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I. Introduction

Molecular clusters are nowadays preferred model
systems to study both the energetics and dynamics
of molecules in a tailored molecular environment.1-5

For the physical chemist they may serve as “nano-
test tubes” to investigate complex chemical reactions
from a molecular point of view.6-12 Van der Waals
(vdW) clusters are advantageous model systems since
their size, content, and sometimes their structure
may be varied more or less at will. Thus, the
electronic properties of an atom or a molecule may
be investigated in the transition from isolation to

solvation or generally to the condensed phase, with
hitherto unprecedented levels of detail.13,14 Many
phenomena, otherwise exclusively observed in the
liquid phase, such as solvent-mediated chemical
reactions,7,15,16 cage effects,17-19 etc., are amenable to
a detailed spectroscopic study and often to a real-
time analysis of the dynamics. Since the molecular
clusters are produced in supersonic beams, i.e., in the
gas phase under collision-free conditions, they are
free of perturbations from many-body interactions or
macromolecular structures inherent for molecules in
the condensed phase. The spectroscopic characteriza-
tion of these model systems of reduced complexity
also allows their study by high-level ab initio simula-
tions and one to cross-check the accuracy of the latter
by comparing experimental and theoretical results.

The following contribution highlights recent ad-
vances in the methods used to characterize the
energetics and structures of microsolvated species.
One treated in more detail is an IR/UV double-
resonance method. It allows the vibrational spectros-
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copy of size-selected clusters in their electronic
ground state. Its potential is illustrated by the results
concerning the subject of this article, i.e., the ways
how substituted benzene molecules are microsolvated
by protic solvents. The term microsolvation means
the more or less specific binding of n polar solvent
molecules (n < 5) on the aromatic chromophore.
Those substituents are dealt with in greater detail,
as they are only weak hydrogen bond donors or
acceptors or even unable to form any H-bond. The
main objective was to discuss the influence of +I and
-I groups, respectively, on the strength of the weak
H-bond between one or several OH solvent donor
groups and the aromatic π-system. An important
issue will be to identify the major binding sites and
the different types of weak hydrogen bonds (H-bonds)
and thus to illustrate the hierarchy and topology of
different H-bonds already encountered in such a
simple model system. These results are supple-
mented by the findings from microsolvation studies,
where the substituents are strong H-bond donors and
acceptors taking part in the H-bonding network of
the solvent moiety. Thus, H-bonding to the π-system
is often negligible for these chromophores.

The experimental methods utilized to derive a
majority of the results presented are as follows: (1)
supersonic beams to form ensembles of mixed vdW
clusters of different size and composition; (2) laser-
induced resonant two-photon ionization spectroscopy
(R2PI) to select a particular cluster size from the
beam and subsequently mass analyze it in a time-
of-flight (TOF) mass spectrometer; and (3) infrared
(IR) predissociation spectroscopy to characterize its
structure before or after the ionization. Also, alterna-
tive methods to study the structure of microsolvated
molecular ions will be discussed in the survey on
modern spectroscopic methods.

The reasons for the restriction on the topic of the
structure and energetics of microsolvated benzene
derivatives are many. First, the author and his group
have worked on this subject for the last five years
and most of the results presented in the following
have not yet been summarized in an overview article.
However, this would not justify a review article if the
discussed topics and applied methods presented
would not be of considerable interest for future work
in the field of molecular clusters and intermolecular
forces. This is emphasized by the rapidly growing
number of results from other groups working with
similar or related techniques. A further strong mo-
tivation stems from the fact that other review articles
in this issue present complementary results on
similar or different H-bonded molecular systems.
Some of the contributions from the theoretically
working groups address these cluster systems and
their intermolecular bonds from first principles theory.
Due to significant progress in computational methods
and the increased availability of supercomputers,
molecular aggregates of reduced complexity can now
be studied theoretically at a sufficient level of ac-
curacy to allow the comparison with spectroscopic
results. Thus, the new link between experiment and
ab initio theory provides an unprecedented depth of
analysis, which would never be available by only

experiment or theory alone. The benefit from such a
joint effort is a more accurate description of inter-
molecular forces and clearer concepts on microsolva-
tion, which are crucial both for a qualitative under-
standing of solvation phenomena and for the molecular
modeling of species in solution. A better understand-
ing of the structural features of large biomolecules
may also emerge from such case studies.

The interest in the structure of microsolvated
substituted benzenes is also motivated by their
relevance. Substituted benzenes are ideal chro-
mophores to investigate solute-solvent interactions
and, in particular, hydrogen-bonding networks (H-
bonding) in great detail and selectivity by applying
multiresonance laser spectroscopy. The subtle inter-
play of electrostatic and dispersive interactions and
of hydrophilic and hydrophobic forces between an
aromatic molecule and a polar solvent environment
may be investigated in a systematic manner. More-
over, benzene and substituted benzenes are arche-
typical molecules in organic chemistry. To under-
stand the effect of the substituent on the overall
intermolecular binding behavior of these molecules
is of fundamental importance for the understanding
of the aromatic-hydrophilic attraction of more com-
plex derivatives. The latter are encountered in many
natural chemical systems and reactions. These range
from the tertiary structure and functions of the
molecular building blocks of life, i.e., of proteins and
oligonucleotides, to atmospheric aerosols.20 Many
binding motifs such as cation-π,21 amino-aromatic,22

and polar-π interactions22 are crucial in molecular
recognition and conformational folding dynamics.
They determine the interaction of phenyl residues of
the aromatic amino acid triad phenylalanine, tryp-
tophan, or tyrosin in aqueous solution.

Quite a large number of review articles23-29and
monographs30-32 have been published in recent years
on vdW clusters in general, from which three the-
matic issues in Chemical Reviews should be men-
tioned.33-35

In the context of the restricted subject of this
report, special attention should be given to the
reviews by Zwier,25 mainly on microsolvated benzene,
and by Ebata et al.,36 mainly on microsolvated
hydroxybenzenes. Hence, the results on these sys-
tems are only discussed in a reduced way and only
when necessary for the discussion of the topics of this
review.

Many of the experimental results presented in the
following on substituted benzenes microsolvated by
water or methanol could only be fully analyzed in
close collaboration with the groups of K. S. Kim and
P. Hobza. The theoretical and methodical aspects of
their computational contributions will be presented
in their respective articles in this issue.

In the following, first an overview of the experi-
mental methods used to study the structure of
molecular clusterssneutral or positively ionizedswill
be given together with a critical evaluation of their
potentials and limitations. Then results on the struc-
ture and vibrational spectroscopy of microsolvated
substituted benzenes will be presented. The latter are
singly/doubly methylated or fluorinated benzenes,
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microsolvated by up to four water (W) or methanol
(MeOH) molecules. The two types of substituents
change the charge in the aromatic π-system in a
particular way: while methyl substituents are elec-
tron-donating, fluoro substituents are electron-
withdrawing relative to hydrogen.37

The structure of the solvent environment of the
chromophore is determined by the interplay of dif-
ferent intermolecular forces: H-bonds among the
solvent molecules and H-bonds or dispersive interac-
tions of the solvent moiety with the π-electron system
or polar substituents of the aromatic chromophore.
From characteristic vibrational fingerprints of the
cluster, structural assignments will be deduced,
which will be checked by comparison with results
from ab initio calculations by Tarakeshwar and
Kim.38,39 The good agreement of the results from
spectroscopy and ab initio simulation justifies a
further analysis of the nature and strength of the
contributing intermolecular forces. This is necessary
to get a qualitative understanding of what deter-
mines the structures and binding energies of such
complexes.

Spectroscopic results on a special type of H-bond
first discussed by Hobza et al.40 termed “improper,
blue-shifting hydrogen bond” and formerly called
“anti-hydrogen bond” will supplement the topic on
H-bonds in such solute-solvent model systems.

In the last part, this article tries to give a short
overview on results of microsolvated benzene deriva-
tives, where substituents such as OH and NH2 are
able to form strong H-bonds to the solvent moiety. A
summary and a discussion of future perspectives will
close the survey.

II. Experimental Methods

A. Cluster Production

Molecular clusters are usually produced in con-
tinuous or pulsed supersonic beams.41 To obtain both
an efficient cooling rate and formation of vdW
clusters, the seeded beam technique is applied. To
synthesize, for example, heterogeneous solute-
solvent clusters of type A‚Bn, the component gases A
(chromophore) and B (solvent) are mixed at relative
concentrations of typically less than 1% with a seed
gas. As seed gas helium or argon is used; however, if
particularly efficient cooling is needed, a mixture of
helium and neon is preferable.42 This gas mixture is
expanded at high pressure through a tiny nozzle,
with a typical diameter of 100 µm, into high vacuum.
If the solute and/or solvent are liquid at room
temperature, a gas mixing station where the seed gas
is doped with the sample gases is mandatory.43

For the widely used pulsed nozzle sources (pulsed
valves), an inhomogeneous cluster size distribution
is observed both in the temporal and spatial profile
of the gas pulse.44 Generally, monomers and smaller
clusters appear at the beginning and at end of the
gas pulse while larger complexes show up in its
center. The overall spatial profile of the cluster size
distribution in the gas pulse is, thus, more or less
symmetrical to the beam axis.

The observed cluster size distribution may be
controlled within certain limits by varying experi-
mental parameters such as (1) the length of the
opening pulse of the valve, (2) the mixing ratios of
the gases and the stagnation pressure of the gas
mixture, and (3) the part of the gas pulse sampled
with the cluster detection method. Solid compounds
are evaporated in heated nozzle sources, thus allow-
ing the seed gas to pick up their vapor.

The size distribution of the clusters may be deter-
mined by ionization combined with mass spectrom-
etry. However, in the ionization process, in general,
a considerable amount of excess energy is imparted
to the clusters. This energy may be easily dissipated
into the dense manifold of intermolecular, vibra-
tionally excited states of a cluster, causing it to
dissociate.45 This process of evaporative cooling of the
cluster is henceforth termed “vdW fragmentation”
(vdWF). It is responsible for the fact that the ion
signals observed in a mass spectrum are often
“contaminated” by the fragmentation of larger com-
plexes. For a more detailed description of a typical
experimental setup, the reader is referred to ex-
amples described in the literature.8,41

B. Selective Cluster Detection and Structural
Analysis

By means of the methods described above, neutral
clusters are produced in a more or less broad size
distribution, the width of which depends sensitively
on the expansion parameters. Hence, the study of a
cluster of a certain size and, in particular, the
investigation of its structure necessitates a size-
selective detection method. In the last 20 years
several methods have been developed and applied.

Apart from cluster separation by elastic scatter-
ing45 (see also the article of Buck and Huisken in this
issue), access to individual molecular cluster sizes is
only provided by different spectroscopies.

A classical spectroscopic method to determine the
structure of a vdW cluster is Fourier transform
microwave (MW) spectroscopy.46-52 It allows the
investigation of specific neutral clusters even in
mixtures of different cluster sizes without the need
for mass selectivity just by identifying the rotational
transitions of individual vdW complexes. Because of
the growing complexity in the spectra of larger
clusters, mostly binary complexes of small molecules
have been studied in the past with this method.

The most widely used methods nowadays are
different laser spectroscopic methods which provide
mass selectivity. Aside from a size-specific detection,
they also allow one to derive information about the
structure of a cluster. Ionization and laser-induced
fluorescence methods in addition provide insights into
the reactivity of clusters after their photoexcitation
or ionization.

A very powerful technique to determine the struc-
ture of smaller clusters is rotationally resolved optical
spectroscopy.24,28 The article by Neusser in this issue
will review the recent progress achieved with this
technique. However, it is limited by the size of the
species feasible for a spectroscopic analysis. For
larger molecules or clusters, such as phenol dimer,
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the rotational constants becomes so small that the
rotational transitions, measured in the frequency
domain, can no longer be resolved.

In the following, some spectroscopic methods will
be described in more detail because they are either
the central methods which have been utilized to
derive most of the results discussed in this article or
because of their future potential in this field.

1. Rotational Coherence Spectroscopy (RCS)

A very promising structure-sensitive method is
rotational coherence spectroscopy (RCS) developed by
Felker and co-workers.23,53 It allows for the determi-
nation of the rotational constants of jet-cooled species
in the electronic ground and excited states. Its future
potentials will probably dramatically increase with
the new generation of picosecond laser systems now
available.

In RCS, the thermally averaged rotational quan-
tum beats of a coherently populated state of a cluster/
molecule are measured in the time domain with
picosecond time resolution. For species that are not
too large, its accuracy intrinsically increases with the
size of the system, i.e., with a decreasing rotational
velocity. It is the preferred method to determine the
rotational constants of larger aromatic molecules and
their clusters both in the S0 and the S1 state. Since
the rotational constants do not provide the structure,
additional calculations are necessary to track down
the structure of the complex.

The most frequent implementation of RCS is time-
resolved fluorescence depletion spectroscopy (TRFD).
In its simplest configuration, two picosecond laser
pulses with identical wavelengths and polarizations,
but separated in time with a variable time interval,
interact resonantly with the clusters in the beam
(one-color RCS). The pump pulse produces a coherent
population of species in the electronic ground and
excited states with the transition dipole moment
aligned along the polarization axis of the laser light.
The equally polarized probe pulse analyzes this
initial alignment at later times by inducing the
reverse transition at variable time delays. Due to the
rotation of the molecules, however, the alignment is
destroyed after the time zero but recovers periodically
up to time intervals of several nanoseconds. A
realignment is detected by the probe pulse by an
efficient pumping of population from the S0 to the S1
or vice versa. This results in a change (dip or
enhancement) in the isotropically emitted fluores-
cence signal. As a function of the delay between both
pulses, one then observes in the fluorescence yield a
spectrum of regular transients, from which the
rotational constants may be derived by calculations
with high precision.54 A two-color pump-probe scheme
allows for the determination of the transients in S0
and S1 separately by time-resolved stimulated Ra-
man-induced fluorescence depletion (TRSRFD) and
time-resolved stimulated emission pumping (TRSEP).

With a larger size distribution of clusters, each
excited species contributes to the measured total
fluorescence signal and their transients will be
superimposed in one trace. Since the relative deple-
tion often amounts to less than 1%, the transients

are easily blurred by noise. Hence, for larger size
distributions, this fluorescence depletion method
suffers from several shortcomings, among which the
most significant one is the missing mass selectivity.
Selectivity is only achieved if a cluster-specific UV
transition is excited in the sampled species. Since in
larger clusters spectral specificity is often lacking,
this method then forfeits mass selectivity. Hence,
only small aggregates from narrow size distributions
have been studied in this manner up to now. Other
limitations may be the selection rules in this process,
which sometimes prevent the determination of a
complete set of rotational constants. The implemen-
tation of RCS with time-resolved ionization detection
(TRID) of the excited state23 circumvents a lot of
these problems and incorporates mass selectivity. Up
to now, two excitation schemes are known in the
literature55-57 which allow mass-selective RCS. A
summary of the clusters, studied with RCS, may be
taken from Felker58 or Topp.59 Typical examples are
the results on phenol dimer,60 fluorene-benzene
dimer61 on Ar3

+,62 on complexes of perylene with
water or alcohols,63 or on 9,9′- bianthryl with Ar and
water,64 or the structure of pDFB‚Ar in the S0 and
S1 state.65

2. Resonant Two-Photon Ionization (R2PI)
A very sensitive and mass-selective detection

method widely used nowadays to study clusters is
resonant two-photon ionization (R2PI).66,67 It is easily
implemented by using tunable pulsed nanosecond

Figure 1. Excitation schemes of double- and triple-
resonance spectroscopy applied for the measurement of
vibrational spectra in the neutral and ionized vdW com-
plexes. (a) 1C-R2PI: one-color-resonant two-photon ioniza-
tion via the S1. (b) IR/R2PI: infrared spectroscopy by
predissociation of the neutral cluster, detected by R2PI. (c)
R2PI/IR: infrared spectroscopy by predissociation of the
cluster cation produced by R2PI. (d) IDSRS: ionization-
detected stimulated Raman spectroscopy. (e) IR/PIRI:
autoionization-detected infrared spectroscopy of clusters
resonantly excited into Rydberg states by MATI.
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lasers and time-of-flight (TOF) mass spectrometry.
Since R2PI is the size-selecting part of the double-
resonance vibrational spectroscopy discussed below,
it is described here in more detail. It starts, for
example, with a resonant S1 r S0 transition in the
aromatic chromophore A, followed by a nonresonant
transition into the ionization continuum, as depicted
in Figure 1a. For many chromophores laser light of
one color (ω1) is sufficient for both transitions (1C-
R2PI); for others two separately tunable lasers are
mandatory (2C-R2PI). The ion yield measured by
scanning the wavelength of the excitation laser
reflects the resonant part of this two-step process
(R2PI spectrum).8 Since the ultracold chromophore
generally exhibits a discrete absorption spectrum,
which is for the most part only weakly perturbed by
few associated solvent molecules, the R2PI spectra
of small clusters also exhibit discrete spectra which
are very similar to that of the isolated chromophore.68

The changes induced in a chromophore spectrum by
attached solvent molecules are (1) band shifts, (2)
additional spectroscopic features from intermolecular
vdW vibrational modes, and (3) additional bands from
isomeric cluster structures. The R2PI spectrum of a
cluster represents more or less its optical absorption
spectrum and may be viewed as a unique spectro-
scopic fingerprint.68-70 The examples in Figure 2
show the R2PI spectra measured for some product
ions of the cluster system fluorobenzene (FB)/
methanol. The microsolvated chromophore FB was
ionized via resonant transitions in the vicinity of the
vibrationless S1 r S0 (π*π) 00

0 transition of the
isolated chromophore. As illustrated by the appear-
ance of anisole+, aside from ionized clusters, also ions
from intracluster reactions are observed. As will be
discussed later, the spectral features observed in an
ion channel may be assigned to specific neutral
cluster precursors. For larger clusters, the R2PI
spectra are often broad and congested and with bands
at similar spectral positions. In this case cluster-
selective ionization is no longer possible.

