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ABSTRACT

Microwave rotational spectra of seven different van der Waals complexes 

consisting of one, two. or three rare gas (Rg) atoms bound to one NH3 molecule were 

measured using a pulsed molecular beam Fourier transform microwave spectrometer. The 

rotational spectrum of each complex is complicated by the internal rotation and inversion 

motions of the NH3 subunit. Due to the large amplitudes of these motions, the NH3 

moiety can essentially be regarded as a sphere during the rotational analysis of each 

species.

The rotational transitions of the Rg-NH3 (Rg = Ne, Ar, Kr) dimers follow the 

pattern of a diatomic molecule. The Ne;-NH3 (20Ne2-. 22Ne2-) and Ar2-NH3 trimers are 

asymmetric tops and their spectra consist of a-type and 6-type transitions, respectively. 

The :LfNe::Ne-NH3 iso to pome r is also an asymmetric top but both a- and 6-type 

transitions are allowed due to the reduced symmetry of the complex. The Ar3-NH3 and 

Ne3-NH3 (2t/Ne-,-. 22Ne3-) tetramers are oblate and prolate symmetric tops, respectively.

The mixed isotopomers. 20Ne222Ne-NH3 and 20Ne22Ne2-NH3. are asymmetric tops and their 

spectra contain a- and 6-type and a- and c-type transitions, respectively. The rotational 

constants obtained from fitting the spectra of the various Rg„-NH3 (n = 1, 2, 3) complexes 

were used to estimate the Rg-Rg and Rg-NH3 bond lengths in each species. The !4N 

nuclear quadrupole hyperfine structures of the rotational transitions wrere resolved for 

each complex and analyzed  in terms of the orientation and dynamics of the NH3 moiety 

within the clusters. Additional splittings due to the inversion of ammonia were resolved
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for each deuterated isotopomer and compared as general indicators of the relative energy 

differences between the two inversion states of each cluster.

The experimental results were complemented by the construction of ab initio 

potential energy surfaces for the Nen-NH3 (n = 1, 2, 3) complexes using fourth order 

Moller-Plessett (MP4) perturbation theory and coupled cluster [CCSD(T)] theory. Three 

surfaces were constructed for each cluster based on different umbrella angles of the NH3 

monomer to simulate the inversion motion. The topologies of the potential energy 

surfaces were compared for the three Ne containing complexes and were related to 

experimentally derived parameters for each system.
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CHAPTER 1

Introduction

1

The notion of forces between molecules dates back to the late 19* century with 

the pioneering work of Johannes Diderik van der Waals.1 Van der Waals won the Nobel 

Prize in Physics in 1910, in part, for his development of the theory o f corresponding 

states which established an equation of state for the relationship between the pressures, 

volumes, and temperatures of gases and liquids. The early contributions o f van der Waals 

have had a lasting impact in chemistry as demonstrated by the common reference in 

textbooks that all attractive forces between molecules are 'van der Waals’ interactions.2 3 4 

His work, in essence, laid the foundation for realizing the fundamental connection 

between the properties of bulk matter and intermolecular forces.

Since the time of van der Waals. our understanding of intermolecular interactions 

has continued to evolve. Crucial advances5 ft 7 were made at the beginning of the 20* 

century and after the work of London® in the 1930s, it was established that the interaction 

energy between molecules was composed of four distinct components, termed the 

electrostatic, induction, dispersion, and exchange energies. The origins of the first three 

components are rooted in the physical properties of the individual substituents, that is, the 

permanent multipole moments and polarizabilities of the molecules involved in the 

interaction. For neutral species, the electrostatic, induction, and dispersion energies can 

be thought of as arising from multipole-multipole, multipole-induced multipole, and 

induced multipole-induced multipole interactions, respectively. The fourth component is
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quantum mechanical in origin and is a result of the Pauli exclusion principle which 

forbids two electrons with the same spin from penetrating the same region of space.

These four components form the core of the classical theory of intermolecular interactions 

and when combined in a pairwise additive manner, can often, but not always, provide a 

qualitative explanation of bulk phase properties. A well-cited exception is the inadequacy 

of the pairwise additive approach for the prediction of the crystal structures of rare gases 

(Rg). Under the assumption of pairwise additivity , a hexagonal close-packed structure is 

expected for all Rg atom solids except helium, while X-ray diffraction experiments prove 

that the actual structures are face-centered cubic.'1 Furthermore, the experimentally 

determined crystal binding energies deviate from the theoretical values by about 10%.

Since intermolecular interactions are not strictly additive, a rigorous, quantitative 

description of condensed phases requires knowledge of the contributions made by many 

body forces. Thus, to achieve molecular level understanding of condensed phases, it is 

necessary to accurately characterize the nature of both the additive and the nonadditive 

contributions to intermolecular interaction energies. The primary goal is therefore to 

construct potential energy surfaces that capture each component of the interaction energy' 

between molecules and to relate these to intrinsic, physical properties of the substituents 

involved. Typically , interaction potentials are derived using one of two methods: a) by 

fitting experimental data to mathematical expressions or b) via direct ab initio quantum 

mechanical calculations.10 In general, the nonadditive contributions to potential energy 

surfaces are not well understood. The key to achieving an accurate picture of 

intermolecular interactions on the microscopic level thus lies in the parallel pursuit of
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experimental methods that identify nonadditive effects and the derivation of functional 

forms that describe them.

Historically, experimental attempts to elucidate the role of nonadditive 

contributions to intermolecular interaction energies were made via measurements of gas 

imperfections11 and molecular beam scattering techniques.1213 The successes of these 

experiments were limited by their sensitivity and accuracy. A more recent approach 

which overcomes these problems involves the measurement of high resolution spectra of 

weakly bound complexes that are formed in molecular beam expansions. These 

complexes are held together mainly by dispersion interactions and are commonly called 

van der Waals molecules. During the formation of these species in a molecular beam, low 

vibrational and rotational temperatures are achieved and as a result, only the lowest 

energy levels are populated. This reduces the spectral congestion. Furthermore, since van 

der Waals complexes are studied in a collision-free environment, the experimental data 

are not obscured by structural disorder or spatial and temporal inhomogeneities which 

plague bulk phase measurements.14 This allows the determination of spectroscopic 

constants with great precision and these parameters are, in turn, intrinsically sensitive to 

the fine details of the potential energy surface that describes the weak interaction.

Evidence of three body and higher order effects is obtained through comparison of the 

spectra of van der Waals dimers with the spectra of larger van der Waals clusters. If the 

appropriate binary potentials are accurately known, the nonadditive contributions to the 

interaction energy can. in principle, be isolated for van der Waals complexes composed of 

three or more substituents. Once the nonadditive effects are identified, various models of
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the nonadditivity can be tested for their ability to reproduce the spectral deviation from 

pairwise additive predictions.

Van der Waals molecules are particularly attractive candidates for studying 

nonadditive effects because the size of the weakly bound cluster can be increased in a 

stepwise fashion. In general. Rg„-molecule systems are prototypes for investigating 

solvation on the molecular level.14 Rare gas atoms are the ideal choice of solvent since 

they serve as structureless probes of the weak interaction with the molecule of interest. 

These complexes are readily produced in a molecular beam expansion and several Rg-Rg 

and Rg-molecule potentials are well-determined. This allows accurate identification of 

nonadditive contributions to the interaction energies of the larger clusters. In principle, 

higher order nonadditive effects can be isolated as Rg atoms are added to the cluster in a 

stepwise fashion provided that the lower order terms are well-characterized from the 

analysis of the smaller clusters. Since van der Waals complexes are held together by weak 

forces, they often exhibit large amplitude bending and stretching modes with frequencies 

on the order of tens or hundreds of GHz.15 These motions depend directly and sensitively 

on the intermolecular potential energy surface. The experimental information extracted 

from the measurement of van der Waals vibrations and excited vibrational states may be 

used to build and test theoretical models that describe how to couple the intermolecular 

and intramolecular modes in weakly bound complexes. The ability to produce a range of 

different sizes of Rgn-molecule complexes via molecular beam techniques thus affords 

the opportunity to observe, on the microscopic scale, how both the structural and 

dynamical properties of weakly bound systems evolve as successive Rg atoms are added.
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Furthermore, the molecule of interest can be spectroscopically probed in cryogenic Rg 

matrices which provides a definition of the bulk limit that the Rg„-molecule clusters 

approach.16 In this respect, van der Waals clusters have the potential to bridge the gap 

between isolated molecules and condensed phases.

The current work describes a series of experimental and ab initio computational 

investigations of van der Waals complexes containing one, two, and three Rg atoms 

paired with NH3. The desire to understand the physical and chemical properties o f NH3 on 

the microscopic level arises from its critical role in a variety of processes. Since the 

reactivity of NH3 depends on interactions between NH3 and other molecules, a precise 

knowledge of weak interactions with NH3 is integral to the understanding of these 

processes on the molecular level. The primary use of NH3 is agricultural. It is commonly 

used as a fertilizer, either by direct application or in the form of ammonium salts (nitrates, 

sulfates, and phosphates).17 Industrial uses of NH3 include: petroleum refining, 

metallurgical processes, semiconductor manufacturing, rubber processing, welding, and 

as a solvent for scrubbing fossil fuel combustion streams. Ammonia is used commercially 

as a refrigerant and as a reagent for making explosives, sulfuric acid, nitric acid, 

acetaminophen, resins, dyes, insecticides, household cleaning agents, and synthetic fibres 

such as rayon and nylon. In the laboratory , NH3 is known for its ability to solvate 

electrons. Alkali metals dissolve in NH3 to form a blue solution which conducts 

electricity and is a good reducing agent. In this capacity, NH3 is a necessary solvent for 

certain synthetic routes such as the Birch reduction in which aromatic rings are reduced to 

nonconjugated dienes. Ammonia has been of interest to astronomers and astrophysicists
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for over 30 years. In fact, NH3 was the first polyatomic molecule18 detected in space and 

has since been found to be abundant in the interstellar medium, stars, comets, meteorites, 

as well as in the atmospheres of Jupiter, Saturn, Uranus, and Neptune through 

radioastronomical methods. Recent astrophysical observations have attempted to link the 

abundance of deuterated forms of NH3 with the level of surface chemistry activity in 

various interstellar regions.11, 20

The spectroscopy of NH3 is complicated by the presence of a soft inversion 

coordinate. The nitrogen atom can move from its position at the apex of the pyramidally 

shaped molecule through the plane of the three hydrogen atoms to the other side of the 

plane. This is characterized by a double well potential and quantum mechanical 

tunnelling through the barrier between the two potential minima leads to a splitting of the 

vibrational energy levels into two tunnelling states. The transition between the two 

inversion tunnelling components of the ground vibrational state of NH3 falls in the 

microwave region (-1.25 cm'1) of the electromagnetic spectrum.21 The inversion spectrum 

of NH3 was measured by Cleeton and Williams in 1934 and was, in fact, the first 

microwave spectrum ever reported.22 Townes and co-workers successfully devised a way 

to invert the population of the two states which ultimately led to the development of the 

maser.2j The fact that the inversion splitting of NH3 falls in the microwave region was 

elementary' to the discovery of the maser since spontaneous emission is proportional to 

the cube of the transition frequency and is therefore very weak in this region. Masers, and 

the lasers that followed, have had a large impact in communications, navigation, 

medicine, and a host of other fields.
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Since NH3 is integral to many processes and has a rich spectroscopic history, it is 

not surprising that NH3 containing van der Waals dimers have been the subject of a 

number of spectroscopic studies over the past 20 years. Some examples are: (NH3)2,24,25 

n h 3-h 2o ,26~7 NH3-C02.25 28 NH-CO,29 n h 3-o c s ,25 n h 3-n 2o ,2530 NH3-S03,3132 NH3- 

h 2s .27 33 n h 3-c f 3h .34 n h 3-c h 3o h ,35 n h 3-c 6h 5o h ,36 n h 3-h c n ,25 n Hj-h c c h ,25̂  n h 3-

HCN,3* and NH3-HN03.39 In gas phase binary complexes, NH3 acts solely as a hydrogen 

acceptor or Lewis base in contrast to H20  which exhibits amphoteric behaviour. High 

resolution spectra provide the necessary information for the construction of accurate 

potentials to characterize these weak interactions and explain such anomalous behaviour. 

