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1 Introduction 
If we want to understand the properties of condensed molecular 
matter in detail, we have to study the interactions between 
molecules, which are often summarized under the name ‘van der 
Waals interactions.’ These intermolecular interactions are of a 
profoundly subtle, multidimensional, long-range, and coupled 
nature. This is in contrast to intramolecular interactions, where 
the concepts of chemical bond and harmonic force-field usually 
form a reasonably localized zero-order reference point at suffi- 
ciently low excitation levels. Infrared spectroscopy provides 
a powerful general tool to study both inter- and intramolecular 
interactions, since it can cover the full frequency range of 
fundamental and few-quantum excitation of the associated 
degrees of freedom. It is in the ‘floppy molecule’, intermolecular 
regime where the inversion of high resolution spectroscopic data 
to interaction potentials is particularly difficult, and thus the 
demand for interaction between theory and experiment is par- 
ticularly intense. 

As one consequence of this difficulty, initial spectroscopic 
research efforts have concentrated on pairs of molecules, the 
obvious prototypes of any interaction study. These binary 
complexes or dimers have revealed an unprecedented richness 
of structural properties and dynamical behaviour, when viewed 
through the eyes of high resolution microwave, far- and near-IR 
spe~t roscopy,~-~  and modern theoretical tools. Indeed, the 
astonishing range of challenges and insights provided by dimer 
spectroscopy deflected the original thrust of a spectroscopy- 
based understanding of bulk matter toward an extensive, albeit 
very fruitful, series of diversions. The reader might compare this 
to the situation of a sociologist heading out for a systematic 
understanding of human interactions in large groups, who finds 
himself stuck at the level of pairwise interactions due to the 
enormous wealth of insights to be gained in this simplest of all 
social groups. 

With more than a decade of theoretical and experimental 
effort in studies of dimers, the investigation of larger clusters is 
now beginning to be tractable at high resolution. Occam’s razor 
suggests a pragmatic starting point. The interactions of a large 
ensemble of molecules (or human beings, to play the analogy a 
little further) are most simply described as the sum over all 
possible pair interactions. However, it is also immediately clear 
(both in spectroscopy and in sociology) that this is only an 
approximation to the true nature of molecular forces. The extent 
of approximation inherent in the so-called ‘pairwise additive’ 
approach varies from system to system; consequently its detailed 
experimental characterization in weakly bound systems is both a 
necessary and challenging step. 

The obvious prototype for the study of non-pairwise additi- 
vity are molecular trimersl i.e., the simplest systems wherein 
three-body forces are superimposed on the pairwise forces. 
These three-body forces and their associated multidimensional 
potentials are defined by the property that they vanish when any 
one of the three units is separated from the others. To extract 
them from the full interaction potential, the pairwise interac- 
tions have to be accurately known, as the non-pairwise additi- 
vity is typically a relatively small fraction of the pair interac- 
tions. This explains in part the reluctance with which trimers 
have been previously investigated by spectroscopy and theory, 
but we are now rapidly approaching a point where many 
important systems have become eligible for in-depth analysis. 

Rather than even attempting a literature survey of systems 
investigated, we concentrate in this review on the homologous 
series of trimers composed of Ar and HF1 (see also Figure 1): 

(1) (HF), -+Ar(HF), -+Ar,HF-+Ar, 
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Figure 1 Trimers and three-body forces on the path toward underqtsnd- 
ing bulk phases The molecular monomer (HF) is described by a one- 
body potential Interaction between monomers of the same kind leads 
to homo-dimers [(HF)z and ArJ, which are fully described by 
pairwise (two-body) interactions In a first approximation, oligomers 
of any size and the condensed Ar and HF phases can be described as 
the sum over all possible pairwise interactions Additional knowledge 
of the Ar-HF pair potential from the study of ArHF allows a pairwise 
additive description of all mixed clusters and phases, including the 
limit of an Ar atom solvated by HF (a model for hydrophobic 
interaction) and that of a HF molecule embedded in an Ar matrix 
Investigation of trimers makes it  possible to judge the quality of 
pairwise interaction models It is found that hydrogen-bonded 
networks are strongly affected by three-body contributions, whereas 
the effects are smaller for rare gas and rare gas-polar molecule 
interactions 

This series contains some of the best understood trimers and also 
some less studied ones More importantly, the series spans a 
comprehensive range of types of intermolecular interactions, 
and hence types of three-body interactions, ranging from strong 
hydrogen bonding to electrostatic and polarization interactions, 
to the weak, purely quantum dispersion forces As illustrated in 
Figure 1, the series provides a simple touchstone for various 
classes of condensed matter, ranging from hydrogen-bonded 
networks and hydrophobic interactions, which are at the heart 
of many biological and chemical phenomena, to simple liquids 
and solids, including also simple solute-solvent and solid matrix 
embedding interactions 

2 Intermolecular Interactions 
2.1 A Loose Classification 
Before dealing with IR spectroscopy as a probe of potential 
energy surfaces, we must first introduce some basic concepts of 
intermolecular interactions We will do this in an informal, 
illustrative way, a more detailed, mathematical, and systematic 
treatment would be beyond the scope of this article and excellent 
accounts can be found in other places 

Electrostatic interactions between molecules are those which 
arise from the static electric moments (charges, dipoles, quadru- 

poles ) of the isoluted molecules, possibly dependent on the 
internal state or distortion of the molecular units These interac- 
tions are described by the well-known (pairwise) Coulomb law 
and leave no room for any non-additive, e g three-body, effects 

Induction forces arise from the interaction of electrostatic 
moments on one molecule with the polarizable electron cloud of 
the other For instance, a dipolar molecule A (such as HF) 
interacts with a polarizable molecule B and induces a dipole in 
this molecule (or increases an existing one) This, in turn, 
increases the dipole of A somewhat, if A also happens to be 
polarizable Addition of a third molecule Coffers new options in 
this chain interaction A polarizes B, B polarizes C, C polarizes 
A ,  and the polarization acts back on the molecules inducing 
them By closing the polarization chain to a ring, the effect is 
maximized The equilateral triangle is thus a favourable 
arrangement for this kind of interaction Obviously, the full 
polarization effect is not equal to the sum of the A B ,  B C ,  and A C  
effects, but will contain a three-body term A B C  depending on 
the positions of all three molecules simultaneously This is an 
important source for non-additive interactions in polar systems 

