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The study of weakly bound complexes and clusters promises to provide a bridge between the
properties of isolated molecules and those of dense phases. We describe briefly the method of
pulsed nozzle Fourier transform microwave spectroscopy, which we use in our laboratory to
study rotational and low-lying van der Waals vibrational spectra of weakly bound complexes
and clusters. Systematic studies of three different classes of clusters are described: (i) mixed
rare gas dimers, trimers, and tetramers, where the transition dipole moment is entirely
provided by the weak van der Waals interactions; (ii) (rare gas)1,2,3–ammonia clusters where
the internal motions of the ammonia subunit are affected by the rare gas atom solvation;
(iii) (helium)1,2,3–molecule clusters, which provide a basis for the study of larger helium
atoms containing clusters. We also discuss the effect of three-body non-additive contributions
on spectroscopic parameters, such as dipole moments, rotational constants, and nuclear
quadrupole coupling constants.
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1. Introduction

Spectroscopic studies of van der Waals clusters promise to provide a link between the
properties of dense atomic or molecular phases of matter and the properties of
the constituent atoms and molecules. One essential prerequisite for building such a
link is the availability of binary interaction potentials with high accuracy. Although
the necessary binary interaction potentials can in principle be extracted from bulk
phase measurements and from collision data, this has in practice been achieved success-
fully only for the simplest systems [1]. In the past two decades or so, high resolution
spectroscopy of binary van der Waals complexes has produced fruitful results for the
characterization of intermolecular interactions between two binding partners [2].
Novick’s compilation of weakly bound molecular systems that have been investigated
spectroscopically or theoretically provides a valuable reference source [3].
Experimental results, often from microwave rotational and infrared ro-vibrational
spectroscopy [2], have stimulated theoretical modelling of the binary interactions.
For small systems, ab initio potential energy surfaces of almost spectroscopic accuracy
can now be calculated. Progress in this area was recently reviewed by Tao [4]. In addi-
tion, a number of bound state calculation packages have been developed to enable the
extraction of eigenstate energies and wavefunctions from potential energy surfaces; see,
for example [5–9]. This allows one to evaluate and gauge the quality of the surfaces
against experimental spectroscopic data. The intimate connection between potential
energy surfaces and spectra of weakly bound complexes has recently been reviewed
by Wormer and van der Avoird [10]. Methods have also been developed to improve
the accuracy of potential energy surfaces; these range from simple scaling procedures
to the more involved morphing approach [11, 12] to reproduce the experimental
data. The availability of binary interaction potentials with very high accuracy is a pre-
requisite for detection of three-body non-additive interactions in the spectroscopic data
of larger clusters.

With the accurate binary interaction potential at hand, dense phase properties can be
evaluated in terms of those of the constituent atoms and molecules by assuming, in a
first approximation, pairwise additivity and by averaging over the relevant orientations
and separations. However, to obtain good agreement with the experimental results,
three- and more-body non-additive contributions need to be considered as corrections
to the pairwise additive approach for the interpretation of bulk phase properties. For
example, unambiguous evidence for the importance of three-body non-additive inter-
actions for the properties of condensed phases was found in the crystal structures of
solid rare gases [13]. For atomic systems, the Axilrod–Teller triple–dipole term was
developed in the early 1960s to account for three-body interactions [14]. The extraction
of these non-additive terms from bulk phase measurements is inherently difficult
because of the simultaneous presence of three-, four-, and more-body terms.

The ability to study complexes and clusters of specific sizes with high resolution
spectroscopic methods allows one, in principle, to isolate the effects of three-, four-,
and more-body non-additive contributions. This means one can record and analyse a
particular ternary or a quaternary molecular cluster without the interference of any
higher order clusters. The technique of pulsed molecular beam Fourier transform
microwave spectroscopy is being used for the investigations of rotational spectra of
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weakly bound complexes and clusters [15]. A number of ternary and quaternary clusters
have been studied with this technique, as detailed below. It is the combination of very
high resolution capability and high sensitivity that makes this instrument applicable to
the studies of larger clusters. In particular, the ability to resolve lines that are only a few
kHz apart is of great advantage for the study of larger, heavier clusters with relatively
small rotational constants. It would be increasingly difficult to resolve the transitions
for such systems in an infrared spectrum where the linewidth is several hundred
times larger than in the microwave region. Microwave spectroscopy allows also the
resolution of very narrow hyperfine structures, such as those due to nuclear quadrupole
coupling or spin rotation interactions. These hyperfine patterns are often extremely
useful in identifying the spectroscopic assignments and provide additional information
about the structures and dynamics of the molecular systems. These hyperfine patterns
may also supply crucial information about the three-body or more-body interactions
as will be discussed below.

The process to quantify the three-body non-additive contributions is highly non-
trivial. It requires very accurate binary interaction potentials from which a pairwise
additive potential can be constructed. Next, the bound state information has to be
extracted from these pairwise additive potentials for comparison with experiment. The
difference between the experimental data and those predicted from the pairwise additive
potentials is then attributed to three-body non-additive interactions. The pairwise addi-
tive potentials can subsequently be modified by including the various three-body terms
until satisfactory agreement with experiment is achieved. In practice, this procedure
has, for example, been successfully applied to the Ar2–HCl and Ar2–HF trimers by
Ernesti and Hutson [16], by reproducing the vibrational frequency shifts. This work
was subsequently extended to clusters of the type ArN–HF (N¼ 2, 3, 4, 12) [17].

The remainder of this review is organized as follows. The experimental techniques
used in our laboratory to study rotational and low-lying van der Waals ro-vibrational
transitions of weakly bound complexes and clusters are described in section 2. In
section 3, we will discuss a number of molecular systems to illustrate various aspects
of the spectroscopy of weakly bound complexes and clusters. Concluding remarks
are given in section 4.

2. Experimental details

The instrument used for the studies described below is a Fourier transform microwave
spectrometer of the Balle–Flygare design [18]. Several similar instruments have been
described before; see, for example [19–21]. A schematic diagram of the set-up of our
spectrometer [22] is given in figure 1. The sample cell is a microwave Fabry–Perot
cavity that consists of two spherical aluminium mirrors with 24 cm radius of curvature
and 30 cm diameter. The mirror separation is approximately 30 cm and can be fine-
tuned by translating one of the mirrors with a DC MotorMike drive. The cavity is
mounted in a vacuum chamber that is pumped by a 12-inch diffusion pump backed
by a two-stage rotary pump.

The complexes and clusters are generated in a pulsed molecular expansion through a
General Valve, Series 9, nozzle, with a circular nozzle orifice (diameter¼ 0.8mm). The
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nozzle is mounted near the centre of the stationary mirror, such that the molecular
expansion travels parallel to the cavity axis [18, 23]. The nozzle body is directly accessible
and can be cooled if necessary. The parallel arrangement results in a longer time-of-
flight of the complexes in the cavity compared to a perpendicular set-up. The longer
observation time leads, in turn, to higher sensitivity and increased resolution. Typical
linewidths (full-width at half-height) are 7 kHz if neon is used as backing gas and
14–20 kHz for helium. A further consequence of the parallel nozzle arrangement is the
splitting of all transitions into two Doppler components. The repetition rate of the
experiment is on the order of 2Hz, limited by the capacity of the diffusion pump.
Typical sample mixtures contain 1% or less of the binding partner(s) in neon or
helium backing gas at pressures from 1 to 15 atm for the clusters studied.

The experimental technique is based on the pulsed excitation of the molecular sample
and subsequent detection of the emission signal. A microwave synthesizer is used as the
radiation source. Two microwave PIN diode switches shape the microwave pulse after
a power divider. The double balanced mixer generates sidebands at 20MHz from the
carrier frequency. For the investigation of species with small dipole moments, a micro-
wave power amplifier is inserted into the excitation pulse arm of the microwave circuit.
The microwave pulse goes through a circulator to a wire-hook antenna and into the
microwave cavity. Prior to this, the microwave cavity has been tuned into resonance
with the external microwave radiation by moving one of the mirrors with the DC
MotorMike drive and monitoring the cavity throughput. A microwave switch protects
the detection circuit from the relatively high power excitation pulse. The subsequent
molecular emission signal is directed through the circulator into the detection arm
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Figure 1. Schematic diagram of the microwave and radio-frequency set-up of the Fourier transform
microwave spectrometer.
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of the microwave circuit. The signal is amplified by a low-noise microwave amplifier
and converted into the radio-frequency range in two steps. In the first step, the
signal is mixed with the original microwave frequency from the synthesizer to frequen-
cies around 20MHz; in the second step, the signal is mixed to frequencies around
15MHz. The time domain signal is then digitized and recorded using a PC-based
transient recorder card and further processed in the computer. The operating range
of our spectrometer is from �3 to �26GHz.

A timing diagram of an individual experiment is given in figure 2. It is essential
that all timing and reference signals are phase synchronized to the lowest common
subharmonic to ensure in-phase co-addition of the time-domain signals for signal-to-
noise improvement. The experiment begins with the application of a microwave
excitation pulse into the empty cavity to record a background signal. The excitation
pulse length depends on the microwave power and the transition dipole moment and
is typically on the order of a few ms. During this time, the protective microwave
switch in the detection arm is set to high attenuation. After a sufficient delay time
(typically 10–20 ms) to allow the cavity ringing after the excitation to dampen out,
the protective switch is opened and a trigger signal is sent to the transient recorder.
This pulse sequence is then repeated after a molecular pulse has been injected into
the cavity to record the molecular emission signal. The background signal is subtracted
and the whole sequence can be repeated several thousand times for signal averaging.
With our current set-up, we sample the signal at a rate of 100MHz and record
8 k data points, resulting in an overall recording time of about 80 ms. The
frequency spectrum is obtained after a 16 k Fourier transformation, using 8 k zero-
filling for resolution enhancement. This results in 8 k complex data points in the
frequency domain over a range of 50MHz, corresponding to a spacing of 6.1 kHz

Molecular
pulse

Time

Microwave
pulse

Protective
switch

Trigger signal

Cavity,
molecular signal

Sampling interval * number of sample points

Background signal Background signal +
Molecular signal

Figure 2. Timing diagram of a pulsed excitation–emission microwave experiment.
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between adjacent points in the frequency domain. We usually display the power
spectrum and use an interpolation procedure to determine peak frequencies.