Clusters with one solute and n solvent molecules
are termed in the following as 1:n clusters. A cyclic
or linear structure is marked by the subscripts “cycl”
or “chain”. A complication of a R2PI spectrum may
result from the fragmentation of larger clusters into
several different product ions, induced by the ioniza-
tion. This is due to the fact that after its ionization,
the complex often suffers a structural rearrangement
combined with vdW fragmentation or an ion-
molecule reaction. The different product ions from
one precursor exhibit identical fingerprints, allowing
their classification. If some of the parent ions survive,
the size of the neutral precursor may be assigned by
mass spectrometry. If, however, the reaction or
fragmentation processes are quantitative, this is no
longer possible although the spectra of the product
ions are still encoded with the R2PI fingerprints of
the precursors. In general, the latter may not be
utilized to assign the size or even the structure of a
cluster. The shifts of the transitions measured for a
microsolvated chromophore depend on the change of
the binding energy in both the ground and excited
states. With polar solvent molecules one generally

observes blue shifts, while with nonpolar solvents red
shifts are observed. The intermolecular modes ob-
served in an R2PI spectrum are likewise not very
helpful. They pertain to the cluster with the chro-
mophore in the S1 state, for which ab initio calcula-
tions are still far away from being accurate enough
for an unambiguous comparison of theory and ex-
periment.

Due to the obstacles mentioned above, the R2PI
spectra of product ions of quantitatively reacting or
fragmenting clusters are in general not assignable.
Exceptions are the fingerprints of clusters, which
react in a particular manner, such as the cations of
microsolvated toluene.71 Here the ionized chro-
mophore may stabilize to the benzyl radical by
quantitatively transferring a proton to the solvent
moiety of a certain minimum size. If this intracluster
proton transfer is exothermic and induces the dis-
sociation of the solvent moiety from the proton-
donating cation, without fragmenting the protonated
species itself, the latter is detected intact in the mass
spectrometer. Early studies of such dissociative proton-
transfer reactions (dPT)71,72 substantiated that protic
solvent molecules form subclusters attached to the
aromatic chromophore.

Figure 2. R2PI spectra measured for product ions of the
cluster system FB‚(MeOH)n, n ) 1-4 in the vicinity of the
S1 r S0 00

0 transition of FB (ν00 ) 37 818 cm-1). The
neutral precursor clusters are marked by 1:n (n ) number
of solvent molecules) (for further explanations, see text).
The dashed lines represent the positions of the OH modes
in isolated water dimer.
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The predominance of subcluster formation for
protic solvent molecules is a consequence of the
different strength and nature of the intermolecular
bonds. The more hydrophobic solute-solvent interac-
tion is often considerably weaker than the hydrophilic
intersolvent interaction. The macroscopic conse-
quence of this mismatch is the spurious solubility or
even immiscibility of many benzene derivatives in
water or alcohols.

3. IR/R2PI Ion-Depletion Spectroscopy (IR/R2PI)

The favorite method to probe the vibrations of the
solvent and solute moiety of a cluster of type A‚Bn is
a double-resonance laser spectroscopy termed IR/
R2PI ion-depletion spectroscopy, henceforth abbrevi-
ated by the acronym IR/R2PI. Its excitation scheme
is depicted in Figure 1b. Its principle is simple. If a
mid-infrared (IR) laser beam excites an energetic
intramolecular vibration of a mixed cluster, such as
the OH stretch of water or an aromatic CH vibration
of the chromophore, the cluster decays very rapidly
by IVR and vibrational predissociation. If the popula-
tion of the cluster beam is probed some 100 nano-
seconds afterward by R2PI, all product ions, origi-
nating from the IR-absorbing cluster species, will
exhibit a common depletion in the ion yield. Hence,
it is a hole-burning spectroscopy.73,74 By keeping the
wavelength of the UV probe laser fixed on a cluster-
specific R2PI fingerprint band while scanning the
wavelength of the IR laser, an ion-depletion spectrum
is observed. It represents more or less the IR absorp-
tion spectrum of the neutral cluster before it is
ionized by R2PI. Thus, even different cluster sizes
with accidentally coinciding R2PI fingerprint bands
can be distinguished unequivocally. The method
combines the highly selective and sensitive ionization
detection of R2PI mass spectrometry with the struc-
tural sensitivity of vibrational spectroscopy in the
mid-IR region.

In a typical experimental setup the IR pump laser
beam is superimposed coaxially and antiparallel to
the beam axis8 and hits the gas pulse just behind the
skimmer. The pulsed probe laser beam crosses the
molecular beam at right angle in the ionization zone
of a TOF mass spectrometer.

As light sources for tunable coherent radiation in
the mid-IR spectral region, one nowadays uses a
difference frequency mixer75 or a seeded optical
parametric oscillator (OPO).76,77 An OPO employs
nonlinear, birefringent crystals (viz. LiNbO3) which
can be added on as an external component to a pump
laser, typically a Nd:YAG laser. It contains a cavity
and splits the energy of a photon between two
photons, termed signal and idler, both at longer
wavelength. The energy ratio between the photons,
and thus the resulting wavelengths of each, is
changed by varying the angle between the axis of the
pump radiation and the optical axis of the crystal.
The resulting bandwidth of the low-energy idler
component, typically used in studies in the mid-IR,
is some 6- 10 cm-1. It can be reduced by more than
an order of magnitude by utilizing injection seeding77

or a dispersive element in the resonator. A state of
the art seeded IR OPO has a typical bandwidth of

0.2 cm-1, a tuning range from 2.6 to 4 µm, and pulse
energies of 2-10 mJ/pulse.

The IR predissociation spectroscopy was first ap-
plied in Lee’s group78 to study the vibrational spectra
of non-size-selected water clusters. Later Huisken et
al.79 implemented size selectivity by combining it
with Buck’s scattering method. It is was also used
to study the structure of microsolvated ions.80-84

In combination with R2PI, i.e., as IR/R2PI, it was
first used by Page et al.85 to study the IR spectrum
of the benzene monomer and dimer in the region of
the aromatic CH vibrations.

Riehn et al.86,87 first applied IR/R2PI as a method
to study and characterize a microsolvation environ-
ment in a cluster. The cluster investigated consisted
of fluorobenzene microsolvated by an unknown num-
ber of methanol molecules. It quantitatively decayed
after R2PI into the ion channels fluorobenzene+‚
(methanol) and anisole+, as illustrated in Figure 2.
Anisole+ was produced in a nucleophilic substitution
reaction (SN2) in the ionized complex. Since both ions
showed identical fingerprint bands in their R2PI
spectra, a common precursor was evident, but its
identity and in particular its size was first under
discussion.88,89 Interrogated by IR/R2PI in the region
of the CO stretch of methanol by utilizing a CO2 laser,
the depletion spectra of both ions revealed two
absorptions, nearly identical to those of the free
methanol dimer recorded by Huisken et al.90,91 Thus,
the association of a methanol dimer to the chro-
mophore, i.e., a 1:2 neutral precursor, could be
assigned unambiguously. Interestingly, the CO vi-
bration frequency of the acceptor molecule of the
dimer exhibited a small blue shift as compared to
that in the free methanol dimer. The latter was
rationalized by the formation of a hydrogen bond
between the methanol dimer and the chromophore.
These results were later confirmed by IR/R2PI in the
OH stretch region both by Fujii et al.92 and Djafari
et al.43 Two main advantages of this new type of
cluster spectroscopy became immediately apparent
from this study: first, the possibility of determining
the size and structure of the solvent subcluster even
in the case where it was destroyed quantitatively by
the detection process and, second, the possibility of
recording spectral hole-burning spectra (SHB). The
latter were recorded by keeping the wavelength of
the IR laser fixed on a vibrational transition of a
cluster while tuning the wavelength of the UV probe
laser.87 The hole-burning spectra obtained differed
from the normal R2PI spectrum of a product ion by
the depletion of all UV fingerprints pertaining to a
common IR absorber. With this method, all spectro-
scopic features originating from fragmenting larger
clusters, isomers, or hot bands can clearly be identi-
fied. Hence, the IR/UV hole-burning spectroscopy is
particularly useful with fragment contaminated R2PI
spectra, typical for vdW clusters.

If the intermolecular interaction in a cluster strongly
changes the frequencies and intensities of the vibra-
tions of some of its components, as typical for mo-
lecular groups involved in hydrogen bonding,93 this
spectroscopic information may be used to unravel its
structure. It may often be analyzed in a straightfor-
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ward manner, particularly when the knowledge,
accumulated over the years by IR spectroscopy in
matrixes94 and in the condensed phase,95,96 is taken
into account. Nowadays the experimental vibrational
spectra may be compared with the vibrational fre-
quencies obtained from high-level ab initio calcula-
tions.

In summary, the advantages of two-dimensional IR
predissociation/resonant two-photon ionization spec-
troscopy are manifold. (1) The combination of the very
high sensitivity and mass selectivity of R2PI with IR
vibrational spectroscopy allows the deduction of the
structure of small clusters available only at very low
number densities. Thus, the method still works when
alternative absorption methods97 fail or forfeit mass
selectivity. (2) Bands from isomeric structures, hot
bands, and spectral features from fragmenting larger
complexes, complicating an R2PI spectrum, may be
distinguished and often assigned in a straightforward
manner. (3) Even in cases where R2PI spectra exhibit
broad, congested bands, clear spectroscopic IR fin-
gerprints are often obtained by IR/R2PI.

In recent years, impressive results concerning the
structure of microsolvated chromophores have been
deduced with this method. With the advent of tunable
IR-OPOs and difference frequency mixers, mainly
the OH and CH stretches of both the solvent and
solute moiety have been monitored. These IR spec-
troscopic studies of clusters are in direct relation to
analogous studies in the condensed phase93,95 where
these interaction-sensitive modes have been utilized
as indicators of the strength and type of H-bonding
and basicity,98-101 respectively. Various groups have
applied IR/R2PI to investigate H-bonding in micro-
solvated benzene derivatives. Mikami and collabora-
tors102 first investigated the OH stretches of phenol‚
(water)n clusters (n ) 1-3). Zwier and co-workers
studied the cluster system benzene‚(water)n (n )
1-9).103 The results derived by these and other
groups will be discussed in greater detail below.

With the increasing number of groups utilizing IR/
R2PI, the designation and acronyms proposed for it
also increased nearly linearly with the number of
groups. This really confusing situation should be
dismissed in favor of one designation. The different
acronyms used in the literature and listed in Table
1 shall be enumerated for completeness in the fol-
lowing. Zwier’s group proposed and use RIDIRS
(resonant ion-dip infrared spectroscopy),103 Mikami’s
group IDIRS (ionization-detected infrared spectros-
copy),36 while others proposed IR-UV SHB (infrared-
ultraviolet spectral hole burning)104 or simply IR-
UV ion-dip spectroscopy.105 While some of these
alternative acronyms are only marginally shorter
than IR/R2PI, they no longer refer to the essential
part of the method, namely, the cluster selectivity
achieved by R2PI. Hence, in the following we use the
originally proposed acronym IR/R2PI. Mikami and
collaborators also recorded fluorescence-dip IR spec-
tra of microsolvated chromophores.106 While this
methodical simplification forfeits mass selectivity, the
selective excitation of a cluster is nevertheless pos-
sible, provided the UV-absorption fingerprints are
unique to the species studied and are known un-

Table 1. List of Acronyms

a. Compounds

AN aniline
ANI anisole
BZ benzene
BN benzonitrile
CLB chlorobenzene
Cf chloroform
EtOH ethanol
FB fluorobenzene
Ff fluoroform
IN indole
pCLFBZ p-chlorofluorobenzene
pDFB p-difluorobenzene
PH phenol
PX p-xylene
MeOH methanol
1MIN 1 methylindole
3MIN 3 methylindole
TO toluene
W water

b. Methods, Processes, Etc.

A acceptor
ADIR (IR/PIRI) autoionization-detected infrared

absorption
BSSE basis-set superposition error
CT charge transfer
D donor
D/A donor-acceptor
DFT density functional theory
dPT dissociative proton transfer
FDIRS fluorescence-detected infrared

spectroscopy
FDSRS fluorescence-detected stimulated

Raman spectroscopy
HF/SCF Hartree-Fock self-consisted field
IDSRS ionization-detected stimulated

Raman spectroscopy
IDIRS (IR/R2PI) ionization-detected infrared spectroscopy
IR infrared
IR-PARI infrared photodissociation after

resonant ionization
IR/PIRI infrared predissociation spectroscopy

detected by PIRI
IR/R2PI infrared predissociation spectroscopy

detected by R2PI
IR-UV SHB

(IR/R2PI)
infrared-ultraviolet spectral

hole-burning
IVR intramolecular vibrational energy

redistribution
LIF laser-induced fluorescence
MATI mass-analyzed threshold ionization
MP2 Møller-Plesset perturbation theory

second order
MW microwave spectroscopy
OPO optical parametric oscillator
PIRI photoinduced Rydberg ionization
π-OH H-bond OH‚‚‚π-system
R2PI resonant two-photon ionization
R2PI/IR infrared predissociation spectroscopy

after R2PI
RCS rotational coherence spectroscopy
RIDIRS (IR/R2PI) resonant ion-dip infrared spectroscopy
σ-OH linear OH‚‚‚substituent H-bond
SHB spectral hole-burning
SN2 nucleophilic substitution reaction
UV ultraviolet
vdW van der Waals
TRID time-resolved-ionization detection
TRSEP time-resolved-stimulated emission

pumping
TRSRFD time-resolved- stimulated

Raman-induced fluorescence depletion
TOF time-of-flight
ZEKE zero kinetic energy
ZPVE zero-point vibrational energy
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equivocally. The technique is of advantage when
ionization is not easily achieved. For this method the
acronym FDIRS (fluorescence-detected infrared spec-
troscopy) was used.

4. Ionization/Fluorescence-Detected Stimulated Raman
Spectroscopy

When a cluster is vibrationally excited not by
absorption of infrared light but by stimulated Raman
scattering, a complementary depletion spectrum may
be recorded. The first implementation of stimulated
Raman spectroscopy detected by ion depletion was
realized by Felker and collaborators,107 who termed
this method IDSRS (ionization-detected stimulated
Raman spectroscopy). Its excitation scheme is de-
picted in Figure 1d. The vibrationally excited state
is prepared by stimulated Raman scattering with the
laser frequencies ω1 and ω2. The reduced population
of the ground state is detected by R2PI. Felker et al.
studied a variety of 1:1 complexes of phenol and
substituted phenols with polar and nonpolar mol-
ecules and found that the phenolic CO and OH
stretch fundamentals relax more efficiently by hy-
drogen bonding than do the other modes in the
complex. Mikami and collaborators108 detected the
Raman scattering by fluorescence depletion. They
studied the vibrational spectra of the C-C and C-N
stretch of benzonitrile microsolvated by water and
methanol. They termed this technique fluorescence-
detected stimulated Raman spectroscopy (FDSRS).
The spectra achieved with IDSRS or FDSRS are
generally complementary to those recorded with IR/
R2PI and in addition allow one to study vibrations
not accessible by IR laser radiation.