Dzsperszon interaction is a quantum effect which is somewhat 
more difficult to visualize Imagine A and B to be polarizable, 
but without permanent (dipole) moments to polarize each other 
(e  g , rare gas atoms) Then, a long ‘Coulombic conversation’ 
goes on between the two For example, if A were to achieve some 
temporary distortion of its election cloud to generate an instan- 
taneous dipole, then B would polarize to accommodate and 
thereby loiz er the total energy Exploring all these possibilities 
(within the constraints of Heisenberg’s uncertainty principle) 
leads to a mutual dynamic attraction of the molecules, the so 
called London or dispersion force, which grows with the polari- 
zability of the system It is easy to imagine that this type of 
interaction will be influenced beyond additivity by a third party 
C Rigorous quantum mechanical treatment yields the so called 
Axilrod-Teller triple-dipole dispersion term9 as the leading non- 
additive contribution at long distances The ‘fame’ of this term 
exceeds by far its quantitative importance in this discussion, 
specifically, it is only dominant when virtually all other three- 
body mechanisms are absent A little bit of thought suggests that 
this subtle interaction will be disfavoured by an equilateral 
triangular configuration of A ,  B, and C, resulting in a repulsive 
three-body contribution Of course, the overall dispersion inter- 
action remains attractive, but i t  is simply less so than for three 
separate pair interactions added together 

The Pauli exclusion principle provides another quantum effect 
which becomes important when two molecules approach each 
other closely As the Pauli principle does not allow the electrons 
of A and B to be in the same state (‘spin-orbital’), A and B will 
distort each other’s electron cloud and influence each other’s 
properties, e g the polarizability A distorted A B  pair will 
interact differently with a third molecule C than A and B 
separately, giving rise to various kinds of three-body contribu- 
tions While there are simple analytical expressions for the 
leading terms of dispersion and polarization non-additivities, 
the Pauli effects are more difficult to write down in closed form 
On the other hand, they are relatively easy to calculate numeri- 
cally by ab rnztzo techniques, as they are captured to a large 
extent at the SCF level Ironically, it is often the analytical 
representations of such non-additive interaction contributions 
that represent the most significant bottleneck for theoretical 
treatments 

In the series (equation 1) with a highly polar H F  and a highly 
polarizable Ar, induction forces will decrease from left to right, 
whereas dispersion forces will increase Pauli exclusion is more 
pronounced for stronger interactions, hence the associated 
effects are expected to be considerably larger for (HF), than for 

This applies to two- as well as three-body forces and 
supports the experimental findings that H F  is among the non- 
ionic systems with most pronounced (and attractive) non- 
pairwise additivity effects6 l o  whereas in Ar such effects are 
very hard to identify and are the subject of considerable 
debate l 1  
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2.2 Modelling of Potential Surfaces 
Ultimately, we want to relate the spectroscopy and dynamics of 
weakly bound complexes to the full 3N - 6 dimensional (ground 
state) potential surface V ,  where N is the number of atoms 
involved This potential surface is defined by the lowest possible 
electronic energy at a given configuration of clamped nuclei As 
the task of solving the electronic Schrodinger equation for 
arbitrarily large numbers of clamped geometries is formidable, 
one is forced to resort to simplified treatments One way is to 
solve the electronic problem for a selected number of nuclear 
configurations and to fit analytical expressions to these points 
The functional form and parameters are often guided by the 
different classes of interactions discussed in the preceding 
sections For accurate fits to the data, very flexible functions 
have to be introduced, since some contributions to the potential 
surface have no simple or known functional dependence As a 
result of the large amount of labour and bias associated with the 
fitting process, alternative representations, such as regular grids 
combined with interpolation, have been attempted However, 
these methods are usually handicapped by unfavourable scaling 
with dimensionality For example, assuming only 10 grid points 
per dimension, the total number of grid points is 10(3N-6) and 
hence impractical for more than about four atoms Irregular 
grids concentrating on the potential surface regions which are 
relevant for spectroscopy and dynamics are more powerful, but 
also more difficult to generate and to interpolate This is an area 
where considerably more work needs to be done Some new 
ways to work with such irregular potential energy surface 
samples are described in reference 12 

3 IR Spectroscopy 
3.1 Spectral Regions and Techniques 
The infrared region accesses most of the dynamic range of 
nuclear vibrational motion present in weakly bound clusters IR 
spectroscopy is a sensitive probe of the nuclear dynamics 
whenever the molecular dipole moment is affected by it The 
fundamental excitations of van der Waals modes fall typically 
into the far infrared domain ( A  20-1000pm), which is among 
the most difficult to access experimentally Incoherent radiation 
sources used in broad band interferometric spectroscopy 
(FTIR)' l4 are weak, although synchrotron radiation may 
provide an attractive future option Tunable far infrared lasers 
offer considerably higher resolution,15 but they are still in a 
relatively early stage Infrared activity of van der Waals modes 
can be poor, in particular for stretching fundamentals, which, in 
the absence of strong mixing of vibrational states, commonly 
have little effect on the dipole moment Thus, far infrared studies 
of van der Waals clusters typically require supersonic jet expan- 
sions or cells with long optical path lengths The cells have to be 
coolable' in order to optimize complexation, while the 
supersonic expansions are most favourably planar3 ' to mag- 
nify the high density region to be probed in direct absorption 
The long wavelength suggests wave-guide concepts or build-up 
cavities could be used to realize extended optical paths At 
thermal equilibrium, light pipe cells have been used success- 
fully,I4 where the radiation is efficiently guided through a highly 
conducting metal cell via multiple wall reflections An alterna- 
tive way to solve the problem of weak absorbance is the use of 
rare gas matrices as hosts for weakly bound complexes at much 
higher local densities than in the gas phase Despite the lack of 
rotational structure and potential influence of the matrix, such 
spectra have contributed importantly to the identification and 
characterization of strongly bound aggregates 

Complementary to the far-IR study of van der Waals or 
intermolecular vibrations, intermolecular interactions can be 
studied through combination bands in the mid-to-near infrared, 
via intermolecular bands built on strong intramolecular absorp- 
tions of the monomer l 8  Here, lasers and interferometric 
spectrometers are both well established and a large number of 
techniques exists In this range, resolution is typically not limited 

by laser technology, but rather by Doppler broadening (which 
can be largely reduced in slit jet expansions3) and most impor- 
tantly by the lifetime of excited states above the cluster dissocia- 
tion threshold Vibrational predzssociatzon, z e the fragmen- 
tation of the clusters upon vibrational excitation, can also be 
exploited for detection in molecular beam techniques by moni- 
toring the laser-induced depletion of the directed flow, either by 
using a mass spe~trometer '~ or a bolometer detector 

