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I. INTRODUCTION

Alcohols are the conceptually simplest organic molecules that undergo classical
hydrogen bonding. Given the enormous importance of hydrogen bonding in
complex organic and biological matter [1, 2], it is imperative to understand its
dynamics for such simple, yet realistic, model systems. By adding one molecule
at a time, the evolution from single molecules to condensed phases can
be mapped out in a molecular cluster approach [3]. In contrast to the more
elementary, more abundant, but completely singular water system [4], alcohols
can be tailored by modifying their molecular backbone [5]. This ‘“‘chemical”
dimension renders them particularly valuable for supramolecular design [6]. In
terms of hydrogen bond topology, it is the reduced dimensionality which makes
alcohols attractive. Compared to the complex three-dimensional network present
in water, the propensity for ring and chain aggregation in alcohol clusters [7]
provides an elementary starting point for the investigation of energy flow along a
sequence of intermolecular interactions [8], with important applications in
solution and neat liquid phases [9-11]. The coexistence of hydrophobic and
hydrophilic domains also leads to interesting surface effects [12] and
microstructure in liquid alcohols [13], quite in contrast to water. Alcohols are
clearly among the most elementary and longest known [14] protagonists in gas-
phase supramolecular chemistry [15].

A dedicated review on hydrogen bonding in isolated alcohol clusters
bridging methanol on one side [16] and sugars on the other [17] appears timely.
In 1996, there were about 12 citations to publications including the keywords
jet®, hydrogen®, and alcohol”, according to the Web of Science [18]. In 2006,
there were more than 200. In view of several available reviews on aromatic
systems [19-21], the focus will be on the less-studied aliphatic alcohols, which
come closer to being amphiphilic models. For solutions, where the first studies
using nuclear magnetic resonance (NMR) and infrared (IR) spectroscopy date
back more than half a century, a recent review concentrating on sterical
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hindrance effects is available [22]. In the solid [23], packing effects always
compete with the intrinsic properties of the isolated or cooperative hydrogen
bonds. While clusters are also postulated as highly fluxional units in the
supercritical state [24, 25] and in solution [26], their detailed understanding
rests on a proper characterization at lower temperatures. At room temperature,
the cluster concentration in the vapor phase of alcohols is fairly low and thermal
excitation still makes an interpretation of the spectra difficult [27]. Therefore,
the present review concentrates on cold molecular aggregates, which are most
conveniently produced and studied in adiabatic gas expansions or jets [28]. The
ultimate goal is to use the detailed insights gained in such low-temperature gas-
phase studies to better understand the hydrogen bond and conformational
behavior in the liquid state [29, 30].

After raising a selection of topical issues in this field and briefly introducing
some spectroscopic and numerical techniques to probe the hydrogen bond
dynamics, recent results for alcohol clusters are presented in order of increasing
complexity. They are followed by some general conclusions and an outlook on
future research goals.

II. ISSUES

Among the wealth of issues relevant to hydrogen bonding in alcohol clusters, this
review will focus on aspects related to hydrogen bond patterns and on the
dynamical implications over a wide range of time scales. Some key questions
connected to these aspects will be formulated.

A. Structures and Topologies

O—H---O hydrogen bonds have a strong preference for a nearly linear
arrangement. Furthermore, electrostatic forces or lone electron pair considera-
tions direct the hydrogen that is attached to the accepting oxygen into an
approximately tetrahedral angle with respect to the hydrogen bond. The
tetrahedral lone-pair picture has recently been debated [31], based on electron
density maps and earlier structural evidence on poly-alcohols [32]. While there is
certainly significant acceptor potential in the region between the two lone pairs,
the two studies [31, 32] may be biased in overestimating it slightly. Pauli
repulsion will have to be included in the recent study [31] and distortions due to
the optimization of multiple hydrogen bonds and steric constraints in the solid
state have to be considered in the earlier analysis [32]. When taken into account,
both effects are likely to recover a certain tetrahedral preference in isolated
hydrogen bonds. This may or may not be cast into a lone-pair picture. At least it
is an extremely useful ordering principle for alcohol cluster structures, which
does not rule out exceptions.
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In line with this, alcohols form unsymmetric dimers with well-separated
donor and acceptor roles [33] and a more or less pronounced preference for one
of the acceptor lone pairs, depending on secondary interactions (see Fig. 1). For
trimers, the option to form a ring with three hydrogen bonds usually wins over
the hydrogen bond strain and over steric repulsion between the alkyl groups
which this induces. However, the open-chain structure with two unstrained
hydrogen bonds is not too far in energy and always should be considered for
vibrationally excited clusters [34] and whenever secondary interactions come
into play [35, 36]. Furthermore, trimer formation can be suppressed at least at
elevated temperatures [37], if the alkyl chain becomes too bulky. For the
tetramer, a cyclic structure involves less strain and less sterical hindrance than in
the trimer and is thus particularly attractive (Fig. 1). The alkyl groups can
alternate between positions above and below the hydrogen bond plane and
better avoid each other, if they are too big. Again, this alternation can also be
interpreted as being due to a lone-pair preference. In terms of pure repulsion, a
planar arrangement of all heavy atoms is indeed competitive, if the alkyl group
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Figure 1. Illustration of lone-electron-pair preferences in alcohol dimers, cooperative and
anticooperative binding sites for a third monomer, ring strain and steric repulsion in alcohol trimers,
alternation of residues in alcohol tetramers, and chain, branch, and cyclic hydrogen bond topologies
in larger clusters.
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is not too big. Rings with homodromic hydrogen bond patterns remain
energetically attractive for larger clusters [38], but the entropic advantage of
chain structures, where the terminal alcohol molecules only form single strong
hydrogen bonds, and branched topologies, where alcohol molecules serve as
double acceptors, tends to grow. Chain topologies can reduce steric congestion
by forming helical structures, whereas branching tends to be more sterically
demanding. Isomerism is therefore an important issue beyond a cluster size
n =4 [39] and possibly even before. In the solid, infinite chains and helices
are often realized for simple alcohols [40], but cyclic structures are also
conceivable [41] and quite abundant for bulky species [7, 42-44]. The structure
of liquid alcohols is heavily debated [45]. Entropy arguments would predict
winding chains of variable length to be quite important. The missing hydrogen
bond compared to cyclic clusters can be partly compensated by the polar
environment and by branching points. A finite cluster model of liquid alcohols
[45] will necessarily be biased toward small clusters, closed rings, and compact
structures, because it cannot reproduce the dramatic increase of conformational
and topological entropy in extended flexible chains and dynamical network
structures. Nevertheless, a detailed characterization of small clusters can bring
us closer to a structural understanding of liquid alcohols.

The basic aggregation pattern in alcohol clusters can of course be influenced
in any desired direction by the design of the alkyl group, a feature that makes
alcohols attractive in molecular recognition studies. Molecular additives can
further modify the topological preferences. By offering a pure hydrogen bond
acceptor group such as an ether, terminated chain structures can be favored over
rings [46]. By adding a local or global charge, major disruptions of the ring
topology are possible, because charge coordination competes with the hydrogen
bond network [47, 48]. However, the fundamental preference of alcohol clusters
to form hydrogen-bonded ring patterns is never lost completely and reappears
whenever other constraints start to relax.

B. Energetics

Unfortunately, not many techniques allow us to probe the binding energy
of a hydrogen-bonded complex directly [20, 49-51]. With very few exceptions
[52, 53], they are restricted to aromatic (7t-) systems, where the intrinsic strength of
a single alcoholic hydrogen bond is typically superimposed [54] and may even be
overwhelmed [55] by m-interactions. Therefore, one often has to rely on quantum
chemical sources for energy information [56, 57]. It is essential to calibrate these
techniques against the few available experimental benchmark data, such as for
methanol dimer [52], phenol-methanol [20], or I-naphthol complexes [51].
Relative energy orders of isomers are even more important [50] and can sometimes
be obtained by jet relaxation studies [58]. The strength of a hydrogen bond can be
influenced by introducing electron-donating and electron-withdrawing alkyl
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groups. Quite naturally, the hydrogen bond donor quality increases for electrone-
gative substituents, whereas the acceptor quality decreases. For homodimers—that
is, complexes built from identical subunits—the two influences compete with each
other. Furthermore, the organic substituents can undergo their own intermolecular
interactions, either among themselves or with the functional units of the
O—H- - - O hydrogen bond. Therefore, cluster binding energies are measures of
the total interaction between the interacting molecules, which may or may not be
dominated by a single classical hydrogen bond interaction. Donor—acceptor roles
can become quite intricate in multifunctional systems [59]. This is another
important motivation for studying the simplest prototype systems, where any
secondary interactions are minimized.

C. Cooperativity

Another factor that influences the aggregation pattern and energetics of alcohol
clusters is cooperativity [60]. Once a molecule engages as a hydrogen bond
donor, it automatically becomes a better acceptor and vice versa due to the
polarization of the O—H bond. This favors chain-like and even more cyclic
topologies over branched networks of hydrogen bonds [61]. The latter are less
stable, because two or more molecules must compete for the electron density at
the acceptor oxygen (Fig. 1). It is more favorable for the third molecule to extend
the polarization chain of the other two, rather than to interrupt it. The prototype
system for this is hydrogen fluoride [62], which, more so than the reactive OH
radical [63], may serve as the topological parent compound for alcohol
aggregation. Its pronounced hierarchy of interactions (strong 1-D aggregation
via cooperative hydrogen bonds, weak 3-D aggregation via dispersive forces) can
be systematically attenuated by increasing the size of the alkyl group. This
hierarchy is responsible for cluster formation in alcohol vapor even under
thermodynamic equilibrium conditions [14, 64, 65].

Although cooperative effects are sometimes invoked whenever a property
(such as a hydrogen bond length) changes from the dimer to larger aggregates
[66], a many-body decomposition approach can uncover non-pairwise additive
effects more rigorously [67]. The natural cluster size to study cooperativity is a
trimer. The total energy of a trimer Exgc can be decomposed into monomer
energies Ea, Ep, Ec, pair interaction terms Vap = Eap —Es — Ep,
Vac = Eac — Ea — Ec, Vgec = Egc — Eg — Ec, and a three-body interaction

Vasc = EaBc — EaB — Eac — Epc + EA + Eg + Ec
such that

Exgc = Ea + Eg + Ec + Vag + Vac + Vac + Vasc
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Only the effects of the three-body interaction term Vapc are truly cooperative
effects in a trimer, although properties may of course also change with cluster
size in a strictly pairwise additive model, where Vagc = 0. The formalism may
easily be extended to larger clusters and indeed three-body effects tend to be
more important in larger clusters than in trimers [68].

For chain-like or cyclic hydrogen bond patterns between three alcohol
molecules A, B, and C, Vapc is usually negative (attractive). If molecule B acts
as an acceptor for both A and C, Vagc is typically repulsive (positive), because
A and C compete for the electron density at B [61]. This anti-cooperativity
provides the main explanation why branching of hydrogen-bonded chains is
discouraged in alcohols.