5. Multiresonant Vibrational Spectroscopy of Ions and
Ionized Clusters

By reversing the sequence of the IR and UV laser
pulses, the vibrational spectra of clusters with the
chromophore in the excited or ionized state can be
determined (Figure 1c). In the latter case, the acro-
nym R2PI/IR would be appropriate. Recently also the
acronym IR-PARI (infrared photodissociation after
resonant ionization) was proposed for this method.75

The first application of this technique was reported
by Takeo and collaborators for solvated aniline.109,110

A problem which has to be reckoned with when using
this procedure is that often the vibrational spectra
from a warm rather than from a vibrationally cold
cluster ion will be sampled. In addition, the binding
energy in an ionized cluster is generally considerably
larger than in the neutral species, so that the IR
absorption, detected via predissociation of strongly
bound solvent molecules, results in preferential
detection of the spectra from warm clusters. In the
vibration spectra of the ionized complexes studied,
the line width of the vibrational modes were much
larger than those observed in the neutral com-
plexes,111 which was attributed to this problem. It
may be avoided by studying the ionized clusters in
an ion trap after cooling them by collisions with an
inert background gas at low pressure.112,113 An alter-
native method was developed by Johnson and co-
workers.84 They attached several argon atoms, as a

sort of micromatrix, onto the ionic clusters, using
these both as evaporative coolant and as “spy” or
“messenger” molecules to detect the IR absorption by
ion depletion. In R2PI/IR depletion spectroscopy, as
just discussed, the vibrational state of the ion is in
general not well defined. Remedial action is taken
by a new triple-resonance spectroscopy. It combines
IR absorption and state-selective population of ionic
states by MATI spectroscopy114,115 (mass-analyzed
threshold ionization). The MATI part starts, as
sketched out in Figure 1e, by a resonant transition
from the electronic ground into a vibrationally excited
state (ν′) of the S1 cluster, followed by a second
resonant transition into long-lived, high-n, high-l
Rydberg states (A**) of the cluster, converging to the
ionization limit of a specific vibrational state (ν′′) of
the ionic core. While in the complementary ZEKE
spectroscopy116 the electrons produced after pulsed
field ionization of these long-lived ZEKE-states (150
< n < 300) are detected (see the contribution from
Dessent and Mueller-Dethlefs in this issue), in MATI
spectroscopy the corresponding ions are collected.
Hence, the method provides mass selectivity, which
is of particular value if the ion undergoes a reac-
tion.117,118 To discriminate between the ions produced
by field ionization of the ZEKE states and the
likewise produced direct ions, the Rydberg molecules,
giving the MATI signal, have to be separated from
the direct ions by very small separation fields (E < 1
V/cm) in an ion-drift region before being field-ionized
by the pulsed acceleration field in the TOF mass
spectrometer. The ionic core of a cluster or molecule
in such a Rydberg state is in a specific vibrational
state, defined by the ionization threshold. Such a
vibration excited with MATI is normally a low-
frequency vibration of the aromatic chromophore.

If by absorption of a third photon the ion core is
excited into an electronically excited state, the Ryd-
berg electron autoionizes. Thus, by scanning the
wavelength of a third excitation laser over the
resonant transitions in the ion, the MATI signal of a
species detected shows a characteristic depletion
spectrum. This triple-resonance method, proposed
and first applied by Johnson and co-workers to
measure the electronic spectra of ions, is known
under the acronym PIRI (photoinduced Rydberg
ionization).115,119 Recently Gerhards et al.120 modified
this method using a tunable IR laser for exciting
high-frequency intramolecular vibrations in the ion.
In this case the intramolecular OH and CH stretches
are sampled in a frequency range of 3000 cm-1. Since
these are peculiarly sensitive to H-bond formation,
they are a more specific fingerprint of the structure
than the low-frequency modes, sampled by MATI/
ZEKE. Thus, the vibrational spectra of two different
isomers of resorcinol+ (1,3-dihydroxybenzene) and the
stretches of the solvent molecules in phenol+‚(H2O)
and indole+‚(H2O) could be detected. In the latter
cluster these did not couple with the intermolecular
stretch and its overtone. A variant of this method,
although without utilizing MATI spectroscopy, was
applied by Fujii et al.121-123 It was applied to study
the OH stretching vibrations in molecules excited
into the Rydberg states converging to the first ioniza-
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tion threshold. Thus, a MATI-type separation of
direct ions and Rydberg molecules, mandatory for
states above the ionization threshold, was not applied
and not necessary. Indeed, this study provided the
first evidence that vibration-induced autoionization
is observable for Rydberg excited species. The acro-
nym ADIR (autoionization-detected infrared absorp-
tion) was proposed for this method. It was applied
to determine the intramolecular H-bond for the
ground-state cations fluorophenol+ and methoxyphe-
nol+.

One problem of MATI or ZEKE spectroscopy should
be pointed out, which is however intrinsic to any kind
of ionization spectroscopy. Ionic vibrational states of
a molecule or cluster may have very low Franck-
Condon factors for a vertical two-photon transition
starting from the neutral ground state. Unfortunately
this is often the case with clusters such as benzene
and its derivatives microsolvated by polar molecules.
The reason for this is a strong conformational change
induced upon ionization of the complex. As discussed
below, in the neutral chromophore the protic solvent
molecules are attached by H-bonds to the nucleophilic
part of the aromatic molecule, i.e., either to the
π-electron system or an electronegative substituent.
In the adiabatic minimum of the ionic state, however,
the solvent interacts with its lone pair electrons with
the now positively charged aromatic ring. Hence, for
these clusters no resonant MATI transitions could
be found.124 Only in cases where the polar molecule
is strongly hydrogen bonded to a hydrophilic acceptor,
preferably considerably away from the π-electron
system, do both the ZEKE and MATI spectra show a
resonance structure. This is the case for clusters of
water with phenol (PH) and its derivatives125,126 or
for indole (IN) with water, i.e., IN‚W.127,128 Here the
protic solvent molecules are relatively strongly H-
bonded to the phenolic group129-131 or to the N-H
donor group of IN.25

This difference between weakly and strongly H-
bound systems is illustrated by the binding energies
of fluorobenzene (FB) and phenol with water. For the
PH‚W complex, a stabilization energy D0 of 1929 cm-1

(5,5 kcal/mol) is calculated,129 which compares with
a considerably smaller binding energy of 938 cm-1

(2.68 kcal/mol) for FB‚W.38 In case of the PH+‚W, a
structure very similar to that of the neutral complex
was found by ab initio calculations.75 Hence, in this
and similar strongly bound clusters, IR/PIRI works
well to study solvated cations, excited into specific
vibrational states.

III. The Complexes

To illustrate the richness in structural information
embedded in the IR/R2PI spectra, the article focuses
in the following on weak H-bonds between several
polar solvent molecules surrounding a substituted
benzene molecule. The objective is to describe the role
of electron-withdrawing and -donating substituents
on the π-electron density in the aromatic ring and
its consequences on the topology of microsolvation.
To distinguish the substituent effect, first the results
for benzene have to be considered.

A. Structure of Benzene Microsolvated by Water
or Methanol

The question of the existence and nature of a bond
between a water and benzene (BZ) molecule has
stimulated a large number of studies in recent years.
While it has been speculated for several years132,133

that aromatic molecules can act as H-bond acceptors,
experimental evidence increased within only the last
15 years.134-136 The first studies with a detailed
structural analysis were those of Suzuki et al.137 on
BZ‚W and of Rodham et al.48 on BZ‚(ammonia).
Gutowsky et al. 138 studied the BZ‚W2. The investiga-
tion of BZ‚W established that water is bound to
benzene via a π-OH H-bond, i.e., with the water
positioned above the ring, pointing with its hydrogen
atoms toward the π cloud.

While the structures of 1:1 and 1:2 clusters could
be investigated by microwave spectroscopy, the larger
complexes necessitated mass selectivity of the spec-
troscopic method, as provided by IR/R2PI. As already
mentioned, the first detailed IR/R2PI spectra of the
cluster systems of benzene microsolvated by water
BZ‚Wn or methanol BZ‚(MeOH)n were recorded by
Zwier’s group.103,139 Since these results have been
reviewed recently,25 the reader is referred for more
details to this review article. Since the following
discussion focuses on the structure of microsolvated
benzene derivatives, only the main points from this
spectroscopic analysis with benzene shall be sum-
marized here.

The IR/R2PI spectra of the BZ‚Wn system have
been recorded in the region of the OH stretches of
water from 3000 to 3800 cm-1. The following infor-
mation could be extracted from these spectra and
from the spectra of isolated water clusters.140,141 (1)
When attached to benzene, medium-sized subclusters
Wn of water with n < 6 exhibit a similar structure to
the analogous isolated water clusters, i.e., for n )
3-5 they form H-bonded rings. (2) Due to the more
local character of the OH vibrations of the water
molecules forming H-bonded linear or cyclic subclus-
ters, the observed vibrational modes can be divided
mainly into two groups: H-bonded acceptor molecules
(A) retain more or less the symmetric (ν1) and
antisymmetric (ν3) OH stretch modes of water ((ν1A)
(ν3A)), corresponding to a linear superposition of the
two degenerate local OH stretches of water. In donor
water molecules (D), on the other hand, a H-bond is
formed with one of these OH groups. Hence, the
degeneracy is removed and the normal modes now
retain a more local character. In the region of the ν3
stretch of water, the stretches from free donor OH
groups (νfD) appear, while on the low-frequency side
of the ν1 the stretches of the bound donor OH groups
(νbD) appear. Therefore, the vibrations at higher
frequency correspond to those of the dangling OH
bonds and those on the red side to the H-bonded
groups. If water acts both as donor and acceptor (D/
A), the absorption bands of the bound donor OH
groups νbD/A show a reduced red shift as compared to
that of pure donor molecules. (3) If several water
molecules are forming cyclic or linear subclusters via
H-bonds, the normal modes consist of coupled local
OH vibrations. Thus, it has been shown by
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theory140,142-147 that in isolated cyclic water clusters,
the vibrations of the H-bonding OH groups in the ring
are delocalized ring OH modes. Some of these for
symmetry reasons exhibit low IR activity79,148 or are
degenerate in frequency. If these clusters are inter-
acting with an aromatic chromophore, the normal
ring modes are perturbed and split in energy, getting
a more local character. At the same time their
transition dipole moments increase, resulting in
bands of comparable magnitude for each ring mode.
Also at the same time the width of the bands
increase. For larger cyclic clusters, these ring modes
shift further to the red. (4) The number of resolved
OH modes is approximately equal to the total number
of OH bonds. As will be discussed later, this state-
ment has to be taken with prudence. In the case of
BZ‚W4, it proves wrong. Also, in some cases ad-
ditional combination modes with intermolecular vdW
vibrations are observable. Thus, the number of modes
is only a first indication of the size of the complex.
(5) In the group of the nearly isoenergetic free OH
modes assigned to the “dangling bonds”, a more red-
shifted band appears, which is assigned to the
vibration of the OH group, forming a π-OH “anchor”
H-bond to the chromophore. Thus, strictly speaking,
it no longer belongs to a free OH dangling bond. (6)
In larger clusters, starting with BZ‚W6, indications
for a change from a cyclic to a three-dimensional,
hydrogen-bonded network is observed,103,149 which is
also found by theory for the isolated water hex-
amer.150 Here several bands appear between the
position of the donor bands for single H-bonds and
the π-OH donor band, which are assigned to double-
donor molecules. Their appearance signals a change
in the coordination of the water molecules. (7)
BZ‚W8 clusters take on two isomeric structures151

with cubic water octamers of S4 and D2d symmetry,
respectively, attached to the aromatic ring by a π-ÃΗ
type H-bond. This ice-like structure is similar to the
free water octamer studied by Buck et al.152 In
Bz‚W9 clusters, two isomers of W9 with an expanded-
cube structure are attached. In both, the ninth water
molecule is inserted into one of the edges of the cubic
water octamer, thereby deforming the latter.152,153

The benzene/methanol cluster system shows many
parallels to that of benzene/water. Pribble et al.139

found by IR/R2PI spectroscopy and ab initio calcula-
tions that again π-OH H-bonding between the ben-
zene ring and a methanol subcluster dominates the
solute-solvent interaction for n < 4. For n ) 4-6,
cyclic methanol clusters are formed.

The following differences between the microsolva-
tion structure with methanol and water are notable:
(1) Whereas an isolated methanol trimer has a cyclic
case structure154,155 analogous to a water trimer, in
the BZ methanol forms a linear chain.139 Thus, a
π-OH H-bond obviously stabilizes a linear cluster
more than an additional H-bond in a strained cyclic
trimer. (2) Since methanol possesses only one OH
group, all cyclic methanol clusters (n > 3) have no
free OH groups. In this case no additional π-OH
H-bond between the solvent ring and the chro-
mophore is possible. Hence, their interaction with the

aromatic molecule should mainly be of dispersive
nature favoring a sandwich-type structure.

The BZ‚MeOHn (n ) 1-5) cluster system has also
been studied by Gruenloh et al.156 in the region of
the CH stretches of methanol both by IR/R2PI
spectroscopy and by ab initio calculations. They could
extract the following data from the spectroscopic
features of this vibrational mode. (1) The direction
of the shifts of the OH modes in a methanol molecule
is usually mimicked by the three C-H modes ν3, ν2,
ν9 of the methyl group. Generally, a red shift is
encountered for a CH mode when the methanol acts
as a hydrogen donor and a blue shift or a combination
of blue and red shift if its acts as an acceptor. (2)
Although the magnitude of the shifts induced by
H-bonding is smaller than for the OH modes, the
shifts are systematic.

Results on the structure of ternary water-metha-
nol-benzene clusters have been reported by Hage-
meister et al.157 The clusters BZ‚Wn‚MeOHm (with n
+ m ) 4, 5) exhibited in the IR/R2PI spectra the
signature of H-bonded solvent cycles which are bound
to benzene via a π-OH “anchor” H-bond. Several
isomers of these ternary clusters have been predicted
by theory at the DFT-B3LYP/6-31+G* level, but far
fewer isomers were observed experimentally.

In addition to the experimental results with metha-
nol, Zwier’s group together with others158-160 sub-
stantiated the spectroscopic analysis by ab initio
calculations, mainly at the DFT-B3LYP/6-31+G*
level. Since the review article of Kim et al. in this
issue will treat the theoretical and computational
aspects of such simulations in detail, the reader is
referred to their review for a more in-depth discus-
sion.

B. Structure of Substituted Benzenes
Microsolvated by Water and Methanol

In clusters of substituted benzenes microsolvated
by water or methanol, a detailed inspection of the
substituent effect on the binding energy and binding
site of solvent molecules is possible. As known from
chemistry textbooks, methyl groups belong to electron-
donating and halogens to electron-withdrawing sub-
stituents. Both types of substituents should thus
change the electrostatic interaction of a polar solvent
subcluster with the π-system. In the case of halogen
substituents, their lone-pair electron orbitals repre-
sent additional polar binding sites. Thus, both σ-type
H-bonds to the halogen X and alternative π-type
H-bonds to the aromatic ring are possible. In addi-
tion, the strong intersolvent H-bonds play a crucial
role. Thus, a cyclic methanol trimer, for example, is
stabilized by three H-bonds and the dispersive in-
teraction with the chromophore. A chainlike metha-
nol trimer, however, is able to form a H-bond to
different binding sites of the aromatic chromophore.
Hence, the relative abundance of isomers with ring-
or chainlike methanol trimers attached reflects the
strength of the H-bonds to different binding sites of
the chromophore in relation to the O‚‚‚HO hydrogen
bond in a strained ring geometry augmented by the
dispersive interaction energy with the chromophore.