In addition to the large volume of work on NH3-molecule complexes, spectroscopic 

studies of the Ar-NH3 dimer have been reported in the microwave,25 40 41 

submillimeter.4142 and infrared43 44 45 46 47 regions. These investigations have shown that the 

NH; subunit undergoes large amplitude internal rotation and inversion motions while 

bound to the Ar atom. This leads to the observation of multiple internal rotor and 

inversion tunnelling states in the spectrum of the Ar-NH3 dimer. The desire to understand 

these complicated internal dynamics on the molecular level has led to numerous 

theoretical studies of Ar-NH;. in recent years.4M9'50 5,'5:-5j Of the previously reported NH3 

containing van der Waals dimers. Ar-NH3 is the simplest starting point for investigating 

the dynamics o f weak interactions with NH3. This arises from the fact that the 

dimensionality of the required model is reduced when the binding partner is a spherical 

Rg atom instead of a molecule. In general, the Ar-NH3 dimer is viewed as a model system 

for studying the coupling of intermolecular and intramolecular modes in weakly bound
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complexes. Furthermore, Ar-NH3 is a prototype for modelling a ‘symmetric top and ball’ 

interaction potential in the same way that the Ar-HCl complex was adopted as a ‘rod and 

ball' model.5455 56 57

Despite extensive studies of Ar-NH3, there have been no previous spectroscopic 

investigations of other Rg-NH3 dimers. High resolution spectra of the other dimers in this 

series promise to reveal how the size and polarizability of the Rg binding partner 

influences the internal rotation and inversion dynamics of NH3. Information about the 

internal rotation of NH3 can be extracted from the spectra of excited internal rotor 

tunnelling states as well as through analysis of the nuclear quadrupole hyperfine structure 

arising from the presence of the quadrupolar 14N nucleus. The observation of inversion 

tunnelling splittings in the spectra of the deuterated isotopomers can provide information 

about the inversion of ammonia in the ground state of the van der Waals dimers. This 

information is not available from the spectra of the NH3 containing isotopomers since one 

inversion tunnelling component of the ground internal rotor state is missing due to the 

requirements of nuclear spin statistics. The spectroscopic studies can also be extended to 

larger van der Waals clusters such as the Rg2-NH3 trimers and Rg3-NH3 tetramers to 

determine the effect of multiple Rg atom binding partners on the internal dynamics of 

NH ,. Microwave investigations of the trimers and tetramers also offer the opportunity to 

study the nonadditive contributions to the interaction energies of NH3 containing van der 

Waals complexes. The argon containing trimers and tetramers are of particular interest in 

this respect since the Ar-NH,51 and Ar-Ar585960 potentials are well-determined. The 

spectra may be complemented by ab initio calculations which provide qualitative
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information about the topologies of the intermolecular potential energy surfaces of the 

Rgn-NH3 (n=l, 2, 3) complexes. For example, a comparison of the ab initio derived 

barriers to the internal rotation of NH3 in the Rg„-NH3 (n=l, 2, 3) clusters can assist in the 

interpretation of the experimentally determined 14N nuclear quadrupole coupling 

constants which are sensitive to the orientation and internal rotation dynamics of NH3 

within the complexes.

The remainder of this thesis is divided into five chapters. Chapter 2 outlines the 

principles of Fourier transform microwave spectroscopy and describes the technical 

details of the instrument used to record the rotational spectra of the Rgn-NH3 (n=l, 2, 3) 

complexes. Chapter 3 is devoted to the spectroscopic investigations of the Rg-NH3 

(Rg=Kr. Ar. Ne) dimers. The structures and dynamics of the dimers are detailed through 

analysis of the rotational constants, the l4N nuclear quadrupole hyperfine structure, and 

the inversion tunnelling splinings. Furthermore, three ab initio potential energy surfaces 

for the Ne-NH3 dimer are presented and the topologies are discussed in terms of the 

related spectroscopic observations. Chapter 4 describes the rotational spectra of the Rg2- 

NH3 (Rg=Ar. Ne) trimers and ab initio calculations for Ne2-NH3. Comparisons are made 

between the experimentally and theoretically derived results of the van der Waals dimers 

and trimers. In Chapter 5. the microwave studies are extended to include the Rg3-NH3 

(Rg=Ar. Ne) tetramers. Ab initio calculations for the Ne3-NH3 complex are presented and 

compared with the measured rotational spectra and with the potential energy surfaces 

constructed for the two smaller Ne containing clusters. A summary of the experimental 

and theoretical results obtained for the Rg„-NH3 (n=l. 2, 3) van der Waals complexes is
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given in Chapter 6 along with several considerations for future research in the field.
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CHAPTER 2 

Experimental

The rotational spectra of the Rgu  3-NH3 complexes have been recorded using a 

pulsed molecular beam Fourier transform microwave (FTMW) spectrometer. Before 

presenting these studies in detail, it is instructive to provide an overview of FTMW 

spectroscopy and a description of the spectrometer used for this research. The current 

chapter is divided into three parts. The first section provides a general explanation of the 

underlying principles of FTMW spectroscopy and explains the advantages of this 

technique over waveguide-based microwave experiments. Secondly, the theoretical basis 

of FTMW is briefly described. The most important mathematical expressions are 

provided and related to key experimental requirements. The final section provides a more 

detailed description of the mechanical and electronic components of the FTMW 

spectrometer employed in this work and outlines the general procedure for measuring the 

rotational spectra of van der Waals complexes.

2.1 Overview of FTMW spectroscopy

In FTMW spectroscopy, a microwave cavity is formed by two spherical mirrors 

which are installed inside a vacuum chamber. The cavity can be tuned by changing the 

separation of the mirrors so that it is in resonance with a desired microwave frequency. A 

gaseous sample is introduced into the chamber through a pulsed nozzle and the 

supersonic jet expansion propagates along the microwave cavity axis. A microwave pulse
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is applied and if the sample has a rotational transition within the bandwidth of the 

microwave cavity, the dipole moments of the individual molecules align in the electric 

field and the molecules rotate in phase with each other as a result of the coherence 

property of the external microwave radiation. This is detected as a macroscopic 

polarization of the molecular ensemble that oscillates with the rotational transition 

frequency of the molecules. The coherent signal emitted as a consequence of the 

oscillating macroscopic dipole moment is recorded as a function of time as the molecules 

travel the length of the cavity and decays as the molecules collide with the back mirror. 

The digitized time domain signal is then Fourier transformed to obtain a frequency 

spectrum (and ultimately a power spectrum) and the entire sequence can be repeated and 

the signals averaged.

The principal advantages that FTMW spectroscopy offers over traditional 

waveguide-based microwave techniques are an increased sensitivity and resolution. The 

heightened sensitivity of FTMW allows the measurement of rotational spectra of 

molecules that possess low dipole moments and has two main origins. The first is 

inherent to the FT procedure itself since each pulse cycle of the experiment provides time 

domain data which includes spectral information over a range o f frequencies. The second 

arises from the use of a molecular beam expansion in the FTMW experiment. In the 

molecular beam, the motion of the molecules is nearly restricted to a translational motion 

along the direction of the beam propagation. Through efficient cooling, very low 

rotational temperatures (< 1 K) are achieved and only the lowest energy rotational levels 

of the sample molecules are populated. Furthermore, the low rotational temperatures
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create large population differences between adjacent energy levels. This enhances the 

sensitivity with which the lowest energy rotational transitions can be measured. The 

incorporation of a molecular beam also provides the opportunity to study unstable 

molecules, such as van der Waals complexes and radicals, since the sample in the 

microwave cavity essentially experiences a collision-free environment. These species 

cannot be studied using static gas samples as in waveguide-based spectroscopy. The 

increased resolution of FTMW spectroscopy allows the measurement of spectral 

hyperfme features such as tunnelling splittings for molecules that undergo internal 

motions and nuclear quadrupole hyperfme structure for species that contain quadrupolar 

nuclei. High resolution is achieved because the traditional sources of line broadening in 

static gas samples, such as pressure broadening and Doppler broadening, are removed by 

the use of a molecular beam. Typically, the line widths of our FTMW spectra are on the 

order of 7 kHz and the transition frequencies are recorded with a precision of ±1 kHz.

2.2 Theoretical considerations

The theoretical basis of FTMW spectroscopy is rooted in the Bloch equations 

which were originally developed for NMR spectroscopy. The electric field analogues of 

the Bloch equations have been previously derived.12 3 These describe the interaction 

between the electric dipole moments o f the sample molecules and the electromagnetic 

field that is pulsed into the microwave cavity. In the derivation, the molecular sample is 

treated as an ensemble o f N two-level systems. The two energy levels, 'a ' and ‘b \  are 

separated in energy by hco0 where o)a is the angular transition frequency. Each two level-
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system is described by a wavefunction that is a superposition of the stationary

wavefunctions of the two states, | a > and | b ), with each term multiplied by a time

dependent coefficient, a(t) and b(t), respectively. Interactions between the N systems are 

neglected and thus each system is described by the same Hamiltonian, A, which is the 

sum of a zeroth order term. H0, and a perturbation term, HmI = - |I e0cos(ci)t). The latter

defines the interaction between the electric dipole moment (p) of the molecular system 

and the applied electromagnetic radiation with angular frequency co. In the density matrix

formalism, the ensemble average of the dipole moment, ( p ) , is given by the following

The 2 x 2  density matrix, p . contains the time dependent matrix elements pM. p^, Pb,. and

Pt*. The diagonal elements. pu and Pm>. are the population probabilities of energy levels 

a' and ‘b \  respectively. The off-diagonal elements, p^ and p,*, are the coherence terms 

which define the phase relations between the wavefunctions of the two energy levels. The 

density matrix elements are defined as:

equation:

(»)= (»)>= T r { P ' ^  -
™ j=i

(2 . 1)

£  bXt)bj(t)’X  aXt)aXt)‘ p

£  a,(t)brft)\ p X b,(t)a,(t)‘
(2 .2 )
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In the 2 x 2  transition dipole moment matrix, p . the diagonal matrix elements are zero 

and p* =

0 Uab
JT= ft (2.3)pba 0

Thus, from equation (2.1),

The macroscopic polarization. P(t). of the molecular ensemble is defined by multiplying 

equation (2.4) by the number density ('N) of the two-level systems. The density matrix 

evolves with time according to the time-dependent Schrddinger equation. In density 

matrix notation:

Substitution of the Hamiltonian and density' matrix representations into equation (2.5) 

yields a set of coupled differential equations w hich define the first derivatives of the 

density matrix elements with respect to time. These are simplified by transformation into 

a reference frame that rotates w ith the frequency of the external radiation, to. and by 

invoking the rotating wave approximation which neglects the high frequency terms.3 

These equations can be expressed in terms of the real, physical variables: u(t). v(t), w(t). 

and s. w hich are linear combinations of the density matrix elements in the new reference 

frame.

(2.4)

(2.5)
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u(t)  = pab(t)e’ ,<a' + p ta (t)e l<ot,

v (t)  = i[p b.(t)e,“l + p * ( t ) e " “ ' l .  ^2.6)
w ( t)=  p » ( t) -p b b ( t) ,  

s ( t)=  p » ( t) -p b b ( t) .