D. Hydrogen Bond Isomerism and Conformational Isomerism

For the reasons outlined above, hydrogen bond isomerism in alcohols is less
pronounced than it might be on statistical grounds, considering that every
acceptor oxygen offers a choice between two lone electron pairs. For ring
topologies, there are of course different ways of arranging the alkyl groups
already in the trimer and different ways of puckering the (—OH),, ring, starting
with the tetramer or pentamer. Like isomerism within the alkyl chain [69], these
are conformational choices that leave the classical hydrogen bond pattern intact.
Hydrogen bond isomerism is less abundant. Lasso structures [39], in which
double acceptor alcohol units come into play, only become competitive when the
ring strain has leveled off—that is, for n > 4. The simple reason is that any
molecule that is taken out of the ring makes the cycle smaller and increases ring
strain. This penalty adds to the anti-cooperative effect present in double-acceptor
centers. Open-chain structures are possibly competitive in small, highly strained
clusters and become asymptotically equivalent to rings for n — oco. The best way
to stabilize them for intermediate cluster sizes appears to be the introduction of
secondary interactions in the alkyl group. Such a secondary stabilization can be
an aromatic substituent [35].

When mixed clusters of alcohols are formed, the issue of donor—acceptor
isomerism comes into play [58]. Both alcohols can act as donors and acceptors,
but the difference between their donor (QOp) and acceptor (Qa) qualities
(Op — Qa) will not be the same. The molecule that features the smaller
difference will preferentially act as an acceptor. The molecule that has the larger
difference will prefer the donor position. If the roles are interchanged, the
hydrogen bond strength of the complex decreases, but the structure may
still represent a local minimum on the potential energy hypersurface. The
determination of donor and acceptor qualities in hydrogen-bonded clusters is
not straightforward. Energetic quantities such as binding energies are difficult to
attribute to single interaction sites. Vibrational red shifts of the O—H stretching
fundamental may be more suitable parameters to analyze the donor—acceptor
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preference [58], because they closely correlate to hydrogen bond length and
strength [70]. Furthermore, they are experimentally more easily accessible.

E. O—H Stretching Dynamics

The infrared (IR) spectrum provides some of the most clear-cut observables for
hydrogen bonding phenomena. Alcohol clusters have been studied in most detail
in the O—H stretching fundamental range. The reasons for this are both technical
and scientific. Tunable IR lasers have traditionally been versatile and powerful in
the 3-um window. The effects of hydrogen bonding are also particularly
pronounced in this range, as was recognized long ago [71]. Cooperativity and
decreasing ring strain induce progressive bathochromic shifts with cluster size
[16, 35]. The square of the O—H stretching transition dipole moment, responsible
for IR activity, can be orders of magnitude larger in hydrogen-bonded clusters
than in the alcohol monomer. Therefore, even in the absence of size-selectivity
and sensitive laser sources, alcohol clusters can be detected and characterized by
their O—H stretching signature [65].

The bathochromic shift or red shift of the O—H oscillator is a sensitive measure
of hydrogen bond strength. Its accurate modeling is quite sophisticated, but simple
approaches often profit from favorable error compensation [72]. Furthermore, the
frequency of an O—H oscillator correlates more or less linearly with the length of
the O—H bond, with a red shift of about 14 cm™! for a bond length extension by
0.001 A [63]. In larger clusters, the intrinsic red shift of the individual oscillators
is superimposed by coupling effects among the originally degenerate oscillators of
the individual alcohol monomers, the so-called Davydov couplings [16]. The
strongest red shift is observed for concerted in-phase O—H stretching motion of
all members of the hydrogen bond cycle. This is an early indicator for concerted
hydrogen transfer between the molecules [73], in which the hydrogen-bonded
protons switch their chemical bond partners in a cyclic way. The result is an
equivalent hydrogen bond pattern running in the opposite direction. The
pronounced red shift also reflects cooperativity, because a stretched O—H bond
has an increased dipole moment, which enhances the intermolecular interaction.

Infrared enhancement in the O—H stretching fundamental upon hydrogen
bond formation can be large, but may be smaller than predicted by traditional
quantum chemistry methods [74]. There are few ways to experimentally
determine absolute infrared enhancements by hydrogen bond formation [74],
because the experimental number density of the clusters usually remains
unknown. Instead, theoretical band strengths are often used to estimate the
cluster number density [75]. The situation is more favorable if a cluster contains
two or more nonequivalent O—H groups. In such a case, the intensity ratio
between these groups can be determined by direct absorption methods [30, 76].
As a rule, Raman scattering cross sections are less sensitive to hydrogen
bonding [16] but show similar qualitative trends.
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The splitting patterns of the degenerate O—H oscillators upon cluster
formation [77] can be described by a simple model, which is inspired by Hiickel
molecular orbital theory [16, 78]. These Davydov splittings reflect a periodic
flow of energy among the coupled oscillators. For trimers, its period T is
roughly related to the coupling constant W (in cm™!) involved, according to

1
T 3w

where c is the speed of light. Note that the dissipative formula for the lifetime t

1
2ncW

~
~

has also been invoked in this context [78]. It agrees quite closely with the half-
period of the oscillation. There are usually further, slower dissipative processes,
by which the energy deposited in the O—H stretching manifold is redistributed
within the alcohol molecules and into the hydrogen bond [21]. If these IVR
processes are sufficiently fast and the density of coupling states is high
enough, they can be detected as a contribution to the linewidth of the cluster
O—H stretching band [16]. In any case, the two time—wavenumber relationships
listed above are useful qualitative and semiquantitative concepts to translate
spectral features into temporal evolutions of a localized wavepacket. For
monomers and dimers, where the energy dissipation out of a locally excited
O—H oscillator is relatively slow, IVR usually has to be detected by time-
resolved experiments [21], which can provide further insights into the sequential
mechanism.

The Davydov coupling constants W may be studied as a function of cluster
geometry, cluster size, isotope composition, and alkyl group substitution [16].
They contain valuable information about the nature of the hydrogen bond
interaction in alcohol clusters. The mechanism by which the Davydov couplings
between initially degenerate O—H oscillators arises may be described in
different ways. One may interpret it as a through-hydrogen-bond process,
similar to classical oscillator coupling through chemical bonds. At the other
end, one may interpret it as a purely through-space long-range coupling of the
oscillating dipoles. Considering that hydrogen bonds between alcohols are
dominated by dipole—dipole interactions, an excitonic dipole—dipole model
appears to be adequate [78]. The coupling constant can then be estimated from
the geometry and transition dipole moment of the cluster [78].

F. Isotope and Overtone Effects

A characteristic feature of hydride stretches in general [79] and the O—H
oscillator in alcohols in particular [80] is its frequency isolation from other
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degrees of freedom. This is an important cause for the relatively slow energy flow
out of the O—H stretching state, and it invites reduced dimensionality treatments.
Even at the harmonic level, this feature can be exploited to predict hydrogen-
bond-induced red shifts in dimers, where Davydov couplings are small due to the
mismatch of zeroth-order frequencies [80]. Beyond the harmonic approximation,
the localization of the O—H stretching manifold invites experimental overtone
studies [81-83] to extract anharmonicity constants and effective harmonic
frequencies, which can be directly compared to theoretical predictions [16]. This
works well for alcohol monomers, whereas for clusters the dramatic hydrogen-
bond-induced intensity enhancement is lost in the overtone range due to a
cancellation of electrical and mechanical anharmonicity contributions [84, 85]
(see Fig. 2). Therefore, overtone vibrations of isolated hydrogen-bonded clusters
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Figure 2. Extraction of anharmonicity constants w,x, from the comparison of fundamental OH
stretching spectra (center) with overtone spectra (top) and OD spectra (bottom) for the case of jet-
cooled trifluoroethanol (M) and its most stable dimer conformation, which features a hydrogen bond
donor stretching band (D,;) and an acceptor stretching band (D,). The deuteration analysis yields
slightly different constants than the overtone approach and underestimates the hydrogen bond effect
on donor stretching modes [89].
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are rarely observed [86], whereas they have been discussed in condensed phases
[87] and have been important in the early days of hydrogen bond spectroscopy
[71]. Recently, an alternative approach to O—H anharmonicity constants based
on deuteration effects on the spectrum has been proposed [16, 88]. It is not as
accurate as the overtone approach, because mode mixing is more likely for OD
stretching modes and the constants are quite sensitive to this mixing [16].
However, it has provided first insights into the evolution of anharmonicity
constants with cluster size. For methanol, it was shown in this way that
dimerization leaves anharmonicity fairly unaffected, whereas anharmonic effects
increase in the cyclic clusters [16]. This explains in part why harmonic
predictions of bathochromic dimer shifts have been so successful in the past.
However, very recent overtone measurements in supersonic jets [89] (see Fig. 2)
indicate that the deuteration approach may indeed be of limited accuracy for the
donor vibration in alcohol dimers.

Deuteration can also strengthen hydrogen bonds [90-92]. This is a zero-
point energy effect. The high-frequency libration and torsion modes of the
O—H group [93] decrease in energy, when the hydrogen atom is replaced by
deuterium. In the monomers, the corresponding modes either have no (in the
case of external rotations) or only little (in the case of internal rotations) zero-
point energy. Therefore, the torsional isotope effect is much smaller for
monomers. The net effect is an increase in dimer binding energy upon
deuteration. There is a counteracting effect from the O—H stretching mode
itself. Due to the red shift in the complex, its zero point energy is smaller in the
hydrogen-bonded form than in the isolated molecule. Therefore, the effect of
deuteration is larger in the monomer than in the cluster. For hydrogen bonds
between alcohol molecules, this counteracting effect is usually smaller than the
librational contribution. As a net effect, deuteration strengthens the hydrogen
bonds in alcohol clusters.

G. C—O and C—H Stretching Dynamics

Although it is only a secondary effect, the influence of hydrogen bonding on the
C—O stretching dynamics has received a lot of attention [94, 95]. This also has
technical reasons, because the C—O stretching modes fall into the CO, laser
range for several alcohols. Size selectivity is usually needed, because the
contributions from different small clusters tend to overlap [96]. If available,
structural details can be extracted from the coupling of the oscillators located on
the individual monomers [94, 97, 98]. However, the C—O stretching mode is less
isolated from other normal vibrations than the O—H stretching mode. Unusual
evolutions of its frequency with cluster size or aggregation state may thus be due
to mode mixings [65].

Even the dynamics of C—H stretching modes can reflect the hydrogen bond
status of alcohol molecules [99, 100], in particular the local hydrogen bond
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topology involved. Because the effects are considerably smaller than the O—H
shifts and the monomer tends to dominate supersonic jet expansions, size-
selective techniques are typically required to detect such spectroscopic cluster
signatures. In favorable cases [30], cluster C—H absorptions can also be
detected by direct absorption techniques on the slope of the dominant monomer
bands.