An indicator of the bond strength is the magnitude
of the frequency shift of the OH vibration of the donor

3900 Chemical Reviews, 2000, Vol. 100, No. 11 Brutschy



group. As a first approximation, a larger red shift of
the vibration of the bound donor group is correlated
with a stronger H-bonding interaction.99,100 However,
this rule holds true only when the H-bonds compared
are of a similar type.161,162 The H-bonding induced red
shift itself corresponds to a weakening of the OH
bond induced by a partial charge delocalization from
the acceptor’s HOMO into an antibonding orbital of
the OH group of the donor.99,163

Substituted benzenes not only provide a framework
to study the subtle interplay of these different
interactions, but they are also exciting model systems
to study ion chemistry under various degrees of
microsolvation with different solvents. This is due to
the fact that the cations of substituted benzenes,
when embedded in polar solvent molecules, in con-
trast to BZ+ are very reactive.8 The cations of
halogenated benzenes (Ph-X) microsolvated by protic
solvents may undergo nucleophilic substitution reac-
tions (SN2) with X• or HX as leaving groups. These
reactions, although exothermic already in a 1:1
cluster, are kinetically hindered and start only if the
solvent subcluster possesses a minimum size. The
cations of methylated benzenes, on the other hand,
act as proton donors, i.e., as Brønsted acids. For
toluene+ (TO+) and p-xylene+ (PX+) one observes a
dissociative proton transfer (dPT) to the solvent
moiety. The only precondition for this reaction to
occur is that the proton affinity of the latter is larger
than that of the conjugated bases of the cations, i.e.,
the benzyl or the methylbenzyl radicals.71,164,165

Before going further into the spectroscopic details
of the microsolvated methyl- and fluorobenzene de-
rivatives, some remarks on the behavior of other
prominent substituted benzenes such as benzonitrile
(BN) and phenol (PH) should be added. The cations
of phenol show a similar dPT starting from a mini-
mum size of the subcluster.113,166-168 The microsol-
vation structure, however, is different from that of
methylated or halogenated benzenes. Because of their
hydroxyl group, hydroxybenzenes are incorporated
directly into the structure of a H-bonding network
of the solvent. Thus, in PH‚Wn)2-5, for example, the
chromophore’s hydroxyl group takes part in the
formation of a H-bonded ring of water molecules.36

Hence, the interaction with the solvent is dominated
by this strong hydrophilic group. Mikami and col-
laborators studied many microsolvated hydroxy-
benzenes102,113,122,169-171 as did Kleinermann’s
group.120,131,172-177 Recent findings for clusters of this
type are summarized in the review of Ebata et al.36

Therefore, the reader is referred to that article for
further details and to the later section in this review
summarizing the results for such cluster systems.

1. Substituted Benzenes Microsolvated by Water

In the following the IR/R2PI spectra of clusters of
halogenated and methylated benzenes microsolvated
by up to four water molecules will be compared with
those of the analogous clusters with benzene. For
methodical reasons, the qualitative structural as-
signments deduced for these clusters are first based
exclusively on spectroscopic evidence. Subsequently,
these assignments will be compared with the resultss

when availablesfrom ab initio calculations of Tar-
akeshwar and Kim.38,39 From these the cluster struc-
tures, binding energies and the type of the intermo-
lecular bonds between the chromophore and the
solvent moiety could be derived, which are partially
summarized in Table 2.

To compare the IR/R2PI spectra of the clusters of
substituted benzenes with those of benzene, the
spectra of the BZ‚Wn)1-4 clusters have been remea-
sured under experimental conditions comparable to
the spectra of the substituted benzenes.178

a. 1:1 Complexes. Figure 3 shows the IR/R2PI
spectra of the 1:1 clusters of p-difluorobenzene (pDFB),
fluorobenzene (FB), and benzene (BZ) with water. For
comparison, the spectrum of anisole (ANI) with water
is included. The 1:1 complexes of toluene (TO) and
p-xylene (PX) with water could not be detected in the
R2PI mass spectra, although they should exist. The
R2PI bands assigned to the TO‚W cluster by Bern-
stein et al.179 could not be confirmed by means of IR/
R2PI spectroscopy.

The spectra of the fluorinated benzenes with water,
depicted in the first two traces in Figure 3, show two
sharp bands very near the spectral positions of the
symmetric (ν1 ) 3657 cm-1) and antisymmetric mode
(ν3 ) 3756 cm-1) of water, marked by dotted lines.
The band positions and their assignments are listed
in Table 2. Compared with the spectrum of an
isolated water molecule, three points stand out. First,
both modes in the cluster show an equal red shift of
14 cm-1. From the fact that in water both modes are
linear combinations of two local, isoenergetic OH
vibrations, a similar red shift of both normal modes
indicates a similar binding interaction of both OH
bonds. Second, the strong relative intensity of the ν1
mode is surprising. While relative intensities in an
IR/R2PI scan may not be relevant when transitions
are saturated, the intensity ratio of both bands
persists down to very low laser intensities. In isolated
water, however, the ν1 mode is about 1 order of
magnitude less intense than the ν3 mode. Thus, this
intensity increase in the complex must be induced
by the loss of symmetry due to the interaction with
the chromophore. Third, the red shifts are practically
equal for FB and pDFB. This equality suggests a local
σ-type H-bond, preferably to a fluorine atom. If the
water was bonded by a π-OH bond to the aromatic
ring, differences in the shifts for FB and pDFB would
be expected, if the electron-withdrawing effect for one
fluorine alone is substantial.

The IR/R2PI spectrum of the corresponding cluster
with benzenesthird trace in Figure 3sis nearly
identical to that first recorded and assigned by
Pribble et al.103,180 It is much more complicated than
those just discussed and shows at least eight resolved
transitions. They have been assigned to combination
bands of large-amplitude motions which reflect the
very floppy nature of this cluster. Although this
spectrum is still lacking in its detailed characteriza-
tion and assignment of the intermolecular vibrational
structure,25 the complex is meanwhile quite well
characterized both experimentally and theoretically.

The first experimental study of its structure, sup-
ported by an ab initio calculation at the BSSE-
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corrected MP2/6-31G** level, were given by Suzuki
et al.137 From fully rotationally resolved spectra they
could deduce a structure with a quasi-freely rotating
water molecule, positioned above the benzene plane
and with both hydrogen atoms pointing toward the
π-cloud. In both the experimental and theoretical
structure, water is situated nearly 1 Å within the
vdW contacts of both subunits, which according to
these authors is a clear manifestation of H-bond
formation. The distance between the centers of mass
of both moieties was determined to be 3.347 Å.

The current knowledge about this cluster from a
number of recent theoretical investigations181-184

indicates that the binding energy D0 is in the range
of 1.63-2.78 kcal/mol and that the potential well is
extremely flat. Although the minimum energy struc-
ture can be considered to have only a single hydrogen
bond, vibrational averaging renders the hydrogens
indistinguishable. This prediction is in agreement
with the experimental observation that the complex
is a symmetric top. The lability of this complex is
reflected in the large-amplitude motions of the water
molecules above the aromatic ring. It was found that
water may rotate freely around its C2 z-axis whereas
the motions around the perpendicular axes are more
hindered. The motion around the y-axis, situated in
the molecular plane of water, leads to a bending mode

at about 260 cm-1 and around the x-axis to a so-called
“swapping motion” at a frequency of about 47 cm-1.181

In a recent ab initio study the binding energy and
the type of interaction has been scrutinized more
closely by Kim and collaborators using the MP2
(second-order Møller-Plesset perturbation theory)
and SAPT (symmetry-adapted perturbation theory)
methods and relatively large basis sets ranging from
6-31+G* to TZ2P++ and aug-cc-pVDZ. For a detailed
account the reader is referred to the review article
by these authors in this issue. With a zero-point
vibrational energy correction (ZPVE) and a 50%
compensation of the basis-set superposition error
(BSSE) they obtained a binding energy (-∆E0) of 2.86
(1.13 kcal/mol, which compares nicely with the
experimental value of 2.44 ( 0.09 kcal/mol.185 Their
SAPT analysis indicates that exchange repulsion
plays a crucial role in this floppy complex and that
the attractive forces are mainly of dispersive nature.

Comparing the simple IR/R2PI spectra for FB‚W
and pDFB‚W with the complicated one of BZ‚W, it is
evident that the binding of water to the fluorinated
chromophores drastically reduces the degrees of
freedom for intermolecular motion. Thus, two non-
equivalent intermolecular bonds between the water
molecule and a FB or pDFB chromophore may be
anticipated, with the fluorine substituent being in-

Table 2. Relevant Data of the Cluster Systems A‚(water)n with A ) p-Difluorobenzene (pDFB), Fluorobenzene
(FB), Benzene (BZ), Toluene (TO), p-Xylene (PX), Anisole (ANI), Phenol (PH), p-Chlorofluorobenzene (pClFB)
with n ) 1-4: Structures, Relative Spectral Positions of the R2PI Fingerprint Bands Used for IR/R2PI,
Theoretical Binding Energies, and Shifts of the OH Stretches of Water

cluster structure ∆νa (cm-1) -∆E0
b (kcal/mol) shifts of the OH stretch frequencyc (cm-1) ref

A‚(H2O)1 ν1 ν3
pDFB σ-F 167 2.80 -14 -14 38, 43, 178
FB σ-F 118 2.68 -15 -14 38, 178
BZ π-OH 49 2.23 -23 -25 240
ANI σ-OH 117 -66 -28 178
PH -353 -7 -8 102
pClFB σ-F 145 -12 -12 213

σ-Cl 194 -21 -17
A‚(H2O)2 νbD, fD νσD′ νπD′ νfD′
pDFB σ-F 267 8.46 (5.01) -54, -15 -65.5 -7 39, 178
FB σ-F 182 8.24 (4.79) -53, -14 -66.5 -7 39, 178
BZ π-OH 75 7.17 (3.71) -51, -27 -89.5 -23 180
TO π-OH 33 8.44 (5.02) -66, -24 -96.5 -24 178
PX π-OH -16 -69, -29 -106.5 -26 178
ANI σ-OH 106 -65, -22 -197.5 -21 178
PH cyclic -121 -48, -13 -192.5 -20 102
A‚(H2O)3 νrD νπD νfD
pDFB π-OH 167 15.64 (3.65) -93, -29.7 -34 -21, - 15 178
FB π-OH 147 15.76 (3.85) -95, -29.6 -53 -26, - 15 178
BZ π-OH 98 14.51 (2.54) -110, -25, 37 -69 -10, -6 180
TO π-OH 122 15.59 (3.67) -121, -19, 27 -79 -11, -6 178
PX π-OH 103 -126, -23, 18 -89 -12, -8 178
ANI π-OH 62 -139, -21, 29 -87 -16 178
PH cyclic -90 -188, -152, -82 -11, -7, -4 102
A‚(H2O)4 νrD νπD νfD
PDFB π-OH 167 26.09 (4.39) -4 -30 -20, -5, 1 178
FB π-OH 191 26.10 (4.39) -73, 5 -53 -21, -1, 6 178
BZ π-OH 100 24.61 (2.84) -49, 11, 45 -62 -1, 10 180
TO π-OH 108 25.84 (4.06) -43, 14, 47 -71 -1, 7 178
PX π-OH 63 -57, -6, 40 -91 -6, 4 178

a The ∆ν values are the shifts of the 00
0 transitions in the complex relative to the ν00 of the bare chromophore. b The ∆E values,

calculated by Tarakeshwar and Kim38,39,184,241 at the MP2/6-31+G* level, are ZPVE-corrected binding energies with 50% BSSE
correction. The energies inside the parentheses represent the binding energy of the water subcluster binding to the chromophore
A, while those outside represent the binding energy of n water monomers to A. c The shifts are given relative to the values of free
water (ν1 ) 3657 cm-1, ν3 ) 3756 cm-1 242), the water dimer (νbD ) 3601 cm-1, νfD ) 3735 cm-1, νfA′ ) 3697.5 cm-1 (averaged value,
see ref 178), νfA′ ) 3745 cm-1), trimer (νrD ) 3533 cm-1, νfD ) 3726 cm-1), and tetramer (νr ) 3416 cm-1, νfD ) 3714 cm-1),
respectively.84
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volved in one. Thus, a local σ-type H-bond should
account for these simple spectra. Such a conclusion
was originally not drawn, despite the similarity of
the spectra for FB and pDFB. Guided by the ther-
modynamic behavior of fluorinated aromatics, as
discussed below, Barth et al.178 tentatively assigned
a π-OH H-bonded structure for the 1:1 and, as will
be seen later, also the 1:2 complexes similar to the
corresponding complexes with benzene. They ratio-
nalized the reduced spectral complexity as compared
to that with BZ to a more rigid structure induced by
the local dipole moments of the C-F group(s).

Recently further experimental support for a local
σ-type H-bonds to the halogen were provided by
Reimann et al.186 from the IR/R2PI spectra of the 1:1
clusters of p-chlorofluorobenzene (pCLFB) and chlo-
robenzene (CLB) with water. The R2PI spectrum of
pCLFB‚W contained several resonances (Table 2).
From the IR/R2PI spectra measured for each UV
transition, the existence of only two different isomers
could be extracted. One exhibited a vibrational
spectrum nearly identical to that of FB‚W and the
other a spectrum very similar to that of CLB‚W.
From these similarities one also may deduce a local,
σ-type H-bond to the halogen substituent. In the
alternative case of a π-OH H-bonded cluster, the
shifts for the isomeric structures of pCLFB should
be different from those of FB and CLB.

In the case of the ANI‚W cluster, a structure with
a classical σ-type O‚‚‚HO hydrogen bond is expected,
with the methoxy group acting as H-bond acceptor
due to its very electronegative oxygen atom. The IR/

R2PI spectrum recorded for this cluster (bottom trace
Figure 3) shows two sharp bands, one positioned near
the ν3 stretch of water and the other strongly red
shifted. The positions of both bands are very similar
to that of the bound donor-OH and free-donor OH
modes in the isolated water dimer, which are indi-
cated by the dotted lines. Apart from this similarity
the large difference in the red shifts of both bands
clearly reveals a local σ-type O‚‚‚HO H-bond with
water as a donor.

The theoretically determined structures of the 1:1
clusters for pDFB, FB, BZ, and TO as calculated by
Tarakeshwar and Kim38,39,184 are depicted in Figure
4. For FB, pDFB, and BZ they correspond to the
assignments deduced from the IR/R2PI spectra. Their
ZPVE- and 50% BSSE-corrected binding energies
-∆E0, calculated for the electronic ground state are
listed in Table 2. Originally the authors found two
minimum energy structures for FB‚W. One was a
π-OH H-bonded isomer as in BZ‚W, and one was a
F‚‚OH H-bonded one, termed σ-F isomer. In the latter
the water was bound nearly in-plane by a H-bond to
the fluorine and to a neighboring C-H group, form-
ing a six-membered ring with the aromatic molecule.
While further more refined ab initio calculations
could not unambiguously decide which of the two
isomers of FB‚W is the global energy minimum, for
pDFB‚W, on the other hand, they found no such
stable π-OH H-bonded structure. Instead, the only
global energy minimum was an in-plane σ-F isomer
similar to that calculated for FB‚W. This exclusive
stabilization of a σ-F isomer when going from FB to
pDFB was rationalized by the increased reduction of
the net charge in the π-system by the additive action
of the two electron-withdrawing halogen substitu-
ents. In the calculated vibrational spectra, only the
σ-F isomers of both 1:1 complexes exhibited nearly
identical frequencies, as observed in the experimental
spectra. Hence, Tarakeshwar et al.38 also assigned a
σ-isomer as a global energy minimum for both 1:1
clusters. This is an example where ab initio simula-
tion alone was not yet able to predict the structure
of such a weakly bonded complex unequivocally. As
discussed above, several other properties of the
spectra support such a σ-type H-bound structure.

Figure 3. IR/R2PI spectra measured in the region of the
OH stretches of water. The spectra were recorded with the
R2PI laser fixed to the 00

0 transitions of the clusters
A‚(water) with A ) pDFB, FB, BZ, ANI. The dashed lines
represent the positions of the OH modes in isolated water
(ν1, ν3) and those of the water donor molecule in the water
dimer (νbD, νfD).