The first two variables, u(t) and v(t), are coherence terms which are related to the real and 

imaginary portions of the macroscopic polarization of the molecular ensemble, 

respectively and w(t) is the population difference of the two energy levels. The sum of the 

populations in the two energy levels, s, is time independent. The coupled linear 

differential equations in terms of the new variables are known collectively as the Bloch 

equations:

U = Aw V. 

v = Aw u -  x w.
(2.7)

W  =  X V.

s = 0.

where Ato = toc-to is the off-resonance of the external microwave radiation from the 

transition frequency and x = e/h is the Rabi frequency which depends on the transition 

dipole moment of the molecules, p^, and the amplitude, c, of the applied electromagnetic 

field. Relaxation effects can be added phenomenologically to the Bloch equations.

The macroscopic polarization of the ensemble is induced by interaction with a 

pulse of microwave radiation. If a ‘"hard'’ microwave pulse, defined by x »  Ato, is 

applied, the off-resonance factor Ato can be neglected. With Ato = 0, x * 0, and the initial 

conditions: u(0) = v(0), w(0) = wQ, the Bloch equations (2.7) can be solved to obtain:

u(t) = 0:
v ( t )= -W o s in (x tp ) .  ( 2 g j

w(t)= W oC O S (X tp ).
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Maximum polarization of the ensemble is therefore achieved when xtp= 7t/2 or (2n+l )ji/2 

where n = 0. 1.2.... etc. This is called the Jt/2-condition. After a pulse of duration t^= 

jt/2x, the initial population difference. w0. is converted into a macroscopic polarization of 

the molecular ensemble since v(7t/2x) = - wn from equation (2.8). This is schematically 

represented using a Bloch vector diagram as shown in Figure 2.1. Thus, to achieve the 

maximum polarization of the sample, the microwave excitation pulse must be carefully 

optimized at the beginning of the experiment to ensure that the ^/2-condition is met. The 

macroscopic polarization. P(t). of the molecular ensemble is given by the expression:

P(t)= ' N(i ah | u( t )cos( 0) t) - v(t)sin(co t) j . (2.9)

Figure 2.1 Bloch vector diagram depicting the tt/2-condition in a rotating reference 
frame. The initial population difference. wo. between the two eneigy levels is 
converted into a macroscopic polarization along v. after application of a n/2  pulse 
of microwave radiation that is resonant w ith a molecular transition frequency.

w

w
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After the polarizing microwave pulse, x = 0 and the transient emission signal is recorded. 

Using the initial condition t = tp, the Bloch equations can be solved at time t’ after the 

microwave pulse to obtain:

u (t')  = WoSin(Awt'),

v (t ')  = -W oC O s(A © t') ,  (2 .10)

w (t')=  0.

Substitution in equation (2.9) yields:

P (t') = ‘N^absinlcoot’). (2.11)

Thus, the induced macroscopic polarization oscillates with the transition frequency, co0. 

The transient signal emitted by the molecular ensemble is proportional to the polarization 

and is recorded as a function of time and then Fourier transformed to obtain the frequency 

(and power) spectrum.

2.3 FTMW spectrometer design

The rotational spectra described in the following chapters were recorded using a 

pulsed molecular beam FTMW spectrometer that has been described previously.4 The 

design follows that of Balle and Flygare5 with some later modifications.6 The basic 

features are summarized below and the mechanical parts of the spectrometer are shown 

schematically in Figure 2.2. A Fabry-Perot cavity is formed by two spherical aluminum 

mirrors that are 260 mm in diameter with a radius of curvature of 380 mm. The 

separation between the two mirrors can be adjusted from approximately 200 mm to 400
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Figure 2.2 Schematic of the mechanical parts of the FTMW spectrometer. 1)
Stainless steel vacuum chamber. 2) Diffusion pump (30 cm diameter) to evacuate the 
vacuum chamber. 3) Mechanical pump for backing the diffusion pump. 4) Spherical 
aluminum mirror mounted on one flange of the vacuum chamber. S) Movable 
spherical aluminum mirror mounted on two rails. 6) Pulsed nozzle that introduces the 
gas sample into the vacuum chamber. 7) Wire hook antenna used to couple the 
microwave radiation into the chamber and to couple the emission signal for 
superheterodyne detection out of the chamber. 8) A second wire hook antenna couples 
the microwave radiation out of the chamber for tuning the microwave cavity into 
resonance. 9) Computer controlled Motor Mike to adjust the position o f the movable 
mirror. 10) Motor Mike controller for remote control of the mirror separation. 11) 
Personal computer that controls the experiment. 12) Microwave diode detector used 
for monitoring the cavity throughput. 13) Microwave detector amplifier. 14) 
Oscilloscope for observing the analog signal from the microwave detector affer 
amplification. 15) TTL pulse generator that allows phase coherent control of the 
experiment. 16) Pulsed nozzle driver that opens and closes the nozzle. 17) Butterfly 
valve to isolate the vacuum chamber from the diffusion pump. 18) Valve that vents 
the chamber to the atmosphere. 19) Connects the sample mixing system to the 
diffusion pump for evacuation. 20) Connects the sample mixing system to the 
mechanical pump for rough evacuation. 21) Flexible vacuum tubing with stainless 
steel coil reinforcement that helps to isolate the instrument from vibrations of the 
mechanical pump. 22) Exhaust fumes from the mechanical pump are bypassed to a 
fumehood.
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mm. The microwave cavity is stationed inside a vacuum chamber that is pumped at a 

speed of 2000 L s '1 by a diffusion pump that is 30 cm in diameter. The diffusion pump is 

backed by a mechanical pump. One mirror is mounted on a flange of the vacuum chamber 

and the other mirror can slide on two high precision linear rails. The position of the 

second mirror can be adjusted remotely to tune the cavity into resonance with the desired 

microwave frequency. The microwave source is a Hewlett-Packard synthesizer (model 

HP 83711 A) that generates cw radiation between 1 GHz and 20 GHz. The microwave 

radiation is coupled into the vacuum chamber via a wire hook antenna that is installed at 

the center of the stationary mirror. This same antenna is used to couple the coherent 

microwave molecular emission of the sample out of the chamber to a sensitive detection 

system. The sample is prepared at room temperature by combining the appropriate gases 

in a sample mixing system and is then introduced into the microwave cavity via a pulsed 

nozzle with an orifice diameter of 0.8 mm that is mounted near the center of the 

stationary mirror. The van der Waals complexes are formed by collisions of the gas 

molecules as they exit the nozzle in the supersonic jet expansion. To maximize the 

production of trimer and tetramer complexes, a high backing pressure must be maintained 

in the sample containment system. Since the molecular beam propagates parallel to the 

microwave cavity axis, each transition is detected as a Doppler doublet. The transition 

frequency is taken as the average of the tw o Doppler components.

Fhe signal emitted by the molecular ensemble is often weak and as a result, a very 

sensitive detection method is required. In this case, a double superheterodyne mixing 

scheme is employed for detection purposes. The microwave circuit is schematically
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shown in Figure 2.3. The microwave synthesizer is set to frequency, vm. This radiation is 

divided into two components of equal power. The excitation branch is fed through an 

isolator and then mixed with a 20 MHz reference frequency to produce two sidebands, 

vm+20 MHz and vm-20 MHz. The microwave cavity is tuned to the latter frequency. The 

microwave excitation radiation may be amplified if more power is required or attenuated 

to provide less power in the polarizing radiation. Two p-i-n diode switches are used to 

generate a microwave pulse which is coupled into the cavity through a circulator which 

limits the flow of the microwave radiation to one direction. If the molecules in the 

supersonic jet expansion have transitions within the bandwidth of the excitation pulse and 

within the bandwidth of the microwave cavity, their dipole moments align and, under the 

proper excitation conditions, a macroscopic polarization of the sample ensues. The 

microwave molecular emission signal has a frequency of vm - 20 MHz+Av where Av is the 

difference between the microwave excitation frequency and the molecular transition 

frequency. The transient emission signal is coupled out of the cavity via the circulator and 

amplified. At this point the microwave signal is mixed down to a radiofrequency (RF) 

using the second branch of microwave radiation (vm) from the synthesizer. The resulting 

RF signal. -20 MHz+Av. is amplified and passed through a 20 MHz bandpass filter. The 

signal is then downconverted to 15 MHz+Av. using a second mixer that couples in a 35 

MHz reference frequency. After passing through a 15 MHz bandpass filter, the RF signal 

(15 MHz+Av) is amplified and coupled into a transient recorder that contains an analog- 

to-digital convertor. From there, the digitized time domain data is sent into a personal 

computer and Fourier transformed to obtain the spectrum from which the microwave
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Figure 2.3 The microwave circuit. 1) Microwave synthesizer with a built-in 10 MHz 
reference crystal. The crystal provides a reference frequency for the pulse generator 
and is multiplied to obtain the necessary mixing frequencies for the superheterodyne 
detection scheme. 2) Power divider splits the microwave radiation. One branch is 
used for molecular excitation in the microwave cavity and the other branch is used to 
later downconvert the detected emission signal. 3) Isolator prevents radiation from 
propagating backward and damaging the synthesizer. 4) Microwave p-i-n diode 
switch. 5) Double balanced mixer. 6) Microwave signal amplifier. 7) Microwave p-i-n 
diode switch. A microwave pulse is generated when 4) and 7) are opened. 8) 
Circulator for coupling excitation radiation into the cavity and coupling the molecular 
emission signal out of the cavity. 9) Microwave p-i-n diode switch isolates the 
detection circuit during the microwave excitation pulse. 10) Low noise microwave 
signal amplifier. 11) Image rejection mixer. The signal is mixed down to the 
radiofrequency (RF) range using the second brach o f radiation from the synthesizer. 
12) RF signal amplifier. 13) 20 MHz bandpass filter. 14) Mixer to downconvert the 
emission signal a second time to around 15 MHz. 15) 15 MHz bandpass filter. 16) RF 
amplifier. 17) Transient recorder with a built-in A/D converter digitizes the RF signal. 
18) Personal computer receives and analyzes digitized time domain signal. 19) TTL 
pulse generator that enables phase coherent control o f the experiment. It controls a) 
the pulsed nozzle, b) c) the p-i-n diode switches, and d) the transient recorder.
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transition frequencies are read.

The timing of the FTMW experiment must be carefully controlled since the 

molecular emission signal is often weak and must be phase coherently averaged. The key 

events that must be synchronized are: a) the molecular pulse from the nozzle, b) the 

microwave excitation pulse, c) the opening and closing of the switch protecting the 

detection system, and d) the triggering of the transient recorder for detection. Figure 2.4 

shows the sequence of pulses used in a single FTMW experiment. The pulses to the 

nozzle driver, switches, and transient recorder are produced by a TTL signal generator 

that is clocked by the 10 MHz reference crystal that is built into the microwave source. 

The entire pulse sequence can be repeated and the signal averaged until a satisfactory 

signal-to-noise ratio is achieved in the spectrum.