H. Torsional Dynamics

A primary effect of hydrogen bonding is observed for the torsional dynamics of
the O—H group. Torsion is orthogonal to the C—O—H bending mode and can be
described as either (a) a hindered rotation of the entire alcohol molecule out of
the hydrogen bond constraint or (b) a twisting motion around the C—O bond
within the monomer. In the first case, the alkyl group moves in a conrotatory way
with respect to the O—H group, whereas its motion is disrotatory in the second
case. As a third possibility, the torsional motion in the cluster may be decoupled
from the alkyl group motion, corresponding to a mixture of the monomer rotation
and monomer torsion limits (see Fig. 3).

Torsion around C—C and C—O bonds connects different alcohol isomers. The
analysis of interactions between torsional states which are concentrated in
different torsional wells can provide important information on energy differences
between conformations [101, 102]. Conformational isomerism in alcohols is so
subtle that it cannot be easily separated from intermolecular influences in

W

Torsion %

~

Rotation

Libration

/

Figure 3. Librational OH modes in hydrogen-bonded alcohol clusters may be correlated with
overall rotation (bottom left) and torsion (top left) of the monomer (illustrated for methanol), but
methyl rotation is actually decoupled from OH torsion by hydrogen bonding. Note that the
wavenumbers of monomer rotation (=~ 4cm™!) and torsion (=~ 280cm™') are much lower than that
of the cluster libration (= 600cm™") [93].
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condensed phases. Even the delicate interactions in rare gas matrices can overturn
the intrinsic preference of the isolated molecule or molecular pair [80, 103].
Therefore low-temperature vacuum-isolated molecules are imperative in this
field, if a reliable characterization of the unperturbed energy sequence of torsional
isomers is sought. On the other hand, laser-induced torsional isomerization
processes are much easier to study in cryogenic matrices [103, 104]. A deeper
understanding of the dynamics among such torsional states can also contribute to
the design of Brownian molecular machines [105].

I. Tunneling Dynamics

Several motions in alcohol clusters involve barriers that may be overcome by
tunneling rather than by classical over-the-barrier motion. The concerted proton
exchange mode between different alcohol molecules has already been mentioned
and still remains to be detected in the O—H stretching spectrum of methanol
tetramer, where it should be accelerated compared to the vibrational ground state
[106]. Methyl torsions in the alkyl groups [107] also belong to this category and
may be accelerated or decelerated by the hydrogen bond interaction.

Heavy atom tunneling of entire alkyl groups between the different sides of
the hydrogen bonded ring plane is much less likely even for methanol, in
contrast to the analogous but lighter water case [108]. These motions
correspond to hindered rotation of the monomer and are slowed down
considerably in the complex due to the librational constraints.

Finally, there can be rather large torsional tunneling splittings due to O—H
torsion in the monomers (see the previous section), which are likely to be
quenched almost completely by the intermolecular hydrogen bond. These
tunneling processes in the monomers can themselves be affected by weaker
intramolecular hydrogen bond interactions, such as C—H- - -O contacts.

J. Chirality Recognition

Chirality or handedness is an important aspect for most organic molecules. In the
case of alcohols, chirality is usually introduced by chemically or isotopically
[109] different substituents at the o-C or a more distant site in the alkyl
backbone. When two chiral molecules interact via alcoholic hydrogen bonds,
their relative chirality will influence the interaction energy and the vibrational
spectrum. This is an intermolecular variant of diastereoisomerism [110]. Dimers
formed by two monomers of the same handedness are distinguishable from those
of opposite handedness in the case of two constitutionally identical monomers.
Beyond this special case, which has been denoted as a ““molecular handshake™
[111], chirality recognition may of course also occur between two different chiral
alcohols [112, 113], where some convention [114] has to be used to define like
and unlike partners. Depending on how close the chirality centers are to the O—H
groups and how well the organic rests can accommodate the hydrogen bond
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constraint, the observed differences between the two diastereomers may be more
or less pronounced. For dimers of monofunctional alcohols, which are held
together by nothing but one strong contact, only small differences are expected
and are indeed found in the vibrational spectrum [115], whereas the differences
in the UV spectrum are larger [112]. In the room temperature liquid, the
differences are usually negligible in such a case [116]. Microwave spectroscopy
is particularly well-suited to detect structural and spectral discrepancies between
the two kinds of molecular pairs [117]. It is sensitive to the more subtle
dispersion- and Pauli repulsion-like secondary interactions that convey the
chirality information in the case of a single hydrogen bond contact [54]. In
addition to optical spectroscopy, mass-spectrometric techniques are also useful
to unravel chirality recognition effects in the gas phase [118].

One may use the stronger term chirality discrimination when a substantial
suppression of one intermolecular diastereomer with respect to the other occurs.
This requires multiple strong interactions between the two molecular units and
therefore more than simple monofunctional alcohols. Some examples where one of
the molecules involved is a chiral alkanol are reported in Refs. 112 and 119-121.
Pronounced cases of higher-order chirality discrimination have been observed in
clusters of hydroxyesters such as methyl lactate tetramers [122] and in protonated
serine octamers [ 15, 123, 124]. The presence of an alcohol functionality appears to
be favorable for accentuated chirality discrimination phenomena even in these
complex systems [113, 123, 125, 126]. Because the border between chirality recog-
nition and discrimination is quite undefined, it is suggested that the two may be used
synonymously whenever both molecular partners are permanently chiral [127].

Even achiral alcohols may be involved in chirality recognition events by
switching between labile enantiomeric conformations, depending on the
permanent handedness of the binding partner. An example of such a chirality
induction event involves the interaction of ethanol with a permanently chiral
ether [128] and is illustrated in Fig. 4. Again, the chirality recognition is so
weak that microwave spectroscopy is typically required to disentangle the
different variants. Chirality induction is very important in organic synthesis,
where chiral catalysts are used to favor the formation of one enantiomer over
the other. An intramolecular variant, where the permanently chiral center of a
chlorinated alcohol leads to a helicity preference in the intramolecular hydrogen
bond conformation, was also studied by microwave spectroscopy [129].

If both alcohol monomers forming a dimer are on average achiral, one may still
have chirality synchronization events, where the two monomers match their
transient chiral conformations when they bind to each other. A particularly simple
example is that of ethanol dimer, where the lowest-energy conformer involves two
gauche monomers of the same helicity [80, 91]. However, the energy difference to
other conformers is so small that efficient isomerizing collisions in a supersonic
jet expansion are required to favor the lowest-energy form over the others. A more
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Figure 4. Symmetry breaking of the ethanol torsion potential (top, two gauche and one trans
conformation) by interaction with a chiral acceptor molecule (dimethyl oxirane, bottom), in this case
RR trans-2,3-dimethyloxirane [128]. Note that trans ethanol is less stable in the complex and that the
two gauche (g) forms differ in energy.

pronounced example for chirality synchronization was found in trifluoroethanol
[30, 76]. Here, the energy difference between a homoconformational and a
heteroconformational dimer is predicted to be small, but they have a different
hydrogen bond topology and only one of them is formed in significant amounts in
a jet expansion [30, 76]. The intermediate case of fluoroethanol shows evidence
for chirality recognition among the four dimer conformations that are observed in
the spectrum, but no substantial chirality synchronization [130]. Chirality
recognition phenomena in clusters involving no, one, two, or more permanently
chiral constituents have recently been summarized [127].

K. Cation Solvation

Alcohols are important solvents for ions, and the study of solute—solvent clusters
promises to provide insights into the solvation process. The solvation of protons
by methanol [47], ethanol [131], and higher alcohols [132] has been studied in
detail and leads to interesting hydrogen bond topologies [133]. Solvation of
larger cations by alcohol molecules has been investigated for many years and
may help in understanding the essentials of ion—water interactions [134].
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L. Anion Solvation

Anion solvation in alcohol clusters has been studied extensively (see Refs. 135
and 136 and references cited therein). Among the anions that can be solvated by
alcohols, the free electron is certainly the most exotic one. It can be attached to
neutral alcohol clusters [137], or a sodium atom picked up by the cluster may
dissociate into a sodium cation and a more or less solvated electron [48].
Solvation of the electron by alcohols may help in understanding the classical
solvent ammonia and the more related and reactive solvent water [138]. By
studying molecules with amine and alcohol functionalities [139] one may hope
to unravel the essential differences between O- and N-solvents. One should note
that dissociative electron attachment processes become more facile with an
increasing number of O—H groups in the molecule [140].

III. EXPERIMENTAL METHODS

As became obvious in the preceding section, progress in understanding alcohol
clusters very much depends on the ability to generate these clusters in
supersonic jet expansions or in other variants of low temperature isolation and
to detect their dynamics via spectroscopic methods. Therefore, some important
spectroscopic tools employed in this field shall be summarized, with focus
on the alcoholic systems that have been addressed by them. Solution [22, 26,
141, 142] and supercritical [24-26] state techniques will not be covered
systematically.

A. Microwave Spectroscopy

Microwave spectroscopy is probably the ultimate tool to study small alcohol
clusters in vacuum isolation. With the help of isotope substitution and auxiliary
quantum chemical calculations, it provides structural insights and quantitative
bond parameters for alcohol clusters [117, 143]. The methyl rotors that are
omnipresent in organic alcohols complicate the analysis, so that not many
alcohol clusters have been studied with this technique and its higher-frequency
variants. The studied systems include methanol dimer [143], ethanol dimer [91],
butan-2-ol dimer [117], and mixed dimers such as propylene oxide with ethanol
[144]. The study of alcohol monomers with intramolecular hydrogen-bond-like
interactions [102, 110, 129, 145-147] must be mentioned in this context. In a
broader sense, this also applies to isolated n-alkanols, where a weak C,—H---O
hydrogen bond stabilizes certain conformations [69, 102]. Microwave techniques
can also be used to unravel the information contained in the IR spectrum of
clusters with high sensitivity [148]. Furthermore, high-resolution UV spectro-
scopy can provide accurate structural information in suitable systems [149, 150]
and thus complement microwave spectroscopy.
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B. Infrared Absorption

Infrared spectroscopy is the workhorse in this field, because it can quickly
provide dynamical details, discriminate between different cluster sizes and
phases [40], and sample a wide spectral range. It often yields valuable feedback
for quantum chemical calculations. In contrast to some action spectroscopy
techniques, IR absorption spectroscopy is not intrinsically size-selective. All
cluster sizes generated in the expansion are observed together, and indirect
methods of size assignment are needed.

