration can be ruled out and
the potential model is still not optimal.

The spectrum of the heptamer looks completely
different. There are two energetically close-lying
minima corresponding to a fused three- and four-
membered ring which is obtained from the S, octamer
by removing a DDA or a DAA molecule, respectively.
The two lines with the largest shifts around 2950
cm~?! result from DAA molecules which connect the
two rings in each isomer. Aside from bands in the
usual DAA (3065 cm™!) and DDA (3560 cm™?) fre-
quency range, additional lines appear in the gap
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Figure 9. Measured depletion spectrum of the size-
selected “liquid-like” water nonamer in the OH stretch
region?® (middle panel). For comparison, the upper panel
shows the spectrum of the “solid-like” nonamer from Figure
7 and the lower panel the spectrum of the surface of bulk
water.11® The gray block on the wavenumber axis indicates
the gap of the OPO.

between 3300 and 3400 cm™! which result from AD
molecules and DAA or DDA molecules with adjacent
molecules of the same type. It is noted that the
excellent agreement of the theoretical predictions
with the experimental results is only achieved by
averaging over the zero-point motion.'5

The frequency of the free OH stretch mode is
always found in the range of 3720 cm™. This is in
contrast to that at 3695 cm™* observed for the free
OH mode for ice or water surfaces''’1° (see also
Figure 9). The reason is 2-fold. For clusters, the
reduced directionality of the hydrogen bond and the
lower coordination of the neighbor molecules leads
to the red shift. In bulk water, the next neighbors of
the surface molecules are 4-fold-coordinated, while
in the small clusters we find many 3-fold-coordinated
molecules which are absent in crystalline and liquid
water.120

Data from other sources for neat, size-selected
water clusters are not avaliable. There are, however,
two experiments in which water clusters in this size
range with the attached chromophore molecules
benzene and phenol are used to probe the structure
of the water clusters. In the resonant ion-dip infrared
spectroscopy studies of Zwier and co-workers?0:21.28.121
the spectra of benzene—(H,0)g are attributed to the
two isomers of the cube with an attached benzene
ring. Although the coupling of the benzene molecule
to the water clusters is considered to be weak, there
are small but distinct differences compared to the
spectra shown here for neat clusters. The DAA band
is split by the direct interaction with the benzene
molecule so that about the same patterns results for
both isomers. In the DDA band, the splitting of one
of the lines is observed experimentally, since the
internal temperature and thus the line width is
smaller than in the experiments with the pure
clusters. The conclusion that both isomers are ob-
served comes, aside from this small difference in one
of the DDA bands, from the isomer-sensitive detec-
tion and not from the different position of the single
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DAA band as is observed in the case of the pure water
clusters. For benzene—(H20), the largest shifts of the
DAA band below 3000 cm~* are not observed.

Kleinermanns and co-workers measured the two-
color resonant two-photon ionization spectra of phe-
nol—(H,0),.24?®> The large red shift of the electronic
origin by 73 cm! of phenol—(H,0)s compared to that
of phenol—H,0 is attributed to a (H,O)s cube hydro-
gen bonded by one of the corner O atoms to the
proton-donor phenol. For phenol—(H;0); they found
two blue-shifted lines which they attribute to two
different isomers in which the phenol is integrated
as proton acceptor in one of the cycles of a cubed
octamer. Thus, in this case the cubed octamer is also
the preferred structural basis.

The free hexamer is a quite interesting case. It is
the first size with a three-dimensional structure, and
the theoretical calculations which include the zero-
point motion predict the cage as the minimum energy
structure to be almost degenerate with the prism.1??
The rotational constants derived from the vibration—
rotation—tunneling spectrum of Saykally and co-
workers®? are in good agreement only with the cage
structure. Therefore, an independent measurement
of the structure using the OH stretching region would
be rather interesting, since the cluster production in
our experimental arrangement is quite different as
might be the temperature. We plan to perform this
experiment soon.

In conclusion, we note that, in the investigated size
range, two different groups of clusters exist. In the
“crystal-like” structures, which are observed for the
cubic octamer, the nonamer, and the “butterfly”
decamer, there are two well-defined groups of O---O
distances based on the 3-fold-coordinated DAA and
DDA molecules. In the “amorphous” type, which are
observed for the heptamer and calculated for the
decamer consisting of two five-membered rings, we
find a distribution of different O---O distances. While
the former structure leads to a few collective modes,
the latter one consists of a series of lines originating
from individual bonds.

Aside from these analogies in terminology, the
question is often asked, whether water clusters are
small models of the condensed phase. Hexagonal ice
I, consists of mainly 4-fold-coordinated water mol-
ecules in a tetrahedral arrangement of the O atoms
but proton-disordered. The clusters in the size range
considered here are 3-fold-coordinated and proton
ordered with a different geometry, a sort of high-
density version of water. Indeed, the IR spectra of
ice and the clusters investigated here are totally
different. If there is any analogy it comes closer to
the surface of ice. However, even in this case the
3-fold-coordinated molecules of the ice surface are
connected to 4-fold-coordinated ones and not, as in
the clusters, to 3-fold-coordinated molecules. In ad-
dition, one-half of the molecules at the surface is still
4-fold-coordinated.'*” For larger clusters, no size-
selective data are available. A measurement without
size selection®® (see Figure 7), which covers the sizes
from n = 10 to 20, exhibits, aside from the different
groups already mentioned, a peak at 3220 cm~! which
we attribute to 4-fold-coordinated molecules in anal-
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ogy to the I, ice spectrum. It very much resembles
the results of ref 97 measured at a mass correspond-
ing to n = 6 but hampered by fragmentation. The
non-size-selected spectra for even larger sizes'?*° do
not show any structure and peak at 3400—3200 cm™2.
They are close to the spectrum of amorphous ice, a
state which should be expected in a size range of 100
and more molecules.'®

It is interesting to speculate what will happen with
the clusters of the “crystalline” type if the tempera-
ture is increased. Then a large number of isomers
will be available with different spectra than those of
the minimum configurations which start to fill the
gap between the signatures of the DAA and DDA
molecules.'*® Melting-like transitions have been pre-
dicted for clusters in this size range.’?6712° Very
recently we were able to detect such a transition for
(H20)e. By varying the source conditions for the
cluster production (higher concentration of water
vapor in the helium mixture and lower total pres-
sure), the spectrum shown in Figure 9 resulted.'3°
The pronounced peak structure of the solidlike non-
amer, which is also shown in the figure, nearly
disappears and is replaced by a broad distribution.
For comparison, we have also plotted a recent mea-
surement of the spectrum of the surface of water in
the liquid state.'*® The similarities are quite remark-
able. The two broad peaks at 3150 and 3400 cm™!
and the single peak at 3710 cm™! are the same. They
are attributed to two different types of hydrogen
bonding at the liquid surface and the free OH stretch,
respectively. The only difference is the DDA peak at
3550 cm™1, which is not present in the bulk liquid.
Apparently the “liquid-like” water nonamer re-
sembles the bulk liquid much more than the “solid-
like” nonamer, the ice I,. The preliminary analysis
of the temperature gives ca. 70 K for the measure-
ment of the “solid-like” and 140 K for the “liquid-like”
nonamer. Thus, the melting point is considerably
reduced in small clusters compared to bulk water.
These preliminary results have to be confirmed by
calculations and a more precise determination of the
temperatures by simulating the expansions. Work in
this direction is in progress.

3. Conclusions

The intramolecular OH stretching vibrations of
small water clusters (H,0), from n = 2 to 10 have
been investigated in molecular beams using infrared
depletion and fragment spectroscopy. Size-specific
information was obtained by dispersing the water
clusters by a helium beam. For the water dimer,
three of the four predicted bands were identified. The
hydrogen-bonded OH stretch is located at 3601 cm™.
In agreement with all theoretical predictions, the
larger clusters from n = 3 to 5 are cyclic with the
structural unit of single proton donor and single
acceptor molecules (DA). They exhibit two bands
which correspond to the free and the bonded OH
stretch in the ring. While the former ones fall close
together near 3715 cm™, the latter ones are clearly
separated and shift with increasing ring size to
smaller values. The larger clusters from n = 7 to 10
have three-dimensional cage structures which come
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in two different versions. The clusters n = 8 to 10
show well-ordered spectra consisting of three groups,
originating from the free, the double-donor DDA, and
the single-donor DAA bonds which reflect their
environment. In contrast, the spectrum of the hep-
tamer exhibits seven bands which are spread over
the range from 3720 to 2935 cm~*. The underlying
structures for n = 7, 9, and 10 can be derived from
the octamer cube by the removal or addition of one
or two water molecules.