At the outset of studying a new van der Waals complex, the rotational spectrum is 

predicted according to an estimated structure. Normally, the most intense transitions are 

sought first. Since this may require scanning over a large frequency range, it is necessary 

to estimate several experimental parameters that will affect the emission signal detected 

in the FTMW experiment. If complexes o f similar composition have been previously 

reported, the experimental conditions are optimized for a known van der Waals complex 

before searching for the new species. An important parameter to consider is the 

composition of the sample mixture. The ratios of gases included in the sample mixture 

and the total backing pressure are optimized by trial and error according to the strength of 

the signal each sample produces. The amount of sample injected into the vacuum 

chamber is adjusted by manually altering the voltage of the pulsed nozzle driver. The
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Figure 2.4 Pulse sequence for a single FTMW experiment, a) A microwave pulse of 
duration -  0.2 - 10 ps is generated while b) the protective switch to the detection circuit 
is closed. After allowing time for the excitation radiation to dissipate in the cavity, the 
protective switch is opened, c) Data acquisition is triggered and a background signal is 
recorded, d) The nozzle is opened for a short time (~ I ms) allowing gas molecules into 
the chamber and after a suitable delay (0.7 ms), e) a second pulse of microwave 
radiation is coupled into the cavity while 0  the protective switch is closed, g) A second 
trigger begins data acquisition and the molecular signal can be isolated after subtraction 
of the background signal. The entire pulse sequence can be repeated and the signals 
averaged. _

J i l JMW pulse

protective
switch

trigger c)

molecular 
pulse trigger

MW pulse
protective 
switch

trigger

r

e)

T

g)

delay background signal

delay

—H—

-H-

(  —>1— 1 molecular emission 
delay j j + background signal

time

lengths of the wire antennas in the microwave cavity must be changed depending on the 

frequency of the desired search range. To generate the maximum polarization of the 

molecular sample for detection purposes, the microwave power and the microwave pulse 

length must be optimized. This requires consideration of the magnitude of the dipole 

moment expected for the species under study. The power of the excitation radiation can 

be increased by addition of a solid state microwave amplifier to the microwave circuit as 

shown in Figure 2.3. This is particularly crucial when probing complexes with small
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dipole moments to ensure that the it/2-condition is met. The microwave power can also be 

decreased if necessary by including attenuators in the excitation branch. The length of the 

microwave pulse is computer controlled as are the lengths of the delays between the 

molecular and microwave pulses and the microwave pulse and data acquisition trigger 

(Figure 2.4). After careful adjustment of the aforementioned parameters, a chosen 

frequency range is scanned automatically, usually in steps of 0.2 MHz, until a molecular 

emission signal is detected. Once a rotational transition is found that may be assigned to 

the complex of interest, the experimental parameters are carefully re-optimized for the 

new transition. This improves the experimental conditions of the scans for additional 

rotational transitions that may be less intense and whose frequencies may not be well- 

predicted.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



32

References

1. J. C. McGurk, T. G. Schmalz, and W. H. Flygare, Advances in Chemical Physics, Vol. 
XXV, John Wiley and Sons, New York (1974).

2. R. L. Shoemaker, Laser and Coherence Spectroscopy, Editor J. I. Steinfeld, Plenum 
Press, New York (1978).

3. H. Dreizler, Mol. Phys. 59, 1 (1986).

4. Y. Xu and W. Jager. J. Chem. Phys. 106, 7968 (1997).

5. T. J. Balle and W. H Flygare, Rev. Sci. Instrum. 52, 33 (1981).

6. J. -U. Grabow and W. Stahl, Z. Naturforsch. A: Phys. Sci. 45, 1043 (1990).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



33

CHAPTER 3

Investigation o f the Rg-NHj van der Waals dimers: 
Rotational spectra and ab initio calculations

3.1 Introduction

High resolution spectra of NH3 containing van der Waals dimers provide 

invaluable information for the construction of accurate binary potentials that characterize 

weak interactions with NH3. Since NH3 has a soft inversion coordinate, modeling weak 

interactions with NH3 provides an additional challenge. To construct potentials that 

accurately describe the highly dynamic nature of NH3 containing van der Waals 

complexes, a detailed knowledge of how various intermolecular and intramolecular 

degrees of freedom couple together in weakly bound systems is required. The desire to 

understand these phenomena on the microscopic level has led to the adoption of the Ar- 

NH3 complex as a model system by both spectroscopists and theoreticians.

Microwave spectra of Ar-NH3 were first reported by Klemperer and co-workers.1-2 

They concluded that the NH3 subunit undergoes nearly free internal rotation within the 

dimer complex. The measured transitions were assigned to the ground internal rotor state, 

associated with an ortho nuclear spin function for the three hydrogens. For this state, only 

one of the inversion components has a nonzero spin statistical weight. Zwart et al.} used 

microwave and submillimeter wave spectroscopy to measure and assign the spectra of the 

lowest energy para states of the Ar-NH3 dimer which were complicated by Coriolis 

perturbation. In the para states, both inversion components have nonzero spin weights.
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The spectra revealed that the inversion of NH3 in the complex is nearly free in some states 

while effectively quenched in others. Submillimeter4 and far infrared5 6 7 * studies of Ar- 

NH3 have measured excited van der Waals bending and stretching modes while 

infrared1910 experiments have probed the v, umbrella mode of NH3 within the van der 

Waals dimer. Spectroscopic studies of van der Waals and monomer vibrations are 

particularly crucial for modeling the coupling of inter- and intramolecular modes in 

weakly interacting systems since they provide information that is sensitive to a larger 

region of the intermolecular potential energy surface.

Schmuttenmaer et al.11 did a least squares fit of microwave, submillimeter, and far 

infrared transitions to obtain a three dimensional potential energy surface for the Ar-NH3 

interaction. The global minimum of 149.6 cm 1 corresponds to a structure in which the C3 

axis of NH3 is almost perpendicular to the van der Waals axis (0 = 96.6°) with the Ar 

atom situated between two hydrogen atoms (4> = 60°) and a van der Waals bond length of 

3.57 A. The structural coordinates are defined in Figure 3.1. At least three ab initio 

potential energy surfaces have been reported for Ar-NH3. The first, by Chalasiriski et al. 

used second order Moller-Plessett (MP2) perturbation theory and found a global 

minimum of 115 cm 1 at R = 3.75 A. 0 = 100°. <J> = 60°. A more recent calculation by Tao 

and Klemperer1' was conducted at the MP4 level with the addition of bond functions and 

reported a minimum of 130.1 cm'1 at R = 3.628 A. 0 = 90°, 4> = 60°. Bulski et al.'* 

constructed potential energy surfaces for four different umbrella angles of NH3 within the 

Ar-NH3 complex. For the equilibrium geometry of NH3, the global minimum is 

134.23cm'1 at R = 3.59 A. 0 = 105°. <f> = 60°. In general, the ab initio calculations are
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Figure 3.1 Coordinate system o f the Rg-NH, dimers. R is the van der Waals bond 
length and is defined as the distance between the Rg atom and the center o f mass of 
the NH, subunit. The angles 6 and <t> describe the orientation of the NH, subunit 
within the complex. The C, axis o f NH, is along the van der Waals bond with the 
hydrogen atoms pointing towards the Rg atom when 0 = 0°. When 0 = 90°and 
<)> = 60°. the C, axis is perpendicular to R and the Rg atom sits between two hydrogen
atoms.

qualitatively consistent with the empirical potential of Schmuttenmaer et al.u All 

predicted a minimum energy structure with the C3 axis of NH3 nearly perpendicular to the 

intermolecular axis with the Ar atom in the plane between two hydrogen atoms. The 

anisotropy at the radial minimum as a function of the angular coordinates was well 

reproduced by Tao and Klemperer’s surface while the other ab initio calculations 

predicted significantly higher anisotropy, particularly in the <f> coordinate. The potential 

energy surfaces generated by Bulski et al}* were used to calculate the bound rovibrational 

states of the Ar-NH3 dimer in a series of papers by van Blade! et a/.151617 Their latest 

calculation17 explicitly included the inversion coordinate of the NH3 monomer. They 

calculated the ground state rotational constant. B. to be 2973 MHz for the inversion state 

that has a nonzero spin weight. This is almost 100 MHz larger than the experimentally 

determined value of 2876.848 MHz.:

Despite the extensive interest in NH3 containing complexes, few van der Waals
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complexes containing ND3 have been measured, with exceptions such as (ND3)2,'®19 20 

ND3-H20 ,21 and ND3-CO." A high resolution spectroscopic study of the Ar-ND3 complex 

can provide experimental information regarding the inversion of the bound ammonia 

monomer that is unavailable from all of the previously reported studies of Ar-NH3. In Ar- 

NH -. one inversion tunnelling state is missing due to spin statistics for each of the ortho 

nuclear spin states. This makes it impossible to obtain direct information about the 

inversion tunnelling for these states. The nuclear spin statistics are different for Ar-ND3, 

consisting of three identical bosons (D) instead of fermions (H). and as a result, all of the 

inversion states have a nonzero spin statistical weight. A comparison of the inversion 

splitting in different internal rotor states of the Ar-ND3 complex would provide an 

interesting test of the existing empirical Ar-NH3 potential by Schmuttenmaer et al.11 

Although the Ar-NH3 complex has been extensively studied, there have been no 

spectroscopic investigations of other Rg-NH3 dimers. Microwave investigations of Kr- 

NH-, and Ne-NH3 provide the opportunity to study the effect of the Rg atom size and 

polarizabiiity on the internal rotation and inversion of the NH3 molecule within the 

weakly bound complex. In addition. Ne-NH3 is well suited for ab initio calculations since 

the basis sets for Ne. nitrogen, and hydrogen are more computationally manageable than 

those for larger atoms such as Kr. This allows the use of a higher level of theory as well 

as the calculation of more points on the potential energy surface since the computational 

costs are lower.

This chapter describes the first high resolution, microwave spectroscopic 

investigation of the Kr-NH3 and Ne-NH3 van der Waals complexes. In total, 14
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isotopomers of Kr-NH3 and 10 isotopomers of Ne-NH3 were measured including the 

deuterium containing species. In addition, the results of the first microwave study of Ar- 

ND3 and its partially deuterated isotopomers are presented and compared with the 

previously reported microwave studies of Ar-NH3.2-3 The observed spectra correspond to 

the ground internal rotor states of the various dimer complexes as well as the first excited 

internal rotor states of the Ar-ND3 and Kr-ND3 complexes. The spectra reveal the 

presence of large amplitude internal motions of the NH3 moiety within the dimers. The 

UN nuclear quadrupole hyperfine structure is analyzed in terms of the internal dynamics 

of NH3. For each of the deuterated isotopomers. a tunnelling splitting is observed due to 

the inversion of the NH3 subunit within the complex. Furthermore, three ab initio 

potential energy surfaces have been constructed for the Ne-NH3 complex using MP4 and 

coupled cluster [CCSD(T)] theories. The topological features are discussed with respect 

to the spectroscopic observations and are compared with the previous theoretical studies 

of Ar-NH,.13

3.2 Experimental Method

The rotational spectra of the Rg-NH3 (Rg = Ne, Ar, Kr) van der Waals complexes 

were recorded between 4 GHz and 24 GHz using a pulsed molecular beam Fourier 

transform microwave spectrometer of the Balle-Flygare type23 as described in Chapter 2. 

The relatively small dipole moments of the dimer complexes made it necessary to include 

a solid state microwave amplifier for the excitation pulses to achieve maximum 

polarization. The w idths of single isolated lines were ~7 kHz (full width at half height);
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the accuracy of the measured frequencies was estimated to be ± 1 kHz.

The complexes were generated in a molecular beam expansion of a gas mixture 

through a pulsed nozzle with an orifice diameter of 0.8 mm (General Valve Corp., Series 

9) mounted near the center of one of the cavity mirrors. The molecular expansion 

travelled parallel to the microwave cavity axis, and all of the observed transitions were 

doubled due to the Doppler effect. The rotational temperature was estimated to be less 

than 1 K in the expansion. The sample gas mixture was prepared at room temperature. To 

record the spectra of Kr-NH3, the sample contained 0.5 % NH3 gas and 2 % Kr with Ne as 

a backing gas to maintain pressures of approximately 7 atm. For Ar-NH3, a similar 

mixture was prepared with 5 % Ar replacing the krypton gas and for the Ne-NH3 studies, 

the mixture contained 0.5 % NH3 in Ne. Isotopically enriched samples were used to 

record the spectra of the l5NH3 (Cambridge Isotope Laboratories. 98 % 15N) and ND3 

(Cambridge Isotope Laboratories. 99 % D) containing complexes. The spectra of the Rg- 

ND:H and Rg-NDH, isotopomers were recorded using the gas mixture containing ND3. 