For the study of alcohol clusters, direct absorption in supersonic jets [151] is
particularly powerful. The best compromise between sensitivity, spectral
resolution, spectral coverage, reproducibility, and simplicity is probably
achieved by the synchronization of pulsed slit jet expansions with FTIR scans
[65, 152—154]. One realization is illustrated in Fig. 5. Because this technique
uses incoherent light sources, it works best for the large cross sections of
hydrogen-bonded O—H stretching fundamentals, but it has also been applied to
overtones [89], framework vibrations [65, 155], and even intermolecular modes
[93, 156]. Where spectral resolution is more important than spectral coverage,
cavity-ring-down laser absorption spectroscopy is a competitive technique [75,
157]. While high spectral resolution can be achieved by both FTIR [158] and
laser absorption methods [75, 157], the sensitivity drops significantly with
increasing resolution in the FTIR case. Anyway, high spectral resolution is most
useful for small monomers and possibly its dimers [158, 159], but not for larger
organic clusters.
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Figure 5. Schematic drawing of a high-throughput pulsed slit jet FTIR setup involving a 600-
mm nozzle that is synchronized to the interferometer scans [154].
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Infrared absorption spectroscopy is also a powerful tool for matrix isolation
studies, which have been carried out extensively for alcohol clusters [34, 88,
103]. Recently, the gap between vacuum and matrix isolation techniques for
direct absorption spectroscopy has been closed by the study of nano-matrices—
that is, Ar-coated clusters of alcohols [80]. Furthermore, alcohol clusters can be
isolated in liquid He nanodroplets, where metastable conformations may be
trapped [160].

C. Raman Scattering

Whenever symmetry or quasi-symmetry plays a role, particularly in cyclic
alcohol clusters, spontaneous Raman scattering off supersonic jet expansions
provides valuable complementary information on the cluster dynamics [16, 77].
Even for nonsymmetric clusters and monomer conformations, it may be used to
complement IR spectroscopy, because the Raman rovibrational selection rules
often ensure a more narrow band profile [69, 161]. The applicability of
spontaneous Raman scattering to jet-generated hydrogen-bonded clusters is a
very recent advance [77], whereas it is more established for the characterization
of jet expansions in general [162] and complexes of simple molecules [163, 164].
For molecules with a suitable UV chromophore, more sensitive stimulated
techniques coupled with ionization or fluorescence [165, 166] can be applied. By
using VUV radiation, these techniques may also be useful for aliphatic alcohols
[167], although fragmentation issues have to be addressed in detail. The
nonlinear CARS technique is more widely applicable [168, 169], but it suffers
from the dependence on the square of the molecule density in jet applications.

In condensed phases, the noncoincidence effect between IR and Raman
spectra provides insights into the intermolecular coupling [170, 171]. The
combination of IR and Raman spectroscopy is also useful in the study of alcohol
clusters in the supercritical state [25].

D. Crossed Beam Techniques

Cluster size assignment is often a challenge for direct absorption or light
scattering techniques that do not provide reliable mass information. For dimers, a
combination of pressure or concentration dependence and spectral survey is
usually unambiguous. In favorable cases, this also applies to trimers, tetramers,
and maybe pentamers. Beyond that size, some kind of mass information is
required. Aliphatic alcohols and their clusters suffer from heavy fragmentation
upon ionization. This is also the case for close-to-threshold ionization [172]. If
there is no suitable aromatic chromophore for soft ionization, the most important
technique involves deflection of the clusters by a crossed rare gas beam [96, 98,
173, 174]. Using this technique, one can bracket the cluster size from above
based on the deflection angle and from below based on the largest fragment that
is observed.
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E. UV-IR Coupling

Once the alcohol or at least the cluster contains a soft ionization or
fluorescence chromophore, a wide range of experimental tools opens up.
Experimental methods for hydrogen-bonded aromatic clusters have been
reviewed before [3, 19, 175]. Fluorescence can sometimes behave erratically
with cluster size [176], and short lifetimes may require ultrafast detection
techniques [177]. However, the techniques are very powerful and versatile in
the study of alcohol clusters. Aromatic homologs of ethanol and propanol
have been studied in this way [35, 120, 121, 178, 179]. By comparison to the
corresponding nonaromatic systems [69], the O—H- - -7 interaction can be
unraveled and contrasted to that of O—H- - -F contacts [30]. Attachment of
nonfunctional aromatic molecules to nonaromatic alcohols and their clusters
can induce characteristic switches in hydrogen bond topology [180], like
aromatic side chains [36]. Nevertheless, it is a powerful tool for the size-
selected study of alcohol clusters.

In addition, there is a large number of studies involving aromatic alcohols
such as phenol [166] or naphthol, which have in part been reviewed before [21].
These include time-resolved studies [21], proton transfer models [181], and
intermolecular vibrations via dispersed fluorescence [182]. Such double-
resonance and more recently even triple-resonance studies [183] provide
important frequency- and time-domain insights into the dynamics of aromatic
alcohols, which are not yet possible for aliphatic alcohols.

F. VUV-IR Coupling

In principle, UV-IR coupling becomes more generally applicable at short UV
wavelengths, where even aliphatic alcohols and their clusters absorb photons. In
a series of recent papers [172, 184, 185], this approach has been explored. For
alcohol monomers, the VUV laser photon alone is either not or just barely able to
ionize the molecule. Vibrational excitation of the molecule by a preceding IR
laser opens either the ionization channel or additional ion fragmentation
channels. For hydrogen-bonded alcohol dimers, the employed VUV excitation
is typically above the ionization threshold, but the preceding IR laser can induce
dissociation of the dimer. This process depletes the ion signal, and the
wavenumber dependence of the depletion is interpreted as the vibrational
spectrum. As will be discussed later on, severe spectral distortions including
spectral broadening, bidirectional signals, and band shifts arise and tend to
become worse for larger clusters. Comparison to direct absorption results can
shed light onto the underlying mechanisms of the complex high-energy
processes. Even the spectroscopy of strongly bound core electrons reveals
some sensitivity to the hydrogen bond interaction in alcohols [186], but the
sensitivity currently restricts the study to fairly large clusters.
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IV. COMPUTATIONAL METHODS

Computational methods that assist the characterization of alcohol cluster
dynamics are essential, numerous, and diverse. Here, we can only briefly
mention some of them that turn out to be particularly useful for the analysis
presented below. Where available, we refer to authoritative reviews on these
subjects.

A. Empirical Force Fields

If the investigated systems are large, the accuracy requirements low, and the
computational speed demands high, there is no alternative to empirical force
fields. The spectroscopic study of small alcohol clusters appears quite
orthogonal to these constraints, because the systems are comparatively small,
accurate spectra are required, and relatively few dimensions are expected to
contribute to the dynamics. Nevertheless, simple pairwise additive empirical
force fields [187] can be re-parameterized to become useful for spectroscopic
purposes [72]. To avoid individual solutions for every alcohol system,
transferable force fields are to be favored [188]. Given a good-quality force
field, a range of classical and quantum nuclear dynamics techniques can be
applied to extract the spectra (vide infra). However, the limits of such
approaches are obvious, and they are most useful when interpolating between
experimental data. This remains partially true for more sophisticated force
fields, even if intra- and intermolecular degrees of freedom are coupled [189].
Therefore, empirical force fields are more frequently applied to the simulation
of liquid structure and dynamics and to biomolecule—solvent systems, where
they have become invaluable [190].

B. Electronic Structure Calculations

Potential energy hypersurfaces can be generated pointwise by resorting to a
plethora of approximations to the solution of the electronic Schrodinger
equation. In the early days of hydrogen-bonded cluster investigations, the
Hartree—Fock (HF) method was the only useful ab initio approach available. Its
deficiencies due to the neglect of electron correlation are now well known. In
particular, the HF level does not recover the full hydrogen bond energy and
vibrational shift. However, fortunate error compensation by basis set super-
position errors has often been exploited to provide a reasonable and
computationally economic description of some aspects of the hydrogen bond
dynamics in alcohol clusters [39, 191]. Considering the current progress in local
correlation methods [192], this may not be needed in the future.

An inexpensive access to electron correlation is provided by density
functional and hybrid functional techniques. A range of these techniques is
implemented in quantum chemistry packages such as Gaussian [193]. They
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describe classical hydrogen bond interactions including cooperativity effects
reasonably well, in particular in their hybrid variants which include some HF
exchange [194]. Therefore, their application to alcohol clusters is very popular
[195-197]. Spectroscopic data can be used to explore their limits. For larger
alcohols, layered approaches such as ONIOM extend the applicability [38].
However, the fundamental inability of current functionals to describe dispersion
forces becomes more and more critical with system size. In this situation, (semi)
empirically dispersion-augmented approaches can be of some use [198].

A more rigorous, but also more expensive, approach is Mgller—Plesset
perturbation theory. Usually, the second-order (MP2) level is employed, but it
requires significantly larger basis sets for convergence than Hartree—Fock or
density functional approaches. In the prediction of frequency shifts upon
hydrogen bond formation, there can be large changes from second to fourth
order, with the MP4 results in better agreement with experiment [199].

If affordable, there is a range of very accurate coupled-cluster and symmetry-
adapted perturbation theories available which can approach spectroscopic
accuracy [57, 200, 201]. However, these are only applicable to the smallest
alcohol cluster systems using currently available computational resources. Near-
linear scaling algorithms [192] and explicit correlation methods [57] promise to
extend the applicability range considerably. Furthermore, benchmark results for
small systems can guide both experimentalists and theoreticians in the
characterization of larger molecular assemblies.

Spectroscopic applications usually require us to go beyond single-point
electronic energy calculations or structure optimizations. Scans of the potential
energy hypersurface or at least Taylor expansions around stationary points are
needed to extract nuclear dynamics information. If spectral intensity informa-
tion is required, dipole moment or polarizability hypersurfaces [202] have to be
developed as well. If multiple relevant minima exist on the potential energy
hypersurface, efficient methods to explore them are needed [203, 204].

C. Internuclear Dynamics

Within the Born—Oppenhimer approximation, the electronic structure is
permanently optimized while the dynamics of the nuclei evolves. The latter
thus happens on multidimensional potential energy hypersurfaces which are
either defined empirically or else derived from solutions of the electronic
Schrodinger equation, as outlined above. In the latter case, they may be
calculated on the fly or represented on low-dimensional grids or else they have to
be approximated by analytical expressions, not unlike the approach employed for
empirical force fields. All these strategies are either laborious or computationally
demanding and far from routine usage. Except for on-the-fly and to some extent
grid methods, they are also highly specific to a given system and cannot be
automated easily.
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Therefore, a drastic simplification, the so-called double harmonic approx-
imation, is very popular in theoretical cluster spectroscopy. The dependence of
the restoring force and of the electric dipole moment on the vibrational
displacement from a minimum structure is assumed to be strictly linear, and the
resulting linear system of equations is diagonalized to yield harmonic
fundamental vibrations (normal modes) and intensities. Analytical derivative
techniques render this approximation very efficient from a quantum chemical
point of view. Deviations from real spectra are dealt with by scaling approaches,
by looking at differences between monomer and cluster fundamentals, and by
other error compensation tools. Obviously, interesting dynamical phenomena
such as overtone transitions, combination bands, Fermi resonances, vibrational
Franck—Condon patterns, torsional modes, tunneling splittings, and other
anharmonic effects are not captured by such an approach. Nevertheless, it
often provides a useful zero-order picture of the dynamics, unless multiple
minima separated by low potential barriers are involved. Often, one does not
need the entire set of normal modes but rather only a small subset. In this case,
selective algorithms such as mode-tracking can be helpful [122, 205]. For the
highly localized O—H stretching vibrations in alcohols, one can even restrict the
normal mode analysis to one or a few local modes [80].