C. Adsorbed and Embedded Clusters
1. Argon as Host Cluster

To provide a link between the free gas-phase data
just discussed and the large body of data available
for water complexes trapped in macroscopic rare-gas
matrices, we have investigated the vibrational spec-
troscopy of water molecules attached to large argon
clusters.” Under the conditions employed in this
experiment, the mean size of the argon clusters
(before deposition of the water molecules) is esti-
mated to be around ON= 50. Depletion spectra have
been measured in the configuration of Figure 3a for
stagnation pressures of 30 and 50 mbar in the
effusive water source and with the mass spectrometer
tuned to m = 19 [(H,O)H'] and 54 u [(H20)s™],
respectively.

The depletion spectrum obtained for m = 19 u at
30 mbar stagnation pressure is dominated by three
prominent absorption bands located at 3516, 3576,
and 3714 cm™! and closely resembles the fragment
spectrum measured for free water clusters on m =
18 u shown in Figure 4, except that the bands are
somewhat shifted to the red.”® On the basis of this
comparison, the 3576 cm~! band is readily assigned
to the bonded OH stretch of the water dimer while
the 3714 cm™! band is due to the excitation of the
free OH group in the same complex. The band at 3516
cm~t is attributed to the trimer. The latter assign-
ment becomes clear when the water pressure is
raised to 50 mbar and the mass spectrometer tuned
to m = 54 u [(H,0)s"]. Then the 3516 cm™? peak,
which is assigned to the bonded OH stretch in the
trimer ring, is 6 times larger. Another peak, appear-
ing in this spectrum at 3705 cm™, is somewhat red
shifted with respect to the dimer band. It is at-
tributed to the free OH stretch of the trimer. All line
positions are included in Table 1.

As can be seen from the presence of the trimer peak
at 3516 cm™! in the spectrum measured on m =19 u
[(H,0)HT], the evaporation of a monomer unit fol-
lowing the ionization-induced protonation reaction is
an important fragmentation channel even if the
water trimer is bound to the argon host cluster.” This
indicates that the (H.O),*Ary spectra measured on a
specific cluster mass can be affected by the fragmen-
tation of larger clusters and that care must be taken
to interpret the data correctly. In this respect, the
spectra of size-selected free water clusters are es-
sential for a proper assignment of the observed
features. On the other hand, we would like to
mention that unprotonated water clusters, such as
(H20)s", are hardly observed if neat water clusters
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are ionized by electrons. It appears that the argon
cluster provides an energy sink so that the usual
protonation reaction is significantly quenched.%*

It is interesting to compare the (H,0),*Ary results
with the band positions observed in macroscopic
argon matrices.®>% In these studies, the band centers
were determined for the bonded OH stretch of the
trimer at 3516 cm™%, for the bonded OH stretch of
the dimer at 3574 cm™, for the trimer free OH
stretch at 3700 cm™, and for the dimer free OH
stretch at 3709 cm~. Comparing these values with
the findings of the present study, we state that the
absorption frequencies of water dimers and trimers
attached to argon host clusters are very close to the
values observed in conventional cryogenic argon
matrices. A closer look reveals that they are slightly
but consistently shifted to the gas-phase data, in
particular for the free OH stretches. This indicates
that the effective number of argon atoms interacting
with the chromophore is smaller than in the bulk
matrix. Regarding the question of whether the water
complex adopts a surface or matrix site, we are
tempted to conclude that the water complexes are
“solvated” near the surface. The studies of Scoles and
co-workers’ have shown that the pickup technique
predominantly produces surface-bound molecules. On
the other hand, the close agreement with the matrix
data suggests that the water complexes interact with
an almost complete solvation shell. The nice agree-
ment between the argon cluster and bulk matrix data
and the close resemblance of the spectra measured
for solvated and free water complexes strongly sup-
port the assignments established earlier on the basis
of the size-selective experiments.

2. Helium as Host Cluster

Recent experiments have shown that helium host
clusters may be considered as ideal nanomatrices
with minimum interaction between the chromophore
and the environment.*! Among all possible clusters,
helium clusters are the only ones which are definitely
liquid. They are characterized by a very low temper-
ature of 0.38 K, a value which was first theoretically
determined'®? and later experimentally confirmed.'33
Larger helium clusters with N > 64 are predicted to
be superfluid.***135 Because of these extraordinary
properties, it seemed extremely interesting to study
the spectroscopy of water complexes dissolved in this
novel medium.

The water molecules have been embedded into the
helium clusters using the pickup technique in the
configuration of Figure 3b. At first, we studied the
spectroscopy of the water monomer trapped in helium
nanodroplets.” The studies focused on the strongest
IR-active mode, the vz asymmetric stretch vibration.
The depletion spectrum measured with the mass
spectrometer tuned to mass m = 18 u (H,O") is
characterized by three distinct absorption lines at
3730, 3778, and 3799 cm~! and two weaker overlap-
ping lines around 3760 cm™1. By comparison with the
free gas-phase data of water,%13 the stronger ab-
sorption lines can be readily attributed to the P(1)
(3730 cm™1), R(0) (3778 cm™1), and R(1) (3799 cm™1)
transitions that start from the lowest levels of para
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[R(0)] and ortho water [P(1) and R(1)]. Compared to
the free gas phase, the lines are red shifted by 1.5—
2.5 cm™% The two weaker lines are assigned to
fragmented water dimers which also absorb in this
frequency region (see below).

With our highest laser resolution, AV = 0.25 cm™1,
we studied the strongest monomer line R(0), which
is practically free from dimer contributions, as a
function of the helium cluster size.”* Varying the
nozzle temperature so as to change the mean cluster
size between [NO = 1000 and 3200, we always
measured the same Lorentzian profile which was
characterized by a maximum at ¥ = 3778 cm~* and
a line width of ' = 1.5 cm™1. Thus, it appeared that,
in the range investigated, the position and shape of
the R(0) line were independent of the helium cluster
size.

Unfortunately, it was not possible to quantify the
temperature of the helium clusters because only the
ground states of the two nuclear spin modifications
(ortho and para water) were populated. Compared to
the free gas-phase case, the rotational lines were only
slightly shifted to the red, indicating that the influ-
ence of the helium environment on the rotational
energy levels of the water molecule was very weak
and that the rotations were only slightly perturbed.
Summarizing the water monomer results, it is stated
that the helium host clusters induce only minor
matrix shifts and that they may be considered as
ideal nanomatrices for studying trapped species at
extremely low temperature.

At higher water vapor pressures in the pickup
chamber, two or even more water molecules may be
captured by the helium host cluster. The solvated
water molecules interact through their large dipole
moment and form dimers and, in some cases, also
larger complexes. Thus, with this technique it is
possible to investigate the spectroscopy of small
water polymers trapped in low-temperature nanoma-
trices. The spectra of the bonded and free OH
stretches of the water dimer and trimer as well as
the v; band of the proton-acceptor molecule in the
dimer have been measured for different helium
cluster sizes and for various water concentrations in
the pickup chamber.

Figure 10a shows a dimer depletion spectrum that
we measured between 3700 and 3800 cm~* with the
mass spectrometer tuned to m = 19 u [(H,O)H"]. The
nozzle temperature was To = 24 K, resulting in a
mean helium cluster size of INO= 1000, and the
pressure in the pickup chamber was chosen to be pu,0
= 1.8 x 107° mbar. These conditions were found by
optimizing the depletion signal on mass m = 19 u in
the main absorption band C at 3730 cm™! and, on
the other hand, minimizing the contribution from
trimers on the basis of the count rate at m = 37 u
[(H.0O),H*]. The strongest band (C) at = 3730 cm™*
coincides with the position observed in the high-
resolution study of Huang and Milleri® for the free
OH stretch of the donor molecule. The remaining
weaker bands designated by A and N have been
discussed in our earlier publication.” They belong to
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Figure 10. Variation of the absorption spectrum of small
water clusters embedded in large helium droplets mea-
sured on m = 19 u as a function of the size of the host
cluster.” The nozzle temperatures given in the spectra
correspond to mean helium cluster sizes IN[F= 1000 (a) and
3200 (b) prior to the deposition of the water molecules. The
pressure in the pickup chamber was 1.8 x 1075 mbar in
both experiments.

various subbands of the v; proton acceptor band
involving transitions between different K, levels that
have been studied under high-resolution conditions
by Huang and Miller.% Comparison with this high-
resolution study suggests that the internal-rotation-
like tunneling motion is practically not hindered
when the dimer is embedded in the helium cluster.
This observation is in agreement with the almost free
rotation found for the water monomer.