Trimer species are rarely the dominant clusters in a supersonic 
expansion or at thermal equilibrium For dominantly isotropic 
intermolecular interactions, the stability curve as a function of 
cluster size is rather smooth and one can optimize the trimer 
concentration by simple dilution 2 o  For anisotropic interac- 
tions such as hydrogen bonding, there are different binding 
patterns Where dimers already achieve reciprocal saturation of 
their intermolecular valences, such as in carbonic acids, larger 
aggregates are not favoured at all In many other hydrogen 
bonding molecules (HF, H,O, CH30H), the donor and accep- 
tor atoms are adjacent This favours ring geometries for 
medium-sized clusters l 9  2 2  24 For trimers, such rings are sever- 
ely strained but still favoured over chain-like conformations, 
because three rather than two intermolecular bonds are formed 
(see Figure 2) Strain is substantially released from tetramers 
upwards, typically causing these species to be most stable 
against monomer vaporization 

In a mixture of differently sized clusters, an important issue is 
cluster identification This is usually not a problem for binary 
complexes owing to the availability of high-resolution infor- 
mation For larger cluster sizes, ingenious size-selection tech- 
niques have been devised 2 3  Trimers are intermediate, but 
spectroscopic information is often sufficient for their 
identification l 9  24 

3.2 Spectral Information 
IR cluster spectra contain structural information on the ground 
and vibrationally excited states through the rotational constants 
A ,  B, C (in decreasing order), which are obtained from an 
analysis of high-resolution ro-vibrational spectra and are inver- 
sely proportional to the corresponding moments of inertia This 
information is particularly valuable in the absence of a perma- 
nent dipole moment for the complex, as in the case of cyclic 
homo-trimers, where microwave techniques are not applicable 
The resulting structures are vibrationally averaged, and can 
differ substantially from the minimum structures obtained from 
electronic calculations 

Infrared-active van der Waals fundamental vibrations 
provide particularly important information about the shape of 
the interaction potential For weak interactions, these funda- 
mental vibrations may have sizeable amplitude and they are 
therefore sensitive to the intermolecular potential surface in a 
large region They can be classified broadly into two types 
Stretching modes involve translation of the monomer consti- 
tuents and can occur for atomic and molecular subunits Lib- 
rations correspond to hindered rotations of the (molecular) 
subunits Clearly, the large amplitude often leads to mixing 
between the two types of motion, but as a zero-order picture, the 
classification can be useful Compared to binary complexes, 
which also contain stretching and librational modes, trimers 
introduce an additional 'twist ' Here, the stretching modes can 
induce a structural change from cyclic to chain-like conforma- 
tions A new dynamical process - ring opening - can be studied 
(see Figure 2) 24 2 6  2 7  

The infrared active monomer fundamentals in complexes are 
characteristically shifted from their unperturbed positions 2 8  

While they explore a relatively small section of configuration 
space, their shifts and intensity changes are powerful probes of 
the intermolecular interaction Furthermore, predissociation of 
the excited states can be exquisitely sensitive to the extent of 
coupling between intra- and intermolecular degrees of freedom, 
one of the most subtle effects of intermolecular interactions For 
a trimer, two types of fragmentation pathways or channels are 
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Figure 2 Spectroscopic probes of the dynamics of trimers, exemplified 
by an (HX), trimer energy levels and cartoons of the complex are 
shown on the left side They are classified into sparse and high-lying 
intramolecular excitations (left-most, probed by mid-IR spectro- 
scopy, excitation symbolized by a circle around the hydrogen) and 
intermolecular excitations, which quickly grow in number with 
increasing energy because of the high dimensionality, finally forming a 
quasi-continuum The lowest levels are directly accessible by FIR 
spectroscopy At high energy, most of the intermolecular excitations 
correspond to open chains (middle) rather than closed rings (left), as 
the former are favoured by entropy Due to coupling between 
intramolecular and intermolecular excitation at high energies, intra- 
molecular vibrational redistribution (IVR, arrows) can occur, leading 
to excess line structure or line broadening in the IR spectrum Above a 
certain energy, the trimer can fragment into a dimer and a monomer 
At even higher energies, fragmentation into three monomers becomes 
feasible Both processes are shown on the right by black bars 
symbolizing the continuum of states associated with the fragments 
Predissociation of excited cluster states (PD, arrows) can occur 
directly or via preceeding IVR steps, whenever the energy is above 
threshold 

available (Figure 2) dissociation into three monomers or into a 
monomer and a dimer The relative abundance of these two 
types of channels and the detailed mechanisms of energy flow 
during such processes are among the challenging problems in the 
field of trimers 

Strictly speaking, one would need a time-resolved experiment 
to determine predissociation lifetimes For isolated transitions, 
there is however a heavily used spectroscopic shortcut Predisso- 
ciative decay with a single exponential lifetime TPD induces a 
Lorentzian line shape with a full width at half maximum 

in the IR spectrum For typical trimers, the requirement of 
isolated transitions is not always warranted owing to the very 
large density of states associated with the soft degrees of 
freedom In such a case, energy flow within the cluster (intramo- 
lecular vibrational energy redistribution, IVR) leads to sequen- 
tial predissociation pathways which compete with direct decay 

(see Figure 2) and may actually form the bottleneck for the 
fragmentation process 2 9  

If vibrational excitation stays below the fragmentation thres- 
hold, energy flow within the cluster is the only process available, 
and spectroscopy provides information on the speed and path- 
ways for IVR There are two ways to look at these processes 
From a traditional spectroscopic viewpoint, the excited energy 
levels are eigenstates which involve a mixture of monomer and 
van der Waals contributions For the trimers and excitation 
energies which we discuss here, the density of states is low 
enough to allow these eigenstates to be resolved (at least in 
principle), even in the presence of strong coupling According to 
the defining property of eigenstates, as eigenfunctions of the 
total Hamiltonian, there is no ‘flow’ of energy in time, but the 
character of the excited state can change very rapidly by tuning 
the excitation frequency An alternative, dynamical viewpoint 
considers initial excitation of the local monomer vibration, 
which is not an eigenstate of the coupled system To achieve such 
a local excitation, one can use the fact that the monomer 
coordinate carries most of the dipole oscillator strength By 
applying a coherent short laser pulse which covers the whole 
spectral profile of the involved states, the local oscillator is 
initially excited Subsequently, the excitation energy can flow 
explicitly into the interacting van der Waals modes Under 
certain  condition^,^^ which in particular require a dense mani- 
fold of interacting states, this energy flow is exponential in time, 
it is then analogous to the predissociation process Hence, the 
spectral profile is again Lorentzian in shape, with a spectral 
width hIVR related to the lifetime TIVR via 