The intensities of the Rg-ND.H and Rg-NDH; transitions increased significantly once the 

ND3 gas mixture was left in the sample system for several hours.

The spectroscopic assignment of transitions w ithin the excited internal rotor states 

of Ar-ND3 and Kr-ND3 was verified using a microwave-microwave double resonance 

technique. For these experiments, a second microwave synthesizer was incorporated into 

the existing spectrometer setup. The microwave radiation from the second synthesizer 

was coupled into the vacuum chamber perpendicular to the microwave cavity axis using a 

hom antenna. The radiation from the second synthesizer was used to excite a pump
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transition. The intensity of a signal transition was monitored while the second synthesizer 

was on resonance with the pump transition. The frequency of the second synthesizer was 

then moved off resonance and the intensity of the signal transition was checked a second 

time. An increase in the signal intensity when the pump transition was excited was taken 

as an indication that the pump and signal transitions shared a common energy level.

3 J  Spectral search and assignment

Previous spectroscopic studies of the Ar-NH3 complex revealed that the rotation 

of the NH3 moiety within the complex leads to the observation of several internal rotor 

states. An additional tunnelling splitting due to the inversion of the NH3 subunit was 

observ ed for excited internal rotor states associated with a para nuclear spin function.311 

This splitting was not observed for the ground state or any other state associated with an 

ortho nuclear spin function. For these states, one inversion component has a nuclear spin 

statistical weight of zero. It can be shown by molecular symmetry group theoretical 

analysis34 that upon deuterium substitution, both inv ersion components of the ground 

state have nonzero spin statistical weights.

In the molecular beam expansion, the complexes are characterized by a low 

rotational temperature of about 0.5 K. At this temperature, only low energy internal rotor 

states and those associated with a unique nuclear spin function are sufficiently populated 

for spectroscopic study. The tunnelling states of the Rg-NH3. Rg-15NH3, and Rg-ND3 

isotopomers are differentiated by labelling them with the appropriate symmetric top 

rotational quantum numbers o f free ammonia (jk). For the ND:H and NDH2 containing
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complexes, asymmetric rotor labels are used Ok.^)- An additional label, K, is used to 

define the projection of j onto the van der Waals bond axis and is given as L for K = 0 

and n  for K = 1. To distinguish between inversion tunnelling components, a subscript ‘s’ 

or ‘a’ is included to denote the symmetry of the inversion wavefunction, either symmetric 

or antisymmetric, respectively. The nuclear spin statistical weights of the rotational 

energy levels of the Rg-NH3 dimers can be determined using molecular symmetry group 

theory. The analysis is outlined below for the NH3 and l5NH3 containing isotopomers and 

a summary of the results for all of the isotopomers is given in Table 3.1.

33.1 Molecular symmetry group theory

a) Rg-NHj and Rg-,5NH3

Including the inversion motion of the NH3 monomer, the Rg-NH3 dimers belong 

to the D3h molecular symmetry group (Appendix 1. Table A l. 1). According to Fermi- 

Dirac statistics, the total w avefunction of the system must be antisymmetric with respect 

to the interchange of any tw o protons and thus, the symmetry of the total wavefunction 

must be A;' or A;". The spins of the three hydrogen nuclei combine to give eight possible 

nuclear spin functions which span the representation: 4A,'®2E\ The symmetry of the 

rovibronic part of the wavefunction. including the A,' and A:" symmetries of the ‘s’ and 

‘a* inversion components, alternates as A|7A," (even J/odd J) for the LO^ state, A2"/A2’ 

for the L0Oa state, and E'/E" for the I I  ,5 state. To obtain the required total wavefunction 

symmetry, the L0Oa state combines with the A,’ nuclear spin function and the LI Is state 

combines with the E' spin function resulting in nuclear spin statistical weights of 4 and 2,
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Table 3.1 Summary of molecular symmetry group theory analysis for the metastable 
states of the Rg-NH3 isotopomers.

Rg-NH3 Rg-ND3 Rg-ND;H Rg-NDH,
Molecular symmetry group D3h D3h c 2v c 2v
Total symmetry required* A27A," a ,va," a , / a 2 b ,/b 2

Nuclear spin symmetry1’ 4A,’®2E’ 10A|'®A2'®8E' 6A|®3B: 3A,®B2

Rotational symmetry even J/odd J

A.’/A," a .'/a ," a , / a 2 > >

NH3 inversion symmetry symmetric/antisymmetric

A,’/A," A,7A2" A./B, A./B,

NH3 internal rotation ground state/first excited state

symmetry A,7E' A,7E' n/a n/a

Rovibrational symmetry* even J/odd J

so05 A,’/A," A,7A," a , / a 2 A,/A2

so0a a 27 a ; A77A7 b ,/b 2 b ,/b 2

Sl„ E7E" E7E" n/a n/a

Predicted nuclear spin so* :I00a: I l ,5 so05^o0.
statistical weights 0:4:2 1 0 :1 :8 6:3 1:3

* refers to the symmetry of the total wavefunction upon exchange of identical fermions or 
bosons.

b refers to the symmetry of the nuclear spin function of the identical hydrogen or 
deuterium nuclei only. 

c includes the NH3 inversion and NH, internal rotation symmetries.

respectively. There is no nuclear spin function with the correct symmetry to combine with 

the I 0 fc rovibronic wavefunction and consequently, the nuclear spin weight of the IOq, 

state is zero. Thus, for the Rg-NH, and Rg-I5NH3 complexes, there are two metastable 

internal rotor states. I0 Oa and I I  ls. Inversion tunnelling of NH3 may be observed in the 

I I , state depending on the Boltzmann population of the higher energy I I  ta state in the 

molecular beam expansion.
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b) Rg-ND,

The Rg-NDj dimers also belong to the D3h molecular symmetry group (Table 

A l. 1), but in contrast to the Rg-NH3 dimers, the total wavefunction must be symmetric 

upon exchange of two deuterium nuclei since Bose-Einstein statistics applies. Due to 

their different nuclear spin symmetries, the LOq,, £0 ^, and £ 1  ls states are all metastable in 

the jet expansion. Consequently, for the ND3 containing dimers, an inversion tunnelling 

splitting is expected in the ground internal rotor state. As with the NH3 containing 

isotopomers. inversion tunnelling splitting may be observed in the £ 1 , state if the higher 

energy £ 1  la state has sufficient population for spectroscopic study.

c) Rg-NDjH

The Rg-ND:H complexes belong to the C2> molecular symmetry group (Table 

Al .2). For the interchange of the two identical bosons, the total wavefunction must be 

symmetric. An inversion tunnelling splitting is expected in the ground internal rotor state 

and the nuclear spin statistical weights are 6  and 3 of the £ 0 ^  and £ 0 ^  states, 

respectively. There are no feasible internal motions of ND,H in the complex that 

interchange the two deuterium atoms and therefore only the two inversion components of 

the ground internal rotor state are expected to be sufficiently populated in the molecular 

beam expansion.

d) Rg-NDH2

The Rg-NDH: dimers also belong to the C2, molecular symmetry group (Table 

A 1.2). In this case, however, the equivalent nuclei are fermions and the total 

w av efunction must be antisymmetric with respect to the interchange of the two protons.
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The nuclear spin statistical weights of the and SOqo, states are 1 and 3, respectively. 

As described for the Rg-ND,H complex, there is no tunnelling motion of the NDH, 

subunit that interchanges the two hydrogen atoms in this complex. Consequently, only the 

EOqo, and IOqo* states are expected to be observed in the spectroscopic study.

3.3.2 Isotopomers of Kr-NH3

a) Kr-NH3 and Kr-'SNH3

The microwave spectrum of the SO,,, state of Kr-NH3 was predicted by treating the 

complex as a diatomic molecule composed of a Kr atom and a spherical NH3 moiety. The 

B rotational constant was estimated by scaling that reported for Ar-NH3 by the ratio of the 

reduced masses of the two complexes.2 Previous studies of Kr and Ar containing 

complexes, such as Ar- , 25 Kr-H20 ,26 and Ar- , 27 Kr-CO,,2® revealed that the van der Waals 

bond lengthens by approximately 3 % upon Kr substitution. Taking this into 

consideration, the B rotational constant for the I0 0, state was predicted within 92 MHz of 

the value determined in this work. An advantage of working with Kr is that there 

are several isotopes with well separated spectra that can be observed in natural 

abundance: ®6Kr (17.37 %), ®4Kr (56.90 %). 83Kr ( U .55 %). ®2Kr (11.56 %), and ®°Kr 

(2.27 % ) . 29 Furthermore, the 83Kr nucleus has a nuclear spin with quantum number I = 9/2 

and an associated nuclear quadrupole moment which leads to the observation of nuclear 

quadrupole hyperfine structure in the rotational transitions. The analysis of this hyperfine 

splitting, in addition to that caused by the presence of the >4N (1=1) nucleus, provides 

additional information about the van der Waals interaction.
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The transition frequencies assigned to the E0Oi state of Kr-NH3 are listed in 

Appendix 2 (Table A2.1) for the “ Kr, wKr, 82Kr, and 80Kr containing isotopomers. The 

spacing between consecutive rotational transitions is relatively constant as expected under 

the pseudodiatomic molecule model (2B). The rotational and UN hyperfine analyses were 

done simultaneously using Pickett's global fitting program30 and the spectroscopic 

constants obtained using an expression for linear molecules are listed in Table 3.2. For 

the 83Kr-NH3 isotopomer. only the hyperfine components for the J = 1-0 rotational 

transition were assigned due to the complicated hyperfine pattern arising from the two 

quadrupolar nuclei. 83Kr (1 = 9/2) and l4N (I = 1). The measured transition frequencies are 

listed in Table A2.2 and a spectrum of the J = 1-0 transition is shown in Figure 3.2 as an 

example of the sensitiv ity and the resolution achieved. The nuclear quadrupole coupling 

constants obtained from the fit of the hyperfine structure of this transition are =

-1.960(6) MHz and Xu(MN )= 0.241( 1) MHz, with a standard deviation of 2.3 kHz. The

Table 3.2 Spectroscopic constants and derived molecular parameters for Kr-NH3.
IOo, “ Kr-NH, MKr-NH3 *:Kr-NHj “ Kr-NHj

Rotational constant /MHz
B 2312.2304(1) 2321.1770(1) 2330.5543(1) 2340.3937(2)

Centrifugal distortion constant /MHz
D, 0.0450(1) 0.0454(1) 0.0457(1) 0.0462(1)

l4N quadrupole hyperfine constant /MHz
5U, 0.2459(12) 0.2485(12) 0.2483(13) 0.2449(13)

Standard deviation /kHz
o  2.7 2.5 3.1 2.1

R (A ) 3.9218 3.9220 3.9221 3.9223
v, (c m 1) 35.0 35.0 35.1 35.1

k,(mdyn/A) 0.0102 0.0102 0.0102 0.0102
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Figure 3.2 Spectrum of the J = 1-0 rotational transition of ®3Kr-NH3 for the £00. state. 
The spectrum is a composite of four different spectra, each recorded with 2000 
averaging cycles and a sampling interval of 120 ns. The hyperfine structure is due 
to the quadrupolar " Kr (I = 9/2) and l4N nuclei (1=1) for which the x» values were 
determined to be -1.960(6) MHz and 0.241(1) MHz, respectively.
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hypothetical center line frequency of the J = 1-0 transition is 4651.4192 MHz for ®3Kr- 

NH3.