It is worthwhile to very briefly describe the technique of pulsed excitation and
subsequent recording of the molecular emission signal to provide an explanation
for some of the interesting features of Fourier transform microwave spectroscopy.
Application of the density matrix formalism to a two-level system that can interact
with electromagnetic radiation leads to the electric dipole analogue of the Bloch equa-
tions [24, 25] that are well-known for the description of nuclear magnetic resonance
spectroscopy. In this description, the application of a near resonant �/2 microwave
excitation pulse reduces the initial population difference between the two levels to
zero and puts each molecular system into a superposition state that involves the two
stationary state wavefunctions. In addition, the microwave excitation pulse imprints
its coherence property onto the molecular sample, such that the superposition states
of the individual systems oscillate in phase with each other with the transition
frequency. The initial population difference has been ‘converted’ into a macroscopic
dipole moment, i.e. a polarization of the sample. The oscillating molecular dipole
moments couple now, in a classical description, to the electromagnetic field and emit
radiation with the transition frequency. The signal is a spontaneous emission signal
and is observable because of the coherence of the emitters. In this case, the signal is
proportional to the square of the number of emitters rather than just to the number
of emitters in the incoherent case. The optimal length of the excitation pulse is given
by a quarter-cycle (�/2 pulse) of the so-called Rabi frequency, which, in turn, is propor-
tional to both the transition dipole moment and power of the microwave pulse. For
molecular systems with small dipole moments, we therefore use a microwave power
amplifier to boost the excitation pulse power to approximately 1W. This keeps
the excitation pulse length below about 10 ms which corresponds to an excitation
bandwidth of 100 kHz.

Microwave spectroscopy is an inherently less sensitive technique compared to, for
example, infrared or visible spectroscopy. The main reasons are the small population
differences between energy levels and the low energy microwave photons that need to
be detected. In general, the signal strength goes with the power of two or three of
the transition frequency. The great advantage of pulsed nozzle cavity Fourier transform
microwave spectroscopy, compared to optical spectroscopy, is the large spatial overlap
between microwave beam in the cavity and the unskimmed molecular expansion. This
allows a large number of molecular systems to be interrogated simultaneously. The low
temperatures of less than 1K achieved in the molecular expansion increase the sensitiv-
ity further for transitions with small rotational quantum number J. An additional
advantage for the study of molecular systems with small dipole moments, such as
the mixed rare gas clusters described below, is that the electric field emitted by the
molecules, and therefore the observable signal, is proportional to the transition
dipole moment [26] rather than to its square in the case of absorption modulation
spectroscopy.

Double resonance capability was implemented into the spectrometer to extend the
accessible frequency range, to increase the intensity of higher J transitions, and as an
assignment aid. A horn antenna is mounted perpendicularly to the cavity axis about
halfway between the centre of the cavity and the pulsed nozzle [27]. Pump radiation
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with frequency from the microwave [28] to the millimetre wave region [27] can be
introduced. The resulting double resonance spectra can be interpreted in the following
way. The molecular sample travels through the pump radiation interaction zone and
sees, in effect, a pump radiation pulse that affects population changes in the pump
transition energy levels. These population changes are then detected in the subsequent
pulsed microwave experiment. The pulsed nature of the experiment makes it possible to
apply subtraction schemes and to filter out and detect only the double resonance effects.
We make extensive use of the double resonance capability for quantum number assign-
ments and for signal enhancement of higher J transitions, as illustrated in figure 3.

The dipole moment of a complex or cluster is an important quantity that can contain
information about both the change in the electronic charge distribution in a molecular
monomer upon complex formation and the large amplitude intermolecular motions.
Because of this dependence on the internal motions, the complex dipole moment is
an additional parameter that can be used to measure the angular anisotropy of the
corresponding potential energy surface. We have recently implemented Stark electrodes
into our spectrometer for the purpose of dipole moment measurements [29]. The Stark
electrodes are 5mm thick aluminium plates and measure 30� 25 cm. The plates are

202 202 202

101 101 101
000 000 000

111 111 111

90 averaging cycles 5 averaging cycles 600 averaging cycles

10349.5 10350.5
Frequency/MHz

Figure 3. Microwave–Microwave double resonance experiments on the He–OCS complex. The first column
shows a single resonance experiment to detect the JKa

,Kc
¼ 20,2–11,1 transition; 90 averaging cycles were needed

to achieve a good signal-to-noise ratio. In the next column, microwave pump radiation was applied at
a frequency resonant to that of the JKa

,Kc
¼ 11,1–00,0 transition (16841.26MHz). The pump radiation transfers

population from the 00,0 into the 11,1 level and the signal intensity increases such that only 5 averaging cycles
are needed to achieve the same signal-to-noise ratio. If the 20,2 level is pumped, however, the population
difference between the 11,1 and 20,2 levels decreases and 600 averaging cycles are now needed. The lowest
trace shows the first 40 points of the corresponding time domain signals at sampling interval of 20 ns.
With sufficient pump power, a population inversion can be achieved in the signal transition [27].
This would be apparent as a phase inversion in the time domain signal.
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mounted at a distance of 30.4 cm apart with the 25 cm long side oriented parallel to the
cavity axis. The cavity mirror separation is kept close to 28 cm to minimize electric field
inhomogeneities in the cavity. A voltage of up to �15 kV can be applied, resulting in
field strengths of up to 1000V/cm. The cavity antennas can be oriented parallel or per-
pendicular to the electric field direction, resulting in selection rules for the quantum
number �M¼ 0 and �1, respectively.

3. Molecular systems

A significant number of ternary and quaternary weakly bound clusters have been
studied with the method of Fourier transform microwave spectroscopy. These include
(rare gas)2–molecule systems, such as Ar2–HF [30], Ar2–HCl [31], Ar2–HCN [32],
Ar2–H2O [33], Ar2–OCS [34], Ne2–OCS [35], Ar2–CO2 [36], Ne2–N2O, Ar2–N2O [37],
Ar2–HBr [38]; (rare gas)(rare gas)0–molecule trimers, such as NeAr–N2O [39],
NeAr–HCl [40], NeAr–CO2 [41]; a number of molecule–(molecule0)2 trimers of which
we list only a few, e.g. HCl–(H2O)2 [42], HBr–(H2O)2 [43], (HF)2–NH3 [44]
(HCN)2–HF, (HCN)2–HCl, (HCN)2–HCF3, (HCN)2–CO2 [45], (HCN)2–NH3,
(HCN)2–N2, (HCN)2–CO, (HCN)2–H2O [46], HCN–(CO2)2 [47], HCN–(CO2)3 [48],
(HCN)2–SO3 [49], (H2O)2–CO2 [50], H2O–(CO2)2 [51], (H2O)2–HCOOH,
H2O–(HCOOH)2 [52], (CO2)2–OCS [53], CO2–(OCS)2 [54], (CO2)2–N2O [55],
(OCS)2–HCCH [56], SO2–(N2O)2 [57], Ar–(H2O)2 [58]; and (rare gas)3–molecule tetra-
mers, for example, Ar3–H2O, Ar–(H2O)3 [59], Ar3–HCN [60], Ar3–HF [61], Ar3–H2S
[62]. Below we will outline some of the work that we have been involved in, i.e.
the mixed rare gas trimers and tetramers, the ammonia containing Ne2,3–NH3,
Ar2,3–NH3, and clusters with helium atoms, i.e. He2,3–OCS and He2,3–N2O. For
these cases, we will also discuss the rotational spectra of the corresponding
binary systems and their interaction potentials, since they form the basis for both
the spectroscopic assignments of the larger clusters and possible theoretical
extraction of three-body (or higher order) interactions.

3.1. Mixed rare gas dimers

The simplest possible complexes and clusters are those that consist only of rare gas
atoms. In this case, the interaction potential is greatly simplified because of the reduced
number of degrees of freedom. In terms of physical interactions, the dispersion inter-
action is the only one present in the dimers, and induction interactions come only
into play as three- or more-body non-additive contributions. This separation of electro-
static interactions can simplify the analysis of spectra of ternary and higher clusters
in terms of the significance of various three-body non-additive terms with different
physical origins. As such, pure rare gas clusters provide good test cases for the theoret-
ical treatment of three-body non-additive interactions and provide benchmarks for the
evaluation of high quality ab initio calculations of intermolecular interactions. The
absence of a molecular chromophore, however, presents a problem for pure rotational,
microwave spectroscopy. Only in the case of mixed rare gas clusters does a transition
dipole moment exist that is entirely provided by the dispersion interactions.
The method of Fourier transform microwave spectroscopy is ideal for such
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investigations because of its proven high sensitivity for species with small dipole
moments. The first spectra of mixed rare gas dimers, i.e. Ne–Xe, Ar–Xe, Kr–Xe [63]
and Ne–Kr, Ar–Kr [64] were measured in the Gerry lab in Vancouver, followed by
the study of Ne–Ar at NIST and Illinois [65]. The measured signals were surprisingly
strong despite the small expected dipole moments on the order of only a few hundredths
or thousandths of a Debye. Because of the small dipole moment, a microwave power
amplifier was inserted into the excitation arm of the microwave circuit. Typical
sample conditions were 1% heavier rare gas in neon as backing gas at pressures of
a few atmospheres.

Because of their fundamental importance, the mixed rare gas dimer potentials

have been the focus of research efforts for some time. Empirical and semi-empirical

potentials for He–Ne, He–Ar, He–Kr, He–Xe [66], Ne–Ar [67], Ne–Kr, Ne–Xe [68],

Ar–Kr [69], Ar–Xe, and Kr–Xe [70] dimers exist. More recently, ab initio potentials

have become available for mixed dimers involving atoms up to Kr, i.e. He–Ne [71],

He–Ar, Ne–Ar [71, 72], He–Kr, Ne–Kr, Ar–Kr [73]. Tang and Toennies have recently

determined all mixed rare gas potentials from those of the homogenous dimers using

a set of combining rules [74].
The strong signals observed allowed the measurement of rotational transitions of

several isotopomers in all cases. Values for equilibrium separation and well depth

of the corresponding dimer potentials were determined in [63] and [64] by adjusting

these parameters in the empirical potentials until best fits with the rotational transition

frequencies were achieved. The resulting values are given in table 1, together with

those from the empirical and semi-empirical potentials as well as the Tang–Toennies

values [74]. There is excellent agreement between the experimental and the

Tang–Toennies values (deviations on the order of only 0.1%) thus strongly supporting

the validity of the procedure employed in [74]. The empirical potentials underestimate

the Re values by about 0.5%, except for the case of Ne–Ar, where Ro is slightly larger

(see table 1). We have analysed the Tang–Toennies mixed rare gas potentials [74] to

determine the supported rotational energy levels using LeRoy’s program LEVEL [75]

and used the corresponding rotational transition frequencies in a fitting procedure

similar to that applied for the experimental data. The resulting rotational constants

Bo and centrifugal distortion constants Do are also given in table 1, together with

the experimental values. Some fits required the inclusion of the sextic distortion

Table 1. Equilibrium separations, rotational constants, and centrifugal distortion constants
of the mixed rare gas dimers from experiment and various potentials.