The influence of the helium cluster size on the
absorption spectrum was measured on mass m = 19
u. If the temperature of the helium cluster source was
reduced to To = 20 K, which resulted in a helium
cluster size of INO= 3200, we have measured the
spectrum shown in Figure 10b. Due to the larger
capturing cross section, the probability of embedding
more than two water molecules is increased, and as
a result, the formation of water complexes larger
than the dimer is considerably enhanced. Comparing
the two spectra, the most striking difference is the
appearance of a strong absorption band at ¥ = 3719
cm~! in spectrum b. In our study on small water
clusters adsorbed on Ary host clusters (see section
I11.C.1) we have found that the free OH stretch of
the water trimer is red shifted by 9 cm~* from the
corresponding dimer absorption. Therefore, the new
band at ¥ = 3719 cm™1, which is red shifted by 11
cm~! from peak C, is assigned to the excitation of the
free OH stretch in water clusters larger than the
dimer (presumably trimers). From this observation
we conclude again that the ionization-induced frag-
mentation of larger water clusters into (H,O)H* ions
(m = 19 u) is an important reaction channel, even if
the water complexes are embedded in helium host
clusters. Similar results were found for other mol-
ecules.”” This is in contrast to an earlier study by
Toennies and co-workers!®” in which it was proposed
that the ionization-induced fragmentation is signifi-
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Figure 11. Comparison of spectra recorded for free water

complexes (a) and water polymers embedded in large
helium clusters (b).”

cantly reduced when the molecules are embedded in
helium clusters.

As far as the bonded OH stretches of helium-
embedded water polymers are concerned, the water
dimer and trimer were studied. For the dimer we
found a rather narrow absorption band at ¥ = 3598
cm™1, red shifted by 3 cm~! from the gas-phase dimer
absorption. A subsequent investigation of this band
with higher resolution (AV = 0.25 cm™?) revealed a
splitting of 1.6 cm~*. The position of this doublet and
the amplitude ratio of its components did not change
when the host cluster size was varied from INOO=
1500 to 4200. For the trimer we found an absorption
band at ¥ = 3532 cm~*! with a satellite peak on the
blue side at 3545 cm~1.74

The essential results of the (H,O),-Heyn experiment
are summarized in Figure 11, where we compare the
absorption bands of free water dimers and trimers
with those observed in helium host clusters. The free
water cluster spectrum (a) is the same as the one
shown in Figure 4. The results obtained in the helium
cluster experiments are collected in the form of an
overview spectrum in the lower panel (b) of Figure
11. To allow for a better comparison, we combined
three measurements which were obtained under
slightly different conditions. The assignments given
in the figure have already been discussed.

The most striking difference between the two
spectra is the fact that all spectral features are
considerably narrower for (H,O),-Hey. This is due to
the very low temperature encountered in the liquid
helium clusters (T = 0.38 K).132.133 The temperature
of the free water clusters, produced in the adiabatic
expansion with helium as carrier gas, is estimated
to be around 80 K. Due to the reduced line widths,
the free OH stretch of the dimer embedded in Hey
can be clearly separated from the free OH stretch of
the larger water polymers. As far as the bonded OH
stretch of the water trimer is concerned, the present
helium nanomatrix study clearly reveals a splitting
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of 13 cm. Recent ab initio calculations®8138139.140 gg
well as absorption experiments in the far-infrared*#*
indicate that the water trimer has a nonplanar ring
structure, giving rise to three IR-active bonded OH
stretches. According to a vibrational analysis,? the
two strongest IR bands are separated by 9 cm™?
whereas the third band, which is red shifted by 60
cm™1, is rather weak. Although the calculated inten-
sities of the two stronger IR-active lines are almost
equal,® we consider the agreement between experi-
ment and theory as rather good. Similar good agree-
ment is obtained for the position of the free OH
trimer band. Whereas theoretical predictions® locate
the three components of this band into a small
interval red shifted by 9—15 cm™! from the corre-
sponding dimer band, a red shift of 11 cm™? is
observed in the present study. Unfortunately, the
individual components cannot be resolved with the
present resolution of our OPO.

Comparing the band positions of free and helium-
embedded water polymers, we obtain the following
result. For water polymers trapped in helium clus-
ters, the interaction with the environment is very
weak, giving rise to rather small red shifts: 1 cm™?
for the trimer bonded OH stretch, 3.6 cm™* for the
dimer bonded OH stretch, 7 cm™ for the trimer free
OH stretch, 5 cm™? for the dimer free OH stretch,
and 1.5 cm~* for the vz monomer vibration [R(0) line].
As is indicated in the spectrum of Figure 11b (in the
vicinity of 3750 cm™1), some weak spectral features
are assigned to the asymmetric stretch of the proton-
acceptor molecule of the water dimer. A more detailed
study of this band was presented in Figure 10.

Very recently, Nauta and Miller'*? studied the IR
spectroscopy of the water hexamer embedded in
helium nanodroplets. They found that the water
hexamer adopted a cyclic structure and not the cage
structure which is more stable in the gas phase. This
interesting result was explained with the unique
stepwise growth mechanism of the molecular complex
and the rapid quenching provided by the helium
cluster (see also section IV.C.1).

3. Conclusions

As the experiments with water polymers attached
to or embedded in rare-gas clusters have shown, the
fragmentation of the hydrogen-bonded complexes
upon ionization still remains a severe problem al-
though it is somewhat reduced. Therefore, the size-
selective measurements on free water complexes are
extremely important to interpret the spectra of
solvated species correctly. When the water complexes
were attached to argon host clusters, considerable red
shifts were found, coming very close to the values
observed in macroscopic argon matrices but without
reaching them. From this observation it was con-
cluded that the water polymers were solvated near
the surface of the argon host clusters. The experi-
ments with water polymers embedded in liquid
helium clusters may be summarized as follows. Due
to the extremely low temperature (0.38 K) achieved
in the host cluster, the widths of the absorption bands
are considerably reduced. As a result, the splitting
in the bonded OH trimer band could be observed for
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the first time and the free OH stretching bands of
the water dimer and trimer could be separated. In
addition, it was found that the interaction between
the water molecules or clusters and the helium atoms
was very weak, giving rise to very small red shifts of
the vibrational bands. Finally, it was found that the
water monomers and dimers rotate almost freely in
the helium cluster. From these observations we may
conclude that the helium cluster indeed constitutes
an almost ideal nanomatrix.

Comparing our results with those of the conven-
tional matrix studies, it is useful to establish a
correlation between the matrix shift and the square
root of the critical temperature T, of the matrix
material as proposed by Behrens-Griesenbach et
al.'* 1t has been discussed in more detail in a
separate papert® that this relationship can be easily
rationalized because the strength of the attractive
interaction between the chromophore and different

matrix materials roughly scales with \/?C These
investigations are the first ones which locate the
bonded OH stretches of water dimers and trimers in
the gas phase and, in particular, the first ones
devoted to the study of water polymers trapped in
the novel matrix material represented by the helium
cluster. Therefore, it is interesting to see how well
the present data correlate with previous results
obtained in macroscopic cryogenic matrices.

In Figure 12 the band positions of the OH stretch-
ing vibrations of water dimers and trimers observed
in the present work and in various matrix studies®-9%
are plotted as a function of the square root of the
critical temperature. It is immediately seen that for
all vibrations and matrix materials considered here,

the linear relationship between frequency and /T,
is fulfilled very well. The band with the highest
frequency is assigned to the asymmetric stretching
vibration of the acceptor molecule in the water dimer,
while the slightly lower frequency band is attributed
to the free OH stretch of the donor molecule. Due to
its low infrared activity, the v; dimer band has not
yet been observed in the only weakly interacting
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matrix materials neon® and helium™ nor in the free
gas phase.” This is in contrast to the anisotropic
matrices D, and N, where the v; band has gained
enough intensity so that it can be located with
sufficient accuracy.00144.145 Now, if the rare-gas data
is extrapolated to zero such that the straight line is
parallel to the line obtained for the free OH stretch,
we may predict the band position of the symmetric
stretch in the proton-acceptor molecule of the water
dimer to be around 3660 4 5 cm™?. This value is also
in very good agreement with recent ab initio calcula-
tions1® which locate the v; dimer band at 3653 cm™?
and predict a 18 times smaller oscillator strength for
this band than for the bonded OH stretch. As already
mentioned, earlier molecular beam gas-phase stud-
ies®2 have falsely assigned the band around 3601
cm™? to the symmetric stretch. With our size-selective
study, we could show that the band at 3601 cm™?
must be assigned to the bonded OH stretch. The
correlation presented in Figure 12 nicely supports
this interpretation. Furthermore, it is seen that on
the basis of this correlation, a consistent picture for
all four OH stretching vibrations of the water dimer
is obtained.