Starting from the normal mode approximation, one can introduce
anharmonicity in different ways. Anharmonic perturbation theory [206] and
local mode models [204] may be useful in some cases, where anharmonic
effects are small or mostly diagonal. Vibrational self-consistent-field and
configuration-interaction treatments [207, 208] can also be powerful and offer a
hierarchy of approximation levels. Even more rigorous multidimensional
treatments include variational calculations [209], diffusion quantum Monte
Carlo, and time-dependent Hartree approaches [210].

Semiclassical techniques like the instanton approach [211] can be applied
to tunneling splittings. Finally, one can exploit the close correspondence
between the classical and the quantum treatment of a harmonic oscillator and
treat the nuclear dynamics classically. From the classical trajectories,
correlation functions can be extracted and transformed into spectra. The
particular charm of this method rests in the option to carry out the dynamics on
the fly, using Born—Oppenheimer or fictitious Car—Parrinello dynamics [212].
Furthermore, multiple minima on the hypersurface can be treated together as
they are accessed by thermal excitation. This makes these methods particu-
larly useful for liquid state or other thermally excited system simulations.
Nevertheless, molecular dynamics and Monte Carlo simulations can also
provide insights into cold gas-phase cluster formation [213], if a reliable force
field is available [189].

Sometimes, it is claimed that the finite temperature in classical simulations
accounts for anharmonicity. This may be coincidentally true for nearly
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harmonic low-frequency vibrations at environmental temperatures. However,
classical molecular dynamics cannot account for the anharmonicity of a high-
frequency oscillator like the O—H stretching mode in an alcohol, at least not
using reasonable temperatures. To recover the fundamental frequency of such an
oscillator, a simulation temperature of more than 5000 K would indeed be
needed.

V. SYSTEMS

The alcohols and their clusters will be discussed in order of increasing chemical
complexity. With growing complexity, more and more of the issues discussed in
Section II come into play and can be addressed by the experimental methods
outlined in Section III in combination with computational approaches such as
those mentioned in Section IV.

A. Methanol

For organic hydrogen bonds, methanol takes the role that HF has for inorganic
hydrogen bonds—it is the simplest conceivable prototype. Its cluster spectro-
scopy has been reviewed together with that of water clusters [98]. While the
monomer vibrational dynamics is in general well-studied [214-217], different
values for the fundamental O—H stretching band center are in use [63, 64, 75,
173, 189, 218]. Based on combined Raman and IR evidence, a value of 3684—
3686cm™! appears well-justified [16, 65, 77, 82, 216]. It serves as an important
reference for vibrational red shifts in methanol clusters.

The methanol dimer is structurally well-characterized [143]. It features a
clear distinction between hydrogen bond donor and acceptor O—H groups. The
acceptor band is only slightly shifted to lower wavenumber, relative to the free
monomer [75, 77]. It coincides with a monomer transition from the excited
methyl rotor tunneling state. The donor band is shifted by 111 cm™! to the red.
Harmonic predictions of this red shift are much larger, even at fairly high levels
of electronic structure treatment [16]. This may be due to higher-order electron
correlation and anharmonic effects [199]. Upon deuteration of the bridging
proton, the shift reduces to 80cm™!, again much less than the best harmonic
predictions. Even deuteration of the free O—H group affects the red shift of the
hydrogen-bonded O—H noticeably, although the two oscillators are well-
decoupled [58]. This confirms the high sensitivity of vibrational frequency shifts
to details of the hydrogen bond environment.

The methanol trimer is arguably one of the most interesting clusters.
The unexpected structure in its O—H stretching spectrum [65, 75, 77, 173]
has only recently found a consistent explanation [16]. It is not related to
structural isomers [64, 75, 195, 219, 220] but rather to simultaneous excitation
and de-excitation of low-frequency methyl umbrella modes [16, 65], that is, a
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Figure 6. The complex OH stretching spectrum of methanol trimer (bottom) can be
explained by sum (vg), difference (vp), and hot bands (vg) involving the OH fundamental (vf) and
two umbrella modes of the methyl groups, which are nearly degenerate in the ground state but

soften and split after OH stretching excitation. vg is the predominantly Raman active concerted
stretching mode [16].

vibrational Franck—Condon effect (see Fig. 6). It is now clear that methanol
trimers in free jets only occur in a cyclic, chiral [5] structure, in which two
methyl groups point above and one below the hydrogen-bonded plane. This
results in two nearly degenerate, strongly IR-active O—H stretching modes and
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a very weak but strongly Raman-active in-phase stretching mode [77], similar to
the phenol case [166]. Its assignment permits to quantify the average O—H
oscillator coupling matrix element around 20cm™" [16].

In contrast to the unsymmetric trimer, the cyclic tetramer allows for an
alternating arrangement of the methyl groups, as one would expect it in a
simple lone-pair orbital picture (Fig. 1). The S4-symmetric structure leads to a
symmetric double minimum potential for concerted fourfold proton transfer.
This proton transfer has been predicted to be accelerated substantially by
symmetric O—H stretching excitation. The predicted tunneling splitting in a
reduced dimensionality treatment [106] is on the order of 1cm™!. While this
prediction is still uncertain, it presents a challenge for Raman spectroscopic
measurements. Currently [16], the upper experimental limit is 7cm™!, in good
agreement. Better cooling of the clusters in the Raman jet experiment may
help in tightening this experimental bound, but IVR processes in which
the energy flows out of the O—H stretching manifold could prevent the
detection of a splitting. Energy redistribution within the O—H stretching
manifold is characterized by a nearest-neighbor coupling constant of 30 cm™!
and a second-nearest neighbor coupling of 10cm™!, that is, it happens on a
picosecond time scale [16].

The preparation of single isomers for methanol dimer, trimer, and
presumably tetramer [16] in a supersonic jet expansion contrasts the structural
diversity that can be prepared and manipulated in cryogenic matrices [34]. It
underscores the ability of supersonic jet expansions to funnel all intermolecular
isomers down to the global minimum, if there are no major barriers to overcome
on the way.

O—H stretching bands of larger methanol clusters start to overlap.
Investigations on their dynamics and isomerism [160, 196, 197] typically
require size-resolved studies [174]. The recently proposed size-specific VUV-IR
technique is not practical for this purpose, because it produces strongly
broadened, spectrally shifted and most likely fragmentation-affected bands for
methanol trimer and larger clusters [172].

The anharmonicity of the O—H stretching oscillators changes with cluster size.
For the monomer, the anharmonicity constant is on the order of 90 cm~!. A coarse
deuteration analysis [16, 88] suggests that it increases by more than 20% upon
trimer and tetramer formation [16]. More accurate overtone analyses are possible
in a rare gas matrix [88], but the matrix shift complicates a direct comparison to
theory. As an example, the overtone-deduced anharmonicity of methanol
monomer in a nitrogen matrix [88] is 85cm™!, whereas in vacuum [16] it is
92cm~!. The deuteration-estimated anharmonicity is 91 cm™! for the monomer
and 97 cm™~! for the dimer donor in the nitrogen matrix, whereas it is 87 cm~! for
the monomer and 89 cm™! for the dimer donor in vacuum. Clearly, only a vacuum
overtone measurement would be fully conclusive, but as the matrix study [88]
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shows, this is very challenging for methanol dimer and completely out of reach for
trimers. However, calculations also support the idea of a moderate increase of
anharmonicity upon deuteration in the case of methanol [199].

Instead of embedding methanol clusters in a bulk Ar matrix, one can
decorate the preformed clusters with Ar atoms. This nanocoating is observed for
Ar as a carrier gas, if the expansion is lean enough in methanol to reach low
temperatures. The sign and size of the nanomatrix shifts reflects the cluster—
matrix interaction. In the case of the open dimer, a red shift is observed because
the Ar atoms can serve as secondary weak hydrogen bond acceptors. The trimer
is actually blue-shifted, supporting its closed cycle structure and suggesting that
packing effects dominate the matrix interaction [158]. Instead of nanocoating
the preformed methanol clusters with Ar, one can also attach more than one
methanol unit to preformed Ar clusters using a molecular beam pickup
technique [97]. This can result in different cluster structures, although the
available results in the C—O stretching region [97] are less straightforward to
interpret than O—H stretching data.

Methanol clusters have indeed been studied using several other intramole-
cular excitations, such as the O—H bending fundamental [88] and the C—O
stretching mode [65, 98]. Here, the different cluster sizes are not so well-
separated and size resolved methods are helpful. A strong cluster size
dependence and mode coupling is observed for intermolecular librational
bands, which assisted the assignment of the IR-active libration modes of
methanol tetramer in a free jet expansion [93]. They are found to be quite
anharmonic. Although these modes correlate with overall rotation and methyl
torsion of the monomer, they do not involve significant methyl group motion in
the cluster (see also Fig. 3). These individual cluster librational bands are two
orders of magnitude more narrow than the overall librational band profile. This
shows that the broad librational bands in liquid alcohols are largely due to
different hydrogen bond environments, rather than to rapid vibrational energy
flow. The librational pattern of the cyclic tetramer spectrum has similarities to
that of the extended crystalline solid [40], and the IR intensity of the high-
frequency libration band serves as a puckering indicator for the methyl groups
(see Fig. 7, band C). The effect of librational and torsional excitation on the
O—H overtone dynamics in methanol clusters would be of interest, given the
influence detected in the methanol monomer [83]. Furthermore, torsional states
offer important doorways for vibrational energy flow in alcohols [142]. At the
low-frequency end of methanol cluster dynamics, hindered monomer rotations
and translations appear in the IR spectrum [156, 221-223].

‘When methanol interacts with other molecules, there are some characteristic
differences to water [36]. For example, methanol can symmetrically bind two
HCI molecules to its lone pairs without significant energy penalty compared to a
cooperative ring arrangement [61]. This is not the case for water, because its
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Figure 7. Librational infrared spectra of methanol clusters [93] (bands B and C due to the
tetramer, broad profile due to large clusters, cluster size increases from bottom to top) compared to
the absorptions in amorphous and crystalline (zig-zag) solid methanol [40]. The large clusters
compare well to the amorphous solid, whereas the ring tetramer may be viewed as a small model of
the zig-zag chains in the crystal. Note that the high-frequency band C acquires IR intensity through
puckering of the methyl groups above (u) and below (d) the hydrogen bond plane.

lone pairs are less electron-rich. Some other complexes of methanol are
discussed in the following chapters.