Re/Å Bo/MHz Do/kHz

Exp. Pot. TTa Exp. TTa Exp. TTa

Ne–Ar 3.481b 3.489c 3.477 2914.9b 2919.7 231.0b 230.3
Ne–Kr 3.648d 3.631e 3.646 2215.4d 2217.8 115.4d 120.3
Ne–Xe 3.887f 3.861e 3.889 1824.8f 1822.5 72.79f 69.61
Ar–Kr 3.894d 3.881g 3.889 1198.7d 1200.0 11.99d 11.49
Ar–Xe 4.092f 4.067h 4.091 961.3f 962.7 6.65f 6.56
Kr–Xe 4.201f 4.174h 4.196 549.7f 550.8 1.69f 1.84

a[74], b[65], c[67], d[64], e[68], f[63], g[69], h[70].

Microwave spectroscopy of van der Waals clusters 309

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
1
7
 
2
1
 
J
a
n
u
a
r
y
 
2
0
1
1



constant Ho to reduce the standard deviation of the fit to the experimental uncertainty.
All rotational constants are accurate to about 0.1% (Kr–Xe: 0.2%) or 2.5MHz
(Ne–Ar: 5MHz) in absolute values. The potentials can truly be considered to be of
‘spectroscopic accuracy’. While the high quality of the rotational constants from the
potentials is a reflection of the accurate position of the equilibrium distances, the
centrifugal distortion constants contain information about the radial anisotropy of
the potentials. The experimental values for the quartic centrifugal distortion constants
Do are reproduced to within 5% or 5 kHz in absolute values. This indicates that
the slopes of the potentials faithfully reproduce the experiments, at least in the
region of the lowest energy levels. We note explicitly that this surprising spectroscopic
accuracy of the Tang–Toennies potentials has been achieved without using the micro-
wave spectroscopic data of the mixed dimers for their construction. We analysed
the available ab initio potentials in a similar way; the deviations for the rotational
constants are in the 1% range (Ne–Ar: –0.8% [71, 72], Ne–Kr: þ1.21% [73], Ar–Kr:
þ0.7% [73]). The centrifugal distortion constants show somewhat larger deviations.
For Ne–Ar, the calculation with the aug-cc-pV5Z-33221 basis set [71] gives a centrifugal
distortion constant that is about 30% too small, indicating that the potential is
too steep in the attractive region. The larger basis set in [72] (aug-cc-pV6Z-33211)
leads to a centrifugal distortion constant that is 7% too large.

Estimates for the dipole moments of the mixed rare gas dimers were obtained from
the values of the optimized �/2 excitation pulse length and comparison with Stark
effect measurements on the Ar–CO2 complex [76]. The resulting values are on the
order of a few thousandths (0.0022D, Ne–Ar) [65] to about a hundredth (0.014D,
Ar–Xe) [63] of a Debye. The order of magnitude agrees with earlier values deduced
from collision induced absorption measurements [77] and dispersion effects corrected
Hartree–Fock exchange calculations [78, 79]. We have recently determined ab initio
values for the dipole moments of the Ne–Ar, Ne–Kr, and Ar–Kr dimers at the
CCSD(T) level of theory using aug-cc-pV5Z basis sets for all atoms [80]. An
integral-density direct algorithm of the analytic CCSD(T) gradient [81, 82] imple-
mented in the Dalton 2.0 program suite was used [83]. The dipole moment of
Ne–Ar was calculated at several separations, from 2.8 to 5.0 Å (see figure 4).
At each distance, the counterpoise correction [84, 85] was carried out to account
for basis set superposition error. The values were then interpolated using a cubic
spline function and averaged over the ground state vibrational wavefunction by
numerical integration. The wavefunction was obtained with LeRoy’s LEVEL
7.5 program [75] using the Tang–Toennies Ne–Ar potential [74]. The resulting
value of the dipole moment is 0.00335D, with the negative end at the argon
atom. This is in good agreement with the value of 0.0022(5)D estimated in [65]
from the �/2 microwave excitation pulse length [63]. The experimental determination
of the dipole moment of Ne–Ar was attempted recently by us using Stark effect
measurements. At the maximum attainable field strength, however, no shift of
the transition frequency of the J¼ 1–0 transition could be detected. The frequency
measurements were reproducible to within 200Hz and a tentative upper value
of the dipole moment of 0.005D was estimated.

Several isotopes of rare gas atoms exist that possess a nuclear spin quantum number
I� 1 and an associated nuclear electric quadrupole moment. The interaction of the
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nuclear quadrupole moment with the spherically symmetric electric charge distribution
in an isolated rare gas atom does not lead to an energy level splitting. However, the
slight distortion of the electron charge cloud in a rare gas dimer leads to a non-zero
electric field gradient at the location of the nucleus. The resulting coupling of the
nuclear spin with the overall rotational angular momentum of the dimer leads to a split-
ting of the rotational energy levels and to so-called nuclear quadrupole hyperfine struc-
ture in the microwave spectra. Figure 5 shows a spectrum of the 20Ne–83Kr dimer as an
example. The resulting nuclear quadrupole coupling constants can be compared with
those of rare-gas–molecule dimers. If a molecule is involved, the main contributor to
the electric field gradient at the rare gas nucleus is the electric multipole moments of
the molecular monomer. Such analyses have been carried out by Legon and co-workers
for the cases of 83Kr and 131Xe containing complexes (see figures 4 and 3 of [86]).
An extrapolation of the results to the case of zero electric multipole moments of
the monomer led to a residual negative nuclear quadrupole coupling constant
of �0.44� 1.7MHz for 83Kr and �0.243� 1.6MHz for 131Xe. These values agree
qualitatively with the values obtained for the nuclear quadrupole coupling constants
in the mixed rare gas dimers. This suggests that dispersion interactions make
a non-negligible contribution to the field gradient at the rare gas nucleus
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Figure 4. Values of ab initio dipole moments of Ne–Ar as a function of bond length. The strong bond length
dependence requires averaging over the vibrational wavefunction for comparison with experiment. See the
text for details about the calculations. An average value for � of 0.00335D was obtained which may
be compared to the experimental value of 0.0022(5)D, estimated from the �/2 excitation pulse length
in the microwave experiment [65].
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in rare-gas–molecule dimers that is opposite in sign to that produced by the monomer
multipole moments.

The nuclear quadrupole coupling constants in the mixed rare gas dimers can be
used as sensitive tests of high level ab initio calculations, in particular, to determine
how well dispersion interactions can be modelled. We have recently calculated
molecular electric field gradients at the Ne and Kr nuclei in the Ne–Ar, Ne–Kr, and
Ar–Kr dimers [80]. The nuclear quadrupole coupling constant � for 21Ne is related
to the field gradient q along the interatomic axis and to the nuclear quadrupole
moment Q of 21Ne by the expression �¼ 234.964 73 EQ [barn] E q [a.u.]. A procedure
similar to that outlined above for the determination of the ab initio dipole moment was
used. The resulting 21Ne nuclear quadrupole coupling constant of Ne–Ar is shown in
figure 6 as a function of the Ne–Ar bond length. Averaging over the ground state
wavefunction led to a value of � of �28.834 kHz, using the Tang–Toennies Ne–Ar
potential [74]. This is in excellent agreement with the experimental value of
�30(2) kHz [65]. The outstanding correspondence of ab initio values for dipole
moment and 21Ne nuclear quadrupole coupling constant of the Ne–Ar dimer indicates
that highest quality electronic structure calculations are now able to model dispersion
interactions faithfully.

There are several interesting outstanding issues with regard to the rotational
spectroscopy of rare gas dimers. One such issue is the investigation of helium atom
containing dimers. The results of such studies would not only provide further stringent
test cases for high quality ab initio calculations, but may also contribute valuable
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Figure 5. Spectrum of the J ¼ 2–1 rotational transition of the 20Ne–83Kr dimer [64]. The 83Kr (nuclear
spin quantum number I¼ 9/2) nuclear quadrupole hyperfine structure is partially resolved. The complex was
studied in its natural abundance (10.5%) and 500 averaging cycles were used to record the spectrum.
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information for the improvement of the helium dimer potential. This improvement
could possibly be achieved by inverting the combining rule procedure that led to the
high-accuracy Tang–Toennies mixed dimer potentials from the homogenous rare gas
dimer potentials. The most promising candidate for a spectroscopic investigation is
the He–Kr dimer; it is heavy enough to detect several rotational transitions within
the frequency range of the spectrometer and has a binding energy that is comparable
to that of other weakly bound complexes that have already been investigated.
We have searched for the He–Kr spectrum a number of times without success.
Possible reasons for the failure are an exceedingly small dipole moment and a larger
than anticipated uncertainty in the prediction of the transition frequencies from the
available potentials. The other outstanding issue is the investigation of an isotopically
substituted homogenous rare gas dimer, for example 20Ne–22Ne. For a homonuclear
diatomic molecule, rotational transitions within an electronic state are rigorously
forbidden even if breakdown of the Born–Oppenheimer approximation is considered
[87]. However, the Born–Oppenheimer breakdown makes rotational transitions
allowed for the case of isotopically unsymmetric molecules. Bunker has derived
expressions for ro-vibrational transition intensities for the case of HD [87]. Our
efforts to detect rotational transitions of 20Ne–22Ne were thus far without success.
One possible reason is an extremely small dipole moment that prevents detection
of the rotational transitions.
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Figure 6. Variation of the ab initio 21Ne nuclear quadrupole coupling constant � of the 21Ne–40Ar dimer
with bond length. The strong bond length dependence makes it necessary to average this quantity over the
ground state wavefunction for comparison with experiment, as in the case of the dipole moment. An averaged
value for � of �28.834 kHz resulted, compared to the experimental value of �30(2) kHz [65].
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3.2. Mixed rare gas trimers and tetramers

The strong signals observed for the mixed rare gas dimers indicated that there was a
possibility to also measure rotational microwave transitions of mixed rare gas trimers.
Spectra of Ne2Kr and Ne2Xe were measured in Vancouver in the Gerry laboratory [88].
Subsequently, the spectra of all possible mixed Ne and Ar containing trimers and tetra-
mers [89] were measured in our laboratory. For these measurements, sample mixtures
of 1% Ar in Ne backing gas were used. The application of higher pressures (up to
5 atm) than used for the dimer studies increased the production of trimers and tetramers
in the molecular expansion.