Particularly for rapid processes, such a pulsed expenment can 
be technologically more demanding than simply spectroscopic 
probing of the eigenstate profile On the other hand, if there are 
several processes occurring sequentially in time, it can be quite a 
challenge to extract this dynamical information purely from 
frequency domain methods However, by applying the relation 
between lifetime and spectral width (within its range of validity), 
one can often extract IVR and/or predissociation lifetimes from 
the spectral profile for the rate limiting process in such a 
sequence We will discuss such an application for (DF), 

Finally, one can study inter-intramolecular combination 
bands, resulting from joint excitation of a monomer vibration 
and a van der Waals degree of freedom (Figure 2) Because of 
favourable experimental accessibility of widely scanning high 
resolution light sources in the near-IR, this is often the first 
information obtained about van der Waals modes 2 1  The 
results can be combined with far-IR studies or hot bands 
originating from thermally populated van der Waals 
states3 3 0  in order to obtain information on the dependence of 
intermolecular van der Waals modes with intramolecular 
excitation 

4 Connecting Potentials with Spectra 
When the number of atoms exceeds 3, making the connection 
between potential energy surfaces and infrared spectra is a 
highly non-trivial task Figure 3 illustrates some of the aspects 
involved In a forward strategy, the spectrum for a given (e g ab 
znztzo) potential surface is predicted and compared to experi- 
ment Further iterations may then involve systematic potential 
surface adjustments to improve agreement 32  More ambitious is 
the reverse process, i e  direct inversion of the experimental 
spectrum to yield a potential surface * For all but the simplest 
systems (z  e , 1-D), such an inversion is only feasible provided 
some information about the shape of the potential is available 
and the experrmental data are exhaustive 

4.1 Global Connections 
Given a potential energy surface, which could be either ab initio 
based or comprised of empirical pair potentials, full ro-vibra- 
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Figure 3 The connection between multidimensional potential surfaces 
(lower left corner) and IR spectra [upper right corner I(.)] is based on 
solutions of the ro vibrational Schrodinger equation Global predic 
tions (large arrow e g  DQMC) and inversions (dashed arrow) 
include all degrees of freedom Adiabatic potentials ( V,) describe slow 
degrees of freedom ( Q )  but include the average effect of the fast ones 
(4)  This is important for anisotropic intermolecular interactions such 
as hydrogen bonding In the absence of ypeclfic couplings adiabatic 
predictions can be compared directly to experimental spectra Simple 
cuts through the multidimensional potential surface along slow 
coordinates ( V,) do not capture these average effects and are often not 
directly comparable to experimental 1 D potentials 

tional predictions are well established for up to three atoms and 
are becoming available for tetratomic systems It is therefore 
clear that treatments of all but the simplest trimers including all 
nuclear dimensions are the exception and are usually restricted 
to some selected states ( eg  by quantum Monte Carlo tech- 
niques, see Section 5 )  or by dynamical approximation 29 Among 
the most powerful of these is the adiabatic approximation, 
whereby one attempts to factor the full wavefunction Y of the 
complex into a product of + (the wavefunction of some fast 
degrees of freedom q) and x (the wavefunction in the slower 
coordinates Q )  +(q) will also generally depend parametrically 
on the slow coordinates (I e $(q,Q)), but it is assumed to adjust 
immediately to any change in those x(Q), on the other hand, 
only feels the average effecl of +(q,Q) The effect of +(q,Q) on the 
slow motion x(Q) can therefore be described by an eflectzve 
potential V,(Q), composed of the true potential energy V(Q)plus 
the instantaneous vibrational energy of + along q Note that this 
adiabatic separation does not throw away any coordinates The 
treatment remains global, but it is simplified by identifying and 
characterizing a set of coordinates In this sense, it is very close to 
spectroscopic practice, where one tries to assign approximate 
quantum numbers to observed bands even though the corres- 
ponding operators may not commute perfectly with the total 
Hamiltonian In Section 5 we will discuss some applications for 
the hydrogen fluoride trimer 

4.2 Reduced Dimensionality Connections 
Quite often, a reduced subspace of the full potential energy 
surface is selected and investigated separately The selection 
requires some insight into the qualitative aspects of the potential 
surface in order to minimize couplings with other degrees of 
freedom Reduced subspaces are extremely useful if one wants to 
model and extrapolate a selected spectroscopic data set They 
are absolutely crucial in large systems for obtaining physical 
insight into many dynamical effects 

As soon as a subspace of the full configuration space of a 
complex is selected, the correspondence between forward and 
inversion strategies breaks down In the forward strategy, one 
has to make some cut through the full potential (Figure 3), 
whereas the inversion strategy involves the assignment of quan- 

tum numbers to some selection of spectral transitions In both 
cases, there is some arbitrariness in the coordinate (for the cut 
and for the quantum numbers), but often there is an obvious 
choice Furthermore, any specific couplings crossing the sub- 
space boundaries are lost, but of course the weakness of such 
couplings is a key assumption of any reduced dimensionality 
treatment For low frequency motions, there is a more senous 
problem Low frequency motion occurs in the mean field of the 
faster degrees of freedom (Section 4 1) If these fast degrees of 
freedom change significantly with the low frequency coordinate, 
their zero-point energy contribution to the low frequency poten- 
tial is not constant Hence, the effective low frequency potential 
as obtained from expenment is already dzstorted with respect to 
a cut through the full potential surface (Figure 3) This effect is 
particularly important in hydrogen bonding, as we will see in the 
example of hydrogen fluoride trimer 

With these limitations in mind, there are several options for 
reduced dimensionality treatments of trimers An obvious sim- 
plification is the combined treatment of all intermolecular 
degrees of freedom, while the monomers are kept at their 
equilibrium or some vibrationally averaged value 3 3  Thejusti- 
fication for this rigid monomer model is the time scale separation 
of the two types of modes Slow intermolecular motion only sees 
an average effect of the fast monomer vibrations By studying 
the van der Waals spectrum as a function of monomer vibra- 
tional state, one can extract intermolecular potentials which 
depend parametrically on the monomer quantum numbers 3 8  

This set of intermolecular potentials for vibrating monomers 
can then be extrapolated to a potential for vibrationless 
monomers, which finally represents a true cut through the full 
potential surface Turning these arguments around, a reason- 
able first-order description of the intramolecular degrees of 
freedom is often achieved by freezing the soft modes at equih- 
brium and looking at monomer vibrations in this frozen frame 