B. Ethanol

Ethanol introduces the issue of conformational isomerism around the C—O bond
(Fig. 4, top). The transiently chiral gauche conformations (g+ and g—) are
0.5 kJ/mol higher in energy than the anti or trans form (t) [101]. While the trans
form thus dominates at low temperatures in the isolated molecule, crystalline
ethanol consists of alternating gauche and trans conformations arranged in
infinite hydrogen-bonded chains [224, 225]. To investigate the influence of
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aggregation on conformational isomerism, hydrogen-bonded ethanol dimer was
studied repeatedly. Out of the nine distinguishable dimer conformers in a simple
counting scheme involving acceptor lone pairs [65], about six may be expected to
be relatively stable [33]. Earlier theoretical studies were not very conclusive
concerning the subtle energy sequence of these isomers. For an accurate
theoretical description of dimers, it is essential that the differences in monomer
conformation are well-described. Direct absorption measurements in He super-
sonic jet expansions [65, 157] and Raman jet spectroscopy [77] reveal at least
three, more likely four, competing dimer conformers even at low temperatures.
They can be converted into a single most stable conformer by adding Ar to the
expansion as a relaxation promoter [80]. This global minimum conformation is
among the isomers with the strongest red shift. Extensive ab initio calculations
[80] indicate that it is a homoconfigurational gauche dimer; that is, both ethanol
units occur in the less stable gauche conformation and match their helicities.
Rewardingly, this conformation also exhibits a strongly red-shifted O—H
stretching band in the calculations, in line with the experimental correlation
between shift and stability [80]. Hence, the conformational preference of the
monomer is reversed in the dimer, although the driving forces behind this
isomerization only involve weak hydrogen bonds and dispersion interactions,
whereas the classical O—H---O hydrogen bond does not discriminate
significantly between the conformations. The subtlety of this conformational
isomerism is underscored by the fact that matrix embedding of the dimer
recovers the trans conformation for both alcohol units [103]. However, spectra
recorded immediately after deposition can resemble the jet spectra quite closely
under certain conditions [226]. The three most stable dimer conformations
according to the correlated ab initio calculations [80] are also the ones that are
observed in a high-resolution microwave study [91]. The ethanol dimer donor
band obtained by the nonresonant ion dip IR technique (i.e., VUV-IR coupling
[184]) is broad and unstructured. It falls on the slope of an even broader feature
that has the opposite sign; that is, the IR excitation enhances ionization instead of
depleting it. The fact that the depletion signal is blue-shifted by more than
30cm~! from the narrow and well-structured, true direct absorption or Raman
band [65, 77, 80, 157], is probably related to this complex phenomenon.

The O—H stretching spectra of ethanol trimers and larger clusters cannot be
conformationally resolved in a slit jet expansion [65, 77, 157]. VUV-IR spectra
[184] are even broader, sometimes by an order of magnitude, and band maxima
deviate systematically by up to +50cm™! from the direct absorption spectra.
We note that ethanol dimers and clusters have also been postulated in dilute
aqueous solution and discussed in the context of the density anomaly of water—
ethanol mixtures [227]. Recently, we have succeeded in assigning Raman OH
stretching band transitions in ethanol-water, ethanol,-water, and ethanol-water,
near 3550, 3410, and 3430 cm™!, respectively [228].
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Isolated ethanol clusters have earlier been studied using CO, lasers and size-
selective action spectroscopy in the C—O stretching range [94]. Attaching or
surrounding the ethanol dimer with Ar atoms gives rise to vibrational shifts in
both spectral ranges [80, 94]. Mixed dimers of ethanol and methanol have been
studied as well [58] and show that methanol prefers to act as a hydrogen bond
donor. This is in line with the improved acceptor character of ethanol, caused by
the inductive effect of the C, methyl group. In contrast to ethanol dimer, the
trans preference of the acceptor molecule is preserved in this mixed complex.
The same is true for phenol-ethanol dimer [229], but in both cases the
preference is reduced compared to the monomer. In summary, in a simple but
subtle case of conformational control, the preference of ethanol for a stretched
trans conformation can be attenuated and inverted by offering it a range of
donor alcohol molecules. This control will be lost completely at elevated
temperatures, where dynamically assembled ethanol dimers are important for
the properties of the supercritical state [24].

C. Linear Alcohols

The dynamical features observed for methanol and ethanol invite an extension to
longer alkyl chains, to see whether any new aspects related to the increased
conformational freedom come into play. The O—H group is a sensitive probe for
at least the nearest-neighbor torsional states [230]. This is already true at room
temperature and even more so in supersonic jets [65, 69, 157].

While isolated linear alkanes prefer an all-trans conformation if they are not
too long, the presence of a terminal O—H group induces a gauche conformation
along the C,—Cg bond (Gt in propanol; see Fig. 8). The preferred O—H
orientation relative to the alkyl backbone remains trans, like in ethanol. This is
consistent with the relaxation behavior of n-propanol and longer-chain alkanols
in supersonic jet expansions [69]. Van der Waals interactions of the oxygen
atom with C,H have been postulated as a reason [69, 231]. However, the all-
trans conformation is also quite low in energy [102]. These robust experimental
findings encourage accurate quantum chemical studies of the conformational
landscape of n-alcohols, including higher order electron correlation [69, 232].
Once an accurate description of the potential energy hypersurface is achieved,
zero-point energy contributions must be addressed. It remains to be seen
whether a consistent picture can be achieved at the harmonic level or whether
anharmonic contributions are important in the torsional subspace.

In order to obtain robust conformational assignments from vibrational
spectra without rotational resolution, it is important to predict reliable monomer
frequency shifts between conformations. Harmonic B3LYP predictions were
shown to correlate reasonably well with experiment [69], and simple rules based
on repulsive and attractive intra-monomer interactions were developed.
However, the predicting power of the B3LYP method for the energy sequence
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Figure 8. IR and Raman OH stretching spectra of n-propanol monomers and dimers reflecting
conformational diversity. The Raman spectrum reveals the dominance of the internally hydrogen-
bonded Gt monomer most clearly, whereas the IR spectrum indicates more than five different dimer
conformations in the red-shifted dimer spectrum [69].

is much inferior [69]. For a spectral separation of the different conformations,
Raman spectroscopy proves to be powerful, because the spectra are dominated
by narrow Q-branches. Future improvements of the Raman jet setup [77] will
also allow for Ar relaxation experiments. Currently, a combination of IR and
Raman experiments is most conclusive in the monomer regime.

Beyond ethanol, the number of n-alkanol dimer conformations becomes too
large to be vibrationally resolved, even in supersonic jets. For n-propanol, more
than five isomers are discernible in the donor O—H stretching spectrum
(see Fig. 8). For longer chains, there is a smaller number of dominant
conformations [69]. Ar relaxation shows that the most stable n-propanol and
n-butanol dimers are those with the largest observed red shifts. For longer
chains, the situation is more complex. However, the window of observed O—H
stretching bands is quite independent of chain length beyond propanol.

A subtle chain-length alternation effect is observed upon coating the alcohol
molecules and dimers with Ar. For monomers, the O—H stretching frequency of
even-membered chains is perturbed more strongly than that of odd-membered
chains. For dimers, the opposite pattern is observed [69]. The modeling of such
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subtle embedding effects is challenging [233]. However, it is important, because
isomerization studies among the different conformers are most elegantly carried
out in cryogenic matrices [103]. Chain length and chain conformation can also
influence the energy flow out of the O—H oscillator into the rest of the molecule
or molecular cluster [21].

D. Bulky Alcohols

Branching of the alkyl chain attached to the O—H group opens up a variety of
perspectives. It increases the bulkiness of the alcohol with consequences for
aggregation [234, 235], it allows for the introduction of permanent chirality
[117], and it can help to introduce larger energy differences among conforma-
tions.

With respect to bulkiness, #-butyl alcohol is the simplest monoconforma-
tional example. It is therefore investigated intensely and used as a model
system for amphiphilic behavior [236]. #-Butyl alcohol is thought to form
micellar structures or microscopic aggregates in the liquid [13], in aqueous
solution [237] and also in the supercritical state [25]. Its crystal structures are
diverse and complex [44, 238]. Therefore, the investigation of isolated ¢-butyl
alcohol clusters is of some interest. Their O—H stretching infrared spectrum
has been characterized [39] and is found to exhibit unusual structure even for
larger clusters. The origin of this structured spectrum, which falls in a region of
C—H stretch—torsion combinations, remains to be understood in detail. Large
cluster formation still appears to be feasible, although the bulky #-butyl groups
certainly interfere with each other and the tetramer may be viewed as a kind of
magic number cluster [213]. This is confirmed by a study of mixed clusters of
naphthol and #-butyl alcohol [235]. Clusters of even more bulky alcohols such
as adamantanols and multiply branched alcohols have been studied [65, 72]. In
contrast to earlier evidence around room temperature [37], the low-temperature
environment appears to be able to stabilize aggregates beyond the dimer [65].
Crystal structure determination even reveals tetrahedral arrangements of the
O—H groups in extremely bulky alcohol tetramers, although the proton
positions are disordered [239]. The hydrogen-bond-induced red shift in
branched alcohol dimers can be predicted using a fairly simple molecular
modeling approach, as long as conformational isomerism does not complicate
the picture [72].

With respect to chirality, 2-butanol is the simplest alcoholic model system.
Due to a single strong recognition center (the hydrogen-bonded O—H group),
the energy differences between a dimer built from homoconfigured (e.g., left-
handed) monomers and a dimer between heterocofigured (mixed left- and right-
handed) molecules are not very large. Spectral differences in the IR are
therefore quite small, whereas conformations of the two diastereomeric dimers
can be easily told apart in microwave studies of chirality recognition [117].
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E. Unsaturated and Aromatic Alcohols

The simplest unsaturated alcohol with sp3-carbon O—H is allyl alcohol
(propenol). The monomer occurs in two energetically similar conformations in
the gas phase [145, 240], which are both stabilized by intramolecular O—H- - -t
interactions. The dimer has only been studied in matrix isolation [241].
Spectroscopic evidence for an intermolecular O—H- - -© hydrogen bond was
found. A vibrational (IR and Raman) supersonic jet measurement would be able
to unravel the different monomer and dimer conformations involved.