The transition frequencies for I 0 Ol states of the “ Kr-, wKr-, 82Kr-, and *°Kr-I5NH3 

isotopomers are listed in Table A2.3. The rotational fit was done using Pickett’s
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program30 and the resulting spectroscopic constants are listed in Table 3.3.

The El ls and I I  u states are associated with the same nuclear spin wave function 

(E') and thus, only the lower energy I I  ls state is metastable. The I I  ,s and I I  ,, states are 

split by the inversion of the bound NH3 moiety which is approximately 22.6 GHz in Ar- 

NHj.3 If the inversion splitting is comparable in Kr-NH3, the higher energy I I  u state will 

have a relative Boltzmann population of approximately 11 % at 0.3 K, the rotational 

temperature estimated for the molecular beam expansion. It was anticipated that the I I , 

state spectrum of Kr-NH3 would be difficult to predict since it was expected to be 

Coriolis perturbed as reported for the I I , state of Ar-NH3.3 In Ar-NH3, the effect of this 

perturbation is to push the rotational levels farther apart than predicted by a rigid diatomic 

energy level expression. For example, the J = 1-0 transition was reported at 5033.98 

MHz, J = 2-1 at 10 130.3 MHz. and J = 3-2 at 15 326.304 MHz which shows that the 

spacing is greater than 2B between the successive transitions. Since the degree of 

perturbation in comparison with Ar-NH3 was unknown, a broad search was conducted for 

the J = 1-0. J = 2-1, and J = 3-2 transitions of Kr-NH3 A few sets of strong transitions

Table 3.3 Spectroscopic constants and derived molecular parameters for Kr-15NH3.

£ 0 0, “ Kr-,5NH, MKr-l5N H 5 ,:Kr-,5NHj " K r'’NH,

Rotational constant /MHz
B 2208.4521(2) 2217.4151(2) 2226.8093(2) 2236.6671(2)

Centrifugal distortion constant /'MHz
D, 0.0412(1) 0.0415(1) 0.0419(1) 0.0422(1)

Standard deviation /kHz
a 2.3 2.1 2.1 2.1

R(A) 3.9192 3.9194 3.9195 3.9197
v, (c m 1) 34.1 34.2 34.1 34.4

k, (mdyn/A) 0.0102 0.0102 0.0101 0.0102
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were found that depended on Kr, as seen from the characteristic isotopic spacing, but 

these transitions could not be assigned to Kr-NH3. After close consideration, it was 

determined that the hyperfine patterns and in some cases, the Kr isotopic spacing were 

just too irregular to make a convincing assignment. Furthermore, a microwave- 

microwave double resonance experiment was used to test whether any of the transitions 

were linked by a common level, and this was not the case,

b) Kr-NDj

The rotational spectrum of the ground state of Kr-ND3 was expected to be 

inversion doubled as predicted by the molecular symmetry group analysis. The £ 0 ,̂ and 

IOq, states are separated in energy by the inversion splitting of the bound ND3 molecule.

In free ND3. this splitting is only 1.6  GHz which is considerably smaller than the 

inversion splitting in free NH3 (23 GHz) .31 Since the two inversion states were expected 

to lie close in energy for Kr-ND3, it was unclear at first whether the spectra of the two 

states could be resolved. This is because, as a general rule, states that lie close in energy 

have similar rotational constants. The resolution of the inversion states was of particular 

concern because of the complex hyperfine splitting expected from the four quadrupolar 

nuclei (UN. 3D) in the molecular system. This uncertainty, however, proved to be 

unfounded and two sets of rotational transitions were resolved and subsequently assigned 

to the £0 ^ and £0 0a states.

The frequencies of the transitions assigned to the two inversion states, £0^ and 

£00a. of Kr-ND3 are given in Table A2.4 for the two most abundant isotopes of Kr. The 

inversion tunnelling splitting observed for the J = 1-0 rotational transition is only 84 kHz.
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As a result of this small splitting, the l4N nuclear quadrupole hyperfine patterns overlap 

for the two inversion states which complicated the spectral assignment. The higher 

frequency components have greater intensity and were thus assigned to the lO^ state 

based on the nuclear spin statistical predictions. Each inversion state was fit separately 

using Pickett's global fitting program30 and the spectroscopic constants are listed in Table 

3.4. The deuterium nuclear quadrupole hyperfine structure could not be sufficiently 

resolved and was therefore neglected in the fit of the spectroscopic constants. The neglect 

of the deuterium hyperfine splitting did not significantly affect the rotational fit since the 

standard deviations obtained were on the order of 2 - 4 kHz for the isotopomers of Kr- 

ND5.

The I I  ls and I I  u states of Kr-ND3 are associated with the same nuclear spin wave 

function (E’>. As a result of the small energy level splitting in free ND3 (1.6  GHz), the 

I I  ,s and I I  la states of Kr-ND3 should have comparable populations and their spectra 

should be closely spaced. It was anticipated that the I I , state spectra of Kr-ND3 would be 

difficult to predict due to Coriolis perturbation as described above for Kr-NH3. A broad 

search was conducted for the J = 1-0 transitions of Kr-ND3. When the lower limit of the 

spectrometer was reached (4 GHz), a broad search for the J = 2-1 transitions became 

necessary. Once two closely spaced candidates were found that met the l4N nuclear 

quadrupole h>perfine and intensity criteria, the higher J transitions were located by 

scanning upwards from a frequency that was approximately 2 B higher than each 

transition.

The transition frequencies assigned to the I I  , s and I I , ,  states are given in Table
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Table 3.4 Spectroscopic constants and derived molecular parameters for Kr-ND„ Kr-ND2H, and Kr-NDH2.
lO o /K W ,6Kr-ND, “ Kr-ND, “ Kr-NDjH MKr-ND2H “ Kr-NDHj MKr-NDH2

Rotational constant /MHz
B 2036.6040(1) 2045.5943(1) 2116.4692(1) 2125.4418(1) 2206.3043(1) 2215.2573(1)

Centrifugal distortion constant /MHz
d , 0.0336(1) 0.0339(1) 0.0397(1) 0.0400(1) 0.0454(1) 0.0458(1)

,4N quadrupole hyperfine constant /MHz
Xu 0.5219(10) 0.5193(10) 0.4310(10) 0.4381(10) 0.3594(10) 0.3529(10)

Standard deviation /kHz
o 3.7 3.4 3.3 3.0 4.4 5.0

R (A ) 3.9074 3.9076 3.9142 3.9144 3.9203 3.9204
V, (cm 1) 33.5 33.5 32.6 32.7 32.4 32.5

k, (mdyn/A) 0.0107 0.0107 0.0098 0.0098 0.0092 0.0092

EO^/LOoo,

B (MHz) 2036.5612(1) 2045.5515(2) 2116.5740(1) 2125.5460(1) 2206.8222(1) 2215.7765(1)
D, (MHz) 0.0336(1) 0.0339(1) 0.0396(1) 0.0400(1) 0.0453(1) 0.0457(1)
X« (MHz) 0.5208(13) 0.5182(13) 0.4260(10) 0.4252(10) 0.3463(10) 0.3489(10)
o (kHz) 2.4 2.3 2.7 1.9 4.8 2.3

R (A ) 3.9074 3.9076 3.9141 3.9143 3.9203 3.9200

v, (cm 1) 33.4 33.5 32.6 32.7 32.4 32.5
k, (mdyn/A) 0.0107 0.0107 0.0098 0.0098 0.0092 0.0093

■c*
vO
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A2.5 for the ^Kr and MKr isotopomers. The inversion tunnelling splitting observed in the 

J = 2-1 transition is approximately 16 MHz which is considerably larger than the 

analogous J = 2-1 splitting in the E00 state (0.18 MHz). Similar intensities were observed 

for the two states, indicating that they lie close enough in energy that thermal relaxation 

effects are small. The observed intensities of the S I , states in comparison with the 10^ 

state are consistent with the predicted nuclear spin weights. The spectral analysis was 

done by first fitting the l4N nuclear quadrupole hyperfine structure using a first order 

program. The resulting x*, values were then fixed in Pickett's program30 while B and D3 

were fit. The values of B. Dj, and x« for the £1J  SI states are:

1898.3210( 1)/1894.0854( 1) MHz, - 0.3888( 1)/- 0.4263( 1) MHz. and 1.180( 19)/1.215( 10) 

MHz for *6Kr-ND3. and 1905.7347( 1)/1901.4521(1) MHz. -0.3971(1)/-0.4353( 1) MHz, 

and 1.178(6)/1.217( 11) MHz for *4Kr-ND3. The standard deviations for the rotational fits 

were on the order of 3 MHz. The relatively large standard deviations and the negative 

values for the centrifugal distortion constants D3 indicate that the SI J  SI u states are 

perturbed as reported prev iously for Ar-NH3. 3

c) Kr-ND.H

The transition frequencies assigned to the SO^ and SO^, states of Kr-ND;H are 

listed in Table A2.6 for the two most abundant isotopes of Kr. The inversion tunnelling 

splitting in the J = 1-0 transition is approximately 214 kHz and the l4N nuclear 

quadrupole hyperfine structures of the two inversion states overlap for the two lowest 

rotational transitions. It was difficult to compare the intensities of the lowest J transitions 

as there was unresolved splitting and broadening of the lines due to the quadrupolar
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deuterium nuclei (I = 1). The higher J transitions were not noticeably broadened, 

however, and a comparison of the intensities revealed that the lower frequency inversion 

state has approximately twice the intensity of the higher frequency state. Consequently, 

the lower frequency transitions were assigned to the symmetric inversion state based on 

the predicted spin statistical weights. This is the reverse of the assignment of the 

inversion components in Kr-ND, in which the antisymmetric inversion state transitions 

are at lower frequency. The analyses were performed as described above for Kr-ND3 and 

the resulting spectroscopic constants are listed in Table 3.4.

d) Kr-NDH,

The frequencies of the rotational transitions observ ed for the 1 0 ^  and SO^ states 

of Kr-NDH, are listed in Table A2.7 for the “ Kr and84Kr containing isotopomers. The 

inversion tunnelling splitting observed for the J = 1-0 transition is on the order of 1 MHz 

affording complete spectral separation of the l4N nuclear quadrupole hyperfine splitting 

patterns of the two inversion states. The spectra of the higher J transitions revealed that 

the lower frequency inversion components have approximately 1 /3 the intensity' of the 

higher frequency components and were thus assigned to the state, as in the Kr-ND2H 

isotopomer. The rotational and 14N hyperfine analyses were performed as described 

previously for Kr-ND:, and the resulting spectroscopic constants are listed in Table 3.4.

33 3  Deuterated isotopomers of Ar-NH3

a) Ar-ND3

The spectrum of the 10^ state of Ar-ND3 was predicted by scaling the B rotational

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



52

constant reported for Ar-NH3 by the ratio of the reduced masses.2 For Ar-NH3, the EO  ̂

state has a nuclear spin weight of zero and thus, only the B constant for the £0^ state was 

available. Since the van der Waals bond length was assumed to decrease with deuterium 

substitution, this scaled B constant was treated as a lower limit in the spectral search for 

Ar-ND3. It was expected that the £0^ state would have a similar B constant to the less 

intense EOq, state as observed in Kr-ND3. This assumption proved valid and the weaker 

E0Ol state transitions were found within the 14N nuclear quadrupole hyperfine structure of 

the EO  ̂state as seen in Figure 3.3 for the J = 1-0 transition. The inversion tunnelling 

splitting in the J = 1 - 0  transition is on the order of 60 kHz.