IV. Methanol Clusters

A. Introduction

In contrast to water with its unique ability of
forming tetrahedral networks, methanol can only
interact by one nearly linear hydrogen bond and by
hydrophobic forces around the methyl group. The
crystal is built by infinite hydrogen-bonded chains
of molecules with coordination number two and with
adjacent chains pointing in opposite directions.#¢
Similarly, the dominating structures of the liquid are
chains and to a lesser extent also rings with two
hydrogen bonds for every molecule. Structures with
one bond per molecule (terminated chains) and three
bonds per molecule (branching points) are present
but with less probability as was shown by molecular
dynamics simulations.'#”148 Similar results were
obtained by the direct fitting of X-ray*#°~151 and new
neutron diffraction data.’®> In the latter case, a
preference of small chains was observed in contradic-
tion to previous results which favored cyclic hexa-
mers.’®! It seems that the data which are currently
available for the liquid phase do not provide enough
details to finally decide to what extent chain and
cyclic structures are present. In the gas phase, the
increase in thermal conductivity as a function of
pressure was attributed to the existence of cyclic
tetramers.'®® Molecular beam electric deflection stud-
ies demonstrated that aside from the dimer, clusters
up to n = 17 are strongly defocused.® This result is
a clear indication that rings with no dipole moments
are the dominating structure in this size range.

The vibrational spectra of the OH stretch mode
exhibit the expected large red shifts relative to the
3681.5 cm~! band of the free methanol molecule and
appear at 3297 and 3193 cm™! for the crystal and as
a broad band which peaks at 3340 cm™ for the liquid.
In contrast, the CO stretch mode is 1030 and 1029
cm~? for the solid and the liquid, respectively, only
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marginally red shifted from the gas-phase value at
1033.5 cm~1.1%% With this information available it is
not surprising that size-selected methanol clusters
have been thoroughly investigated by the scattering
method both in the range of the OH and the CO
stretch mode. In addition, there are also results
available for methanol clusters interacting with
helium droplets and large argon clusters. We will
discuss these results separately.

B. Free Clusters
1. The OH Stretch Mode

Results for the excitation of the OH stretch mode
which are based on completely size-selected beams
have been available only recently. Huisken and co-
workers measured the dimer!®® and the trimer'® in
Apparatus Il, while Buck and co-workers took the
spectra from n = 4 to 972 in Apparatus | of Figure 1.
Since the OH stretch is a direct probe of the hydrogen
bond, we expect a large red shift caused by the
change of the interaction potential. Therefore, this
system should be a critical test of any theoretical
treatment both for the potential models and the
method for calculating the shifts. The experimental
results are shown in Figure 13 for all clusters from
the dimer to the nonamer.

The dimer shows the expected two bands of the free
(not shown in the figure) and the hydrogen-bonded
molecules. For the trimer, three nearly equally
spaced peaks are observed with the largest intensity
centered at the middle peak. This is a clear indication
that the trimer is not planar but slightly asymmetric.
The tetramer, hexamer, and octamer show structured
spectra with two or three peaks. The odd-sized
clusters, the pentamer, heptamer, and nonamer,
exhibit spectra with several weak humps which are,
in general, broader than the corresponding next
smaller even clusters. The peaks of the highest
intensities shift as a function of size to smaller values
from 3570 for the dimer over 3470, 3280, 3240, and
3230 cm™* for n = 3—6 to values between 3200 and
3300 cm™? for the larger clusters. These values are
already close to those measured for solid methanol.
Generally, the spectra of the clusters with n = 4 are
much broader than those obtained for water shown
in the previous section. This can have different
reasons. The tetramer and pentamer are certainly
influenced by the selection method in which the
clusters are excited in the collision. In comparison,
the line widths of the dimer and the trimer spectra
which were taken for cold clusters are much smaller.
For the larger clusters, this effect should gradually
disappear. Therefore, either additional isomers con-
tribute to the spectra in this size range or another
intrinsic process is operating here.

Other results based on size-selected clusters are
not available. Since the main bands of the smaller
clusters are clearly separated from each other, we can
compare our results with measurements based on
cavity ringdown laser absorption spectroscopy (CR-
LAS)'%8 or Fourier transform infrared (FTIR) spec-
troscopy.'®® The dimer and trimer spectra are nearly
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identical, and out of a broad distribution which is
attributed to overlapping larger clusters, the tet-
ramer is clearly visible. The spectra of methanol
clusters with an attached benzene chromophore show
similar features as those found for the neat clusters
for the dimer and for n = 4—6,27?8 thus indicating
similar structures. For benzene—(CH3OH)s, however,
a chain is found as the minimum energy configura-
tion. Here the possible H-bonding with the 7 cloud
of the benzene ring completely changes the minimum
energy geometry.?7:28

For the interpretation of the data we have to
compare them with calculations based on the mini-
mum energy configurations of the cluster structures.
The most detailed results concerning the basis set
are available for the trimer.16%161 |_arger clusters up
to the hexamer have been calculated using DFT*62
and MP2 or HF methods?63164 still with large basis
sets. In all cases the frequency shifts have been
obtained in the harmonic approximation. Finally,
Buck et al.'% carried out calculations with a system-
atic model potential which was based on monomer
properties. The electrostatic part, which is the most
critical one for hydrogen-bonded systems, was mod-
eled by a distributed multipole analysis up to the
guadrupole moment. The calculated structures of the
clusters are shown in Figure 14. The frequency shifts
were calculated in the harmonic and anharmonic
approximations using both second-order perturbation
theory as well as a variational approach.165166 The
intramolecular force field is a modified version of that
of ref 167. The results of these calculations are also
presented in Figure 13. We chose the anharmonic
approximation based on variational calculations for
n = 2 and 3 (v) and perturbation theory in the
harmonic approximation for n = 4 to 9 (|).

The dimer exhibits a linear hydrogen bond, while
the trimer and tetramer are nonplanar rings with C,
and S, symmetry, respectively. This is in contrast to
the structures calculated for the OPLS potential*t®
which were planar with C3, and C4, symmetry,
respectively. For the larger clusters, the odd ones
with n =5, 7, and 9 exhibit distorted rings while the
even ones continue to show Sg and Sg symmetry.
These are very symmetric structures with the methyl
groups pointing alternately up and down. It is noted
here that for n = 8 an isomeric structure close to the
just mentioned minimum energy configuration also
exists which is also displayed in Figure 14. It is a
folded ring with S, symmetry.

The large red shift of the donor band in the dimer
as well as the nearly unshifted line of the acceptor
molecule at 3684 cm~! (not shown in the figure) are
reproduced by our calculation with an error of about
20 cm™. Similar results were obtained in MP2
calculations?®® and with larger deviations also in DFT
calculations.'®? Recently, the dimer spectrum was
measured using different techniques, namely, CR-
LAS®® and FTIR spectroscopy,®® which are not size-
selective but directly proportional to the transition
moment. The results agree within less than a wave-
number. In the case of the methanol dimer—benzene
complex, two lines appear also. They are attributed
to the excitation of the hydrogen-bonded donor and
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Figure 13. Measured depletion spectra of size-selected
methanol clusters in the OH stretch region.627215% The
sticks represent calculated bands with relative intensities
using the minimum energy configurations based on the
systematic potential of Wheatley%® (see Figure 14 and the
cluster approach in the harmonic approximation (n =
4-8)). For the octamer, the lines of the second lowest
energy configuration also are presented by gray sticks. For
n = 2 and 3, the calculated positions in the variational
approach65166 gre shown by triangles.

the acceptor molecule which is engaged in a hydrogen
bond with the benzene x electrons.?”