Figure 4. Minimum energy structures of the 1:1 clusters
as calculated by Tarakeshwar and Kim at the MP2/6-
31+G* level of theory.
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b. 1:2 Complexes. The IR/R2PI ion-depletion
spectra of a water dimer attached to the chro-
mophores pDFB, FB, BZ, TO, PX, and ANI, respec-
tively, are depicted in descending order in Figure 5.
For comparison, the positions of the vibrational bands
of an isolated water dimer79 are included in the first
trace. The band positions and their assignments are
summarized in Table 2. Apart from the spectra of
ANI‚W2 at the bottom, the spectra are at first sight
quite similar: On the blue side of the spectrum, very
near to the ν3 band of the water monomer, there are
basically two bands which can be assigned to the ν3
mode of a nearly unperturbed acceptor molecule in
the water dimer and to the free donor OH mode (νfD).
The strongly red-shifted band on the low-frequency
side is assigned to the bound donor OH mode (νbD)
and the less strongly red-shifted band near the ν1
stretch of isolated water to the ν1 mode of the
acceptor. It should be pointed out that similar to the
1:1 complexes, the spectra from 1:2 clusters with FB
and pDFB are basically identical. For the same
reasons as discussed above, the assumption of a local
H-bond to one fluorine substituent is compelling. The
band marked by an asterisk is assigned to a combi-
nation band with a vdW mode.

In the spectrum of BZ‚W2 the large red shift of the
previous (ν1) acceptor mode (now marked as νπD′) was
attributed by Zwier et al.103,149 to the formation of a
relatively strong π-OH H-bond between the acceptor
water and the π-electron system. It is red shifted
relative to the corresponding band in the isolated
water dimer by its donor function. This assignment

was also supported by ab initio calculations. There-
fore, the position of this band for π-OH-bonded
complexes should be very sensitive to a changes in
the electron density at the aromatic ring This is
indeed observed: While the position of the donor OH
mode (νbD) does not change much going from top to
bottom in Figure 5, in the same order the position of
the π-ÃΗ mode, marked as (νπD′), shows an increasing
red-shift going from BZ to PX. Taking for granted
that in the case of the methylated benzenes a
H-bonding site other than the π-system does not seem
very plausible, the increase of the red-shift reflects
a stronger π-OH H-bond with increasing net charge
in the aromatic ring.

As in case of the 1:1 cluster series, the spectrum
of ANI‚W2 (bottom trace in Figure 5) is very different
from those of the fluorinated or methylated benzenes.
Two bands appear around 3700 and 3500 cm-1. While
the latter are clearly bound donor (νbD) and bound
donor/acceptor OH modes (νbD/A), the former may be
assigned to free donor OH modes (νfD) of the dangling
OH groups. Thus, the spectra may be rationalized
by a structure with the polar water dimer H-bonded
to the oxygen of the methoxy group, which acts as a
H-bond acceptor. For such a structure two strongly
red-shifted donor modes are expected: one for the
donor molecule and one for the acceptor molecule in
the water dimer, with the latter forming a strong
H-bond to the methoxy group. It must therefore be
classified as a donor-acceptor molecule. For a donor-
acceptor (D/A) a weaker red shift than for a pure
donor is expected, because in the former the electron-
donating and -accepting effects compensate each
other to some degree. This order of red shifts for the
stretches of both types of donor molecules was
verified by Zwier et al. in ab initio calculations on
free methanol clusters.187 In summary, as for the
ANI‚W complex, the strong red shifts of the two donor
modes in ANI‚W2 contrasts with the much weaker
red shifts of the π-OH modes in the 1:2 clusters with
BZ, TO, and PX or of the F‚‚‚HO H-bonded donor
modes in the clusters with FB and pDFB. If the red
shift correlates with binding energy, an issue dis-
cussed separately in section III.B.1.e, this suggests
a considerably weaker H-bond to the π-system as
compared to an ordinary O‚‚‚HO H-bond. This was
also found in the ab initio calculation by Tarakeshwar
and Kim and rationalized by a strong contribution
from exchange repulsion in the π-OH “anchor” H-
bond.

The results of the ab initio calculations for these
1:2 clusters are in excellent agreement with the above
conclusions from the spectroscopic fingerprints. As
depicted in Figure 6 , Tarakeshwar and Kim38 found
for FB‚W2 a global energy minimum for a structure
with the water dimer σ-H-bonded to the fluorine and
to an adjacent CH group of the aromatic ring, thus
forming an eight-membered ring with the chro-
mophore. According to their calculations, in the 1:2
cluster with BZ and TO the dimer is, on the other
hand, bonded by a π-OH H-bond. At the MP2/6-
31+G* level of theory, the binding energy -∆E0 (see
Table 1) of the dimer to FB and pDFB, respectively,
is 4.79 and 5.01 kcal/mol. For comparison, the

Figure 5. IR/R2PI spectra measured in the region of the
OH stretches of water. The spectra were recorded with the
R2PI laser fixed to the origin transitions of the clusters
A‚(water)2 with A ) pDFB, FB, BZ, TO, PX, ANI.
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calculated values of the π-OH H-bonded 1:2 com-
plexes with BZ and TO were 3.71 and 5.02 kcal/mol,
respectively. With the larger aug-cc-pVDZ basis set,
the absolute energies of the π-OH-bonded 1:2 com-
plexes increased (TO, 6.32 kcal/mol; BZ, 5.11 kcal/
mol; FB, 4.76 kcal/mol; pDFB, 4.93 kcal/mol) but the
relative energies within each group remained es-
sentially the same.

c. 1:3 Complexes. The IR/R2PI spectra of 1:3
complexes with a water trimer attached to the same
set of chromophores are depicted in Figure 7. The
spectral positions and the assignments of the absorp-
tion bands are listed in Table 1. On the lower
frequency side, a group of free donor OH vibrations
appears, which is tightly bunched for pDFB and then
splits for the other chromophores. A second group of
three bound donor modes appears on the red side.
Thus, the assumption of three more or less equivalent
donor/acceptor molecules bonded into a ring with
three dangling OH groups left suggests itself. How-
ever, the appearance of three well-separated donor
absorptions for the trimer attached to a chromophore,
as compared to one single donor mode observed for
the isolated trimer,79 should be pointed out. Obvi-
ously the low intensity modes in the isolated trimer
gain intensity because of the loss of symmetry
induced by the interaction with the aromatic ring.
Particularly interesting is the development of this
group going from top to bottom in Figure 7. While
the splitting of the ring modes increases continuously
from pDFB to PX, their more or less equal band
intensities do not change much. On the red side next
to the group of donor modes a band appears, which
increasingly shifts to the red going from pDFB to PX.
In the case of BZ, this band was assigned to the
dangling OH group of a cyclic trimer forming an
“anchor” π-OH H-bond, marked as νπD′. It is similarly
assigned in the spectra of TO and PX. The real new
thing is that it should by similarly assigned in the
spectra of FB and pDFB. The strongest evidence for
such a π-OH H-bond between a water trimer and FB
and pDFB are the different shifts of their vibrational
bands.

Below the spectrum of BZ‚W3 the spectral positions
of the vibrational bands recorded by Tanabe et al.102

for PH‚W2 are included as dotted lines. Except for
the missing band at the position of the νπD′ band, the
remaining bands have similar positions. Ebata et
al.188 assigned the three red-shifted bands to donor
OH modes in a cyclic ring structure formed from the
water dimer and the hydroxyl group of PH. A similar
structure was calculated by Gerhards et al.189 Hence,
the assignment of a H-bonded ring of OH groups in
the water trimer and the assignment of the νπD′ mode
is supported by this correspondence.

A surprising similarity is observed between the IR/
R2PI spectrum of ANI‚W3 (bottom trace in Figure 5)
and the other 1:3 complexes. From this one expects
a common structure, irrespective of the substituents
in the chromophores. Thus, a cyclic trimer bound
both by dispersive forces and a π-OH anchor bond
and a H‚‚‚OH H-bond to the oxygen of the methoxy
group is suggested from this vibrational fingerprint.

In summary, the local in-plane σ-type binding of
water to the fluorine and the methoxy group sub-
stituent, as observed in the 1:1 and the 1:2 clusters,
is gone in the 1:3 complexes in favor of a sandwich-
type structure, where the cyclic water trimer should
be mainly bound by a π-OH H-bond and the disper-
sive interaction with the π-system.

The conclusions on the structures of FB‚W3 and
pDFB‚W3 is also confirmed by the ab initio calcula-

Figure 6. Minimum energy structures of the 1:2 clusters
as calculated by Tarakeshwar and Kim at the MP2/6-
31+G* level of theory.

Figure 7. IR/R2PI spectra measured in the region of the
OH stretches of water. The spectra were recorded with the
R2PI laser fixed to the 00

0 transitions of the clusters A‚W3
with A ) pDFB, FB, BZ, TO, PX, ANI. The dashed lines
represent the spectral positions of the OH modes in W3
(upper trace) and of PH‚W2 (middle trace).
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tions. The theoretical structures for FB, pDFB, BZ,
and TO are shown in Figure 8, and the binding
energies are summarized in Table 1. Thus, in case
of FB and pDFB, the σ-type local H-bonding switches
to π-type H-bonding concomitant with a substantial
increase of the dispersion energy by the stacking of
both rings.

d. 1:4 Complexes. The IR/R2PI spectra of a water
tetramer attached to the same set of chromophores
are depicted in Figure 9. The relevant spectral data
together with the assignments are summarized in
Table 2. The spectra reveal a new feature: different
from the spectra of the 1:2 and the 1:3 complexes,
now three groups appear, each consisting of three
vibrational bands. The first one, on the blue side, in
the region of the free OH donor modes splits up into
three modes, two of which are nearly isoenergetic for
all substituents. Similar to the 1:3 complexes, the
vibration assigned to the π-OH “anchor group” mode
continuously shifts to the red going from FB to PX.
The region of the red-shifted D/A ring OH modes
contains two or three bands depending on the sub-
stituent. However, the band in the middle of this
group seems to consist of two overlapping bands. As
expected, the interaction with pDFB seems to be
weakest, since the spectrum in that region resembles
that of the highly symmetric free tetramer79,140,190

more than in the case of the other chromophores. A
third group, clearly visible for BZ, TO, and PX, is still
further red shifted and appears in the region around
3200 cm-1. It similarly contains three bands.

While the first two groups are assigned as before
to free OH and ring OH modes, respectively, this
third group is assigned to the first overtone transi-
tions of the bending mode ν2 of the water molecule.
In the spectrum of BZ‚W4, recorded by Zwier, these
bands, although weakly visible, were not assigned.
Obviously they gain intensity by a Fermi resonance
of the ν2 mode with the strongly red-shifted ring
modes. For comparison, below the trace of BZ‚W4 the
positions of the OH modes of the PH‚W3 as measured

by Tanabe et al.102 are included. Apart from a missing
π-OH mode, the positions of the other bands look
similar, again speaking for ring formation under
inclusion of the hydroxyl group. The results of Tar-
akeshwar and Kim support the structural assign-
ments for the 1:4 complexes of the substituted
benzenes (see Figure 10 and Table 2). Again a
“wetting” attachment of the subcluster is found for
FB and pDFB, similar to the case of the 1:3 complex.

e. Summarizing Remarks. (1) With respect to
the C-F‚‚‚H hydrogen bond, it should be pointed out
that it is very surprising and defies chemical experi-
ence. Fluorine incorporated into an organic molecule
is known to be a poor H-bond acceptor. For example,
the boiling point of many organic fluoro compounds
with alcoholic groups differ only slightly from the
corresponding hydrogenated compounds or are even
lower than the latter. The question of H-bonding to
covalently bound fluorine was also raised recently in
the literature.191-193 After a global search in the
Cambridge and Brookhaven Protein Databanks, with
thousands of structures analyzed, there were only
two whose crystal structures contained fluorine as
an acceptor. Thus, it seems that whenever other
binding sites in an organic molecule compete with a
fluorine atom for H-bonding in condensed phase, the
bond to the latter is the least probable. Indeed, for
the chromophore at a higher degree of microsolvation,
the interaction with the aromatic ring and the

Figure 8. Minimum energy structures of the 1:3 clusters
as calculated by Tarakeshwar and Kim at the MP2/6-
31+G* level of theory.

Figure 9. IR/R2PI spectra measured in the region of the
OH stretches of water. The spectra were recorded with the
R2PI laser fixed to the 00

0 transitions of the clusters A‚W4
with A ) pDFB, FB, BZ, TO, PX. The spectral positions of
the OH modes in W4 (upper trace) and in PH‚W3 (middle
trace) are denoted by dashed lines.
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intersolvent bonding becomes dominant. Recently
Caminati et al.194 studied the MW spectra of four
isotopomers of the 1:1 clusters of difluoromethane
and water. They assigned a structure where the
molecule lies in the FCF plane of difluoromethane,
linked through a O-H‚‚‚F-C σ-type H-bond to one
fluorine atom and opposite to the second. The study
indicates that the geometry of this bond is consider-
ably different from those of the O-H‚‚‚O and
O-H‚‚‚N H-bonds, suggesting that the character of
the lone pairs at fluorine is p rather than sp3.

(2) A clear manifestation of the electron-withdraw-
ing property of fluorine as a ring substituent is
observable in the conformation of water bound to
hexafluorobenzene. Danten et al.195 calculated at the
restricted Hartree-Fock and MP2 levels a structure
in which the oxygen of water is situated above the
aromatic ring and both hydrogen atoms are pointing
away from it. Thus, water is bound inversely as in
BZ‚W. This unusual solute-solvent bond was ratio-
nalized by the cumulative depletion of the electronic
ring charge induced by the six fluorine substituents.
Thus, the lone-pair electrons of the oxygen of water
are bound to the π-system in a Lewis acid-base type
of interaction. A similar structure would be expected,
for the adiabatic energy minimum of the ionized
complexes A+‚W with A ) BZ, FB, ClB, TO.

(3) For a qualitative discussion, the red shifts of
the assigned π-OH stretches of A‚Wn)3‚‚‚4 are plotted
in Figure 11 versus the net electron charge in the
aromatic ring. The latter was obtained from ab initio
energy optimization of the chromophore and a Mul-
liken population analysis.178 For all chromophores
with three and four water molecules, a linear depen-
dence is observed. Thus, the red shift increases with
increasing negative charge in the ring and decreases
with the number of solvent molecules. This suggests
the important role of electrostatic forces in the π-OH
H-bond, which may diminish with decreasing polarity
of the subcluster or increasing constraint by different

bonds. For the 1:2 clusters, both the shifts of the ν1Α′
modes in the σ-F structures of FB and pDFB and of
the νπD modes of the π-OH structures of BZ, TO, and
PX are included. Thus, clear deviation from linearity
is observed going from FB to pDFB. This behavior
supports the earlier conclusion that for clusters larger
than 1:2 a sandwich-type structure stabilized by
π-OH bonding has to be assigned to all substituted
benzenes studied. For the 1:2 clusters, linearity is
only observed for the π-OH bonded clusters of BZ,
TO, and PX. By decomposing of the binding energies
of the 1:3 complexes, calculated at the MP2 level,
Tarakeshwar et al.247 found a linear correlation
between the π-OH H-bonding induced red shift and
the interaction energy between the chromophore and
the π-OH bound water molecule.

(4) To give the reader a flavor of the excellent
correspondence and accuracy of the harmonic vibra-
tional frequencies derived from the ab initio calcula-
tions of Tarakeshwar and Kim, Figure 12 depicts the
experimentally and theoretically derived spectra of
the cluster system FB‚Wn (n ) 1-4). The calculated
frequencies of the OH vibrations have been scaled
exponentially with the vibrational energy.196,197

(5) The change in the binding at n ) 3 for FB and
pDFB may be viewed as a kind of “nonwetting-
wetting” transition, as illustrated in Figure 13 for
hydrated FB. Obviously for FB/pDFB the hydrophilic
solvent is first bound to the polar sites at the rim of
the aromatic ring before it starts in the 1:3 complex
to cover the less hydrophilic part of the chromophore.
One also could imagine from a comparison of these
structures that the microsolvation in an early stage
of the supersonic expansion takes place sequentially.
This is also suggested from the anticipated much
higher concentration of water monomers just behind
the nozzle of a supersonic expansion as compared to
that of larger water clusters.

(6) Tarakeshwar et al.247 found for the 1:3 com-
plexes with FB and pDFB in addition to the π-OH
bond an additional σ-F H-bond, which was consider-
ably weaker than in the 1:2 complexes. For all
chromophores they calculated two isomeric structures

Figure 10. Minimum energy structures of the 1:4 clusters
as calculated by Tarakeshwar and Kim at the MP2/6-
31+G* level of theory.