Among the unsaturated alcohols involving an O—H group attached to a sp?
carbon, only the resonance stabilized case of malonaldehyde shall be briefly
discussed. It features a strong intramolecular hydrogen bond between the enol
O—H and the remaining aldehydic C=O group. The hydrogen atom is bound in
a double-minimum potential, and the resulting tunneling splitting [210, 242] has
recently been studied as a function of vibrational excitation [155, 243].
Remarkable decreases of the tunneling splitting, equivalent to increases in the
tunneling period, have been found for some vibrations [155]. Due to the strong
intramolecular hydrogen bond, the clustering tendency of malonaldehyde is
small, unless one studies excited conformations [104]. The same applies to
tropolone [244].

Aromatic alcohol clusters have been well-studied, also for methodical reasons.
The UV chromophore can be exploited for sensitive detection of the IR spectrum
[35, 36, 120, 179]. Time-domain experiments become possible [21], which show
that the initial energy flow out of the O—H stretching mode occurs primarily via
C—H stretching and bending doorway states. Like in the case of carboxylic acid
dimers [245], the role of the hydrogen bond is to shift the O—H stretching mode
closer to these doorway states and thus to accelerate the initial energy flow.

In terms of binding energy, classical hydrogen bonding may be enhanced by
the increased acidity of the phenolic O—H, if the acceptor alcohol is non-
phenolic [149, 182]. On the other hand, & interactions compete with classical
hydrogen bonds [19, 54] and may even dominate the interaction, such as in the
dimer of 1-naphthol [55]. This is not yet the case for phenol dimer, the
prototype compound in this class [246, 247].

F. Fluoroalcohols

The hydrogen bonds in aliphatic alcohol clusters can be modified in a systematic,
yet subtle, way by replacing hydrogen atoms of the alkyl group by fluorine atoms
[248, 249]. This leads to only modest changes in spatial extension, but it
introduces polarity into the hydrophobic alkyl chains. Despite their polarity, the
fluorine atoms are not considered to be attractive hydrogen bond acceptors [250].
Fluorinated alkanes have quite remarkable properties that can be related to this
combination of polarity and weak hydrogen bond propensity. Alcohols with



HYDROGEN BOND DYNAMICS IN ALCOHOL CLUSTERS 33

fluorine atoms at the o-carbon are usually not stable with respect to HF
elimination [251, 252]. Therefore, fluorinated ethanols are the simplest stable
model systems.

2-Fluoroethanol has been studied in detail. The unsymmetric methyl group
substitution increases the number of spectroscopically distinguishable isomers
from 2 to 5. However, the intramolecular interaction of the O—H group with the
F atom stabilizes one out of these conformations by more than 6 kJ/mol. This is
enough to form it almost exclusively under supersonic jet expansion conditions
[130]. Even in the room-temperature gas phase, there is no sound evidence
for other conformations. There has been a lot of debate on whether this
intramolecular O—H- - -F interaction should be considered a hydrogen bond,
given that the arrangement of the three atoms is far from linear. Because
analogous intermolecular interactions with more favorable geometry show
important features of weak hydrogen bonds [130], we will also discuss the bent
intramolecular contact in these terms, being aware of alternative viewpoints
[253]. What makes the global minimum structure of fluoroethanol particularly
interesting is its chirality, although this chirality is of course not relevant for the
conventional spectroscopy of the monomer.

Due to the intramolecular O—H---F contact, hydrogen-bonded 2-fluor-
oethanol dimers may be expected to be structurally less diverse than ethanol
dimers. Indeed, there is no indication for dimers built from metastable
monomer conformations in the supersonic jet expansion [130]. However, the
fluorine atom of the hydrogen bond donor alcohol can be engaged in a
secondary interaction with the O—H group of the acceptor, which would be
“dangling” in the case of regular ethanol dimers. Depending on whether or not
this interaction is established, the dimers are classified as insertion (i) or
addition (a) complexes [154]. Insertion means that the acceptor O—H opens
and bridges the weak intramolecular O—H- - -F contact, resulting in a much
more favorable and even slightly cooperative O—H- - -O—H - - - F arrangement.
Addition complexes do not involve such an insertion, but rather conserve the
intramolecular contacts of the acceptor and to some extent also of the donor
molecule. Obviously, the donor geometry is somewhat distorted by the
competition of the acceptor molecule, which is why these complexes have also
been called ‘““associated” [130].

Considering the chiral nature of the fluoroethanol monomer, one may
therefore expect at least four distinguishable dimer conformations. Hetero-
cofigurational (het) or homoconfigurational (hom) pairings may be combined
with inserted or associated hydrogen bond topologies. The choice between the
two acceptor oxygen lone electron pairs may double this number, but
calculations show that one of the lone pairs is usually more attractive than
the other, because it allows for a compact (c) rather than open (o) dimer
structure, with increased interaction energy.
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A supersonic jet spectrum indeed shows evidence for four dimer isomers
based on the red-shifted donor O—H stretching vibrations [130]. In the acceptor
region, only two bands are observed, the other two most likely overlapping with
the monomer band. The fact that they overlap already indicates that they are of
the associated type, where the O—H group remains largely unaffected. Stronger
evidence comes from an Ar relaxation study. Already traces of the more
efficient relaxation promoter are enough to deplete the two least red-shifted
donor bands, whereas the two acceptor bands persist. Therefore, a picture
analogous to that in ethanol dimer emerges. The most stable dimers exhibit the
strongest red shifts and are thus of the inserted type. Calculations suggest that
the energy difference is quite subtle, making this a suitable reference system for
quantum chemical calculations of weak secondary interactions. Chirality
recognition is only weak, but the experimental evidence indicates that the
heteroconfigurational dimer may be slightly more stable, opposite to the case of
ethanol.

We note that 2,2-difluoroethanol behaves quite similar to fluoroethanol.
Again, there is only one dominant monomer conformation and up to four dimer
isomers are observed. However, in this case the relaxation behavior is
completely opposite. The least red-shifted isomers are now most stable and
correlate well with associated complexes. This illustrates the subtle interplay
between weak O—H---F hydrogen bonds and similarly weak C—H---F
interactions, which can also form, even in associated complexes.

Fluorinated alcohols are not only interesting as model systems for weak
hydrogen bonds with implications in the life sciences [254] and as chemical
sensor materials [255], but also provide excellent reaction media [256, 257] and
peptide solvents [258-260] with conformation-modulating properties. In both
cases, molecular aggregates are thought to play an important role. One of the
most widely used fluorinated alcohols is 2,2,2-trifluoroethanol, which will be in
the focus of the following section.

G. Trifluoroalcohols

Trifluoromethanol is only metastable with respect to decomposition into F,C=0
and HF [261]. The simplest stable alcohol with a CF; group is 2,2,2-
trifluoroethanol. Like ethanol, it can occur in a gauche and a trans conformation,
but the transiently chiral gauche conformation [146, 262] is strongly favored
over the trans form due to intramolecular interactions [263]. It is actually
questionable whether the trans form represents a stable local minimum in the
isolated molecule [30], whereas it has been found to be abundant in the liquid
[264]. It is therefore of interest to investigate for which cluster size the trans
conformation starts to become important. The interconversion between the two
gauche forms of trifluoroethanol is an order of magnitude slower than in ethanol
[146], a consequence of the stabilization of the gauche forms due to the
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intramolecular contact. On the other hand, the anharmonicity of the O—H
oscillator in gauche trifluoroethanol [30] (w.x, = 85 cm 1) is comparable to that
of ethanol monomer [81, 265] (w.x, = 88cm™!), based on fundamental and
overtone data [89] (see Fig. 2).

In analogy to fluoroethanol, which is also locked in a chiral gauche
conformation, one would expect to observe up to four trifluoroethanol dimer
conformations, differing in their hydrogen bond topology (inserted versus
associated) and in their relative monomer chirality or helicity (hom versus het).
Calculations suggest that two of these may not be present in large abundance,
because they are higher in energy by a few kJ/mol, whereas the other two are
predicted to be energetically nearly degenerate (see Fig. 9). However, the
experimental spectra [30, 76] (see Fig. 2) strongly support a single dimer
conformation, even under the mildest expansion conditions, where relaxation
over barriers of more than a few kJ/mol should be inhibited. The spectral details
are consistent with a homoconfigurational inserted dimer; that is, both monomer
units have the same helicity sense and the acceptor O—H inserts into the
intramolecular contact of the donor, forming a weak O—H - - -F hydrogen bond.
The energetically almost equivalent heteroconfigurational isomer without
insertion is not observed. O—H torsional tunneling between the enantiomeric
forms of the dimer should be efficiently quenched. Interconversion between the
two nearly isoenergetic, but topologically different, isomers involves a barrier of
close to 10 kJ/mol (see Fig. 9). Therefore, it is not easy to explain the complete
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Figure 9. The torsional potential of trifluoroethanol (dashed line, g+/t/g—, in analogy to the
ethanol case shown in Fig. 4) is only distorted slightly if it acts as a hydrogen bond acceptor toward a
g+ trifluoroethanol unit [30] (full line). Nevertheless, only the compact inserted homochiral dimer
(left, i|c|hom) is observed in the jet experiment, not the compact associated heterochiral dimer
(right, a|c|het).
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absence of the heteroconfigurational isomer in a helium supersonic jet
expansion, if it is nearly isoenergetic to the homoconfigurational dimer. It
remains to be seen which mechanism is responsible for this extreme form of
chirality synchronization [30, 76]. In ethanol [80], the addition of an efficient
collision partner (Ar) was required to induce relaxation over barriers on the
order of only 3 kJ/mol [33] into the global homoconfigurational minimum
structure. A transient mechanism proposed recently for isotope-labeled benzene
dimer isomerization [266] does not apply to the high-barrier situation in
trifluoroethanol dimer. Molecular dynamics simulations of the collisional
cooling process using model potentials [72, 267] or preferably quantum
chemical calculations [30, 268] might shed some light onto this interesting
dynamical process, as would microwave structural information [91].

Trifluoroethanol dimer is also an ideal model system to investigate the
influence of hydrogen bonding on O—H stretching anharmonicity. While an
isotope study indicated only moderate changes in anharmonicity [30], the recent
direct observation of overtone transitions [89] shows that classical hydrogen
bonding to oxygen increases the monomer anharmonicity by about 15%,
whereas hydrogen bonding to fluorine indeed preserves it (see Fig. 2). In this
study, it was possible to quantify the intensity drop from the fundamental O—H
transition to the overtone for the first time in an alcohol dimer. The O—H group
bound to fluorine experiences a drop by a factor of 30 in band strength, still
comparable to that of the monomer [13]. However, the O—H stretching mode
facing the oxygen atom of the neighboring molecule drops by a factor of 400,
when going from the fundamental to the overtone [89]. This explains on a
quantitative level why it is so difficult to observe hydrogen-bonded overtone
vibrations and thus to extract reliable anharmonicities.