The rotational transitions assigned to the E0(h and E0Ol states follow the pattern of 

a diatomic molecule in which the NH3 behaves as one moiety as seen in the Kj-NH3 

dimer and its various isotopomers. The frequencies of the transitions are listed in Table 

A2.8. The rotational and l4N hyperfine analyses were done simultaneously using Pickett's 

global fitting program.30 Each inversion state was fit separately and the spectroscopic 

constants are listed in Table 3.5. Due to lack of resolution, the deuterium nuclear 

quadrupole hyperfine splitting was neglected in the fit of the spectroscopic constants. The 

unresolved deuterium hyperfine structure made an intensity comparison of the two states 

difficult since some transitions were split or broadened as shown in Figure 3.3 for the J =

1 -0 transitions. In this spectrum, one hyperfine component (F’-F" = 0-1) for each 

inversion state is not noticeably broadened and the relative intensities are approximately 

10:1 for the EO  ̂and E00a states, respectively, as predicted by spin statistics. The neglect 

of the deuterium hyperfine did not have a significant effect on the rotational analysis as
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Figure 3.3 Spectrum of the J = 1-0 rotational transition o f Ar-ND3 for the 20,* and 
20q. inversion states. The spectral separation between the inversion states is on the 
order o f 60 kHz and the symmetric and antisymmetric inversion components are 
labelled ‘s’ and 'a ’, respectively. The spectrum is a composite of three different 
spectra recorded with 100 averaging cycles and sampling timed of 60 ns. The 
labelled hyperfine structure is due to the quadrupolar l4N nucleus (I = 1). The 
additional splittings arising from the three quadrupolar deuterium nuclei (1 = 1) 
were not assigned.
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Table 3.5 Spectroscopic constants and derived molecular parameters for Ar-ND3, 
Ar-ND,H, Ar-NDH2, and Ar-NH3.

aW E Q oo. Ar-ND, Ar-ND2H Ar-NDH, Ar-NH.*

Rotational constant /MHz
B 2600.9827(1) 2680.6339(1) 2770.6781(1) n/a

Centrifugal distortion constant /MHz
D, 0.06931(1) 0.08028(1) 0.08982(1)

l4N quadrupole hyperfine constant /MHz
0.6789(99) 0.5776(99) 0.4684(99)

Standard deviation /kHz
a 3.8 3.1 5.0

R( A) 3.8151 3.8236 3.8314

v, (cm 1) 33.6 32.7 32.5
k, (mdyn/A) 0.00889 0.00811 0.00772

— Ooj/IOqoj

B 2600.9512(1) 2680.7697(1) 2771.2286(1) 2876.849(2)

D, 0.06933(1) 0.08023(1) 0.08961(1) 0.0887(2)

Xm. 0.6846(99) 0.5698(99) 0.4617(99) 0.350(8)
a 3.5 3.0 3.2

R( A) 3.8152 3.8235 3.8310 3.8358
v, (cm 1) 33.6 32.7 32.5 34.6

k, (mdyn/A) 0.00888 0.00812 0.00774 0.00840

* Reference 2.

the standard deviations of the spectroscopic fits were on the order of 4 kHz.

It was anticipated that the I I , state spectrum of Ar-ND3 would be more difficult 

to predict since it was expected to contain Coriolis perturbation similar to that reported 

for the I I , states of Ar-NH3.3 In Ar-NH3, the perturbed I I , state transitions were found at 

lower frequency than the ground state transitions and thus, a broad search was conducted 

for the J = 1-0 transition of Ar-ND3 at lower frequencies than the ground state J = 1 -0 

transitions. When two closely spaced transitions were found that met the l4N hyperfine 

and intensity criteria, the higher J transitions were located by scanning upwards from a
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frequency that was approximately 2B higher than each transition.

The transition frequencies assigned to the LI ,s and LI u states of Ar-ND3 are given 

in Table A2.8. The inversion tunnelling splitting of the J = 1-0 transition is approximately 

3.3 MHz and the l4N nuclear quadruple hyperfine patterns are spectrally separated for all 

of the observed rotational transitions. The intensities are approximately equal for the two 

inversion states as expected since both L I, states are associated with the same nuclear 

spin function and lie close enough in energy that their populations are comparable. A 

rough comparison of the observed intensities is consistent with the predicted nuclear spin 

weights of 10 and 8  for the L I, and L0()s states, respectively. The transitions appear to be 

perturbed as reported for the L I , states of Ar-NH3 and Kj-ND3 since the successive 

transitions are spaced by more than 2B. No transitions related to the perturbing states 

were found and the rotational and ,4N quadrupole coupling constants were fit 

simultaneously for each inversion state with standard deviations around 0.4 MHz. The 

values of B and D3 are: 2447.3946( 1) MHz and -0.1716(1) MHz for the L 1,, state and 

2449.04311(1) MHz and -0.1637(1) MHz for the LI,s state. The 14N nuclear quadrupole 

coupling constants. x„. are: 1.13(1) MHz and 1.22(2) MHz for the LI ,s and LI ,, states, 

respectively,

b) Ar-ND2H

Using the rotational constants of Ar-ND3 as a guide, the analogous transitions for 

the LO  ̂and L00j states of Ar-ND:H were measured and the frequencies are listed in Table 

A2.9. The inversion tunnelling splitting of the J = 1-0 transition is approximately 280 

kHz. As a result of the small tunnelling splitting, the >4N nuclear quadrupole hyperfine
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structures o f the two states overlap for the two lowest rotational transitions. It was 

difficult to estimate the relative intensities of the two inversion tunnelling states due to 

unresolved deuterium nuclear quadrupole h>perfine splitting of the lowest J transitions. A 

comparison of the intensities of the two J = 3-2 transitions revealed that the lower 

frequency inversion components have approximately twice the intensity o f the higher 

frequency components. Consequently, the higher J transitions were assigned to the 

symmetric inversion state, as in Kr-ND2H. The analyses were performed as described for 

Ar-ND3 and the resulting spectroscopic constants are listed in Table 3.5.

c) Ar-NDH2

The frequencies of the transitions observed for the 10^ and E0o, states of Ar- 

NDH, are listed in Table A2.9. The J = 1-0 transitions of the two inversion states are 

separated by 1.1 MHz and the l4N nuclear quadrupole hyperfme structures do not overlap 

for any of the measured transitions. The rotational and 14N hyperfme analyses were 

performed as described for Ar-ND , and the resulting spectroscopic constants are listed in 

Table 3.5. The relative intensities are approximately 1 and 3 for the lower and higher 

frequency components, respectively. Based on nuclear spin statistical predictions, the 

weaker, lower frequency transitions were assigned to the symmetric inversion state as in 

the Kr-NDH:.

33.4 Isotopomers of Ne-NH3

a) Ne-NH, and Ne-,5NH3

The first rotational transition of Ne-NH, was found by serendipity while scanning
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for excited internal rotor state transitions of Kr-NH3 since Ne was used as the carrier gas. 

A strong line was observed around 7929.6 MHz and the l4N hyperfme splitting closely 

resembled that of a J = 1-0 transition. Assuming this to be the main isotopomer, 2t>Ne- 

NH3, the corresponding transition of 22Ne-NH3 was estimated by scaling the observed 

frequency by the ratio of the reduced masses. The 22Ne-NH3 transition was found within 

15 MHz of this prediction. These transitions were assigned to the 200l stales of the 

respective isotopomers and the frequencies are given in Table A2.10 along with those of 

the measured higher J transitions. The spectra observed are characteristic of a diatomic 

molecule in which the NH3 subunit behaves as one moiety. The rotational and l4N 

hyperfme analysis were done together in Pickett's global fitting program30 and the 

resulting spectroscopic constants are reported in Table 3.6.

Rotational spectra of the 1 0 ^  state of Ne-I5NH3 were measured for the 20Ne and 

22Ne containing isotopomers. The transition frequencies are listed in Table A2.11 and the

Table 3.6 Spectroscopic constants and derived molecular parameters for Ne-NH3 

and Ne-I5NH3.

£ 0 Ol “ Ne-NH, -’"Ne-NH, ~N e-'5NH, :oN e-l5NH,

Rotational constant /MHz
B 3807.5520(20) 3965.8506(20) 3694.4785(4) 3853.1667(4)

Centrifugal distortion constant /MHz
D, 0.4708(1) 0.5164(1) 0.4410(1) 0.4851(1)

l4N quadrupole hyperfme constant /MHz
X*. 0.2770(12) 0.2700(12)

Standard deviation /kHz
c 13.7 15.2 11.3 13.2

R(A) 3.7190 3.7227 3.7162 3.7199
v, (cm ') 22.8 23.2 22.6 22.9

k,(m dyn/A ) 0.00295 0.0029! 0.00297 0.00293
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spectroscopic constants determined using Pickett’s program30 are given in Table 3.6.

As for Kr-NH3. a broad search was conducted for the S i „ state of Ne-NH3 at both 

higher and lower frequencies than the S00, state, but no transitions were found that could 

be assigned based on the expected l4N nuclear quadrupole hyperfme splitting and the 

■^e/^Ne isotopic spacing,

b) Ne-ND,

The B rotational constant of the S0o> state of Ne-ND3 was initially estimated from 

that of Ne-NH3. The B constants for the SOq, and S00i states of Ar-ND3 and Kr-ND3 

differed only by 31.5 kHz and 42.8 kHz, respectively. It was anticipated that the 

rotational constants for the two inversion components of the ground state of Ne-ND3 

would also be very similar. This assumption proved valid and the two J = 1 -0 transitions 

were found to be separated by approximately 59 kHz. Due to the small inversion 

tunnelling splitting, the l4N nuclear quadrupole hyperfine structures of the two inversion 

states overlap. The predicted nuclear spin weights are 10 and 1 for the and 200, 

states, respectively and consequently, the more intense, lower frequency hyperfine 

components were assigned to the symmetric inversion state. This is the opposite of the 

assignment in the Kr-ND3 and Ar-ND3 dimers in which the symmetric inversion 

components appear at higher frequency than the antisymmetric components. The 

transition frequencies assigned to the 20Ne- and 22Ne-ND3 isotopomers are listed in Table 

A2.12. The I4N nuclear quadrupole hyperfine structure and rotational constants were fit 

for each inversion state as described for Ne-NH3 and are given in Table 3.7. The 

deuterium hyperfine splitting was not well enough resolved to be included in the fit. The
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Table 3.7 Spectroscopic constants and derived molecular parameters for Ne-ND3, Ne-ND2H, and Ne-NDH2.

E0Os/E 0(M)5 “ Ne-ND, JUNe-NDj IJNe-ND,H :oNe-ND2H “ Ne-NDHj :“Ne-NDH2

Rotational constant /MHz
B (MHz) 3541.3508(2) 3702.2179(2) 3619.5701(2) 3779.6415(2) 3707.0414(2) 3866.2352(2)

Centrifugal distortion constant /MHz
Dj (MHz) 0.3879(1) 0.4283(1) 0.4230(1) 0.4660(1) 0.4535(1) 0.4985(1)

l4N quadrupole hyperfine constant /MHz
X«(MHz) 0.5258(10) 0.5224(10) 0.4399(10) 0.4401(10) 0.3574(12) 0.3501(12)

Standard deviation /kHz
o (kHz) 11.3 12.3 11.7 13.2 13.7 13.8

R(A) 3.6890 3.6930 3.6990 3.7029 3.7093 3.7131

v, (cm 1) 22.6 23.0 22.3 22.7 22.4 22.7
k, (mdyn/A) 0.00315 0.00311 0.00300 0.00296 0.00292 0.00288

HWZOao.
B (MHz) 3541.3793(2) 3702.2454(2) 3619.7689(2) 3779.8453(2) 3707.5655(2) 3866.7763(2)
D, (MHz) 0.3879(1) 0.4283(1) 0.4230(1) 0.4660(1) 0.4537(1) 0.4987(1)

X„(MHz) 0.5139(15) 0.5230(12) 0.4379(10) 0.4294(10) 0.3533(12) 0.3510(12)

o  (kHz) 11.2 13.5 10.5 11.7 12.5 13.9

R(A) 3.6890 3.6930 3.6989 3.7028 3.7091 3.7129

v,(cm'') 22.6 23.0 22.3 22.7 22.4 22.7
k, (mdyn/A) 0.00315 0.00311 0.00300 0.00296 0.00292 0.00288

I /I
sO
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neglect of the deuterium hyperfine structure did not have a large effect on the fit as the 

standard deviations obtained in the analysis were only 12.3 kHz and 13.5 kHz for the SO^ 

and 200, states of 20Ne-ND3, respectively.