Within the intermolecular manifold, separation of radial and 
angular coordinates has been a popular simplihcation 34 The 
radial coordinates correspond to distances between monomers 
and as a consequence, they involve relatively large masses, hence 
low frequencies Angular coordinates describe internal hindered 
rotations of the monomers in the framework of the complex For 
simple hydride rotors such as HF, the moment of inertia is small 
and the associated librational frequencies are rather high This 
might suggest that the two subspaces are relatively uncoupled, 
but the opposite is often true Along the radial monomer 
separation coordinate, for example, the angular motion changes 
from nearly vibrational to purely rotational character Vib- 
rations have an associated zero-point energy, whereas rotations 
do not Therefore, angular-radial separations are at their best 
when the angular motion is already quite free near the potential 
energy minimum and only becomes constrained at much shorter 
separations, I e for weak van der Waals bonds 2 1  For strong 
hydrogen bond systems, a formal separation may still be poss- 
ible, but the resulting effective angular and radial potentials do 
not correspond to simple cuts through the full potential surface 
(Figure 3) 

In any event, the complexity of trimers requires combined 
efforts along these lines in order to establish the relevant parts of 
the corresponding multidimensional potential surfaces The 
power of IR spectroscopy to reveal the properties of these 
potential energy surfaces varies strongly with the type of mole- 
cule and with the type of motion involved This will be illustrated 
in the following examples 

5 (H F), and (DF), - Not So Weakly Bound 

At the very left of the sequence (equation 1) we have the strongly 
hydrogen-bonded complex (HF), and its isotopomer (DF), 
The equilibrium structure of (HF), is planar and cyclic, with C3h 
symmetry Definite experimental data for this structure were 
missing until recently,19 2 4  although there was early evidence 
that none of the abundant H F  clusters beyond the dimer has an 

Trimers 
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appreciable dipole moment., This makes a microwave study 
difficult, as one has to resort to non-symmetric isotopomers such 
as (HF),DF in order to observe a weak, zero-point motion 
induced dipole moment, and hence rotational spectrum. Thus, 
we have a classic case where IR spectroscopy provides the first 
glimpses of structural information even for the ground state. 
The H F  stretching spectra of (HF), and some of its isotopomers 
have been studied at low resolution by monitoring the signal 
depletion in a mass spectrometer upon IR predissociation' and 
also in rare gas matrices. * ' Although the assignment of the H F  
stretching bands has gone through some controversial stages, 
the final result of a detailed study19 is fully consistent with C3h 
symmetry, which predicts exactly one IR active (degenerate) H F  
stretching fundamental in (HF),. The wavenumber shift relative 
to H F  monomer was found to be - 249 cm- l .  Compared to the 
shifts in (HF), ( -  31 and - 93 cm- l) ,  this already indicates 
some sort of non-additivity in the trimer. In fact, the three-body 
contribution to this shift is x 50% (see Table l ) .3s  It is common 
practice to compare experimentally observed monomer fre- 
quency shifts with easily accessible ab initio harmonic shift 
predictions, assuming that intermolecular interaction mainly 
changes the quadratic force constant of the monomer potential. 
However, accurate calculations carried out for (HF), reveal a 
10-20% anharmonicity contribution to the shift in this case.3s 

High resolution investigations of the (HF), band do not 
reveal any rotational structure despite the low temperature in 
the supersonic expansion. This is in clear contrast to the findings 
in (HF), and shows that the energy flow out of the H F  stretching 
mode (from a time-dependent view) is very fast, occurring on a 
timescale of 2-20 ps.19 In the absence of line resolution, it is not 
possible to quantify the timescale of predissociation. It could be 
as fast as 2-20 ps, but also considerably slower, when combined 
with IVR processes. However, it must be finite, as the band has 
been observed by monitoring the depktion of the mass spectro- 
meter signal upon e~c i t a t i0n . l~  The excess energy in an H F  
stretch excited (HF), complex is so high that predissociation 
into three monomer fragments may occur in competition with 
the lower energy pathway involving a monomer and a dimer. 
There is some indirect experimental evidence for this triple 
fragmentation channel in a low-temperature jet expansion, 
but theoretical calculations3 indicate that the exothermicity is, 
at most, of the order of 100 cm-l.  Table 1 illustrates that in 
order to calculate such energy balances, three-body effects, 
anharmonicity in the H F  stretching vibration, and anharmonic 
contributions to the zero-point energy have to be accurately 
included. 

The latter involves knowledge of the global potential energy 
surface in 12 dimensions, not just the curvature at the minimum, 
and a technique to treat the nuclear quantum dynamics on this 
surface. Diffusion quantum Monte Carlo (DQMC) is among the 
few techniques which are capable of calculating anharmonic 
vibrational eigenstates in 12 (and more) dimensions. To under- 
stand qualitatively how it works, it is best to consider the origin 
of zero-point motion. It arises from Heisenberg's uncertainty 
relationship for location and momentum 

AxAp2h/2. (4) 

In a potential well, a particle tries to optimize its energy within 
this constraint. It cannot sit in the minimum of the well 
(Ax  = d p  = 0) like a classical particle. DQMC imposes a 
random motion on the particles, very much like the Brownian 
motion of an oil droplet in a water suspension. This random 
motion is constrained by a potential energy penalty such that the 
resulting trajectory exactly samples the ground-state wavefunc- 
tion of the system (see reference 36 for more details and further 
references). Combined with an accurate pair potential,, for H F  
and an ab initio based three-body potential,, DQMC allows the 
calculation of energy balances for predissociation, which are 
shown in Table 1 .  

For the fully deuterated isotopomer (DF), these calculations 
make a surprising prediction. As a result of the lower stretching 

Table 1 Comparison of experimental and theoretical results 
for (HF), and (DF), (all numbers except lifetimes (T) 
in cm-'). Experimental data are from reference 19 
[(HF),, supersonic jet], reference 17 (matrix, +), and 
reference 24 [(DF), , supersonic jet]. Theoretical 
results are based on the 1 + 2 + 3-body potential 
from reference 35 combined with quantum Monte 
Carlo and grid calculations. Results obtained by 
neglecting the three-body contribution are given in 
parentheses. Rotational constants are evaluated at the 
planar minimum (C,) and including zero-point 
averaging effects (C,). Electronic well depths (D,) and 
harmonic (0:) as well as anharmonic binding energies 
(0,) are expressed relative to the dimer + monomer 
dissociation limit ([2 + 11) and relative to the three 
monomer limit ([I + 1 + 11). IR-active H F  stretching 
wavenumbers and wavenumber shifts relative to the 
monomer ( A )  as well as FF stretching wavenumbers 
are evaluated harmonically [ ( d ) ~ ]  and 
anharmonically [ L I ) ~ .  