Moving to larger clusters, there is some indirect spectroscopic evidence that
monomer trans conformations start to play a role [30] in the few trimer
structures which are stable in a supersonic jet expansion. In contrast to methanol
trimer [65, 77], the two most strongly IR-active O—H stretching modes are split
significantly and the in-phase stretching mode gathers substantial IR intensity.
The analysis of the coupling pattern [30] confirms the lack of quasi-symmetry
and suggests the involvement of different monomer conformations in the trimer.
Analysis of the deuterated trimer indicates an increased anharmonicity of the
O—H stretching mode and pronounced cooperativity effects. According to
model simulations and liquid state studies [264], the trans fraction increases
with cluster size, until it is comparable to the gauche fraction. A detailed
characterization of the solution dynamics of trifluoroethanol is essential for a
deeper understanding of its protein solvation and conformational modulation
aspects [260].

While the O—H stretching mode is a sensitive indicator of weak hydrogen
bonds to fluorine and the hydrogen bond topology, there are other dynamical
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consequences of such interactions. C—H stretching modes that are in direct
contact with F atoms shift characteristically [30]. This is also evident in a
comparison of gas- and liquid-state spectra of such alcohols. Similar effects of
fluorination have been studied in clusters between alcohols and aromatic
compounds [112, 175, 219].

Beyond trifluoroethanol, new aspects come into play. By fluorinating a
methyl group in 2-propanol, permanent chirality can be introduced into the
molecule [269, 270]. Substitution of both methyl groups by CFs simplifies the
isomer pattern, because the resulting hexafluoroisopropanol favors the nonchiral
trans conformation [269]. Currently, we are investigating the influence of
aliphatic chain length on the interaction of the CF; group with the alcohol
function in linear trifluoroalkanols and the resulting competition between
intramolecular folding and intermolecular aggregation.

H. Chlorinated Alcohols

Chlorinated methanols are only metastable [271], like their fluorinated counter-
parts. Chlorinated ethanols are stable. Like fluorinated alcohols, they are popular
as solvents for peptides [272] because of their characteristic hydrogen bonding
properties. Trichloroethanol shows a weaker tendency to dimerize than
trifluoroethanol, whereas further aggregation is more favorable, according to
solution studies [141]. Matrix isolation studies are also available [262, 273]. We
are currently investigating the jet spectra of 2,2,2-trichloroethanol and its
clusters. In contrast to trifluoroethanol, more than one dimer conformation is
found, thus underscoring the singularity of the previously described chirality
synchronization phenomenon. Some chloropropanols are permanently chiral
variants of 2-chloroethanol and therefore show a preference between the two
gauche conformations that are stabilized by an intramolecular hydrogen bond.
This intramolecular case of chirality induction has been investigated by
microwave spectroscopy [129].

I. Ester Alcohols

Like O—H groups, carbonyl groups are of major importance in biomolecules and
their function. Therefore, an interesting class of model compounds is represented
by hydroxyesters. Glycolates are the simplest representatives. They form clusters
in which O—H- - -O—H hydrogen bonds compete with O—H - - -C=0 hydrogen
bonds. The latter are intrinsically stronger, but the former offer cooperative
enhancement, if more than two O—H groups are involved [274]. When a methyl
group is added to the O—H-carrying carbon, a chiral center is created in the
immediate neighborhood of the O—H group. This leads to fascinating chirality
recognition phenomena in lactates, in which the relative handedness of
neighboring lactate units decides about the preferred hydrogen bond topology
in a tetrameric cluster [122, 125, 275]. This tetramer features one of the most
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complex gas-phase chirality discrimination phenomena that have been structu-
rally characterized to date. An even more complex alcoholic system involving
chirality discrimination is the protonated serine octamer, which has been largely
studied via mass spectrometry [15, 123, 124]. Hydroxyesters have also been
combined with simple aliphatic and aromatic alcohols [126, 154] to investigate
chirality recognition phenomena, the question of kinetic versus thermodynamic
control, and more generally the preference for insertion or addition complexes.

J. Polyols and Sugars

While the hydrogen-bond-driven aggregation of isolated O—H groups is now
understood fairly well, nature usually employs sugars [59] for molecular
recognition tasks [17]. From a hydrogen bond perspective, sugars can be
mimicked most easily by polyols, molecules with multiple O—H groups attached
to an aliphatic backbone.

The strength of intramolecular hydrogen bonds in diols can be tuned via the
distance of the two O—H groups at the carbon backbone [276]. Glycol as the
simplest representative of 1,2-diols has been studied extensively in a range of
temperatures [277], including supersonic jet and other rotational spectroscopy
techniques [278]. By replacing two C—H bonds by C—CH3; groups, chirality is
introduced and diastereoisomerism as an intramolecular variant of chirality
recognition occurs [110]. 1,2-Diols can be used to observe hydrogen-bonded
O—H overtones [276, 277], because the intramolecular constraints prevent an
optimum hydrogen bond geometry. This may reduce the cancellation effect
between electrical and mechanical anharmonicity. The liquid state of glycol has
been investigated by a range of methods including the development of model
potentials [279]. Therefore, isolated cluster studies of this elementary
bifunctional prototype would be desirable. The prototype for molecules
involving three alcohol groups is glycerol. Its hydrogen bond topology [280,
281] is strongly temperature-dependent, and conformer relaxation in the jet
expansion [282] appears to be efficient.

In order to model sugars more closely, further functionalities have to be
included. Glycidol may be considered as a simplified model that includes an
O-heterocycle. Its dimer has been studied successfully with respect to chirality
recognition phenomena [111]. More realistic models for open sugars involve
keto or aldehyde groups. Glycolaldehyde may thus be viewed as the simplest
realistic sugar model, a diose. Its transition from the internally hydrogen-
bonded gas-phase structure to the intermolecular C=0/O—H hydrogen bond
network in aggregates has been studied by vibrational spectroscopy [283]. In
the thermodynamically stable solid, the carbonyl groups are absent due to
chemical dimerization. Higher homologs such as dihydroxyacetone also show
an interesting interplay between chemically and hydrogen-bond-directed
aggregation [284]. Larger sugars [17, 207, 285], their adducts [286], and their
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aggregates up to amorphous sugar nanoparticles [284, 287, 288] as well as
sugars in solution [29] represent systems of increasing complexity in which the
essential binding motifs of the smaller models can be identified. While
experimental data on sugars may not always be conclusive for the properties of
isolated hydrogen bonds [32], the opposite is certainly true. By studying
clustering in alcohols of increasing complexity and poly-functionality, one will
ultimately arrive at an even more detailed understanding of the dynamics and
aggregation of naturally occurring mono- [59] and oligo-saccharides [17],
which are thought to play a key role in cellular recognition.

VI. CONCLUSIONS

This review has discussed alcohol clusters from methanol [98] to sugars [17]. It
has tried to show that a reductionist gas-phase spectroscopy approach to the
complexity of organic and biomolecular matter can be fruitful. By studying the
most elementary model systems, one can extract the structural, energetic, and
dynamic essentials from the enormous hyperspace spanned by the myriads of
degrees of freedom involved in biological systems, hydrogen-bonded liquids,
and polymers. These essentials include conformational dynamics, molecular
recognition, cooperativity, and solvation, among other things. More often than
not, one finds that weak hydrogen bonds are decisive for the detailed
conformation of alcohols and their complexes.

Infrared, Raman, microwave, and double resonance techniques turn out
to offer nicely complementary tools, which usually can and have to be
complemented by quantum chemical calculations. In both experiment and theory,
progress over the last 10 years has been enormous. The relationship between
theory and experiment is symbiotic, as the elementary systems represent
benchmarks for rigorous quantum treatments of clear-cut observables. Even the
simplest cases such as methanol dimer still present challenges, which can only be
met by high-level electron correlation and nuclear motion approaches in many
dimensions. On the experimental side, infrared spectroscopy is most powerful for
the O—H stretching dynamics, whereas double resonance techniques offer
selectivity and Raman scattering profits from other selection rules. A few
challenges for accurate theoretical treatments in this field are listed in Table 1.

Although most of the reported gas-phase experiments do not investigate the
temporal evolution of alcohol clusters explicitly, the frequency-domain spectral
information can nevertheless be translated into the time domain, making use of
some elementary and robust relationships between spectral and dynamical
features [289]. According to this, the 10-fs period of the hydrogen-bonded O—H
oscillator is modulated and damped by a series of other phenomena. Energy
flow into doorway states is certainly slower than for aliphatic C—H bonds [290];
but on a time scale of a few picoseconds, energy will nevertheless have
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TABLE I
Some Challenging Benchmarks for Theoretical Studies of Alcohols and Their Clusters®

Quantity Value Computational Challenge
vou methanol dimer red shift [16] I1lecm™ Anharmonic value
(CH30H), proton tunneling period [16] in v3y > 5ps Multidimensional excited state
(CH30H), anharmonic librational modes [93] 695/760cm™'  Anharmonic prediction
Homochiral gauche ethanol dimer red shift [80] 128 cm™! Global minimum property
n-Alkanol Ar coating shift alternation [69] Odd/even Van der Waals forces
Torsional malonaldehyde tunneling

deceleration [155] 6% Full-dimensional treatment
Trifluoroethanol chirality synchronization [30] >95% Isomerization profile/dynamics
Size-independent IP for Na(CH30H),

clusters [48] n>5 Theoretical explanation

“See text for details.

dissipated into other, non-O—H stretching degrees of freedom. On its way, it
may oscillate or dissipate among coupled O—H oscillators; in special cases, it
may even be carried over to neighboring molecules by concerted hydrogen
transfer—that is, by explicit mass flow. Where available [21], time-resolved
studies confirm this basic picture. Deuteration tends to stretch all these time
scales [16, 21, 79]. The role of librations—that is, vibrations of the hydrogens
orthogonal to the bridging direction—remains to be explored in detail. Supersonic
jet data confirm that much of the breadth of liquid-state O—H stretching bands has
an inhomogeneous origin. It arises from different hydrogen bond environments of
the local oscillators, although some intrinsic, homogeneous width of the bands
persists. In summary, alcohols are interesting by themselves, but are also useful
test cases for a range of concepts in vibrational dynamics.

The connection between alcohol clusters and the liquid is probably not as
simple as quantum cluster equilibrium studies may imply [45], but their success
suggests that the remaining deficiencies are of a subtle topological nature and do
not affect energies too much [44]. Energetically, the decisive topological feature is
a strong tendency for one-dimensional aggregation, either as chains or as rings.

The future challenges in this field are manifold. The experimental methods
must be extended to larger molecular systems and to van der Waals modes
[156]. Selectivity in terms of cluster size and conformation will become crucial.
Extension to the O—H overtone region and to intermolecular modes will be
essential for the characterization of anharmonicity effects. The systematic
introduction of further functional groups aside the hydroxy group and the
stepwise introduction of solvent effects will increase the biological relevance of
the investigated systems. Supramolecular dynamics can be studied and
understood in the gas phase.

A systematic study of chlorinated and fluorinated ethanol dimers has recently
been published [291].
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