It turns out that ternary van der Waals complexes of the type (rare gas)2–molecule/
rare gas are often highly asymmetric rotor systems with irregular spectroscopic
patterns. This, combined with the large amplitude intermolecular motions of these
weakly bound systems, makes the spectroscopic search and assignment procedures
extremely challenging. The initial predictions were made by assuming that the trimers
are dominated by pairwise additive interactions and the resulting structures have
isosceles triangular geometries with C2v symmetry. Similarly, the tetramers form closest
packed structures with C3v symmetry for Ne3–Ar and Ne–Ar3 and C2v symmetry for
Ne2–Ar2. Since there are relatively large uncertainties in the bond lengths, especially
of the Ne–Ne bond length, the predicted rotational constants were not anticipated to
be very accurate. The transitions were found up to one GHz away from the prediction.
The final assignments were achieved by using an iterative procedure of spectroscopic
fits, predictions, and detection of further transitions, including those of minor isotopo-
mers. The spectroscopic signatures of the Ne3–Ar and Ne–Ar3 tetramers are more
straightforward since these clusters are symmetric top molecules. However, their
lower intensities added to the search difficulties. The spectroscopic assignment of the
Ne2–Ar2 transitions was the most challenging and could only be achieved by the simul-
taneous study of several isotopomers. A further complication in the assignment proce-
dure arose in the case of the Ne and Ar containing clusters with the observation of a
larger number of transitions with appreciable intensity than originally anticipated.
It turns out that there is significant enrichment of heavier isotopomers in the molecular
expansion. For example, the intensities of the J¼ 1–0 transitions in the power spectra of
20Ne2Ar, 22Ne20NeAr, and 22Ne2Ar (see figure 7) are in the ratio of 1:1.15:1.38 while the
natural abundances are 0.64:16:83.36. The mass increase for the heavier isotopomers
results in a lower zero-point energy level and larger dissociation energy.
The isotopic enrichment can be explained by the thermal quasi-equilibrium reached
as a result of repeated dissociation and re-formation of the rare gas trimers in the
low-temperature molecular expansion.

The predicted symmetries of the mixed rare gas trimers and tetramers were confirmed
by the observation of the effects of spin statistics in their spectra. The nuclei of 20Ne,
22Ne, and 40Ar, for example, have spin zero and Bose–Einstein statistics apply. As a
consequence, half of the energy levels of the isotopomers with C2v symmetry are
missing. The resulting energy level diagrams for Ne2–Ar and Ne–Ar2 are shown in
figures 8 and 9. The difference between the two diagrams reflects that the C2 axis
coincides with the a-inertial axis for Ne2–Ar and with the b-axis in Ne–Ar2. For the
species with lower symmetry, such as 20Ne22Ne–Ar, spin statistical effects do not
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Figure 7. Survey spectrum, using a sample mixture of 1% Ar in Ne at a backing pressure of 5 atm. The
JKa,Kc¼ 20,2–10,1 transitions of three isotopomers of Ne2–Ar were detected, together with the JKa,Kc¼ 32,2–31,3
transition of Ne–Ar2. The intensities of the

20Ne22Ne–Ar and 22Ne2–Ar trimers are much higher than expected
from the natural abundances. This enhancement is a result of an isotope effect, where the heavier isotopomers
are enriched at the low temperatures in the molecular expansion.
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Figure 8. Energy level diagram of the mixed rare gas trimer Ne–Ar2 [89]. The dashed horizontal lines
represent energy levels of the isotopomers with C2v symmetry with zero spin statistical weight. The abundance
of the 36Ar isotope is too low to permit the observation of transitions of isotopomers with Cs symmetry.
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occur and all energy levels are allowed. In these cases, it was therefore possible to
measure additional transitions. Similar spin statistical effects as for the trimers occur
also for the rare gas tetramers.

The low dimensionality of the mixed rare gas trimer potentials, compared to
molecule containing systems, may suggest that it is possible to extract the effects of
three-body non-additive interactions from their spectra. For this purpose, Hutson
and co-workers have determined ground state energies and rotational constants for a
number of mixed rare-gas trimers [90, 91]. Calculations were done using pairwise addi-
tive potentials without and with inclusion of an Axilrod–Teller triple-dipole term [14].
The mixed rare gas dimer potentials were initially adjusted by varying the equilibrium
distance until a best agreement with the microwave data was achieved. The resulting
rotational constants are given in table 2, together with the experimental values. A
first observation is that the theoretical predictions have almost spectroscopic accuracy
with deviations to experiment of less than 10MHz. Such high quality theoretical data
are expected to aid the experimental spectroscopic search and assignment procedures
greatly. The Ne–Ne pair potential [92] can be assumed to be the least accurate since
there were no rotationally resolved spectroscopic data available for its construction.
This will mostly affect the accuracy of the A rotational constants in the Ne2–Ar,
Ne2–Kr, and Ne2–Xe trimers since the Ne–Ne unit lies perpendicular to the a-inertial
axis, and to a lesser degree also the C rotational constant. It can be seen from table 2
that inclusion of the Axilrod–Teller term shifts the A constants of Ne2–Ar and Ne2–Kr
in the right direction, but over-corrects. Ernesti and Hutson have suggested [91] that
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Figure 9. Energy level diagram of the mixed rare gas trimer Ne2–Ar [89]. The dashed energy levels have spin
weight zero for 20Ne2–Ar and 22Ne2–Ar; however, if the symmetry is broken, as in 20Ne22Ne–Ar, transitions
between these energy levels can also be observed as indicated by the dashed vertical lines.
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this overcorrection (in the case of Ne2–Kr) may be a result of too large an equilibrium
separation in the Ne–Ne potential. In all cases, the discrepancy between the experi-
mental and calculated B rotational constant decreases with inclusion of the
Axilrod–Teller term. For the C constant, a slight worsening is observed which may
again be attributed to inadequacies in the Ne–Ne potential. The high-accuracy new
Tang–Toennies potentials for the mixed rare gas dimers [74] may help to more
reliably extract three-body forces from the trimer data. The main obstacle, however,
is the lack of a Ne–Ne potential with spectroscopic accuracy. The measurement of
rotational transitions for the 20Ne–22Ne dimer, as suggested above, would be invaluable
for the improvement of the potential.

In the cases of the 21Ne–Ar2, Ne2–
83Kr, and Ne2–

131Xe trimers it was possible to
detect nuclear quadrupole hyperfine structure due to the 21Ne (nuclear spin quantum
number I¼ 1), 83Kr (I¼ 9/2), and 131Xe (I¼ 5/2) nuclei, respectively. The resulting
nuclear quadrupole coupling constants can be related to those of the corresponding
mixed rare gas dimers. For example, the value of the out-of-plane coupling constants
�cc in the trimers is expected to equal ��zz of the corresponding dimer under
the assumption of pairwise additivity. The uncertainties in the �cc trimer values are
relatively large because only a-type transitions were observed. Nevertheless, the experi-
mental values show significant differences to those predicted using pairwise
additivity for both Ne2–

83Kr and Ne2–
131Xe. The deviations are 4.9 (74)% for 83Kr

and �20.6 (48)% for 131Xe. It appears, from the different signs and magnitudes
of the deviations, that the possible three-body effects depend sensitively on the partic-
ular rare gas atoms involved and on the structure of the trimers. Similar observations
were made in the studies of three-body effects on dipole moments [93, 94].

Table 2. Rotational constants (in MHz) of the mixed rare gas trimers from pairwise
additive calculations, with inclusion of the triple–dipole term [91], and from experiment.

Vadd
a VaddþVAT Experiment

20Ne2–
40Ar

A 4742.30 (þ8.2)b 4730.61 (�3.49)b 4734.1 (8)c

B 2488.88 (þ4.24) 2486.92 (þ2.28) 2484.64 (6)
C 1592.57 (�5.31) 1590.09 (�7.79) 1597.88 (6)

20Ne2–
84Kr

A 4730.93 (þ3.28) 4718.53 (�9.12) 4727.65 (14)d

B 1652.86 (þ4.18) 1651.70 (þ3.02) 1648.6790 (30)
C 1201.22 (�3.21) 1199.58 (�4.85) 1204.4251 (37)

20Ne2–
129Xe

A 4731.27 (N/A) 4718.90 (N/A)
B 1261.29 (þ0.46) 1260.43 (�0.40) 1260.831 (31)d

C 979.99 (þ0.01) 978.80 (�1.18) 979.980 (13)

40Ar2–
20Ne

A 3409.49 (þ6.72) 3398.72 (�4.05) 3402.7687 (4)c

B 1746.20 (þ6.48) 1744.44 (þ4.72) 1739.7172 (6)
C 1137.30 (þ0.00) 1135.14 (�2.16) 1137.2952 (6)

aThe Vadd correspond to the ‘modified potentials’ in [91].
bThe values in brackets are (theoretical values)–(experimental values).
c[89]; d[88].
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3.3. Neon1,2,3– and argon1,2,3–ammonia clusters

A step further in complexity is the study of van der Waals complexes consisting of one
or more rare gas atoms bound to a molecule. In general, (rare gas)N�molecule systems
are viewed as prototypes for probing solvation on the molecular level as rare gas atoms
are the simplest solvent with which to study the weak interaction with a particular
molecule of interest [95]. Mixed clusters of various sizes are readily formed via
molecular beam expansion of gas mixtures. If the appropriate binary potentials are
well known (rare-gas�rare-gas, rare-gas�molecule), then the non-additive contribu-
tions to the interaction energy of larger clusters can, in principle, be deduced. Due to
the nature of the weak interactions involved, the spectra of (rare gas)N�molecule
complexes are often complicated by the presence of large amplitude, internal motions
of the molecular subunit within the van der Waals complex. These modes typically
have frequencies of tens or hundreds of gigahertz [10] and may lead to the observation
of one or more tunnelling splittings in the rotational spectrum of the complex. The
magnitude of the observed splitting depends sensitively on the potential energy surface
that governs the weak interaction while the relative intensity of each individual tunnel-
ling component is dependent on nuclear spin statistical considerations. The latter can be
determined by completing a full molecular symmetry group analysis [96].