C, % B,/2 

C, = B,/2 

D,[2 + l] /hc 

GHF 

AGHF 

"HF 

AWHF 

V F F  

WFF 

exp. 

52650" 

53712" 

2-20 

> 2-20 
<oo 

3712 

- 249 

152.5 

theor. 

0.124 

0.129 

256 1 
(1951) 

2494 

3623 

3524 

3716 

- 245 

3912 

- 221 
(- 108) 

153 

180 
(129) 

exp. 

0.120 

2 2725 

2 3894 

40 

> 3000 

2724.6 

- 182.1 

155.5 

a Most probable interpretation of the experimental data. 

theor. 

0.121 
(0.107) 

0.125 

2768 
(2115) 

2726 

3933 

3524 

2733 

- 173 

2836 

- 161 
(- 79) 

155 

174 
( 126) 

frequency of D F  in (DF), and the reduced zero point energy in 
the heavier molecular frame, both predissociation pathways are 
now energetically inaccessible. The dimer + monomer fragment 
channel is predicted at ~ 3 5  cm-l above the D F  stretching 
excitation, leaving IVR as the only way to redistribute vibration- 
al energy. When one considers the remaining uncertainties in the 
pair and three-body potentials, such a prediction must be 
regarded as a suggestion/incentive for experimental verification. 
Stimulated by these calculations we investigated the DF stretch- 
ing band at high resolution in a supersonic slit jet expansion 
using a difference frequency laser s p e c t r ~ m e t e r ; ~ ~  the result is 
shown in Figure 4. Viewed at coarse grained level, it is a 
degenerate vibrational band of a planar symmetric top, as 
expected. The rotational constants are shown in Table 1 and are 
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2722 2724 2726 2728 

Frequency (cm ’ ) 
Figure 4 (a) Near IR survey spectrum over v 5  of (DF), displaying a 

clear perpendicular band characteristic of a planar (or near planar) 
oblate symmetric top The few sharp downward going signals are due 
to HDO traces in the vacuum chamber and conveniently serve as a 
frequency calibration (b) Simulation of the (DF), spectrum modelled 
as a perpendicular band of an oblate symmetric top at 10 3 K but with 
each transition broadened by a uniform Lorentzian line width of 
y = 0 I33 cm The rotational constants from this fit are in remark 
ably good agreement with the QMC predictions on the Quack and 
Suhm potential energy surface for the trimer (c) The sharp fine 
structure (see inset) in the spectrum is quite real due to IVR coupling 
of the initial v 5  excitation into the bath modes of the cyclic ring and 
causing the ring to break open on the 40 ps time scale 

seen to be consistent with predictions from the potential energy 
surface, which features an FF-distance of 258pm and a hydro- 
gen bond angle 24” at  equilibrium 

At higher resolution, however, the appearance of the spec- 
trum is inconsistent with an isolated absorption band at 10 K 
Specifically, there are as much as 1000-fold more lines than 
expected, and one has to invoke extensive coupling to other 
states vza intramolecular vibrational redistribution (IVR) The 
resulting spectrum appears to be descnbed well by a simple 
Lorentzian line shape for each zero-order transition, indicating 
a dense manifold of coupling states and more or less statistical 
coupling In this statistical limit, one can use equation 3 and infer 
a lifetime of 40 ps for the DF stretching vibration in the time- 
dependent picture So far, the situation is quite similar to the 
(HF), case, with the sole difference that the increased lifetime 
allows for the extraction of a geometry How can we verify the 
prediction that the decay of the stretching state is due to IVR, 
but not to predissociation? From DQMC calculations in the 
potential surface, the density of ro-vibrational states at the 
excitation frequency can be calculated If we assume the extreme 
case that all available states (within the rigorous constraints of 
symmetry and total angular momentum) can couple to the DF 
stretching state, and if we further assume that the distnbution of 
the coupled states obeys the most probable distribution law,24 
there should still be line structure visible within the Lorentzian 
humps at  the Doppler-limited resolution of 40 MHz Figure 4 
shows that there is in fact narrow line structure in the spectrum 
at this resolution Closer examination shows no sign of addi- 
tional predissociation broadening in the lines beyond the 40 
MHz experimental apparatus limit, although the congested 
nature of the spectrum only allows rigorous exclusion of life- 
times below 3 ns for some of the transitions Any significant 
excitation above threshold in such a strongly coupled system 
should lead to much shorter lifetimes 24 The conclusion is 
therefore that this band is most likely below the predissociation 
threshold Stochastic simulation of the spectrum (Figure 4)24 
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shows that the extreme assumption of coupling to virtually all 
excited states (about 200(2J + l)/cm l ,  where J i s  the rotational 
quantum number) is necessary to explain the dense structure 

From linear combinations of these dense eigenstates, the D F  
stretching band tells an equivalent story about the evolution of 
jet-cooled (DF), in the time domain subsequent to excitation by 
a coherent sub-picosecond laser pulse centred at 2725 cm- All 
the energy is initially put into the DF stretching coordinate, 
where it excites an oscillation with 0 012 ps period On a time 
scale of 40 ps, this energy flows into other degrees of freedom 
Without detailed analysis of the spectra, we cannot say whether 
this flow occurs in a sequential manner through some specific, 
so-called doorway states, or whether the process is more statisti- 
cal 26 29  Upon completion of this energy redistribution, the 
clusters are in a vibrationally very hot state, on the order of 5% 
below dissociation threshold, whereas rotationally they are as 
cold as before, J being conserved For a given J ,  practically all 
energetically accessible states are populated For statistical 
reasons, a vast majority of these states will have largest ampli- 
tude in open-chain configurations Effectively, this means thdt 
the ring has ‘cracked open’ on a 40 ps timescale, although on the 
average, the remaining two hydrogen bonds will also be severely 
stretched After completion of this redistribution, the energy 
keeps rattling around in the molecule, but nothing new happens 
until the clusters collide or radiate This is a nice example of the 
dynamical information which can be extracted from a stochastic 
spectrum in the absence of any time-resolved experiment 