Figure 11. Red shifts of the assigned π-OH stretches of
the clusters A‚Wn plotted versus the net electron charges
of the aromatic rings: A ) BZ, TO, PX for n ) 2 and A )
pDFB, FB, BZ TO, PX for n ) 3, 4. The red shifts of the
stretches assigned to F‚‚OH, σ-type H-bonded OH groups
for n ) 2 and A ) pDFB, FB are included for comparison.
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of the 1:3 complex, differing mainly by the sense of
hydrogen bonding in the water trimer, which can be
clockwise and counter clockwise, respectively. The
structures are isoenergetic but differ slightly in their
vibrational spectra, in particular in the region of the
ring OH modes. Both isomers are expected to trans-
form easily into each other by flipping of the non

bonding OH groups. This, and shorter predissociation
lifetimes, should account for the anomaleous width
of bands assigned to the ring OH modes. Similar
isomers are calculated for the 1:4 complexes.

(7) In the same study it was found, that the ring
mode with the highest frequency is associated mainly
with the π H-bonded water, while that with the
lowest one is mainly localized at the water molecule
with no H-bond to the chromophore

(8) There is one additional point to address: the
reaction behavior of the microhydrated fluoroben-
zenes in the ionic state. With FB198 and pDFB199 in
the 1:4 complexes a rapid nucleophilic substitution
reaction (SN2) sets in, giving phenol+ and fluorophe-
nol+, respectively, and HF as a leaving group. Al-
though exothermic already in the 1:1 complex, this
ion-molecule reaction is kinetically hindered and
exhibits an activation barrier which depends on the
number of solvent molecules. An earlier study of
Martrenchard et al.200 deduced a limit of n g 3.

In summary nearly all of the structural conclusions
deduced from the IR/R2PI spectra of microhydrated
substituted benzenes could be corroborated by the ab
initio calculations of Tarakeshwar and Kim. From the
excellent correspondence of experimental and theo-
retical vibrational spectra, the conclusions from an
in depth theoretical analysis of the binding forces
contributing to the minimum energy structures get
particular persuasive power. For additional insights
into the energetics and structure of these clusters,
the reader is referred to the article of Kim et al. in
this issue.

2. Substituted Benzene Microsolvated by Methanol

With methanol (MeOH) as the solvent, only one OH
group is available per molecule. Thus, H-bonded,
chainlike solvent subclusters have at most one free
OH donor group available. In a cyclic subcluster,
however, all free OH groups are engaged in the ring
bonds and only dispersive and electrostatic forces are
left for interaction with the chromophore. Thus, a
sandwich-type structure bare of a π-OH “anchor”
bond is expected for the 1:n clusters with a cyclic
solvent subcluster.

In close spectral proximity to the OH mode, metha-
nol possesses three CH stretching vibrations which
may be interrogated as well for a H-bonding-induced
frequency change. They may also serve as probes for
the structure of the solvent moiety.

As will be seen, with methanol, different isomers
for most of the 1:n cluster studied are formed in the
supersonic expansion. Therefore, in the following
discussion the cluster families of FB and pDFB are
treated separately. The relevant data are enlisted in
Table 3.

a. pDFB‚(MeOH)n Complexes. Figure 14 sum-
marizes the IR/R2PI ion-depletion spectra for the 1:n
cluster system of pDFB microsolvated by up to three
methanol molecules. The spectra have been recorded
in the spectral region of the CH and OH stretches
from 2800 to 3700 cm-1. The upper trace depicts the
spectrum of the 1:1 complex. In the higher frequency
region the band of the ν1 OH stretch of methanol
appears, whereas the three CH stretches ν2, ν3, ν9 are

Figure 12. IR/R2PI vibrational spectra of FB‚Wn)1-4
clusters together with the exponentially scaled vibrational
spectra calculated by Tarakeshwar and Kim in harmonic
approximation at the MP2/6-31+G* level of theory.

Figure 13. Minimum energy structures of the FB‚Wn)1-4
clusters calculated by Tarakeshwar and Kim at the MP2/
6-31+G* level of theory. For n ) 3, a transition to π-OH
H-bonding takes place.
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situated on the lower frequency side. The spectral
positions of the corresponding bands in the isolated
molecule are marked by dotted vertical lines. Ad-
ditional bands appear on the blue side of the spec-
trum due to the aromatic CH vibrations ν20a, ν2, ν7b,
ν20b. Their frequency change induced by microsolva-
tion is marginal and nonsystematic. Hence, in the
following they will not be discussed. From all vibra-
tions recorded, the largest solvent-induced red shift
is exhibited by the OH mode in this spectrum. From
the small red shift of the ν1 mode (-19 cm-1), which
is nearly equal to that in the FB‚MeOH cluster (see
Figure 16 and Table 2), a σ-type structure is assigned.
This has also been found by ab initio simulation.42

The corresponding structure is depicted in Figure 15.
The pattern changes for the 1:2 complex (Figure

16b). Now two OH bands appear, one with a weak

and the other with a strong red shift, making the
assignment of a H-bonded dimer beyond any doubt.
The strongly red-shifted band originates from the
bonded donor (νD) and the other from the acceptor
(νA). The solvent’s CH vibrations ν2, ν3, ν9 also split
into doublets, with the shifts considerably weaker
than for the OH modes (see Table 2). The blue-shifted
component of the CH band doublet is assigned to the
acceptor (A) and the red-shifted component to the
donor (D). This assignment takes into account that
by transfer of electron density via a classical H-bond
the bond of the hydrogen-donor group is weakened
and its stretching frequency red shifted. This was
also found recently in ab initio calculations on the
structures of methanol clusters.156

As discussed for pDFB‚W2, the two fluorine sub-
stituents at the chromophore reduce the electron

Table 3. Relevant Data of the Cluster Systems: A‚(MeOH)n with A ) p-Difluorobenzene (pDFB), Fluorobenzene
(FB), Benzene (BZ), Toluene (TO), p-Xylene (PX), p-Chlorofluorobenzene (pClFB), and Chlorobenzene (ClB) and
n ) 1-4: Structures, Relative Spectral Positions of the R2PI Fingerprint Bands Used for IR/R2PI, Theoretical
Binding Energies, and Shifts of the OH and CH Stretches of the Methanol Molecules

shift of the OH and CH stretch frequencyc (cm-1)

cluster structure ∆νa (cm-1) -∆E0
b (kcal/mol) ν1(OH) ν2(CH) ν3(CH) ref

A‚(MeOH)1
PDFB σ-F 178 3.40 -17.2 -2.4 2.6 42
FB σ-F 122 3.22 -19 -3.4 2.6 42, 43
BZ π-OH 44 2.55 -43.5 -12.4 -7.9 42, 156
TO π-OH 130 -48.3 199
PClFB π-OH 69 2.45 -0.5 3.0 3.8 203

σ-F 158 3.38 -17.5 -1.5 3.5
σ-Cl 186 2.45 -30.5 -2.5 0.9

ClB σ-Cl 139 -32.3 -5.0 0.9 203

A‚(MeOH)2
PDFB σ-F 239.5 A -37.4 3.6 18.6 42

D -83.2 -11.4 2.6
FB σ-F 159 10.47 (5.61) A -40.4 2.6 6.6 42

D -82.9 -12.9 -12.4
π-OH 141 10.14 (5.25) A -71.4 -0.4 2.6

D -67.4 -14.4 -11.4
BZ π-OH 79 A -79.1 -3.9 1.2 156

D -68.4 -16.8 -14.4
TO π-OH 105 A -88.3 -5.0 -0.1 199

D -88.3 -17.5 13.9

A‚(MeOH)3
PDFB ring 111.5 5.6 -5.4 -5.4 42

-8.8
-3.0

σ-F,chain 321.6 A -18.8 -0.5 9.6 201
D/A -2.4
D 5.0 -12.4 -4.4

FB ring 90 7.6 -7.5 -3.4 42,43
-11.8
-12.2

π-OH,chain 174 A -65.9 3.6 5.6 42
D/A -0.3
D -0.2 -12.4 -11.4

BZ π-OH,chain 147 A -73.0 1.4 3.8 156
D/A 3.0 -14.4 -10.4
D 0 -18.8 -20.4

TO π-OH,chain 153 A -75.9 -1.5 4.0 199
D/A 0.0 -13.0 -6.2
D -16.2 -21.5 -19.5

a The ∆ν values are the shifts of the 00
0 transitions in the complex relative to the ν00 of the bare chromophore. b The ∆E values

have been calculated by Tarakeshwar and Kim201 at the MP2/6-31+G* in a similar way as in Table 2. The OH frequency shifts
are given relative to the values of the methanol monomer (ν1 ) 3681.5 cm-1),243 the methanol dimer (νA ) 3684.1 cm-1, νD )
3574.4 cm-1),91 and the cyclic trimer (νrD ) 3503.4 cm-1, νrD ) 3471.8 cm-1, νrD ) 3433.6 cm-1)79 in the gas phase. The values for
the chainlike trimer (νA ) 3662 cm-1, νD/A ) 3433 cm-1, νD ) 3389 cm-1)244 are taken from matrix investigations. The CH frequency
shifts are related to the free methanol monomer (ν2 ) 2999.4 cm-1, ν3 ) 2843.4 cm-1),245 because the CH frequencies of homogeneous
methanol clusters are not known.
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density of the π-system to such an extent that no
π-bonded cluster structure (π-OH isomer) but only a
σ-H bonded one (σ-F isomer) is found both by theory
and experiment. Analogously, in the pDFB‚M2 com-
plex, the ab initio calculations find the methanol
dimer preferentially σ-type H-bonded to the fluorine
and the neighboring CH group (see Figure 15).

In the R2PI spectrum of the 1:3 complex (not shown
here), bands from two isomeric structures appear.42

That of isomer I is blue shifted relative to the 00
0

transition of pDFB by 321 cm-1, while that of isomer
II it also blue shifted but only by 111 cm-1. From
these different shifts one anticipates a less polar
methanol subcluster in isomer II and a more polar
one in isomer I. Their IR/R2PI spectra are shown in
the traces c and d in Figure 14. From the number of
OH bands there is no doubt that in both isomers the
subcluster is a methanol trimer. Isomer I (Figure 14c)
exhibits a sharp, free OH acceptor mode (νA) and two
broad, red-shifted donor modes. Thus, the fingerprint
suggests a chainlike trimer subcluster. The band with
the largest red shift is assigned to a bound donor OH
(νD) and the less red-shifted one to the bound donor/
acceptor OH (νD/A). In the fingerprint spectrum of
isomer II, depicted in Figure 14d, only three broad
and similarly red-shifted donor modes appear, indi-
cating a cyclic trimer. It should be noted that an
isolated methanol trimer in its energetic ground state
also exhibits a cyclic structure.154 A comparison of the
spectra measured for the isolated and associated
cyclic methanol trimer reveals agreement within 10
cm-1. This reflects the reduced interaction of the ring
with the chromophore which should mainly be of
dispersive nature.

The CH vibrational bands exhibit a similar behav-
ior as the OH bands: they are broad and unresolved
for the cyclic isomer II, probably due to an overlap
of three nearly equivalent donor CH stretches. In the
linear isomer I they split up into two bands. One is
relatively broad and intense, while the other, situated
on the red-sided wing of the intense one, has a much
smaller intensity and also looks narrower than the
other.

The IR/R2PI spectrum of the 1:4 complex (not
shown here) reveals only the signature of a ring-like
structure for the tetramer.

Instead of analyzing the pDFB spectra further, the
corresponding spectra for FB shall be briefly re-
viewed, since here the chromophore has an increased
net charge in the π-system as compared to pDFB and
therefore exhibits different binding sites for a sub-
cluster.

Figure 14. IR/R2PI spectra measured in the region of the
OH and CH stretches of methanol. The spectra were
recorded with the R2PI laser fixed to the 00

0 transitions of
the clusters pDFB‚(MeOH)n with (a) n ) 1, (b) n ) 2, (c) n
) 3 with chainlike trimer, (d) n ) 3 with ringlike trimer.

Figure 15. Minimum energy structures for 1:n clusters
with methanol: 1:1 clusters with BZ, FB, pDFB; 1:2
clusters with FB (two isomers). All structures were calcu-
lated by Tarakeshwar and Kim at the MP2/6-31+G* level
of theory. The structures of the 1:2 cluster with pDFB and
of the 1:3 clusters with FB and pDFB are “artist view”-
illustrations of the structures assigned from the vibrational
spectra.
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b. Fb‚(MeOH)n Complexes. The earlier illustra-
tion of a typical series of R2PI spectra, depicted in
Figure 2, summarizes the R2PI spectra of the product
ions of a distribution of smaller FB‚(MeOH)n (n < 5)
clusters. The ionizing laser was scanned in the
vicinity of the S1 r S0 00

0 transition. The bands in
the R2PI spectra of nearly all product ions depicted
are assigned by means of the IR/R2PI vibrational
spectra to the neutral precursor cluster.

As discussed earlier, a direct assignment for most
UV bands in these spectra is a priori not possible,
since often several bands appear in an R2PI spectrum
of one product ion, which can be assigned to (a) the
origin of the cluster, (b) a hot band, (c) an intermo-
lecular vibration in S1, (d) an isomer, or (e) a larger
cluster fragmenting into the same ionic channel.
Although several of these possibilities can be checked
by various procedures, among which UV/UV spectral
hole-burning spectroscopy is the most promising one,
the size and structure of the precursor remains in
many cases not assignable. However, with IR/R2PI
spectroscopy, nearly all of the more intense bands
may be assigned unequivocally.

The corresponding IR/R2PI spectra recorded on the
respective UV fingerprint bands are depicted in
Figure 16. Traces a and b are sampled with the UV
probe laser fixed to the bands 2 and 3, respectively,
of the R2PI spectrum in Figure 2. Both spectra
exhibit one OH stretch, with a slightly different shift.
Hence, they do not originate from an identical
ground-state cluster. Buchhold et al.201 could rule out
that they stem from different isomers. They could
show that the vibrational spectrum depicted in trace
a in Figure 16 is sampled from a hot band (hb) of the
1:1 complex (band 2 in Figure 2.) while that in trace
b stems from the vibrational origin (band 3 in Figure
2.). In ab initio calculations, Tarakeshwar and Kim201

found also only one minimum energy cluster struc-
ture where the methanol is H-bonded to the fluorine
atom and to the ortho C-H group in a slightly out of
plane configuration (σ-F isomer in Figure 15). Even
at the very low temperature of the supersonic beam,
which is estimated for small vibrations to be in the
range from 10 to 20 K, it may still perform a wagging
motion by interchanging the lobes of the lone pair
orbitals of the oxygen donor. It should be pointed out
that the reduced red shift of the OH mode of the
wagging methanol molecule indicates a weakening
of its F‚‚‚ΗO H-bond. Tarakeshwar and Kim calcu-
lated at the MP2/6-31+G* level for a π-OH H-bonded
isomer a binding energy of 2.96 kcal/mol and for the
σ-bound isomer a value of 3.22 kcal/mol. Thus, the
difference between both are within the computational
uncertainty. However, since the experimental red
shift of the OH mode of FB‚MeOH is nearly equal to
that of
pDFB‚MeOH, where a π-OH isomer is unstable, a σ-F
isomer is the global energy minimum in both clusters.
Interestingly, the binding energies for the analogous
isomers of FB with water are only 1.86 and 2.68 kcal/
mol, respectively (see Table 2). Thus, the H-bonds of
methanol with FB are considerably stronger than
those of water, i.e., 3.22 kcal/mol as compared to 2.68
kcal/mol. An analysis of the contributions of the
different binding forces to the stabilization energy
revealed a nearly 80% increase of the dispersion
interaction for methanol, which is partially canceled
by an increased exchange repulsion.202

Riehn et al.203 recently observed three different
isomers of p-chlorofluorobenzene‚MeOH. Similarly to
pClFB‚W, two isomers exhibited nearly identical
spectral shifts in the frequency of the OH mode as
the 1:1 complexes with FB and ClB, respectively (see
Table 2). From this similarity a σ-type local H-bond
to a halogen may be deduced. In the third isomer of
the 1:1 complex, methanol was bound to the chro-
mophore by a π-OH H-bond. The corresponding
isomer was not found for pClFBZ‚W, as described
above. This difference can also be rationalized by the
stronger π-OH interaction of methanol with the
aromatic ring as compared to water. The quantum
calculation strongly supported these structural as-
signments by the magnitude and order of the calcu-
lated vibrational shifts. Interestingly, for the three
isomers (σ-F, σ-Cl, π-OH), they calculated H-bonding-
induced shifts of the OH stretches of (-8.6, -17.9,

Figure 16. IR/R2PI spectra measured in the region of the
OH and CH stretches of methanol. The spectra were
recorded (except for a) with the R2PI laser fixed to the
origin transitions of the clusters FB‚(MeOH)n with (a) n )
1 sampled at a hot band (h.b.), (b) n ) 1, (c) for n ) 2 as
σ-F bonded isomer II, (d) for n ) 2 as π-OH bonded isomer
I, (e) n ) 3 with chainlike trimer, (f) n ) 3 with ringlike
trimer.
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2.5 cm-1) which reproduce the experimental ones of
(-17.5, -30.5, -0.5 cm-1) astonishingly well. The
corresponding intermolecular binding energies were
(3.38, 2.45, 2.45 kcal/mol). Hence, although the
binding energies of the σ-Cl and π-OH isomers are
very similar, the shifts of the OH vibration differ
considerably. Also, the σ-Cl isomer exhibits a twice
as large red shift as the σ-F isomer while its binding
energy amounts to only three-quarters of that of the
σF isomer. From this one has to conclude that the
absolute magnitude of a H-bond-induced frequency
shift generally may not be correlated with the
strength of a H-bond. However, for similar H-bonds,
such a correlation seems reasonable.