In recent years, the microwave spectra of a series of van der Waals dimers, trimers

and tetramers containing NH3 with rare gas atoms have been measured in our labora-

tory. These studies were, in part, inspired by the extensive literature on the Ar–NH3

complex. For this dimer, the spectra reported in the microwave [97–99] and submilli-

metre wave [99–102] regions reveal that the NH3 subunit undergoes large amplitude

internal rotation and inversion motions while bound to the Ar atom. This leads to

the observation of both internal rotor and inversion tunnelling splittings. The desire

to understand and model the complicated dynamics of Ar–NH3 has fueled several

theoretical investigations including the construction and testing of ab initio potential

energy surfaces [103–110]. These studies provide information about the minimum

energy structure, barriers to internal motions and approximate binding energies of the

Ar–NH3 complex. Furthermore, it has been shown for Ar–NH3 that high quality

ab initio potential energy surfaces are qualitatively consistent with the empirical poten-

tial [111] derived from fitting microwave, submillimetre and far-infrared spectra

[112–114]. This suggests that ab initio derived potentials capture the essential features

of the interaction between Ar and NH3 and thus provide a means for investigating

binary interactions in similar systems for which there is insufficient spectroscopic

data to construct an accurate empirical potential. This is an important result because

the construction of empirical potentials requires spectroscopic data that is sensitive

to a large region of the potential energy surface and Fourier transform microwave

spectra alone cannot provide this information.
The presence of multiple internal rotor states and a soft inversion coordinate in NH3

containing van der Waals complexes provides a unique opportunity to study the

interrelationship between the observed spectra and potential energy surface of highly

dynamic systems. Of particular interest is the effect of the rare gas binding partner(s)

on the internal motions of NH3 and how the interaction between NH3 and the

rare gas atom(s) changes as a function of the size of the cluster and the polarizability
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of the individual rare gas atoms. The complexes studied in our laboratory include
Ne–NH3 [115], Ne2–NH3 [116], Ne3–NH3 [117], Ar2–NH3 [118], Ar3–NH3 [119] and
Kr–NH3 [120] as well as the deuterated analogues containing ND3, ND2H and
NDH2 for each of these systems and for Ar–NH3 [121]. These complexes are readily
produced in a molecular beam expansion from a gas mixture containing 0.3–0.5%
NH3, 5% Ar or Kr (if applicable) with Ne used as a backing gas to obtain a total
sample pressure of 10–12 atm. For the deuterated species, ND3 gas was used and the
ND2H and NDH2 isotopomers were subsequently observed due to efficient hydrogen
exchange with residual H2O or NH3 in the sample system. Isotopomers of the rare
gas atoms (20Ne, 22Ne, 86Kr, 84Kr, 83Kr, 82Kr, 80Kr) were measured in their natural
abundance.

Due to the low temperatures achieved in the beam (T<1K), only the lowest energy
internal rotor states associated with a unique nuclear spin function are appreciably
populated for spectroscopic study in the microwave region. For NH3 containing com-
plexes, these are the states which correlate with the jk¼ 00 and jk¼ 11 rotational levels of
free NH3 which are associated with ortho and para nuclear spin functions, respectively.
The convention used to label the resulting states of the associated van der Waals cluster
is to give the projection (K ) of j onto the intermolecular axis in terms of a Greek
symbol: � (K¼ 0), � (K¼ 1), etc. followed by jk. An additional subscript, ‘a’ or ‘s’,
describes the symmetry of the inversion wavefunction as antisymmetric or symmetric,
respectively. For each internal rotor state of a (rare gas)N–NH3 complex associated
with an ortho nuclear spin function, one of the inversion components has a spin statis-
tical weight of zero and cannot be observed. Substitution of one or more protons
(fermions) with deuterons (bosons) changes the spin statistics and the inversion tunnel-
ling components have non-zero weights for all internal rotor states. The observed
microwave spectrum consists of a set of rotational transitions for each populated,
non-zero spin weighted state of the complex. The transitions of each set are fit to
obtain the spectroscopic constants for a particular internal rotor/inversion state of
the complex. For the (rare gas)N–NH3 complexes, the lowest energy state is �00a and
its inversion partner is missing due to spin statistical considerations. In Ar–NH3 and
Kr–NH3, both inversion components of the metastable �11 state have been observed
but are heavily perturbed due to Coriolis mixing with nearby � internal rotor states
[99, 120, 121]. These higher energy states have not been observed for the ternary and
quaternary clusters.

The approximate minimum energy orientation of NH3 within the (rare gas)N–NH3

complexes is shown in figure 10 based on ab initio potential energy surfaces computed
for the Ne containing systems at the CCSD(T) level [115–117]. Because the NH3

subunit undergoes large amplitude motions within the clusters, its dipole moment is
nearly averaged out and the rotational spectra can essentially be interpreted as if the
NH3 moiety were a sphere. The spectra observed for the dimer complexes: Ne–NH3,
Ar–NH3 and Kr–NH3, resemble those of a diatomic molecule with successive transi-
tions spaced by approximately 2B. The bond lengths derived from the rotational
constants of the �00a states increase (3.7227 Å, 3.8358 Å, 3.9220 Å) [115, 98, 120] as
the magnitude of the van der Waals radii of the rare gas binding partners increase
(20Ne, Ar, 84Kr) as expected to accommodate the larger atom. The experimentally
determined bond lengths of the dimers are larger than those corresponding to the

Microwave spectroscopy of van der Waals clusters 319

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
1
7
 
2
1
 
J
a
n
u
a
r
y
 
2
0
1
1



global minima of the ab initio intermolecular potentials of Ne–NH3 and Ar–NH3 at the
MP4 level: 3.30 Å and 3.628 Å, respectively [2, 115]. A cut through the potential energy
surface of Ne–NH3 demonstrates that the surface is very flat along the radial coordi-
nate around the minimum energy NH3 orientation. This suggests that the discrepancy
between the experimental and ab initio values of R arises from the former being signif-
icantly affected by large zero-point vibrations of the dimer.

The ternary species, (rare gas)2–NH3 are asymmetric tops and their spectra were
initially predicted by assuming structures based on the bond lengths from the (rare
gas)–NH3 dimers combined with the Ar–Ar and Ne–Ne separations derived from
the spectra of similar clusters such as Ar2–H2O [33] and Ne2–N2O [37]. The pairwise
additive approach gave a good estimate of the rotational constants of Ar2–NH3 and
20Ne2–NH3 and the lowest J transitions were found within 25MHz of the predictions.
For the 20Ne2–NH3 and 22Ne2–NH3 complexes, the observed transitions are a-type
whereas the spectrum of Ar2–NH3 is b-type due to the different orientation of the
principal inertial axis system for the heavier complex. The bilateral symmetry of
the cluster is broken in the mixed isotopomer, 20Ne22Ne–NH3, and as a result, both
a- and b-type transitions are observed although the latter are extremely weak. As the
(rare gas)2–NH3 complexes are nearly planar (figure 10), the inertial defect,
�o¼ IC� IB� IA, can be calculated from the rotational constants and used as an
estimate of the rigidity of the system. If the three hydrogen atoms are assumed to be
delocalized over the surface of a sphere with a radius of the N–H bond length, the
corrected value of �o is �6 amu Å2 for Ar2–NH3 and �8 amu Å2 for 20Ne2–NH3.
For a rigid, planar molecule, �o is zero and for typical chemically bound molecules,
such as H2O, the inertial defects are small (�o¼ 0.0486 amu Å2) [122]. The comparably

  
 

 

Figure 10. Minimum energy structures of the (rare gas)N–NH3 clusters. The experimental results and
ab initio calculations suggest that the NH3 subunit undergoes large amplitude internal rotation and inversion
motions within the complexes and that, on average, the C3 axis of the NH3 subunit is oriented perpendicularly
to the intermolecular axis joining the centre of mass of NH3 to the centre of mass of the (rare gas)N cluster.
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large values of �o for Ar2–NH3 and Ne2–NH3 suggest that the complexes are very non-
rigid and that the rotational constants are highly averaged over zero-point vibrations of
the van der Waals modes within the clusters. If NH3 is treated as a point mass, the van
der Waals bond lengths of the trimers are estimated from moment of inertia equations
to be 3.260 Å (Ne–Ne), 3.818 Å (Ar–Ar), 3.695 Å (20Ne–NH3) and 3.835 Å (Ar–NH3).
The (rare-gas)–NH3 bond lengths are slightly shorter than those of the binary systems,
3.7227 Å (20Ne–NH3) and 3.836 Å (Ar–NH3) and the reductions are of a comparable
magnitude to those observed for Ar2–H2O [33], Ar2–Ne and Ne2–Ar [89]. These
subtle but real differences are indicative of the relative importance of three-body
non-additive contributions to the interaction energy of a particular cluster. The obser-
vation that the bond shortening effect is less pronounced for the Ar containing clusters
seems to suggest that the non-additive contributors are less significant than, for
example, in Ne containing systems. This statement, however, cannot be verified without
a detailed quantum mechanical study of a particular Ar2–molecule system as the
rotational constants from which the van der Waals bond lengths are derived are
highly averaged as seen by the large inertial defects in these ternary complexes.