For a second example of (HF), vs (DF), dynamics, we 
consider hydrogen bond stretching motion The masses involved 
in this motion are an order of magnitude larger, and the ‘springs’ 
connecting the vibrating bodies are two orders of magnitude 
smaller This means that we have to move to the FIR range, 
around 150 cm Reference 14 shows a survey of the FIR 
spectrum of H F  vapour around this range The weak (HF), 
hydrogen bond stretching band is well hidden underneath strong 
monomer rotational transitions, dimer librational and rota- 
tional bands, and a broad structureless band due to hydrogen 
bond stretching in larger clusters Therefore, a gas phase assign- 
ment of the trimer band is still missing By isolating (HF), in rare 
gas matrices,1 the complicated rotational structure is removed 
at the price of inducing small frequency shifts due to interaction 
with the matrix In fact, one is effectively studying clusters 
(HF),(Rg), (Rg = Ar,Ne) This makes absolute correlations 
between gas phase and matrix difficult, but here we want to 
concentrate on a relative effect between different isotopomers, 
where matrix data can be more reliable It was observed that the 
hydrogen bond stretching band in (DF), ( I  55 5 cm ’) occurs at 
a higher frequency than that of (HF), (152 5 cm ’) This 
contradicts the simple one-dimensional oscillator formula 

v = q  2rr 

which predicts a frequency decrease with increasing mass p, 
given the same force constantf One is forced to conclude that 
the force constant, z e the vibrational potential, must be differ- 
ent for (HF), and (DF), Within the Born-Oppenheimer sepa- 
ration of electronic and nuclear motion, this should not be the 
case and it is highly unlikely that a breakdown of this separation 
is observed in this case In fact, the explanation is much simpler - 
we are looking at a one-dimensional hydrogen bond stretching 
motion (actually it is two-dimensional, because the IR-active 
vibration is degenerate, but this does not change the conclu- 
S I O ~ ~ ~ )  As pointed out in Section 4 2, motion in the remaining 
10 dimensions has the effect of distorting this electronic 1-D 
potential to an effective adiabatic potential, which is the relevant 
potential for stretching motion This distortion is mass depen- 
dent, as it is caused by the zero-point energy in the remaining 
dimensions For (HF),, zero-point energy effects are larger than 
for (DF),, making the effective stretching potential more shal- 
low and hence lowering the frequency (cf Figure 3) In order to 
see whether this qualitative explanation accounts for the 
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observed effect in a quantitative way, we have carried out 
DQMC calculations,3s in which the stretching motion was 
forced on the one-dimensional path, whereas the remaining 
coordinates were allowed to vibrate freely. Table 1 shows the 
results, which are in excellent agreement with the matrix data,’ 
when anharmonic zero-point motion effects are taken into 
account. While the absolute agreement must in part be fortui- 
tous, given the uncertainties associated with both the experiment 
and potential energy surface, the prediction of an inverse isotope 
effect of the right order of magnitude is rewarding and confirms 
the accuracy of the three-body potential. Some of the librational 
bands which are responsible for this peculiar effect have also 
been probed directly using a CO, laser.34 

These selected dynamical phenomena in (HF), serve to illus- 
trate the power of IR spectroscopy in studying hydrogen 
bonding and in revealing large three-body effects. We will now 
turn to weaker interactions, where the three-body forces are 
more subtle. 

6 Ar( H F)* - Lack of Experimental Evidence 
In view of the great diversity of trimers which have been studied 
experimentally and by theoretical methods, it is very surprising 
that no analysed spectroscopic data appear to exist for 
Ar(HF),.37 Since the Ar-HF31 and HF-HF3, pair potentials 
are among the best known, a pairwise additive potential surface 
can immediately be constructed and investigated. Such a pair- 
wise additive approach should be quite reasonable as an initial 
guess. Of course, a full treatment of the vibrational dynamics is 
formidable, but intelligent approximations can be made. 

Considering the relative bond strengths of ArHF and (HF),, 
it is probably best to view Ar(HF), as an Ar atom attached to 
H F  dimer. The vibrational frequency shifts induced by this 
attachment can be estimated from the shifts observed for (HF), 
in Ar matrix, which are known to be quite small in many cases. 
It is beyond the scope of this article to make detailed predictions 
on the vibrational spectra of Ar(HF),, but forthcoming experi- 
mental and theoretical progress may be safely anticipated in this 
arena. 

7 Pairwise and Non-additive Effects in Ar,H F 
As we proceed along this series of Ar,(HF), -, trimers, the study 
of Ar,HF and Ar,DF takes on a special significance. First of all, 
quantitatively reliable pairwise additive potentials for the rare 
gas-HX systems are now available, both as a function of inter- 
and intramolecular  coordinate^.^ Secondly, the rare gas-rare 
gas potentials have been well studied in crossed beam studies, 
and in some cases such as Ar-Ar, also from spectroscopic 
investigations of the rare gas excimer d i m e r ~ . , ~ ? ~ ~  Thus, one can 
easily imagine constructing a potential for H F  ‘solvated’ in an 
arbitrarily large cluster of Ar. Since the corresponding kinetic 
energy terms in the Hamiltonian are well understood, in prin- 
ciple we should have a completely predictive understanding of 
these species, at the pairwise additive level. Experiment, of 
course, cannot neglect additional three-body interactions, and 
will yield results close to but subtly different from prediction. 
The interesting challenge, clearly, is to exploit high resolution 
spectroscopy in these small trimer clusters as a nearly ideal 
‘microcanonical’ laboratory for three body 

As a zero-order test, we can predict the equilibrium structures 
from the pairwise additive potentials for the series of Ar,-HF 
and Ar,-DF clusters as a function of n = 1,2,3,. . . . The pre- 
dicted structures are shown in Figure 5; the numbers indicate the 
potential minimum (in cm-‘) with respect to the asymptotic 
separation of the monomer subunits. Interestingly, the lowest 
energy structures correspond to preferential clustering around 
the H end of the molecule, rather than uniform ‘solvation’ of the 
H F  subunit (see for example the lowest n = 3 vs. n = 4 structure). 
In all cases, the structures are in good agreement with the species 
observed in FT microwave and near-IR supersonic jet 
spectra.* 1 , 3 7  

1 7 3 7 , 4 0  

Ar,HF Isomers: 
Eauilibriurn Structures 

-239 cm- l  -105 crn-1 

-447 cm-1 
Q Q., 

-348 cm-1 

-765 crn-1 -562 cm-1 

w 
-965 cm-1 

Figure 5 Equilibrium structures for Ar,HF and Ar,DF isomers, pre- 
dicted from pairwise additive potentials for Ar-HF and Ar-Ar. The 
energies of each structure are with respect to the fully separated 
(n)Ar + HF monomer species. Note the lowest energy isomer predicts 
the (Ar), bonds preferentially on the H end of HF, in agreement with 
experimental observation. Note also the existence of several nearly 
isoenergetic isomers for then = 4 species; for n > 4, the number of such 
multiple minima grows dramatically. 