Interestingly, the 1:2 cluster exists in two isomeric
forms. The corresponding IR/R2PI spectra are de-
picted in Figure 16c,d. Both were sampled at the UV
fingerprint bands 4 and 5, respectively, in the R2PI
spectra in Figure 2b,c. Hence, both 1:2 clusters
appear after R2PI in the two product ion channels
FB+‚MeOH and anisole+. While both IR/R2PI vibra-
tional spectra clearly exhibit the signature of a
H-bonded methanol dimer, it is also evident that each
spectrum must be assigned to a different cluster
structure. The one, named isomer I, exhibits a
strongly red-shifted free acceptor mode (νA), whereas
that of isomer II is only weakly red shifted. The
spectrum of isomer I resembles that of the
BZ‚(MeOH)2 complex, first recorded by Pribble et
al.139 and assigned by them to a π-OH-bonded dimer
(see Table 3). Thus, isomer I should have a similar
structure. On the other hand, the spectrum of isomer
II is very similar to that of the pDFB‚(MeOH)2
complex (Figure 14), assigned to a σ-F isomer. Hence,
a similar structure is assigned to isomer II. These
different isomers have also been found in ab initio
calculations by Tarakeshwar and Kim and are de-
picted in Figure 15.

The 1:3 complex also exists in two isomeric struc-
tures. From the recorded IR/2PI spectra in Figure
16e,f, a linear and a cyclic methanol trimer may be
deduced. Therefore, the isomers of the 1:3 cluster of
FB and pDFB at first sight look similar. However,
from the much stronger red shift of the acceptor OH
band of the linear trimer in the complex with FB as
compared to that with pDFB, different binding sites
of the “anchor” H-bond at the aromatic ring may be
inferred. With FB the trimer is bound to the π-sys-
tem, while with pDFB it binds to the fluorine sub-
stituent.42 This again underpins the higher charge
density in the aromatic ring of FB as compared to
that of pDFB.

Closing the discussion of this cluster system it
should be pointed out that the nucleophilic substitu-
tion reaction, taking place in FB+‚(MeOH)n for n )
2, is quantitative for both isomeric structures of the
1:3 complex. This can be seen in Figure 2, where the
fingerprints of the neutral 1:3 precursors exclusively
appear in the anisole+ product ion channel. Thus, it
may be assumed that the microsolvation in the
ionized complex is reorganized in less than nanosec-
onds, giving a transition state for the reaction which
is independent from the structure of the neutral
precursor.

Summarizing these results for the fluorinated
benzenes microsolvated by methanol, the following
conclusions may be drawn. (1) In the 1:1 complex of
both fluorinated benzenes, methanol is bonded planar
to the aromatic ring via a local F‚‚‚OH and O‚‚‚HC
σ-type H-bond. This binding behavior is analogous
to that with water. (2) In the case of the much more
polar methanol dimer, FB offers two binding sites,
i.e., the π-electron system and the fluorine substitu-
ent. While with the water dimer the in-plane σ-H-
bonded structure is the most stable one, with metha-
nol the stabilization energies of the π-OH and the
σ-F isomers are similar. In pDFB, however, only the
σ-type bonding is observed. (3) The methanol trimer
may be attached to the fluorinated benzenes in linear
or cyclic form. To benzene or toluene, on the other
hand, only linear trimers are attached. In clusters
with FB and, in particular, pDFB, the strength of the
π-OH “anchor” bond for the linear trimer is weakened
due the charge-withdrawing effect of the substitu-
ents. With both chromophores the dispersively bound
cyclic trimer then competes with the H-bound linear
form. Thus, the three O‚‚‚HO H-bonds in the strained
cyclic methanol trimer should provide a similar
amount of binding energy, as two linear O‚‚‚HO
H-bonds plus one π-OH H-bond. (4) The reduction in
electron density of the π-system caused by the
fluorine substituent is also underlined by the differ-
ent binding sites of the chainlike trimer. In FB, the
π-system provides a stronger binding for the highly
polar linear trimer than does the fluorine substituent.
With pDFB, however, this binding site is less favor-
able due to the cumulative substituent effect. In this
case a fluorine atom is the only binding site. (5) Even
hot bands may be distinguished from cold bands by
means of different IR vibrational bands. (6) The
absolute red shift of the stretches of H-bonds going
to different bonding sites do not correlate with the
binding energies, as calculated by high-level ab initio
calculations. The results demonstrate that IR/R2PI
spectra, recorded in the region of the OH stretches,
contain crucial information on the structure of a
microsolvation environment and that the intramo-
lecular H-bonding controls both the conformational
structure and the relative conformational abundance.
(7) The assignments and conclusions deduced from
the observed OH transitions have been corroborated
or even predicted for most of the 1:n clusters (n < 4),
as discussed above, by ab initio calculations by
Tarakeshwar and Kim. The harmonic vibrations
calculated from their minimum energy structures
nicely reflect the main features deduced from the
experimental spectra. That there are still some
discrepancies between experiment and theory is
necessarily caused by the finite size of the basis sets
and by the harmonic approximation employed for
calculating the vibrational modes. As pointed out
recently, the error in the theoretical frequencies
calculated within the harmonic approximation may
be quite substantial.204 An earlier study by Brenner
et al.205 on the system pDFB‚Wn)1-3, using a semiem-
pirical perturbation exchange model, calculated both
similar and very different structures and, in particu-
lar, more stable isomers for n ) 2, 3 than observed.
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In contrast, the simulations with MP2 and reason-
ably large basis sets always provided the same
number of structural isomers as those found in the
IR/R2PI spectra, except for the 1:1 complexes with
FB. This good agreement was not the case for the
DFT-B3LYP simulations, which had been conducted
in most cases parallel to MP2. (8) The results
presented above, illustrate the different types of
H-bonds in a microsolvated substituted benzene
cluster, i.e., both those in the solvent moiety and
those between the latter and the aromatic chro-
mophore. The strongest solute-solvent interaction is
mostly a π-OH H-bond, the strength of which is
altered by the +I or -I charge shifting effect of the
substituent. By comparing the vibrational spectra for
different substituents and different number of mol-
ecules, they could be read in an inductive way like
fingerprints, which are changing in a characteristic
way within a family of clusters. Although no detailed
structure could be derived nor the quantitative
energetics be deduced by this correlation, the main
feature of the structure could be determined unam-
biguously. These spectroscopic assignments have
been refined for several clusters by state of the art,
high-level ab initio calculations, which gave both
minimum energy structures, isomers, binding ener-
gies, and “docking” sites together with the vibrational
spectra in the harmonic approximation. The latter
could be compared with the experimental vibrational
spectra, thus allowing a verification of the assign-
ment and of the calculated structures. It should be
pointed out that neither spectroscopy nor theory
alone would be sufficient for a convincing structural
analysis.

C. Benzene and Substituted Benzenes Interacting
with Chloro- and Fluoroform

Correlations between the structure of a molecule
and a spectroscopic property depending on it are the
rationales of many spectroscopic rules. The structural
assignments made in the section above have been
made in this very spirit. For the establishment of
such rules, molecular probes with well-known spec-
tral properties have been used.

In the past, the red shift of the CD stretch of
deuteriochloroform served to evaluate the molecular
basicity in series where H-bond formation was the
dominant intermolecular interaction.95 Nevertheless,
the number of examples exhibiting an “unusual” shift
was constantly increasing over the years. Examples
are blue-shifted CH/CD stretches of h1/d1-chloro-
form206 when acting as proton donor. Barnes and co-
workers207 recently measured a blue-shifted stretch
for chloroform and bromoform induced by H-bonding
to proton acceptors with dipolar groups such as
carboxy, nitro, and sulfo compounds. The shift of the
haloforms was in the range from +3 to +8 cm-1.
From MNDO calculations they rationalized this
reversal of the shift by a rehybridization of the CH
bond with a concomitant strengthening of its s-
character, induced by a molecular distortion resulting
from the intermolecular interaction.

Evidence of an analogous blue shift in the C-H
vibration of a haloform molecule attached by a

CH‚‚‚π-type H-bond to an aromatic molecule was
lacking both in theory and experiment until recently.
However, the existence of such a H-bonding interac-
tion was supported by many experimental results.208,209

For example, Reeves and Schneider210 examined the
association of chloroform with aromatic and olefinic
solvents by 1H NMR spectroscopy. The 1H signal of
chloroform shifted significantly upfield in benzene,
toluene, or mesithylene, from which a specific inter-
action between chloroform and the aromatic sub-
strate was deduced. This shift led to the conclusion
that the hydrogen atom is situated, on average, above
the plane of the aromatic ring forming a H-bond.

It required high-level ab initio calculations for a
theoretically convincing treatment of this anomalous
but relatively small blue shift in the vibration of a
CH donor group involved in similar H-bonds. Hobza
et al.40 were the first to find by ab initio theory that
molecules with carbon proton donors, such as meth-
ane, chloroform, or benzene, exhibit such a blue shift
in the frequency of the CH stretch when bound to a
π-electron system. Concomitant to the blue shift they
identified a contraction, i.e., a strengthening of the
CH bond. Since this behavior is opposite to the red
shift observed for classical donor groups as discussed
above, they coined the term “anti-hydrogen bond” for
this anomalous interaction.

First experimental evidence of this effect was
provided recently in the author’s group for 1:1
clusters of chloroform (Cf) with benzene or fluoroben-
zene.211 As an illustration, in Figure 17a the R2PI
spectrum of the BZ‚Cf cluster is depicted. A clear
resonance is observed for this cluster, blue shifted
by 178 cm-1 relative to the S1 r S0 60

1 transition in
isolated benzene. The corresponding IR/R2PI spec-
trum in the region of the CH stretches was recorded
at this cluster transition. The vibrational spectrum
(Figure 17b) exhibits three absorption bands. For
their assignment four different vibrational transi-
tions come into question: the CH stretch of Cf (νCf)
and three CH vibrational transitions of benzene (ν20)
(ν1 ν6 ν19)(ν8 ν19). Only by using fully deuterated
benzene (BZ(d6)) could the CH mode of chloroform
be isolated from the aromatic modes (Figure 17c)).
It is blue shifted relative to its value in uncomplexed
Cf by 14 cm-1 and overlaps with the vibrational mode
ν20 of BZ(h6). From ab initio calculations on this
cluster, Hobza et al.211 found one minimum structure
with the Cf pointing with its CH bond to the
π-system, very similar to a π-OH H-bond. Their
anharmonic, counterpoise (cp)-BSSE-corrected cal-
culations at the MP2/6-31G*-level of theory gave a
blue shift for the CH vibration of 12 cm-1. Later
Cubero et al.212 tried to differentiate between a
hydrogen and an anti-hydrogen bond by a compara-
tive analysis based on the electron density topology
of these bonds and the Popelier criteria for H-bonds.
However, no distinction between both types of bonds
was achieved.

In a further experimental attempt to understand
the molecular roots of this improper, blue-shifting
H-bond, Reimann et al.213 studied the CH shifts of
both chloro- and fluoroform (Ff) attached to different
substituted benzenes. Surprisingly the blue shift was
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only very weakly dependent on the substituent but
significantly increased from Cf to Ff. As summarized
in Table 4, for Ff the recorded shifts were between
20 and 25 cm-1 while for Cf the blue shifts were
generally smaller than 15 cm-1. For a sandwich-type
FB‚Ff complex, Hobza and co-workers calculated a
value of 31 cm-1 within the harmonic approximation,
which reduced to 21 cm-1 upon taking into account

anharmonicity. This nearly perfectly agrees with the
experimental result. The blue shift obviously in-
creases with the electronegativity of the substituents
at the CH donor group.

Since the term “anti-hydrogen bond” had aroused
some debates and led to misunderstandings, Hobza
et al. later proposed the term “improper, blue-shifting
H-bond”. As found theoretically, the red shift of the
vibrational frequency induced in the X-H group of
a classical H-bond donor is mainly due to a charge
transfer from the acceptor into the antibonding
orbital of the donor. By this the bond is relaxed,
leading to a red shift. The blue shift, on the other
hand, induced by an improper H-bond, cannot origi-
nate in a similar manner from a CT to the CH group.
Hobza et al.214 deduced from an analysis of the
occupancy of the MOs that the anomalous vibrational
shift is mainly due to a change in the conformation
of the haloform induced by an electron transfer from
the acceptor (π-system) into different molecular
orbitals of the hydrogen-donor molecule. It is further
traced back to a conformational change of the latter,
which is induced by an anomalous electron transfer
caused by H-bonding. For further details of the
interpretation of this effect, the reader is referred to
the article of Hobza et al. in this issue.

D. Literature Survey on Related Cluster Systems
In the following a short overview of additional

findings on the microsolvation structure of substi-
tuted benzenes shall be given, without pretending
completeness. In these examples the substituents are
for the most part classical H-bond donors or acceptors
such as the hydroxyl or amino substituents. Hence,
the microsolvation structures are often dominated by
these donor or acceptor sites.

Aniline (AN) as a chromophore has been studied
mainly in Takeo’s group. In the IR/R2PI vibrational
spectrum of AN‚ammonia,111 the symmetric and
antisymmetric stretches of the NH2 group exhibited
red shifts of -68 and -29 cm-1, respectively, relative
to the stretches of the uncomplexed chromophore.
The decrease of the frequency difference between
both stretches was rationalized by a classical
NH‚‚‚N H-bond between ammonia and a single NH
group of AN as donor. By this bond the equivalence
of the two NH bonds is broken, causing an increased
frequency difference between both modes. A similar
effect is observed in PH‚W,102,107 while in contrast to
this, nearly equal shifts are observed for the OH
modes in FB‚W198 (see Figure 3 first trace). For the
latter a structure was assigned with both OH groups
of water forming a σ-type Η-bond of similar strength
to the aromatic ring.38 Nakanaga et al. also measured
the depletion spectrum of the ionized complex
AN+‚ammonia by R2PI/IR and observed only one
strong absorption band at 3419 cm-1. The latter was
assigned to the free NH donor mode in the cation.
The missing bound donor NH mode was assumed to
lie at wavelengths outside of the working range of
their IR source, i.e., at energies below 3200 cm-1.
From this interpretation they deduced a large in-
crease of the strength of the H-bond in the ionized
as compared to the neutral molecule. The IR/R2PI

Figure 17. (a) R2PI spectrum measured for BZ+‚Cf in the
vicinity of the S1 r S0 60

1 transition of BZ and IR/R2PI
spectra measured in the region of the CH stretch of Cf and
the CH stretches of BZ (b) for BZ (h6) and (c) BZ(d6).