The quaternary clusters, 20Ne3–NH3 and 22Ne3–NH3 are prolate symmetric tops
and Ar3–NH3 is an oblate symmetric top. The structures were estimated by
adopting a pairwise additive approach and the B rotational constants were predicted
within 4MHz of the experimental values. For Ar3–NH3, transitions corresponding
to both K¼ 0 and K¼ 3 levels were measured while for the Ne containing systems,
only transitions within the K¼ 0 stack were observed. As the K¼ 3 levels are not
metastable, there is likely insufficient population in the higher K levels at the low
temperatures achieved in the molecular beam. A complete molecular symmetry
group theoretical analysis, including the NH3 inversion symmetry, confirms that
only rotational levels with quantum number K¼ 3n (n¼ 0, 1, 2, . . . ) have non-zero
spin statistical weights for the �00a state of the quaternary clusters which belong
to the G72 group. The 20Ne2

22Ne–NH3 and 20Ne22Ne2–NH3 isotopomers are asym-
metric tops and exhibit a- and weak b-type and a- and weak c-type transitions, respec-
tively. The molecular symmetry group is different for these systems (G24) and all
rotational energy levels are present for the �00a state. Assuming a spherical geometry
for NH3, a moment of inertia equation based on the B rotational constant can
be used to estimate the van der Waals bond lengths of the symmetric top
clusters 20Ne3–NH3 and Ar3–NH3, as shown for Ar3–H2O [59]. The Ne–Ne (3.260 Å)
and Ar–Ar (3.818 Å) bonds are longer than those extracted for the ternary
(rare gas)2–NH3 clusters by 0.128 Å and 0.048 Å, respectively. Conversely, the
(rare gas)–NH3 bonds are shorter by 0.014 Å and 0.019 Å for Ne–NH3 (3.681 Å)
and Ar–NH3 (3.814 Å), respectively, when compared to the ternary complexes.
Similar trends were observed in the van der Waals bond lengths of Ar3–H2O [59],
Ar3Ne and Ne3Ar [89] and suggest that non-additive contributions to the
interaction energies of quaternary clusters are not negligible. Furthermore, these results
clearly demonstrate that the magnitude of non-additive effects is influenced
by the properties of the rare gas binding partners and thus the
construction of accurate models of weak intermolecular interactions will critically
depend on the availability of spectroscopic information for molecules solvated by
different rare gas atoms.
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The presence of 14N nuclear quadrupole hyperfine structures helped with the
assignment of the rotational transitions of the various (rare gas)N–NH3 species.
Because the NH3 subunit undergoes large amplitude motions in each of these systems,
the 14N nuclear quadrupole constants (�aa, �bb and/or �cc) determined from fitting the
spectra are intrinsically dependent on these internal dynamics. Assuming that
the nuclear quadrupole coupling constant of free NH3 (�o¼�4.0898MHz) [123] is
unaffected by the weak interaction, the 14N quadrupole coupling constant of the com-
plex corresponding to the axis linking the centre of mass of NH3 with the centre of mass
of the (rare gas)N cluster is given by the equation: �aa¼�oh3cos

2 �� 1i/2; where �bb or
�cc replace �aa as necessary and � is the angle between the C3 axis of NH3 and the a, b or
c principal inertial axis of the cluster. In the limit of free internal rotation of NH3 within
each complex, the Legendre factor, P2(cos �)¼h3cos

2 � � 1i/2, will be zero and the cor-
responding nuclear quadrupole coupling constant will, therefore, also be zero. Thus,
the magnitude of the 14N quadrupole coupling constant obtained from fitting the
hyperfine patterns provides information about the relative ease of the internal rotation
of NH3 within the cluster. Table 3 gives the � values determined for the various (rare
gas)N–NH3 systems. Upon successive deuterium substitution, the � values increase
for each cluster due to the heavier tunnelling mass and lower zero-point energies of
the deuterated isotopomers. For the Ne1,2,3–NH3 family, the �aa values decrease as suc-
cessive Ne atoms are added to the system, suggesting that the barriers to internal rota-
tion in the � coordinate increase with cluster size. This is supported by the ab initio
potential energy surfaces of the three Ne containing systems. The barriers for rotation
through �¼ 180� are similar for all three complexes (�20 cm�1); however, the barriers
through �¼ 0�: 32.5 cm�1 (Ne–NH3), 38.6 cm

�1 (Ne2–NH3) and 45.0 cm�1 (Ne3–NH3),
increase as a function of cluster size as shown in figure 11. The plots of the � depen-
dence of the clusters also reveal that the potential wells become broader with the addi-
tion of Ne atoms. This lowers the tunnelling probability for internal rotation in the �
coordinate. By comparison, it is somewhat surprising that the �cc value for Ar3–NH3

is considerably smaller than the �aa value of Ar–NH3 and �bb of Ar2–NH3. This implies
that the barrier to internal rotation is smallest in the quaternary cluster and that the
NH3 molecule experiences a more isotropic environment when bound to three
Ar atoms instead of one or two. As more rare gas atoms are added and the bulk
phase limit is approached, the internal rotation within the cluster should become less
and less hindered. This is supported by experiments involving solid rare gas (Ne, Ar,
Kr, Xe) matrices in which NH3 undergoes nearly free internal rotation [124].

Table 3. 14N Nuclear quadrupole coupling constants (in MHz) of (rare gas)1,2,3–ammonia clusters.

–ND3 –ND2H –NDH2 �NH3 Reference

�aa
20Ne– 0.5230 0.4401 0.3501 0.2700 [115]
Ar– 0.6846 0.5698 0.4617 0.350 [99]

84Kr– 0.5182 0.4252 0.3489 0.2485 [120]
�aa

20Ne2– 0.636 0.528 0.439 0.335 [116]
�bb Ar2– 1.2490 1.0223 0.8191 0.6221 [118]

�aa
20Ne3– 0.6943 0.6429 0.5007 0.3939 [117]

�cc Ar3– 0.3221 0.2914 0.2180 0.1458 [119]
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The seemingly contradictory results for the Ar and Ne containing quaternary systems
indicate that the internal motions of NH3 are highly influenced by the properties of
the individual rare gas atoms at this level of solvation. With the addition of more Ne
atoms to the cluster, it is thus expected that the interaction will become more isotropic
in the � coordinate and the 14N quadrupole coupling constant will decrease accordingly.

In addition to large amplitude motions in the angular coordinates of the complexes,
the NH3 subunit can undergo inversion while bound to rare gas atoms. As stated
earlier, the investigation of deuterated isotopomers provides the opportunity to
observe both inversion components of the ground internal rotor state, �00, of the
(rare gas)N–NH3 complexes. This is a direct consequence of the different symmetries
of the nuclear spin functions for fermions (protons) and bosons (deuterons). The
observed microwave spectra for the deuterated species contain two sets of rotational
transitions, one assigned to each inversion tunnelling component, �00s and �00a.
The energy separation of the inversion states cannot be measured directly as they
are associated with different nuclear spin functions but the magnitude of the observed
tunnelling splitting provides an indication of the relative energies of the �00s and �00a
components since in general, states with similar energies are characterized by similar
rotational constants. The differences in the rotational constants of the two inversion
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Figure 11. Minimum energy [CCSD(T)] paths of the Ne–NH3 dimer (- -g- -), the Ne2–NH3 (—�—) trimer,
and the Ne3–NH3 tetramer (– –m– –) as a function of the � coordinate for ffHNH¼ 106.67� [117]. The dimer
and trimer minimum energy paths correspond to the �¼ 60� orientation while the tetramer path corresponds
to �¼ 0�. The global minimum of each curve was set to 0.0�H and the other energies along the minimum
energy paths were adjusted accordingly.
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components of the (rare gas)N–ND3, –ND2H and –NDH2 complexes are given in table
4 and sample spectra for the deuterated isotopomers of Ar3–NH3 are shown in figure
12. In all clusters, the observed inversion tunnelling splitting increases with successive
hydrogen substitution. This result is consistent with the known energy differences of
the inversion levels in free ND3 (1.6GHz) [125], ND2H (5 GHz) and NDH2

(12GHz) [126] and with the inversion tunnelling splittings measured by Jacox et al.
in the infrared region for these species embedded in solid Ne and Ar matrices [127].
Upon comparison of the inversion tunnelling splittings as a function of the number
of rare gas atoms, it can be seen that for the Ne containing clusters, the tunnelling split-
ting decreases with increasing cluster size. This suggests that the inversion is being
hindered by the additions of rare gas binding partners. For Ar, the same trend is
observed for the binary and ternary systems, but the tunnelling splitting then increases
for the Ar3 containing species suggesting that the inversion is less restricted in the larger
cluster. Such comparisons are interesting but should be made with caution as the
observed tunnelling splittings provide only secondary indicators of the inversion and
are not direct measurements of the inversion mode. The observation of both tunnelling
components of the deuterated (rare gas)N–NH3 clusters is an important result on its
own as it confirms that the inversion motion is not quenched by the weak interaction
with rare gas atoms. Furthermore, it provides information about the relative orienta-
tion of the NH3 moiety within these complexes as the inversion motion will be
quenched unless it occurs along a symmetric coordinate [99]. This suggests that the
NH3 molecule is, on average, oriented with its C3 axis perpendicular to the intermole-
cular axis connecting it to the (rare gas)n cluster as shown in figure 10. The ab initio
potential energy surfaces of the Ne1,2,3–NH3 species support this observation as they
reveal that the interaction energy is insensitive to the ffHNH angle of NH3 for orienta-
tions around the global minimum. This is shown in figure 13 for the ternary Ne2–NH3

complex. At orientations far from the minimum, such as �¼ 180�, the internal geometry
of NH3 has a larger effect on the interaction energy. This particular orientation
corresponds to a � internal rotor state and for Ar–NH3, the inversion was found
to be nearly quenched in such a state [99].

The investigations of the (rare gas)N–NH3 systems described above are a successful
demonstration of the power of combining high resolution microwave spectroscopy with

Table 4. Comparison of inversion tunnelling splittings (in kHz) for the (rare gas)–NH3,
(rare gas)2–NH3, and (rare gas)3–NH3 complexes.

–ND3 –ND2H –NDH2 Reference

20Ne3
a

�9.4 122.2 473.4 [117]
20Ne2

b 19.9 298.1 906.2 [116]
Nea 55 407.6 1082.2 [115]

Ar3
a

�36 21.4 200.4 [119]
Ar2

c
�165.1 36.1 712 [118]

Ara �63 271.6 1101 [99]

Kra �85.6 208.4 1038.4 [120]

a2(Bantisymmetric�Bsymmetric).
b(BþC)antisymmetric� (BþC)symmetric.
c(AþC)antisymmetric� (AþC)symmetric.
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Figure 12. Sample spectra showing the inversion tunnelling splittings of the J¼ 3–4 transitions of the
deuterated isotopomers of Ar3–NH3. The relative intensities of the tunnelling components are governed by
nuclear spin statistics and confirm the assignments. The transitions drawn in dashed (solid) lines correspond
to the symmetric (antisymmetric) tunnelling components. The inset in the upper trace shows the intensity
of the antisymmetric tunnelling component scaled by a factor of 5.
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ab initio calculations to monitor the changes in the structural and dynamical properties
of these complexes as a function of the number and size of the rare gas binding partners.
Since the bulk phase behaviour of these systems can be deduced from spectroscopic
studies of NH3 (or another molecule of interest) in cryogenic rare gas matrices, detailed
studies of van der Waals molecules provide important information about intermolec-
ular interactions in the intermediate regime where many-body effects can be
isolated. Due to the inverse dependence of the rotational constants on the reduced
mass of the cluster, the lowest J transitions of heavier clusters, which are typically
the strongest as a result of the Boltzmann populations of the levels involved, lie
outside the operational range of microwave spectrometers. This places a limit on the
size of the clusters that can be investigated with Ne or Ar as the solvating atoms.
Helium containing van der Waals complexes are, therefore, an attractive alternative
as the bulk phase behaviour of the system can be better approached.