A more quantitative probe of the three-body effects, however, 
can be obtained directly from studies of the low frequency van 
der Waals modes themselves, particularly those arising from HX 
bending motion which acquire reasonable oscillator strengths. 
We have recently observed41 and assigned the two strongest 
intermolecular bands in Ar,HF and Ar,DF complexes, corres- 
ponding to the H F  ‘in-plane’ and ‘out-of-plane’ bend, The 
results, along with the theoretical predictions for a pure pairwise 
additive potential surface, are presented in Figure 6 .  Note the 
systematic overestimation of all the bend frequencies, and thus 
that the additive potentials overestimate the angular anisotropy 
felt by the H F  (or DF) in the presence of Ar-Ar. This effect has 
been elegantly elucidated by Hutson and co-workers.8 It 
appears to be predominantly attributable to ‘Pauli exclusion 
principle’ formation of a quadrupole on the Ar-Ar due to 
overlap repulsion of the electron clouds. This generates addi- 
tional ‘exchange multipole’ terms, which, sampled at close range 
by the H F  dipole, significantly decrease the angular anisotropy 
as experimentally observed. In simple terms, the pairwise- 
additive compromise position of the H F  dipole vector (i.e., 
pointing exactly midway between the two Ar atoms) becomes 
less attractive, because this happens to be the zone of maximum 
Pauli exclusion. Hence, the three-body effect makes it easier to 
bend the H F  out of the symmetric position and there is even 
speculation that the bending motion initially goes slightly down- 
hill.42 Such subtle details of the potential energy surface are 
quite hard to identify spectroscopically or by any other method. 
It is interesting to note that the three-body exchange multipole 
effects in Ar,HF are in fact more than five-fold stronger than the 
conventional Axilrod-Teller three-body terms, and thus ironi- 
cally dominate the non-pairwise behaviour in HX/rare gas 
systems. 
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Intermolecular Bending Modes 
A r 3 H F/A r 3 D F 
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Ar2HF 

In Plane (+O 0%) 
Ar2HF 

(+ lo  7%) 
In Plane (+1 6%) 

Ar,DF 

n @c@ In Plane Bend 
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ExDeriment Theory Theory I (Near IR) (Pairwise Additive) (+ Three Body) 

Figure 6 Intermolecular ‘in-plane and out-of plane’ bending vib- 
rations in Ar,HF and Ar,DF The left column indicates the experi 
mentally observed values, the middle column represents close-coupled 
QM predictions on the pure pairwise additive potential surface 
( O h  error values in parentheses) Note the systematic overpredictron of 
these bending frequencies, i e , the bend anisotropy is too strong 
Addition of the lowest order three-body terms (Axilrod-Teller, triple 
dipole, and Pauli exchange repulsion) significantly reduces this aniso- 
tropy, bringing prediction into much better agreement with experi- 
ment It is worth noting that conventional Axilrod-Teller contribu 
tions are quite small (<20%), and that the Pauli exchange terms 
account tor more than 70% of the observed three-body eflects 

8 Ar, - Does it  Have an IR Spectrum? 
The Ar trimer differs substantially from the other trimers in the 
series, as it does not contain any polar constituents One might 
doubt whether IR spectroscopy can contribute at all to our 
understanding of this complex In fact, no IR absorptions have 
been detected so far and it is quite possible that Raman or 
electronicz0 spectroscopy will be more successful in characteriz- 
ing it  However, in one aspect the IR spectrum of Ar clusters 
differs uniquely from the other members of the Ar-HF series 
Any IR absorption (of electric dipole type) found must be due to 
trimers or larger clusters, as binary collisions of two Ar atoms by 
symmetry cannot even create a temporary dipole moment 
Ternary collisions may well produce such a temporary dipole 
moment and the resulting collision-induced FIR spectra are the 
subject of some theoretical investigations 43 The lowest mode 
with non-zero IR activity (comparable in strength to the 4th 
overtone of the H F  stretching vibration44) is predicted near 22 5 
cm- (the asymmetric Ar-Ar stretch) Given a potential energy 
and dipole surface, such predictions are relatively easy to make 
for Ar3, as only three vibrational degrees of freedom are 
involved Three-body contributions to the Ar interaction poten- 
tial are very subtle and appear to involve substantial cancel- 
lation between different mechanisms ’ Current estimates of 
these three-body effects are on the order of 1 % of the relevant IR 
transition frequencies 44 Nevertheless, the extremely accurate 
pair potentials available for Ar,39 obtained mostly through non- 
spectroscopic techniques, justifies the current search for these 
subtle non-additive effects Of course, since the origin of any 

dipole oscillator strength for such transitions arises purely from 
non-pairwise additive contributions, measurement of the abwl- 
Ute absorption strengths would reflect effects 100% due to three- 
body interactions Though experimentally challenging, this 
offers a significant advantage over the process described above, 
which relies on quantitative accuracy of pairwise contributions 
to infer small differences between prediction and experiment 

9 Towards Bulk Properties 
In view of the effort associated with a detailed characterization 
of three-body forces in intermolecular interactions, the aim of 
understanding condensed phases through a spectroscopic clus- 
ter approach with n-body potential contributions may seem 
quite remote Fortunately, this is a misleading impression In 
fact, evidence for the relative insignificance of higher than two- 
and three-body contributions is growing z1 z 5  33 3 5  4 5  Natur- 
ally, there will be exceptions to this rule Very subtle effects such 
as the relative energy of hexagonal and cubic close packings of 
rare-gas solids are thought to depend on truly many-body terms 
(n > 3) caused by crystal field effects Covalently bound species 
such as C60 have also been treated in the context of pairwise and 
non-pairwise additive atom-atom interactions However, since 
these ‘clusters’ are not formed from closed-shell constituents, 
there may also be sizeable higher-body contributions to the 
potential energy function 

For the important classes of van der Waals and hydrogen 
bond interactions, however, a compact 1 + 2 + 3-body 
approach should be able to provide a satisfactory description of 
arbitrarily sized clusters and bulk matter, including solvent 
effects 2 8  The programme ahead of us is therefore quite clear 
spectroscopic characterization of all dimers and trimers com- 
posed of the monomers which are of interest, supported and 
complemented by theoretical calculations of the corresponding 
potential hypersurfaces Accurate treatment of the nuclear 
quantum dynamics forms the crucial link between the spectra 
and their associated potentials For binary complexes, this 
programme is making excellent progress in ours and many other 
laboratories, and is already rather complete for selected mole- 
cules For trimers, we have exemplified that it is feasible by 
highlighting a few examples from others and our own work, but 
a lot of systematic work remains to be done 
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