A very interesting case is the trimer. The experi-
mental result is again completely reproduced for the
line positions by the recent direct absorption experi-
ments.158159 Because of the higher resolution in the
latter experiments, the main band and one of the
satellite bands show an additional splitting of a
couple of wavenumbers. As for the intensities, there
are some discrepancies which may be traced back to
the different detection methods, direct absorption and
predissociation. Nearly all calculations, those with
very large basis sets included,®%161 predict on the
basis of the minimum configuration a nearly degen-
erate doublet separated by 10 wavenumbers and,
with much less intensity, a third line shifted by about
60 wavenumbers to smaller values. This is the result
that one would expect for a nearly planar ring with
a slight asymmetry caused by the two carbon atoms
of the methyl groups, one placed above and one
placed below the ring. This causes the splitting of the
degenerate IR-active line and gives the IR-inactive
line some intensity. This result, however, is based
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Figure 14. Calculated minimum energy configurations of
methanol clusters using the systematic potential of Wheat-
ley from dimer to nonamer.1%5 For n = 8, the two lowest
energy isomers are shown. The numbers denote the ener-
gies of the minimum. The CH; group is marked by a gray
ball.

on the harmonic oscillator analysis. Even if anhar-
monic corrections of each main frequency are intro-
duced, the picture does not change. In the variational
calculation, however, the quartic anharmonic cou-
plings between the two closely lying frequencies of
the type of a Darling—Dennison resonance [@; = 2,
v2 = O|¢1122|/v1 = 0, v, = 20are included and lead to
the correct splitting of about 30 to 40 cm™! between
the lines.'® The absolute shift is still off by —35 cm™,
probably due to an error in the potential model. The
additional splitting of two of the lines has been
recently explained by invoking two further isomers,
a symmetric one and the chain.’®! This explanation
seems to be quite unlikely, since the correct pattern
could not be reproduced. In addition, structural
isomers are found in matrix studies!®®17 and helium
droplets’” (see also next section) but are less likely
to occur in supersonic jet expansions. This is con-
firmed by the invariance of the relative intensities
to different expansion conditions. A more probable
explanation are combination bands with low-fre-
qguency intermolecular modes.*®® While the benzene—
methanol trimer contains a chainlike methanol tri-
mer,?” the spectrum of fluorobenzene complexed with
(CH30H); also reveals, in addition to the chain
structure of the methanol trimer subunit, a cyclic
arrangement with three peaks!’* as was observed in
the present study for the free methanol trimer.
The measured size-selected tetramer spectrum
consists of a broad peak at 3280 cm~* with a shoulder
at higher wavenumbers. This seems to be at variance

-324.0 kd/mol

-371.1 kdimol
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with the direct absorption measurements'®815° where
a small, single peak at 3290 cm~! emerges out of the
background of the contributions from larger clusters.
If we ignore, however, the intensity of one or two
points, which is clearly within the experimental
accuracy, a very broad distribution results with about
the same peak position at 3288 cm~. The width of
the band could be attributed to the internal excitation
of the clusters in the selection process. The theoreti-
cally predicted second peak is of smaller intensity and
not resolved in the experiment. Very recently, a new
calculation of the spectrum of the methanol tetramer
at the MP2 level was carried out'’? and the authors
came to the conclusion that the broad distribution
could result from a second isomer at the large
wavenumber side and from the excitation of the
symmetric band with an unresolved tunneling split-
ting caused by a concerted proton transfer at the low
wavenumber side. A new measurement of this band,
if possible at different temperatures, should solve this
problem. The symmetry-breaking effect caused by the
presence of the benzene molecule is also used to
interpret the line splitting in the spectrum of the
tetramer—benzene complex.?’

For the interpretation of the data of the larger
clusters, the calculations based on the model poten-
tial in the harmonic approximation are used.'®® The
general patterns are well reproduced. The two band
structures of the hexamer with Sg symmetry and the
multiline spectra of the pentamer, heptamer, and
nonamer are correctly predicted. A special case is the
octamer. The lowest energy configuration of Sg sym-
metry should give two lines only. The spectrum,
however, is much broader and shows additional
peaks. This is a clear indication that another isomer
contributes to the data. The second lowest isomer of
S, symmetry, a folded ring, which exhibits additional
intensity in the outer ranges, is therefore included
in the comparison. This improves the agreement with
the data appreciably.

We note that the good agreement between experi-
ment and theory is probably a compensation of two
effects. While the anharmonic approximation would
shift the bands by about 50 wavenumbers, the use
of the model potential at the HF level and the
neglected zero-point motion compensates for that. In
addition, there are two deficiencies for the even-
numbered clusters with S, symmetry: The predicted
line splitting is too small and for the tetramer the
general shift is too small also. Interestingly, the
results of scaled ab initio calculations at the HF level
come to similar predictions.®® Here the splittings are
a bit better, but the shift for the tetramer is also
underestimated. Better predictions are obtained by
the scaled ab initio calculations using the DFT2 and
the MP2 level.'7? It is interesting to note that for the
interpretation of the larger benzene—methanol com-
plexes, cyclic methanol structures are deduced also
but with a partly different arrangement of the
individual methanol molecules so that they can form
a cavity which accepts the benzene molecule “edge-
on”.?” This result clearly shows that the final struc-
ture of these complexes is partly changed by the
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Figure 15. Measured depletion spectra of size-selected
methanol clusters near the CO stretch mode of the mono-
mer at 1033.5 cm~! from refs 60, 72, and 174. The sticks
represent calculated bands with relative intensities using
the minimum energy configuration based on the systematic
potential and the cluster approach in the anharmonic (n
= 7-8) or the variational (n = 2—6) approximation.'6> The
numbers in cm~1 indicate the shifts necessary to match the
experimental results.

presence of the chromophore molecule with respect
to the results of the pure clusters.

2. The CO Stretch Mode

In the range of the CO stretch mode near 1033.5
cm™1, line-tunable CO; lasers were used both for cold
clusters up to n = 4 using pulsed lasers in Apparatus
116262 and internally excited clusters up to n = 650.173
and, very recently, also up to n = 872 using cw lasers
in Apparatus I. The experimental results agree very
well with each other where they are available.*® The
spectra, shown in Figure 15, were taken in the
experimental arrangement of Figure 1a except of the
dimer spectrum which was measured in the config-
uration of Figure 2a. In the former case, the laser
interacts with slightly excited complexes, while in the
latter case, cold dimers are probed. Here the seeding
mixture was very dilute to ensure that only dimers
are in the beam.” This was confirmed by the good
agreement with the experiments conducted with size-
selected, cold species.61.62

The dimer spectrum is characterized by a two-peak
structure with one peak shifted by —6.8 cm™! to the
red and another one shifted by +18.5 cm™ to the blue
compared with the frequency of the CO stretching
mode of the monomer. For the next larger clusters,
the trimer, tetramer, and pentamer, the experimental
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data have been interpreted as resulting from one
peak only, shifted to the blue by +7.5, +10.8, and
+14.3 cm™, respectively. We note that the full width
at half-maximum T is smaller for the tetramer than
for the trimer and pentamer. This behavior changes
with the hexamer. Now a double-peak structure
appears with one peak shifted by only +6.9 cm~t and
the other one shifted further to the blue by +18.5
cm~1. This double-peak structure is also observed for
n = 8, while the spectrum for n = 7 is unstructured
similar to the one for n = 5.

This is exactly what we would have expected from
the discussion of the OH stretch mode with the big
difference that the shifts are much smaller and in
the other direction. We note that also for very large
clusters the band is still found at 1043 cm~! and does
not reach the limit of the liquid or the solid at 1029
and 1030 cm™1.1%9

For the dimer, the O atom of the acceptor partici-
pates directly in the bond while this is not the case
for the donor. This explains the line splitting. The
calculation gives a red shift for the acceptor and a
larger blue shift for the donor in nearly complete
agreement with the measurements. The red shift
originates mainly from the elongation of the C—O
distance in the attractive hydrogen bond. The blue
shift results from a stronger force constant and the
coupling to the OH mode which squeezes the C—0O
distance.

For the larger odd-sized clusters, nonplanar rings
are found in the structure calculations. This behavior
results in spectra in which the number of lines
corresponds to the cluster size, since each CO oscil-
lator contributes to the spectrum. This gives three
lines for the trimer, five for the pentamer, and seven
for the heptamer. In contrast, the even-numbered,
symmetric structures with S,, symmetry exhibit two
lines only. The calculations show that the two peaks
originate from the coupled symmetric and antisym-
metric motion of all the CO oscillators.