Table 4

cluster structure
∆νa

(cm-1)
-∆E0

(kcal/mol)

shift of the
CH stretch
frequencyb

(cm-1) ref

A‚Cf ν1
FB π-CH 115 3.1c 14 211
BZ π-CH 178 3.2d 14 211
TO π-CH 188 13 213
A‚Ff ν1
FB π-CH 220 2.2c 21.5 214
BZ π-CH 242 24 214
TO π-CH 270 23 213
PX π-CH 390 21 213

a The ∆ν values are the shifts of the 00
0 transitions in the

complex relative to the ν00 of the bare chromophore. b The
shifts are given relative to the values of free chloroform (ν1 )
3033 cm-1)242 and fluoroform (ν1 ) 3035 cm-1),246 respectively.
c ∆E values calculated by Havlas and Hobza211 at the MP2/6-
31G* level on CP-corrected PES. d BSSE-corrected ∆E value,
calculated by Hobza and Spirko40 at the MP2/6-31G* level.
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spectrum of aniline dimer, taken in the region of the
NH stretches, revealed a head-to-tail sandwich ge-
ometry with mutual NH‚‚‚π H-bonds between the
stacked molecules.215 A similar face-to-face geometry
with H-bond interaction was also deduced for
AN‚BZ, while in AN‚cyclohexane (cH), no direct
interaction between cH and the amino hydrogens
could be found.216 AN‚pyrrole217 also exhibited a
NH‚‚‚π-type H-bond, while for AN‚Furan,218

AN‚dimethyl ether, and AN‚triethylamine a NH-
donor σ-type H-bond was deduced. In all these cases
the assignments were supported by ab initio theory
at various levels (UHF/6-31G**, MP2/4-31G**). The
same group also studied the IR depletion spectra of
the ionized complexes aniline+‚B with B ) Ar, CO,
water, ammonia, aniline, BZ, furan, pyrrole.110,219 The
bandwidth of the vibrational modes were much larger
than those observed in the neutral complexes. This
was attributed to the internal vibrational relaxation
of the ionized chromophore into the intermolecular
vibrational modes. Also, a linear relationship was
found between the red shift of the free donor NH
mode (νfree) and the proton affinity of B. Since no clear
physical meaning could be attributed to this relation-
ship, it was rationalized as an indirect effect of the
NH group involved in a strong H-bond.

A special type of chromophore is indole (IN), a
fused heterocyclic system with an N-H group at the
pyrrole ring. Although not a substituted benzene,
results on its microhydration structure should be
referred to because it exhibits several new and
interesting aspects. In addition, it is the chromophore
of the amino acid tryptophan, which has long be
exploited as a fluorescence probe of the local structure
and dynamics of proteins. The IN‚Wn)1,2 clusters have
been studied by Carney et al.220 with IR/R2PI spec-
troscopy. For the 1:1 cluster, evidence of a NH‚‚‚OH2
σ-type H-bond could be given. Helm et al.127 deduced
for this cluster from highly resolved R2PI spectra
with rotational fine structure a planar configuration.
The best agreement between simulation and experi-
ment was found when the oxygen atom of the water
molecule is located 2.93 Å away from the hydrogen
of the NH group of indole. This distance was later
corrected by Kortner et al.,221 who calculated from
the rotational constants for the quasi-linear σ-type
H-bond a heavy-atom separation of 3.07 Å and found
indication of large-amplitude motions of water. This
cluster was also one of the few cases where MATI
resonances were observed.128 For the 1:2 complex,
Carney et al. deduced both experimentally and
theoretically a structure with the water dimer form-
ing a H-bonded bridge between the N-H and the
π-phenyl ring of indole. The authors suggested that
the formation of H-bonded bridges between different
H-bonding sites on larger solute molecules may be a
common feature of larger microhydrated molecules.
The role of such bridges on proton and electron
transfer was estimated to be an interesting issue for
future studies. The same group222 also investigated
microhydrated 1- and 3-methylindole (1MIN/3MIN).
From the IR/R2PI spectra, supported by ab initio
calculations on the DFT B3LYP/ 6-31+G* level, they
concluded that water is π-OH bonded to the phenyl

ring both as single molecule, as dimer, and as cyclic
trimer. Although DFT is not a good method to
account for H-bonds with the aromatic π-system (see
the contribution of Tarakeshwar et al. in this issue),
these results are expected from intuition. The prefer-
ence of π‚‚‚OH instead of a NH‚‚‚O σ-type H-bond
could be caused by the electron-donating action of the
methyl group. Interestingly, the 1:3 complex exhib-
ited two isomers with different UV fingerprint bands.
They differ in the orientation of the H-bonds in the
water trimer ring relative to 1MIN (clockwise and
counterclockwise). Thus, under supersonic cooling
conditions, two chiral diastereomeric structures of the
cyclic water trimers are bound to the chromophore.

Benzonitrile (BN) microsolvated by polar solvent
molecules was also investigated recently. Part of the
interest dedicated to this chromophore stems from
its photophysical behavior in the S1 state. Mordzinski
et al.223 reported dual fluorescence for the monomer,
which they assigned to a charge-transfer (CT) reac-
tion in the first electronically excited state. The
structure of BN‚W was investigated by Kobayashi et
al.224 with LIF spectroscopy, from which a planar
structure of the cluster was deduced. Recently Helm
et al.225 investigated its structure with microwave
and highly resolved optical spectroscopy. From the
rotational constants of the complex, they assigned a
cluster structure with the water molecule bound
sidewise and in-plane to the aromatic ring by two
H-bonds: one a π-type H-bond to the CN group and
one a σ-type H-bond to the CH group in ortho
position. The clusters BN‚Wn)1-3 and BN‚(MeOH)n)1-3
have been studied with fluorescence-detected Raman
and IR spectroscopy by Mikamis group.108 The CC
(ν12), CN (νCN), CH (νCH), and OH stretches (νOH) have
been examined for each species. Characteristic shifts
were observed only for the CN (νCN) and OH stretches
(νOH) involved in the bonding of the solvent subcluster
to the chromophore. With the help of ab initio
calculations at the HF/SCF 6-31G(d,p) level, they
assigned the spectra to cluster structures, in which
linear subclusters of Wn or (MeOH)n are H-bonded
to both to the CN group and to the CH group in ortho
position, forming in-plane rings with the aromatic
molecule. For n ) 1, very similar to the structure
proposed by Helm et al., one donating OH group of
water is H-bonded perpendicularly to the CN triple
bond (π-type H-bond) with a concomitant red shift
of the νCN mode. This is presumably due to geo-
metrical constraints. In larger clusters with n ) 2,
3, the binding site is exclusively the nitrogen (σ-type
H-bonding), revealed by a blue shift of the νCN mode.
Thus, π-bonding causes a weakening of the CN bond,
while σ-type H-bonding increases the bond strength.
With larger, more polar chains, the polar cyano group
is obviously the preferred binding site. An analogous
binding behavior was observed with methanol. With
the FB‚Wn clusters, such in-plane geometries were
only observed for the 1:1 and 1:2 complexes, as
discussed above.

Clusters consisting of phenol or one of its deriva-
tives with water, methanol, ethanol, ammonia, and
amines, etc., have been intensively studied by several
groups. Phenol is the fundamental aromatic alcohol
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and takes part in H-bonding networks with polar,
protic solvent subclusters easily by virtue of its
hydroxyl group, as discussed earlier.

A recent review of Ebata et al.36 describes most of
the results published until 1998 on microsolvated
hydroxybenzenes, with particular consideration for
the chromophores phenol (PH) and tropolone, to-
gether with a discussion of the IR spectroscopy of
PHn)2,3 clusters. Part of these results have also been
included in Zwier’s review articles.25,226

Early studies on such systems have been done by
several groups.169 The first size-specific study of
clusters of the type PH‚B with B ) polar and
nonpolar molecules was reported by Felker and co-
workers.107 They applied the IDSRS method (ioniza-
tion-detected stimulated Raman spectroscopy) de-
scribed in section II.B.4 and found that the phenolic
CO and OH stretch fundamentals are more efficiently
shifted by the hydrogen bonding than the other
modes in the complex. Mikami and co-workers stud-
ied the structure of size-selected PH‚Wn)1-4 clusters
in the S0, S1, and ionic state of PH.102,106,168,188,227 The
methods used were IR/R2PI, for which they used the
acronym IDIRS (ionization-detected IR spectroscopy),
fluorescence-detected IR spectroscopy (FDIRS), and
trapped-ion IR multiphoton dissociation spectroscopy.
From the IR spectroscopy and from ab initio calcula-
tions, they deduced for the PH‚Wn)1-5 clusters struc-
tures in which the water molecules form H-bonded
rings under incorporation of the hydroxyl group of
phenol. Leutwyler at al.145 studied with R2PI the
structures, dynamics, and vibrations of cyclic W3 and
its phenyl relative, i.e., PH‚W2. The results derived
gave information on the cluster fluxionality. Ger-
hards et al.189 studied PH‚W2 by ab initio calculations
at the HF level and analyzed the intra- and inter-
molecular vibrations. The OH stretches were in close
agreement with the experimental data of Ebata et
al.

Further interest in these systems was stimulated
by the observation of a proton transfer from the
hydroxyl group to proton-accepting solvent subclus-
ters. It occurs with phenol both in the electronically
excited (S1) and in the ionized state. These solvation-
and excitation/ionization-dependent acid-base reac-
tions represent under conditions of discrete micro-
solvation the cluster analogy of condensed-phase
acid-base equilibria in solvents of different basicity.
Sato and Mikami167 observed a size-dependent in-
tracluster dissociative proton transfer (dPT) in
PH+‚Wn similar to that reported first for TO+‚Wn.71,179

While dPT from TO+ to the water subclusters neces-
sitates three water molecules, with PH+ it sets in
with four water molecules. The threshold size was
latter confirmed.75

The microhydrated phenol was investigated by
several groups.166,228,229 Roth et al.230 analyzed the
system PH‚Wn in the S0 state by dispersed fluores-
cence (n ) 3-5) and in the S1 state by R2PI (n )
5-8, 12), UV/UV spectral hole-burning (n ) 2-5),
and rotationally resolved LIF (n ) 1). For n ) 8 they
tentatively assigned a particularly stable cubic struc-
ture to the water subcluster, which is H-bonded via
one of the corner oxygens to the proton-donating

phenol. Such an ice-like cubic structure also has been
found for W8

152 and Bz‚W8. The IR-spectra of the
ionized complexes of PH+‚Wn (n ) 1-4, 7, 8) were
determined with R2PI/IR (IR-PARI).75 For n ) 2, a
linear structure was deduced. Gerhards et al. did the
vibrational analysis of PH‚MeOH,172 and Courty et
al.231 reported results from the ionization, energetics,
and geometry of the PH‚S complexes (S ) H2O, CH3-
OH, and CH3OCH3).

The isomeric clusters of PH‚EtOH have been
studied by different laser spectroscopic techniques
and by ab initio calculations.104 Three minimum
energy structures of anti/gauche OH torsional con-
formers of the ethanol moiety could be assigned.

The H-bonded cluster of PH‚(formic acid)2 and
PH‚(acetic acid)n)1-4 was studied by Imhof et al.232,233

with R2PI, IR/R2PI, dispersed fluorescence spectros-
copy, and ab initio calculations at the Hartree-Fock
level. For n ) 2, two isomers could be identified: one
with a cyclic structure of the mixed complex and one
with an acetic acid dimer attached to phenol.

Some references should be included on the applica-
tion of IR spectroscopy like ADIR or IR/PIRI to study
ions in a specific state. Fujii et al.121 observed the OH
vibrations in cations such as PH+, p-ethylphenol+,123

fluorophenol+, methoxyphenol+,234 and o-cresol+.235

For the latter three ions the formation of intramo-
lecular H-bonds could be deduced. Gerhards et al.120

utilized IR/PIRI to study the OH stretches in the two
isomers of resorcinol+ (1,3-dihydroxybenzene) and the
stretches of the solvent molecules in PH+‚W236 and
IN+‚W. In the cluster with indole, these did not
couple with the N-H stretch and its overtone.237

The singly hydrated noradrenaline analogue 2-
amino-1-phenyl-ethanol105 has been studied in Si-
mons’ group with UV-UV hole-burning and IR/R2PI
spectroscopy. From the IR spectra, refined experi-
mentally using band contour spectroscopy, and theo-
retically, using high-level ab initio computation, they
got valuable insights into the overall geometry of
nonrigid molecular conformers and their hydrated
complexes. The results on the monomer, which are
probably also relevant for the more complex neu-
rotransmitter, noradrenaline, show that intramo-
lecular H-bonding controls both the conformational
structure and the relative conformational abundance.
The theoretical study confirms the disruption of the
intramolecular H-bond by the first bound water
molecule. It also reveals the key role of side-chain
flexibility and cooperative effects. The question to
which extent a flexible side chain allows the possibil-
ity of a π-OH H-bond has also been investigated by
the same group.238 In benzyl alcohol, only a weak
π-OH-bond is found. However, a conformer of 2-phe-
nylethanol gains the most energy from the intramo-
lecular H-bond. In 3-phenylpropanol, the constraint
implied by the three methylene units allow such a
π-OH-bond only under strain in the chain, which
reduces the binding energy. Other cluster studied by
this group are the 1:1 hydrates of 5-phenyl- and
4-phenylimidazole.239

It may be anticipated that in coming years a
growing number of chemists, spectroscopists, and
theoreticians will analyze several of the classical
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photophysical and photochemical processes in struc-
turally well-characterized solvent environments by
means of similar spectroscopic methods, as just
described.

IV. Summary and Outlook
The main objective of this article was to summarize

what is actually known about the structure of mi-
crosolvated substituted benzenes and with which
methods this information can be extracted. The
greatest impact for a structural analysis of aromatic
chromophores surrounded by several polar molecules
comes certainly from recently developed double-
resonance laser spectroscopies, among which the IR/
R2PI technique, in particular, provided direct and
efficient access to these H-bonded species. Since this
method is both structure sensitive by means of the
infrared predissociation part and molecule specific
and highly sensitive by the R2PI mass spectrometric
part, it is very well suited to study molecular clusters.

A more detailed inspection was given to methyl and
fluorine substituents for their electron-donating and
electron-withdrawing properties, respectively. Thus,
the competition between a π-OH H-bond of a solvent
subcluster to the aromatic π-system and a σ-type
H-bond to its polar binding sites induced by the
substituent could be studied as a function of the
number of solvent molecules attached. Also, the
competition between the solute-solvent and the
solvent-solvent interaction was one of the issues.
The unique spectroscopic fingerprint of a certain
cluster structure is based on IR/R2PI vibrational
spectras and on the H-bonding-induced red shifts of
the OH and CH vibrations. Also, a novel type of
H-bonding was discussed, where the H-bonding
induces a blue shift in the stretch frequency of the
donating group. However, spectroscopy may only
deploy its full potential in combination with the now
feasible sophisticated, high-level ab initio methods.
The accuracy of the latter may be cross checked by
direct comparison of the experimental and calculated
vibrational spectra. The advantages and limitations
of different approximation methods and of different
basis sets may thus be evaluated. From this syner-
getic interaction of spectroscopy and theory many of
the classical concepts of intermolecular interaction
may be reexamined. Examples are weak hydrogen
bonds of protic donor molecules to the π-electron
system of aromatic molecules.

The characterization of a such a microsolvation
structure is further stimulated by the solvation-
dependent change of chemical reactivity observed for
electronically excited or ionized chromophores. Ex-
amples are solvation-mediated proton or electron
transfer or substitution reactions. The question if the
number of molecules or the microsolvation structure
is the decisive factor in determining the observed
reactivity could not be answered in a general manner.
However, in the case of the ion chemistry, the
structure of the neutral aggregate proved to be much
less relevant than the number of solvent molecules.

While the clusters studied were simple substituted
benzenes, the molecular systems that will be studied
in the future will certainly be aromatic molecules of

biological importance, such as clusters of DNA bases,
e.g., base pairs, etc., and of aromatic amino acids, etc.
Thus, many of the concepts and methods developed
during the last few years of intense work on relatively
simple cluster systems in the gas phase may allow a
shift of the frontiers to more complicated molecular
systems. The progress in this direction is intimately
connected with further advances in theoretical meth-
ods and a reliable knowledge as to their accuracy and
range. Hence, verification of theoretical methods by
the interpretation or even prediction of spectroscopic
results will be one of few ways to progress further
into both the complicated and simple world of inter-
molecular interactions.
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