3.4. Helium1,2,3–molecule complexes

It is the particularly low binding energies of only a few tens of wavenumbers that make
He atom containing complexes and clusters so interesting for spectroscopy and theory.
They provide, for example, the most stringent test cases for ab initio calculations
because of the need to capture the dispersion interaction of the not very polarizable
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Figure 13. Minimum energy [CCSD(T)] paths of Ne2–NH3 as a function of the � coordinate for �¼ 60�,
�¼ 90� [116]. Each curve represents a different umbrella angle of NH2: ffHNH¼ 106.67� (—�—),
ffHNH¼ 113.34� (– –g– –), and ffHNH¼ 120.00� (- - m- -).
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helium atom accurately. From a purely spectroscopic point of view, it is the extremely
large amplitude zero-point vibrations that provide both interest and challenge.
The zero-point energy level of He–molecule systems can lie at more than half
the well depth because of the weak binding and the low mass of the helium atom.
The lowest energy levels are therefore significantly delocalized over both radial and
angular coordinates and even pure rotational spectra sample a considerable portion
of the potential energy surface.

Another impetus for the study of He–molecule systems is given by the development
and applications of the method of helium nanodroplet isolation spectroscopy [128–132].
In this method, helium nanodroplets that consist of 103–105 helium atoms are generated
and assume a temperature of 0.38K. These droplets can then be doped with molecular
or atomic impurities. Closed shell molecular dopants reside in the centre of the droplet
and can be interrogated using spectroscopic methods. The resulting spectra, for exam-
ple infrared spectra, show sharp, rotationally resolved lines and are essentially gas
phase-like. The free rotation of the dopant molecules has been interpreted in terms
of microscopic superfluidity of the helium droplets. Analysis of the droplet spectra
results in a decreased apparent B rotational constant compared to the gas phase
value and a shift of the vibrational band origin. Both renormalization of the B constant
and vibrational band shift have been investigated in the intermediate cluster size regime
as a function of number of helium atoms experimentally for He3–8–OCS [28, 133, 134],
He3–12–N2O [135], HeN –CO2 [136, 137], HeN –CO [138–140], and theoretically [141],
for example, for HeN –OCS [142–145], HeN –N2O [146, 147], HeN –CO2 [137].

The theoretical modelling of HeN–molecule clusters and extraction of accurate
spectroscopic parameters for comparison with experimental results require interaction
potential energy surfaces of the highest quality. In particular, the surface needs to
be accurate not only near the potential minimum, but also at higher energies. For
HeN–OCS, for example, it was observed that the first five helium atoms form a dough-
nut ring around the OCS molecule near the location of the potential minimum. Helium
atoms six and seven spill out then into a secondary minimum near the oxygen end and
helium atom eight goes into the region of a saddle point at the sulfur end [28, 133, 134].
Observable structure in the trend of the B rotational constant with N in larger clusters
[135] indicates that even longer range interactions need to be reproduced very
accurately to account for the experimental results.

High-resolution rotational spectra of He–molecule complexes are an exquisite probe
of their interaction potentials. In particular, the spectra are sensitive not only to
the region of the global minimum, but also to higher energy features mainly because
of the high zero-point energy and the resulting large amplitude internal motions.
The Klemperer group has measured some of the first rotational spectra of He–molecule
complexes, namely He–HCN [148], He–ClF [149], and He–OCS [150] using the method
of molecular beam electric resonance spectroscopy. Several further He–molecule
complexes have been studied in the infrared (He–CO2 [151], He–CO [152], He–OCS
[153, 154], and He–N2O] [154], microwave [He–CO [152], He–CO2 [155], He–N2O [7],
He–HCCCN [156]) and millimetre wave regions (He–HCN) [8]. The spectroscopic
experiments on helium droplets doped with OCS [157, 158] have sparked particular
interest in the He–OCS potential energy surface. Several high quality He–OCS
ab initio surfaces have been constructed [147, 150, 159] and adjusted to reproduce the
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rotational transition frequencies. Additional information from the experimental spectra
other than the rotational transition frequencies can be used to gauge and to improve
potential energy surfaces. For example, isotopic data, nuclear quadrupole hyperfine
coupling constants, and dipole moments can be obtained from experiment and
compared to the corresponding data extracted from the potential energy surface. We
have recently extended the spectroscopic work on He–OCS by measuring transitions
of several minor isotopomers, including He–O13CS, He–OC34S, and He–OC33S [160].
Figure 14 shows the well resolved 33S (nuclear spin quantum number I¼ 3/2) nuclear
quadrupole hyperfine structure of the JKa

,Kc
¼ 20,2–10,1 transition of He–OC33S. The

nuclear quadrupole coupling constants of the complex are determined by the corre-
sponding monomer constant, assuming that the electronic structure of the molecule
does not change upon complex formation with a helium atom, averaged over the appro-
priate wavefunction of the complex. We found that the 33S nuclear quadrupole coupling
constant is Ka dependent and it was necessary to carry out three separate fits for transi-
tions in the Ka¼ 0, þ1, and �1 energy level stacks. Similar behaviour was previously
found, for example, in the cases of Ne– [161], Ar– [162, 163], Kr– [164], Xe–N2 [165].
Hutson and co-workers have explicitly considered the complications due to the large
amplitude angular motions for the determination of nuclear quadrupole coupling
constants of weakly bound complexes [166–168]. Nuclear quadrupole coupling
constants have been used, for example, to improve the potential energy surfaces
of He–HCN [168, 169] and He–N2O [170]. We are currently in the process
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Figure 14. JKa
,Kc
¼ 20,2–10,1 transition of He–OC33S. The 33S nuclear quadrupole hyperfine structure is well

resolved. The spectrum of He–OC33S was measured in its natural abundance of 0.76%.
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of implementing the additional experimental isotopic and nuclear quadrupole data for
improvement of the He–OCS potential energy surface [171]. We have very recently also
succeeded in measuring the dipole moment of He–OCS using Stark measurements with
a static electric field implemented into our microwave Fourier transform spectrometer.
Dipole moment components of �a¼ 0.6604(16)D and �b¼ 0.263(13)D were obtained
[172]. The total dipole moment of the complex �tot¼ 0.711(13)D agrees with the mono-
mer value of 0.715196 D [173], supporting the assumptions of negligible perturbation of
the electric properties of the molecular monomer upon complex formation with a
helium atom. This is further confirmed by considering the dipole moments of other
rare-gas–OCS complexes. The dipole moment decreases in the series Ne–OCS
[0.707(13)D], Ar–OCS [0.700(3)D], Kr–OCS [0.696(4)D] [174], which is indicative of
increased perturbation with a heavier rare gas binding partner.

The strong signals we observed for He–OCS and its isotopomers, combined with
our experience in measuring a number of other (rare gas)2–molecule trimers, such
as Ne2–N2O, Ar2–N2O [37], NeAr–N2O [39], NeAr–HCl [40], NeAr–CO2 [41],
Ne2–OCS [35], encouraged us to search for the spectrum of He2–OCS. There existed
no previous rotational or ro-vibrational studies on HeN –molecule systems with
N� 2, mainly because of the anticipated difficulties in producing these clusters in suffi-
cient quantity, even in a molecular beam environment, and also because of their com-
plex spectral pattern that are a result of the very large amplitude intermolecular
motions. A traditional method for the prediction of rotational constants for van der
Waals complexes is to assume a rigid structure with effective separations and bond
angles. However, in the case of a very weakly bound and fluxional system like He2–
OCS, the concept of a ground-state structure is not valid in the sense that a rigid struc-
ture that can reproduce the experimental rotational constants does not exist. Initially,
we assumed a planar, asymmetric top structure for He2–OCS, effectively neglecting the
He–He interaction. Not unexpectedly, we encountered significant problems in finding
and assigning rotational transitions of the He2–OCS complex. In our initial experi-
ments, one line, namely the JKa

,Kc
¼ 10,1–00,0 transition, was found. The assignment

to the quantum numbers and to the molecular carrier, i.e. He2–OCS, was confirmed
by finding the corresponding lines of seven minor isotopomers [175]. Further support
came from the nuclear quadrupole hyperfine structures of the JKa

,Kc
¼ 10,1–00,0 rota-

tional transitions of He2–OC33S and He2–
17O13CS (17O nuclear spin quantum

number I¼ 5/2) shown in figures 15 and 16. It was noticed that the line intensities
were strongly sample pressure-dependent and dropped significantly below 7 atmo-
spheres. Transition intensities of the He–OCS lines showed similar behaviour, but the
effect was much less pronounced. This strong pressure dependence indicates that the
transitions are indeed due to a cluster that contains more than one helium atom.