The predictions are in good agreement with the
measurements for n = 5—8 as far as the form of the
spectra is concerned. The hexamer and the octamer
indeed exhibit a two-peak structure as predicted,
while the pentamer and the heptamer show broad
unstructured features caused by several lines. The
absolute values of the calculations are systematically
shifted to larger frequencies. This is not the case for
the results of n = 2—4. Here the agreement is perfect
with respect to the absolute scale. The large line
spacings of the line-tunable laser, however, prevented
us from resolving the three close-lying lines for the
trimer and the two lines for the tetramer, although
the lines of largest intensity match very well the
measured spectra. The almost perfect agreement of
calculated and measured spectra up to n = 5 clearly
indicates the good performance of the systematic
model potential in this range. The deviations which
occur for the larger clusters in the absolute shift are
probably caused by the potential model, which is
mainly a very accurate dimer potential but neglects,
aside from induction effects, repulsive three-body
interactions and cooperative effects.
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The explanation given in previous publications and
saying that the “single” line structure of the trimer
and the tetramer is an indication of a planar struc-
ture of these clusters can definitely be ruled out. The
OPLS potential*®® on which these conclusions for the
structures were based does not predict the correct
shifts. All more realistic potential models predict for
the trimer a slightly distorted planar structure which
causes the degenerate IR-active band to split into two
components and the symmetric IR-inactive vibration
to become IR-active.

3. Conclusions

In a combined effort of size-selected measurements
of the OH and CO stretch vibrations of methanol
clusters from n = 2 to 9 and their interpretation
based on a new systematic model potential, the
following results were obtained. Aside from the linear
chain of the dimer, all other minimum energy con-
figurations are cyclic. The even-numbered clusters
have S, symmetry, since the methyl groups can be
perfectly arranged pointing alternately up and down.
This leads to simplified spectra with the collective
excitation of two bands. In the experiment, they have
been best resolved for the hexamer in both modes.
For the tetramer, the experimental resolution was
not high enough, while for the octamer another
symmetric isomer starts to contribute to the signal.
We note that this very symmetric Sg hexamer struc-
ture has recently been observed by X-ray crystal-
lography in a cavity of two hydrophobic bowl-shaped
surfaces.'”> The methyl groups form only a weak
contact to the hydrophobic inner surface of the cavity,
so that the H-bonded hexamer can be generated. The
measured O---O distance of 2.62 A is close to the
values 2.55—2.59 A found in the calculations for the
free clusters.

In the theoretical treatment of the clusters, both
the systematic model potential'®®> and the scaled ab
initio calculation at the HF level'® and using DFT?62
do equally well. Most of the measured patterns are
correctly predicted so that the clusters can be identi-
fied. There are two interesting exceptions. The OH
stretch spectrum of the trimer is only reproduced by
an anharmonic variational calculation which also
takes into account quartic coupling matrix elements
of two close-lying frequencies. The OH stretch tet-
ramer spectrum is quite broad, and the reasons for
this behavior have still to be clarified.

The spectra in the investigated size range originate
mainly from one isomer. For these clusters, which
are generated in adiabatic expansions, this is usually
the minimum energy configuration, a cyclic structure.
For the octamer, a second cyclic isomer also contrib-
utes. Chain isomers have not been observed. In the
case of the hexamer, a second isomer with four
methyl groups pointing into one and the other two
groups pointing into the other direction was observed
after increasing the cluster temperature.'’® Calcula-
tions of the Lindemann index showed that the
clusters are still solidlike in the temperature range
below 200 K.1774¢ This isomer is considered to be the
lowest-energy structure in the benzene—methanol
hexamer complex since it can better accommodate the
benzene molecule.?”
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Recent simulations of the properties of larger
methanol clusters confirm these results even if the
temperature is increased into the liquidlike regime.’®
In the size range between n = 10 and 20, bi- and
polycylic structures are found, and for n < 100, they
approach a spherical shape. In no case were cyclic
clusters larger than the tetramer found as proposed
recently in an analysis of the liquid.'5! There seems
to be an interesting transition from the cyclic struc-
tures of the clusters to the chain structure of the bulk
solid or liquid.

C. Adsorbed and Embedded Clusters

By the advent of the pick-up technique, it has been
possible to extend the studies of free clusters to their
interaction with different host clusters. Results are
available both for the CO and OH stretch of small
methanol clusters interacting with large helium,
argon, and water clusters. Since these host clusters
have completely different properties—they are a
superfluid liquid, an icosahedral solid, and a hydrogen-
bonded network—we will discuss the results sepa-
rately.

1. Helium as Host Cluster

Large “He droplets turned out to be an ideal
nanomatrix for molecular spectroscopy. The chro-
mophore molecules migrate into the inside and
exhibit the spectrum of a free rotor with modified
rotational constants at a temperature of 0.38 K. The
reason is the superfluidity of the helium cluster as
was convincingly demonstrated in a recent experi-
ment with OCS molecules.'™ In most of the experi-
ments with small SFg,'8° water,”#4% and ammonia'®!
complexes, the same structure was found as for the
free clusters. Therefore, a similar behavior was
expected for methanol clusters.

The measurement of the CO stretch spectrum for
the dimer and the trimer, carried out in the arrange-
ment of Figure 3b, indeed showed, aside from small
shifts below 2 wavenumbers, the same results as
those obtained for the free clusters.”” To our surprise,
the spectrum of the tetramer and pentamer exhib-
ited, instead of a single bunch of narrowly lying lines
around 1043 cm™, a quite broad distribution with
intensity peaks around 1030 and 1050 cm™2. This is
demonstrated in Figure 16 for the tetramer. It
contains the spectrum measured in a helium cluster
of the size IN[J= 2700 and detected at the mass (CHs-
OH),H* which contains contributions from the trimer
and the tetramer. The large peak is attributed to the
trimer. It is close to the measured free trimer
absorption band shown as the dotted line. With the
help of DFT calculations for a series of different
isomers,'%2 we found the best agreement with the
spectra caused by the isomers which consist of a
cyclic trimer with an attached monomer or dimer.
The predicted line positions for the tetramer are
presented in the upper part of Figure 16 by solid bars,
while the result for the trimer is indicated as a
dashed bar. When we discuss these deviations, we
have to keep in mind that the cluster building process
in the helium droplet, the successive capture and
aggregation of the molecules at low temperature, is
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Figure 16. Measured depletion spectra of methanol trimer
and tetramer embedded in large helium clusters in the
region of the CO stretch mode and detected at the mass
(CH30H),H™*.77 The dotted line represents the measured
spectrum of the free trimer. Upper panel: Calculated stick
spectra of the CO stretch mode of the cyclic trimer (dotted)
and the tetramer (solid) which consists of a cyclic trimer
and a monomer attached to it.””

quite different from the cluster formation in adiabatic
expansions where much more energy is available to
surmount any barriers on the potential surface and
to reach the global minimum. The picture which
emerges from these structure determinations is as
follows. The dimer and the trimer have exactly the
same geometry as that observed for the free clusters,
the linear hydrogen bond of an open chain for the
dimer, and the cyclic arrangement for the trimer. In
contrast, the tetramer and the pentamer follow a
different building law, the attachment of a monomer
or a dimer to the trimer ring. In spite of the low
temperature of 0.38 K, the lowest energy configura-
tions, e.g., the cyclic isomers, are not adopted. At first
glance one might argue that the temperature is so
low that the energy to break the trimer bond and to
insert another molecule for a tetramer ring is not
available. Energetic considerations based on the DFT
calculation, however, show that the energy which is
gained when a methanol molecule approaches the
trimer is large enough for breaking the trimer bond.””
The formation of the cyclic tetramer is obviously
hindered by the fast evaporation of the helium atoms.
Thus, the easiest way to generate larger clusters is
the addition of a monomer and a dimer to the very
stable trimer ring. Such a process should always
occur when the rearrangement of the molecules takes
more time than the evaporation of the helium atoms.
This also explains why the building of the dimer
chain and the addition to a trimer ring goes smoothly.
Similar observations have been made in the OH
stretch region.®2 However, the results are not as
conclusive as those for the CO stretch modes, since
the spectra are much broader and more difficult to
disentangle. Finally, we note that a similar behavior
has recently been reported for three other cases. For
acetonitrile tetramers, the structure of parallel mol-
ecules is adopted in helium droplets instead of the
perpendicular arrangement of the minimum energy
configuration observed in the gas phase.”” (HCN),
clusters continue to form linear chains instead of
cyclic structures,'®® and water hexamers prefer to
form a ring instead of the three-dimensional cage.**?
In all cases the systems do not undergo a major
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Figure 17. Measured depletion spectra of the methanol
dimer, trimer, and tetramer (from top) adsorbed on large
argon clusters in the region of the CO stretch and the CH3
rock mode.”® The arrows denote the band positions ob-
served for the respective free methanol clusters. The stick
spectrum in the bottom panel represents calculations based
on a cyclic trimer with a monomer attached to it.””

rearrangement to reach the minimum energy con-
figuration. Instead, they continue to add the next
molecule to the already existing structure or they
continue to generate, as in the case of the water
hexamer, cyclic arrangements. In this way, the
helium droplets are also an ideal tool for producing
unusual isomers.

2. Argon as Host Cluster

Large argon clusters also provide an interesting
host for spectroscopic experiments. In contrast to the
helium droplets described in the last section, these
clusters are usually solid and the guest molecules or
small complexes are very probably adsorbed on the
surface if the host cluster is large enough. The
experimental results for the CO stretch excitation of
small methanol complexes adsorbed on Ary clusters
are shown in Figure 17. The data taken at low
pressure in the pickup source in the arrangement of
Figure 3a and on the fragment mass of the dimer (m
= 33 u, (CH3;0H)H™) are displayed in the upper
panel. They feature the well-known spectrum of the
methanol dimer shifted by about 2 cm™! to the red.
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The two large peaks are the acceptor and donor lines
of the CO stretch, while the smaller peak on the blue
side is attributed to the methyl rock vibration. At
larger source pressures and with the mass spectrom-
eter tuned to larger masses, the spectra of the trimer
(middle panel) and tetramer (bottom panel) were
obtained. In agreement with the gas-phase data,®? the
large peak of the trimer spectrum corresponds to the
CO stretch and the small one to the CHj3; rock mode.
Here the shift is only 1 cm™. The shoulder on the
blue side of the main peak could be an indication of
the small line splitting predicted theoretically for the
cyclic but slightly asymmetric trimer.'%> The most
interesting spectrum is that of the tetramer. Instead
of the expected single band found for the gas-phase
cyclic tetramer, two very distinct lines with a split-
ting of 8.4 cm™! and an additional peak at lower
frequencies of the spectrum are observed. Because
of the large attenuation of almost 100%, measured
in the maxima of the two major bands, it can be
excluded that one of them originates from larger
methanol clusters fragmenting in the ionizer. The
measured pattern is exactly what has been predicted
for the isomer already discussed in the last section,
a cyclic trimer with a monomer attached to it. The
theoretical calculations for this structure,”” which are
also presented in Figure 17, are, in view of the fact
that the interaction with the argon is not accounted
for, in nice agreement with the measurements. The
presence of argon might also explain the deviations
in the amplitudes. We can speculate about the reason
for this behavior. The temperature of these doped
clusters is about 30—35 K,5118 5o that the system
trapped in a local minimum does not seem to be able
to overcome the barrier for breaking the trimer bond.
There is, however, enough energy available for the
formation of a cyclic tetramer.”” Therefore, the more
probable explanation is that the excess energy is
taken away by evaporating a couple of Ar atoms so
that the system stays in the given configuration
which is not the minimum energy configuration.

3. Water as Host Cluster

Shortly after the exploration of the methanol dimer
structure by measuring its CO stretching spectrum,®t
we also studied the heterodimer CH;OH-H,0.185 This
study revealed that the methanol molecule exclu-
sively acts as proton acceptor in this binary complex
and that the other isomer, where methanol is the
proton donor, is not formed in the gas phase. In
contrast, the matrix studies carried out in the labora-
tory of Perchard!®187 revealed different structures
depending on the kind of the matrix. While the argon
matrix study'®” supported our gas-phase result, it
was found that in the nitrogen matrix the methanol
molecule adopted the donor position.'8® In agreement
with theoretical predictions,'®-1% one can conclude
that the two configurations are not very different in
energy and that a small perturbation may be suf-
ficient to favor one or the other structure. Therefore,
it was interesting to study the bonding of a single
methanol to a large water cluster. Such a system may
also be considered as a prototype of an aerosol doped
with a foreign molecule, which is an interesting
system in atmospheric chemistry.
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Figure 18. Dissociation spectrum of CH30OH-(H,0), clus-
ters, measured on mass m = 33 u [(CH3OH)H*] after

exciting the CO stretch of the methanol molecule with the
CO, laser.123

Employing the configuration depicted in Figure 3a,
medium-sized water clusters [(H20)n, N = 15—20]
were doped with single methanol molecules emanat-
ing from an effusive source.'?®> The spectroscopy of
the adsorbed methanol molecule was then studied by
exciting the CO stretch with the pulsed CO; laser and
by measuring the laser-induced depletion in the
direct beam. With the mass spectrometer tuned to
m = 33 u [(CH3OH)H'], we have recorded the
spectrum shown in Figure 18. The spectrum features
a 12 cm™! broad absorption band centered at 1040
cm~! which is attributed to the excitation of the CO
stretch in a single methanol molecule deposited on
the surface of medium-sized water clusters. The data
point recorded with the CO; laser on its 9P(22) line
(1045.0 cm™) is a little bit too high. This extra
intensity is due to a sharp absorption of the water
host cluster at 1045 cm™1, as verified by an experi-
ment with neat water clusters'?® (see open circles).
Subtracting this feature from the CH3;OH-(H,0),
spectrum, we are left with a single structureless
absorption band. The attempt to fit this band with a
single Lorentzian was not satisfactory. A clearly
better result was obtained by taking a Gaussian
function or two 7.6 cm~! broad Lorentzians with their
peak positions at 1038.1 and 1042.8 cm™*. The sum
of these two Lorentzians is represented by the solid
curve.

Resorting to our previous studies on size-selected
gas-phase methanol clusters®26° and the methanol—
water binary complex,85 we are in the position to give
a rather consistent interpretation of the observed
absorption band. The study on free methanol clusters
has revealed that the methanol dimer CO stretching
spectrum is characterized by two distinct peaks
corresponding to the proton-acceptor band at 1026.5
cm~! and the proton-donor band at 1051.6 cm™2. This
spectrum is reproduced in Figure 15. In contrast, the
methanol trimer and tetramer, which are known to
be cyclic, are characterized by single bands at 1042.2
and 1044.0 cm™%, respectively (see Figure 15). The
study of the CO stretch in the methanol—water
heterodimer'8® has revealed a single band located at
1027.8 cm™t, demonstrating that (i) the methanol
molecule adopts the proton acceptor position in this
complex and (ii) the absorption band shifts only
slightly to the blue (by 1.3 cm™?). The latter observa-
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tion indicates that the proton-donor molecule (whether
methanol or water) has only a minor effect on the
CO stretching frequency of the methanol molecule
acting as proton acceptor. Recent theoretical results,
obtained by Gonzalez et al.’®? for the methanol—
water dimer and methanol(water), trimer, are in
agreement with this interpretation.

With this knowledge we conclude that the metha-
nol molecule adsorbed on the water cluster adopts
neither a simple proton-donor nor an exclusive
proton-acceptor position. In contrast, it appears that
the methanol molecule simultaneously plays the role
of a proton donor and acceptor, as is the case if it is
engaged in a cyclic structure. The good agreement
of the higher frequency component of the absorption
band, as defined by the two-Lorentzian fit, with the
methanol trimer and tetramer data seems to suggest
that the methanol molecule is interacting with two
or three water molecules arranged in a cyclic struc-
ture. The remaining absorption on the lower fre-
guency side is attributed to methanol molecules
engaged in a third hydrogen bond between the second
lone pair orbital of the oxygen and another proton-
donating water molecule. According to the empirical
calculations of Tarakanova,*®* this additional interac-
tion causes a red shift of approximately 4 cm=. Thus,
we obtain the result that the methanol molecule is
hydrogen-bonded as proton donor and single (double)
acceptor to two (or three) water molecules residing
on the surface of the water cluster. This also implies
that the methyl group is pointing away from the
surface of the host cluster.

Our mass-spectrometric study shows that it is also
possible to deposit two (or even more) methanol
molecules on the water cluster. Although mass
spectrometry is not able to tell whether the two
methanol molecules are separated or not, we have
obtained clear spectroscopic evidence that the two
methanol molecules do not form a dimer, with only
one methanol interacting with the water cluster. As
a result, it can be assumed that if two or three
methanol molecules are adsorbed by the water clus-
ters, they reside at different positions on the surface
of the host cluster. To close the discussion on the CO
stretch, it should be mentioned that small CH;OH-
(H,0), clusters were also studied by Crooks et al.1%
several years ago in a co-expansion experiment. Their
spectrum, measured for the smallest cluster size,
looks very similar to our result depicted in Figure
18. However, in contrast to our previous discussion,
Crooks et al. interpreted their results to be consistent
with the presence of just one type of hydrogen-bonded
methanol molecule, acting as proton acceptor.