Despite tremendous search efforts, we were initially unable to find the JKa
,Kc
¼

20,2–10,1 transition of any of the isotopomers. One problem was that scanning of
large frequency ranges can be tedious with the method of Fourier transform microwave
spectroscopy. (See, however, the recent work by Pate and co-workers [176].) At this
point, the advantage of mid-infrared fast-scanning spectroscopy, namely the ability
to scan relative large frequency ranges with ease, brought the assignment procedure
back on track. The extremely high resolution capability of Fourier transform micro-
wave spectroscopy then complements this advantage of infrared spectroscopy and
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Figure 15. Spectrum showing the 33S nuclear quadrupole hyperfine structure of the JKa
,Kc
¼ 10,1–00,0

transition of He2–OC33S [175]. The observed hyperfine structure confirms that the complex contains the
OCS unit, and was essential for the quantum number assignment.
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Figure 16. 17O nuclear quadrupole hyperfine structure of the JKa
,Kc
¼ 10,1–00,0 transition of He2–

17O13CS
[175]. An enriched sample of O13CS (99% 13C, �12% 18O) was used. We found that 17O was enriched in this
sample to a similar relative extent as 18O.
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has been utilized to confirm assignments or to select between different assignment
possibilities. The new infrared measurements by Tang and McKellar [133, 134]
produced microwave predictions, and we found additional rotational transitions,
namely JKa

,Kc
¼ 20,2–10,1 and 30,3–20,2, for several isotopomers [28]. The final analysis

of microwave and infrared data for He2–OCS in terms of an asymmetric rotor model
led to rotational constants that are consistent with the shape of a distorted tetrahedron,
similar to the case of Ne2–OCS [35]. The following structural parameters were derived:
the distance R between the centre of mass of OCS to He¼ 3.8 Å; the angle between the
OCS axis and R¼ 66�; the dihedral angle¼ 188� [134].

There is the possibility of a tunnelling motion of the helium atoms through the planar
geometry of the cluster. Spin statistics due to the two equivalent spin zero helium nuclei
dictate that the ground state has only even Ka values while the first excited tunnelling
state has only odd Ka values. Some tentative candidates for transitions with higher Ka

values have been observed in the infrared work, but no additional transitions were
found in the microwave range. A plausible reason is the low population of higher
energy levels that prevent detection of these transitions. This is in part a result of
the higher sample pressures needed for observation of He2–OCS transitions which,
in turn, leads to a significant decrease of the effective rotational temperature in the
molecular expansion.

Tang and McKellar’s infrared spectra of He1,2–OCS contained additional lines
that showed even stronger sample pressure dependence than those of He2–OCS.
They were attributed to He3–OCS, and the assignment was confirmed by finding the
corresponding microwave transitions close to the predicted frequencies. The signal
strengths were still sufficient to record spectra of several isotopomers; an example
spectrum of He3–OC33S is shown in figure 17. The 33S nuclear quadrupole coupling
constants of the HeN –OCS clusters increase with increasing N towards the value of
free OC33S [�¼�29.112(3)MHz] [177]: He–OCS [�aa¼�23.931(1)MHz]; He2–OCS
[�aa¼�26.934(3)MHz]; He3–OCS [�aa¼�27.904(4)MHz]; He4–OCS [�aa¼
�28.245(3)MHz]. This trend is a consequence of an increased alignment of the OCS
axis with the a-inertial axis of the clusters with increasing N, under the assumption
that the field gradient at the 33S nucleus is not affected by the nearby helium atoms.
The increased alignment is an indication of a more symmetric helium density around
the OCS molecule at larger N values. The intermolecular vibrations of the OCS unit
within the clusters probably play a minor role since the large amplitude motions are
expected to be mainly restricted to the helium atoms because of the large relative
mass of OCS. The extensive isotopic data for He3–OCS were used to determine the
locations of the helium atoms which were found to be around the equator of OCS at
angles and distances similar to those of He–OCS. The almost constant blueshift of
the infrared band origin in going from N¼ 0 to N¼ 3 in HeN–OCS confirms this geo-
metry [134]. The three helium atoms are most likely not symmetrically distributed
around the OCS molecule, contrary to the case of the (rare gas)–(rare gas)03 clusters
which are clearly symmetric tops [89]. In such cases there will be a tunnelling barrier
at the C3v configuration; however, no excited state transitions were detected so far
because of the low temperatures in the high pressure molecular expansion.

A further He–molecule system of interest is He–N2O. The ro-vibrational spectrum of
N2O embedded in a helium nanodroplet has been observed by Nauta and Miller [178].
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The mid-infrared spectrum of He–N2O has been observed and analysed by Tang and
McKellar [154] and three ab initio potential energy surfaces have been reported
[7, 179, 180]. Our measurement of the microwave spectrum of He–N2O [7] was based
on predictions from the infrared work. Because of the low mass of the complex, only
four transitions, namely JKa

,Kc
¼ 11,1–00,0; 10,1–00,0; 11,0–10,1; 11,0–11,1, fall into the

frequency range of our spectrometer and were measured. These four transitions
form a closed loop which confirmed the assignment, together with double resonance
experiments. For the normal isotopomers, the two 14N nuclei result in complex nuclear
quadrupole hyperfine structure for the rotational transitions. The spectra of three
further isotopomers, He–14N15NO, He–15N14NO, and He–15N2O, were measured and
assigned. In an effort to provide a potential energy surface of spectroscopic accuracy,
we calculated the interaction energy at the CCSD(T) level of theory using the
MOLPRO software package [181]. The aug-cc-pVTZ basis set was used for all
atoms, supplemented with bond functions (3s, 3p, 2d, 1f, 1g), placed at the mid-point
of the van der Waals bond [182]. The supermolecule approach was used and the
basis set superposition error was accounted for by applying the full counterpoise
correction [84]. The surface is characterized by a global minimum for an approximately
T-shaped geometry (van der Waals distance R¼ 2.979 Å, angle � between N2O axis and
R¼ 87.4�, interaction energy V¼�60.61 cm�1), a local minimum at the oxygen end
(R¼ 4.111 Å, �¼ 0�,V¼�33.10 cm�1), and a very shallow minimum at the nitrogen
end (R¼ 4.534 Å, �¼ 180�, V¼�21.44 cm�1). A contour plot of the surface is given
in figure 18. The quality of the potential energy surface was assessed by comparing

Frequency/MHz
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2.5–1.5

0.5–1.5

F ′′ − F ′=

Figure 17. JK¼ 10–00 transition of He3–OC33S [28]. Note that the hyperfine splitting increases from
He2–OCS and approaches the splitting in the free OCS monomer. This is indication of an increased alignment
of the OCS axis with the a-inertial axes of the clusters.
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the experimental microwave transition frequencies and combination differences
from the infrared data with those from bound state calculations [7]. For this purpose
the surface was interpolated and the energies of rotational and ro-vibrational levels
calculated. For the four microwave transitions, the deviations between experiment
and calculation are less than 1.2%; if the mid-infrared combination differences are
considered, the deviations are 3% at most, and less than 1% for most of the lines.
This surface is thus of almost spectroscopic accuracy and has been used in quantum
Monte Carlo calculations of N2O solvated in small helium clusters [183].

The search and assignment of transitions of He2–N2O and He3–N2O followed similar
procedures as outlined above for the OCS analogues. However, since N2O is much
lighter than OCS, the orientation of the N2O unit within the cluster inertial axis
system changes. He2–N2O is an asymmetric top molecule and the N2O unit is aligned
roughly along the b-inertial axis. The spectrum is thus dominated by b-type transitions
which compounds the difficulties in the search and assignment procedure. Ultimately,
two transitions, JKa

,Kc
¼ 11,1–00,0 and 20,2–11,1 were found for the normal and the

He2–
15N2O isotopomers. The assignment was confirmed with double resonance experi-

ments. For the singly 15N substituted isotopomers, only the JKa
,Kc
¼ 11,1–00,0 transition

was found. He3–N2O is an oblate quasi-symmetric top, and the N2O unit lies roughly
along the c-axis. Two transitions, namely JKa

,Kc
¼ 11,0–00,0 and 22,0–11,0 were measured

for four isotopomers. The respective alignments of N2O in the inertial axis systems of
the He2–N2O and He3–N2O clusters are confirmed by the analyses of the 14N nuclear
quadrupole hyperfine structures.

The He2–molecule trimers are not very suitable systems for extraction of three-body
non-additive interactions. Some of the reasons are: (i) the low polarizability of
helium which leads, for example, to only a small exchange quadrupole moment
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Figure 18. Ab initio potential energy surface of He–N2O determined at the CCSD(T) level of theory [7].
The global minimum occurs at a near T-shape configuration at an energy of �60.61 cm�1. There is a local
minimum is at the oxygen end (�33.10 cm�1), and a very shallow minimum at the nitrogen end
(�21.44 cm�1). The zero-point energy level was determined from bound state calculations to be at
�21.35 cm�1.
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on the He2 unit; (ii) the very large amplitude motions which makes modelling of the

trimers difficult (see the work on He2–N2O by the groups of Carrington and

McKellar [184]); (iii) the possibility of quantum effects involving the light helium

atoms. However, characterization of the He1,2–molecule complexes provide an

important stepping stone for the investigation of larger HeN–molecule clusters.
In this sense these systems lay the foundation for systematic helium solvation studies

that shed light on the transition from the isolated molecule to the bulk quantum

system [133, 135].

4. Summary

High resolution spectroscopic methods, such as pulsed molecular beam Fourier
transform microwave spectroscopy, are ideal for the study of weakly bound com-
plexes. In particular, it is possible to analyse the spectra of clusters of specific
sizes individually although clusters of various sizes are produced simultaneously in
the molecular expansion. This is achieved by a complex assignment procedure
that needs not only to identify the quantum numbers of an observed transition,
but also its molecular carrier. This procedure may involve, for example, the investi-
gation of several isotopomers, sample pressure dependence studies of the signal
intensities, and help from the corresponding mid-infrared investigations. The mea-
sured energy level differences, as well as number of spectroscopic parameters that
can be obtained from the spectra, such as rotational, centrifugal distortion, and
nuclear quadrupole coupling constants, and dipole moments, can be used to first
test and then to improve the dimer potentials to spectroscopic accuracy.
Indications for the presence of three-body non-additive contributions were found
in the spectra of the mixed rare gas trimers and other ternary systems. The high
resolution capability of the method of Fourier transform microwave spectroscopy
makes it possible to resolve the sometimes very narrow nuclear quadrupole
hyperfine structure in rotational transitions of the weakly bound complexes. The
resulting nuclear quadrupole coupling constants provide information about
both their structure and their internal dynamics. This information was utilized
to monitor the change in internal rotation and inversion tunnelling dynamics in
(rare gas)1,2,3–ammonia clusters. The studies on the He1,2,3–molecule clusters
represent a new direction in cluster research in that they provide a stepping stone
for the investigation of new phenomena, such as quantum solvation, in much
larger HeN–molecule clusters.
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[134] J. Tang and A. R. W. McKellar, J. Chem. Phys. 119, 5467 (2003).
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[155] Y. Xu and W. Jäger, J. Mol. Struct. 599, 211 (2001).
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