We have also studied the OH and CH stretching
vibrations of methanol molecules attached to water
clusters, using the OPO as the excitation source.?3
Since the (H20), host cluster absorbs in the entire
spectral region between 3000 and 3800 cm™?, as is
shown in Figure 7, it is difficult to detect the OH
absorption band of the methanol molecule. Therefore,
we have deposited the methanol molecules on deu-
terated water clusters which do not absorb in this
spectral region. The result is a rather broad absorp-
tion spectrum containing two peaks at 3250 and 3400
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cm~t. This observation is in agreement with the
earlier conclusion that the methanol molecule is
engaged as proton donor and acceptor in a ring
structure containing two, three, or perhaps four
water molecules (besides the methanol). The study
of the CH stretching vibration of methanol on D,0O
clusters revealed three pronounced peaks at 2838,
2963, and 2995 cm™! that could be easily assigned to
the symmetric CHj3 stretch and to two components
of the asymmetric CHj stretch, respectively. The fact
that the bands are only slightly red shifted from the
respective gas-phase transitions'®® (by less than 5
cm™?) is in agreement with the earlier conclusion that
the hydrophobic methyl group is pointing away from
the host cluster.

In a final experiment, we have measured the
angular distributions of the fragments, expelled from
a laser-excited complex, while the CO, laser was
tuned to the maximum of the CO stretching band.'?3
We were able to detect ionic fragments as large as
CH30H-(H,0)4,H* at a deflection angle of 4°. Since
the neutral precursor, CH3OH-(H20),, of this ion
contains at least n = 5 water molecules (and even
more when fragmentation is taken into account), we
have the result that rather large dissociation prod-
ucts are expelled from the doped water cluster when
the methanol molecule is excited with the CO; laser.
This observation suggests that in this experiment the
water clusters did not adopt the hexagonal ice
structure since the dissociation into a larger frag-
ment, such as CH3;OH-(H,0)s, would require the
rupture of too many hydrogen bonds. Instead, the
water clusters seem to be composed of loosely bound
subclusters (h[~ 5) which are easily detached from
the host cluster and expelled with the chromophore
into the detector.

V. Summary

The field of weakly bound neutral molecular clus-
ters has enjoyed a remarkable growth during the last
years. The main experimental tools are combinations
of different spectroscopic methods with size-selecting
techniques. We reported here results which are
mainly based on the dispersion of the cluster sizes
by the scattering from a helium beam combined with
infrared photodissociation, resulting in depletion or
enhancement of the beam, depending on the position
of the detector. We covered the size range from n =
2 to 10, but other experiments show that n = 20 can
be reached. The tunable lasers employed are either
CO; lasers in the 10 um range or an OPO system
around 3 um.

The major effect of the cluster on the spectral
properties of the intramolecular vibrations is to shift
the spectral lines. All the systems considered here
contain the OH stretch mode which is known to be a
very sensitive measure of the strength of the hydro-
gen bonding in the system. Participating directly in
the bonds, the frequencies are shifted to the red by
up to 800 cm*. In the size range of n = 6, already
the values of the condensed phase are reached and,
sometimes, the cluster values even overshoot them
as has been demonstrated for the water heptamer
and octamer. For methanol, also the CO stretch was
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investigated. Here only moderate blue shifts are
observed which do not converge to the nearly un-
shifted values of the condensed phase. In both modes,
a sensitive size dependence is obtained for the
clusters from n = 2 to 6.

All these data are strongly correlated with the
structure of the clusters and the underlying interac-
tion potential. Therefore, reliable theoretical methods
were developed to first calculate the minimum energy
configurations and then to determine the spectra to
be compared with the experimental data. In this way,
most of the measured spectral features could be
explained. Although there are many ab initio calcula-
tions available in the literature, we essentially used
empirical model potentials for this purpose, which
were partly fit to the experimental data. In the case
of methanol, the electrostatic part of the potential
was modeled very carefully by means of a distributed
multipole expansion. In the case of water, a polariz-
able model was used which was adjusted to give a
balanced description of all water phases, the ferro-
electric form included. Empirical potentials which are
only based on fits to the liquid were not able to
reproduce the data correctly.

For the calculation of the lineshifts, the usual
harmonic approximation based on normal-mode analy-
sis was not sufficient. For the methanol trimer, a
variational calculation proved to be necessary to
account for the correct splitting. For the water
clusters, an empirical relation between the electric
field and the frequency was used in a Morse potential
basis. For the heptamer, agreement with the experi-
mental data was only reached after the force constant
was averaged over the intermolecular motion.

On the basis of the comparison of the experimental
and calculated spectra, a clear picture of the cluster
structures emerged for the investigated systems. For
methanol, the chainlike structure of the dimer is
related to the structure of the solid, since this is the
optimum geometry for the interaction of two mol-
ecules or an arrangement of many particles which
consists of subunits of chains of dimers. The clusters
in the size range up to n = 9 behave, however,
differently. They essentially form rings which are
symmetric with S, symmetry for the even-numbered
clusters and a bit distorted for the odd-numbered
ones, since the methyl groups cannot be arranged in
an alternating up and down fashion. The reason for
the ring formation is simply that the number of bonds
which are now available for these structures is larger
than for open chainlike arrangements. Then it does
not matter that the stabilization energy per bond is
usually smaller, since the ideal bonding configuration
of the dimer has to be strained. The well-known
cooperativity effect of the hydrogen bonds is largest
for the tetramer. These rings are the dominant
energetically favored isomers. For the octamer only,
another cyclic, isomeric configuration is found which
is nearly as stable as the global minimum.

For water clusters, the smaller ones exhibit a
similar behavior. The dimer is an open linear chain,
and from the trimer to the pentamer cyclic structures
are found. From the hexamer onward, three-dimen-
sional cage structures are observed. Up to the deca-
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mer, they can all be derived from the cubic octamer
by removing one or adding one or two molecules.
Nevertheless, they appear in two different classes.
The crystal-like group, which includes the cubed
octamer, the lowest energy configuration of the
nonamer, and the decamer, consists of essentially
3-fold-coordinated DAA and DDA molecules. They
give rise to two different types of bonds and two well
separated bands in the OH stretch spectrum. In
contrast, the amorphous structures, which include
the heptamers and the second lowest energy config-
uration of the decamer, are characterized by several
different bonds and O---O distances which yield
numerous hydrogen-bonded bands in a broad spectral
range. None of these structures has any resemblance
with the structure of ice or liquid water, which is
dominated by 4-fold-coordinated tetrahedral arrange-
ments where the oxygen atoms are engaged in two
hydrogen and two covalent bonds.

In all cases investigated, the structures determined
for the low-temperature solids are not observed for
the clusters. The transition to the ordered crystalline
structure of the solid usually occurs at much larger
cluster sizes in the range of 100 molecules per
cluster.1971%8 These values are smaller than those
found for atomic van der Waals clusters but much
larger than the size range considered here. It is still
an open question of how the clusters behave in the
size range between n = 10 and 20. It is expected that
they consist of combinations of rings and chains with
branching points and that they look like the frozen
structure of a liquid or better an amorphous solid.'%8
On the basis of the promising techniques introduced
here, we will probably get the general answer soon.

The problem of multiple isomeric configurations
has been tackled by applying double-resonance tech-
niques which allow one to distinguish whether a line
splitting is caused by nonequivalent positions in one
cluster or by two different isomers.*’# In the case of
the methanol hexamer, however, only the isomer
with Sg symmetry is found in the beam under
expansion conditions at room temperature. By heat-
ing the nozzle and using the spectra as a fingerprint,
the transition to the C, isomer was measured.*6:176
Such a transition has been predicted theoretically””
and depends strongly on the potential model used.
Similar results have been reported for the water
nonamer. Here a liquidlike state is reached. This
opens a very attractive field of new experiments,
since there is not only the strong dependence on the
interaction potential but also the interesting connec-
tion to the determination of size-dependent melting
temperatures.

Finally, we would like to point to the new, promis-
ing field of IR spectroscopy of molecules and molec-
ular clusters imbedded in or adsorbed on the surface
of large rare-gas clusters. On the one hand, the low
temperature reached especially for helium droplets
simplifies the spectra like in the well-known matrix
spectroscopy. On the other hand, first experiments
demonstrate that due to the unique formation mech-
anism, it is possible to produce different isomers
which are not found in the usual adiabatic expan-
sions.
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