As predicted for the Ne-NH3 isotopomers, the excited internal rotor state, 21,, is 

metastable in Ne-ND3 since it is associated with the E' spin symmetry. For Ar-ND3, this 

state was found to be less perturbed than the corresponding state in Ar-NH3. A spectral 

search was conducted at both higher and lower frequencies than the ground state 

rotational transitions of Ne-ND3 but no additional transitions were found that could be 

assigned to the 2 1 , tunnelling state.

c) Ne-ND,H

The frequencies of the transitions assigned to the ground state of Ne-ND2H are 

listed in Table A2.13 for both inversion components. The inversion tunnelling splitting of 

the J = 1-0 transition is on the order of 412 kHz and the 14N nuclear quadrupole hyperfine 

structures of the two states do not overlap. The spectra were fit as described for Ne-NH3 

and the resulting spectroscopic constants are given in Table 3.7 for the 2()Ne and 22Ne 

containing isotopomers. The more intense inversion components appear at lower 

frequency, as in Kr-ND,H and Ar-ND2H, and were thus assigned to the 2 0 ^  state based 

on the nuclear spin statistical predictions.

d) Ne-NDH,

The rotational spectra of the two most abundant isotopomers of Ne-NDH, were 

measured and the assigned transition frequencies for the 2 0 ^ and 2 0 0a states are given in 

Table A2.14. The J = 1-0 rotational transitions are separated by approximately 1 MHz
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allowing complete spectral separation of the 14N nuclear quadrupole hyperfine 

components of the two inversion states. The rotational and UN hyperfine fit were done as 

described for Ne-NH3 and the spectroscopic constants are given in Table 3.7. The lower 

frequency components were assigned to the symmetric inversion state based on the 

observed relative intensities. This is analogous to the assignment in the Kr-NDH2 and Ar- 

NDH: dimers.

3.4 Ab initio calculations for Ne-NH3

Three separate potential energy surfaces have been constructed for Ne-NH3 using 

ab initio methods. Each surface represents a different geometry of the NH3 molecule 

within the van der Waals complex in an attempt to model the inversion motion of NH3. 

One surface corresponds to equilibrium bond angles of NH3 (>HNH = 106.67°), another 

to a planar structure (>HNH = 120.00°). and the third surface was calculated for an 

intermediate bond angle (>HNH = 113.34°). The N-H bond length was held fixed at the 

experimental value o f 1.01242 A.” The calculations were done using the Gaussian 94 

software package.”  The interaction energies were calculated via the supermolecular 

approach in w hich the energies of the two monomers (NH3. Ne) are subtracted from the 

total energy of the complex (Ne-NH3). Dimer-centered basis sets were used in all 

calculations w hich corresponds to the counterpoise correction method of Boys and 

Bemardi to account for basis set superposition error.34 The calculations were initially 

done using MP4 theory including single, double, triple, and quadruple excitations. Some 

regions of the potential energy surfaces were later re-calculated at the CCSD(T) level to
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allow comparison with the calculations of the Ne2-NH3 and Ne3-NH3 complexes (see 

Chapters 4 and 5). The CCSD(T) level calculations were done using the MOLPRO 

software package.35 The core electrons were frozen in the electron correlation treatment. 

The basis sets used were Dunning’s36 aug-cc-pVTZ for Ne and Sadlej’s37 VTZ for the 

nitrogen and hydrogen atoms which can be viewed using the Extensible Computational 

Chemistry Environment Basis Set Database.38 The basis sets were supplemented with a 

set of bond functions (3s, 3p, 2d) placed at the midpoint of the van der Waals bond. The 

exponents were fixed at a, = ap = 0.9, 0.3, 0.1 and ad = 0.6, 0.2 as advocated by Tao and 

Klemperer for ab initio calculations of the Ar-NH3 dimer. 13

The interaction energy was determined as a function of 6 . <J>, and R (see Figure 

3.1) for each of the three NH3 geometries. Initially, rough surf aces were prepared with R 

ranging from 3.2 A to 4.0 A in increments of 0 .1  A. 0 from 0 ° to 180° in increments of 

30°, and <|> from 0° to 60° in increments of 10°. For the planar NH3 geometry' only 0 angles 

from 0° to 90° in increments of 30° were necessary due to symmetry and van der Waals 

bond lengths up to 4.2 A were calculated. Once the potential minimum region was 

identified for each of the three monomer geometries, a finer grid of points, using 

increments of 0.05 A for R and 1 0 ° for 0, was calculated around this minimum for each 

potential energy surface. The interaction energies calculated for each geometry are 

available in Appendix 3. Tables A3.1, A3.2. and A3.3 give the MP4 results obtained from 

the rough scans using each of the three NH3 monomer geometries, >HNH of 106.67°,

113.34°. and 120.00°. respectively. The finer scan results are listed in Tables A3.4, A3.5, 

and A3.6  for these same geometries. The select points calculated at the CCSD(T) level of
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3.5 Discussion

3.5.1 Spectroscopic constants and derived molecular 
parameters for the ground state

The B rotational constants were used to calculate the van der Waals bond lengths, 

R, of the Kr-NHj, Ar-NH3, and Ne-NH3 dimers. The van der Waals stretching 

frequencies, vs. and corresponding force constants, k,. were calculated using the 

pseudodiatomic expressions: vs = (4B3/D ) ‘ 2 and = 4 jt vs2p where p is the 

pseudodiatomic reduced mass. The results are given in Tables 3.2 - 3.7 along with the 

spectroscopic constants of each species. Comparison of the van der Waals bond lengths 

of the three dimers reveals that the bond is 2.2 % longer in Kr-NH3 than in Ar-NH3.2 This 

is slightly smaller than the bond lengthening observed upon Kr substitution in other 

weakly bound complexes. For example, in complexes containing Kr bound to H ,0 , 25 26 

CO, . 39 N , . 27 28 HF,40 CO.4142 and HCN, 43 44 the van der Waals bond lengthens by 3 % - 4 

% compared to the Ar containing counterparts. By comparison, the Ne-NH3 bond length 

is 3 % shorter than that of Ar-NH3 which is slightly longer than that extrapolated from 

other Rg-molecule complexes. In complexes where a Rg atom is paired with CO, . 45 

OCS.46 or HF,40 the van der Waals bond lengths of the Ne containing complex are 

approximately 5 % - 8  % shorter than those of the corresponding Ar species. Upon 

deuterium substitution, the van der Waals bond shortens by approximately 0.5 %, 0.3 %, 

and 0.1 % for the Ar-ND3, Ar-ND,H, and Ar-NDH2 isotopomers, respectively. This result
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is consistent with studies of deuterium substitution in other van der Waals complexes 

such as Ar-H20  in which the van der Waals bond shortens by 0.3 % in Ar-D,0 and 0.2 % 

in Ar-HDO. :5

The van der Waals bond is less rigid in Ne-NH3 than in the Ar and Kr containing 

complexes as seen through comparison o f the force constants: 0.00291 mdyn/A , 0.0084 

mdyn/A, and 0.0102 mdyn/A for the X0 Oa states of 2l>Ne-, Ar-, and MICr-NH3, respectively. 

A comparison of the force constants upon deuterium substitution reveals that the heavier 

ND3 containing species have larger force constants than the NH3 containing species. 

Surprisingly, the two mixed isotopomers have smaller force constants than both the NH3 

and ND3 containing species. For example, “ Kr-NHj, -ND3, -ND2H, and -NDH2 have 

forces constants: 0 . 0 1 0 2  mdyn/A, 0.0107 mdyn/A, 0.0098 mdyn/A, and 0.0093 mdyn/A, 

respectively. This same trend occurs for the Ne and Ar dimers. This may be a result of the 

reduced symmetry of the ND2H and NDH2 monomers. For these complexes, the 

pseudodiatomic approximation is less valid since the ND2H and NDH2 moieties are 

expected to prefer a deuterium bonded geometry within the van der Waals complex.

The orientation of the ammonia monomer in the complex can be estimated for 

each dimer using the nuclear quadrupole coupling constant, x„, obtained from the fit of 

the l4N nuclear quadrupole hyperfine splitting. Assuming the electronic environment at 

the I4N nucleus is not altered upon complex formation with a Rg atom, ^  is given by the 

relation: X« = X» 3cos20 -1). where & is the quadrupole coupling constant of free NH3 

(-4.0898 MHz)47 and 0 is the angle between the C3 axis of the ammonia monomer and 

the van der Waals axis (Figure 3.1). The brackets indicate averaging over the large
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amplitude motions of the dimer. The %o value for NH3 is assumed to be a suitable 

approximation for the Xo values of the deuterated monomers since the electronic 

environment at the UN nucleus is essentially unaffected by deuterium substitution.3148 

Under this assumption, the 0 values calculated for the £0Oa/£0O0a states are summarized in 

Table 3.8 for the various isotopomers. The supplementary angles are also solutions to the 

above equation and are included in Table 3.8. The second set of angles listed is closer to 

the values predicted for Ar-NH3: 96.6° (empirical potential)" and 90°,13 100° , 12 105° (ab 

initio)'* and for Kr-NH,: 100° (ab initio)*9 The solution to the above equation assumes 

only small variations in 0  and in the limit of free internal rotation of the ammonia 

monomer, the Legendre polynomial factor in the above equation. (P2(cos0)) = 16 (3cos20 - 

1), is zero. The value of this factor ranges from -0.061 (MKr-NH3) to -0.166 (Ar-ND3) 

which suggests that the values obtained from the spectral fits are highly averaged over 

the internal motions of the ammonia subunit. For comparison, the (P,(cos0)) values of 

other NH3 containing complexes are considerably larger: 0.817 (NH3-HCN) . 50 0.776 

(NH3-CO;),5' 0.768 (NH3-H:0 ) .21 0.767 (NH3-HCCH) , 52 0.767 (NH3-CF3H) , 53 0.486

Table 3.8 Estimated orientation of ammonia in the Kr-NH3. Ar-NH3, and Ne-NH3

dimers.

IO ô IO oo. -NH, -NDH, -ND:H -ND,

MKr
e 57.27122.8° 58.37121.7° 59.17120.9° 60.17119.9°

<P;(cos6)> -0.061 -0.085 -0.104 -0.126

Ar
0 58.37121.7° 59.57120.5° 60.77119.3° 61.97118.1°

<P:(COS0)> -0.086 -0.115 -0.141 -0.166

0
<P:(COS0)>

57.57122.5°
-0.066

58.37121.7°
-0.086

59.27120.8°
-0.105

60.17119.9°
-0.128
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(NH3-HN03)54and 0.462 (NH3-CO),~ indicating that these complexes are comparatively 

more rigid. The internal motions of NH3 are more hindered in the deuterated isotopomers 

of the Rg-NH3 dimers as seen by the increasing values (Tables 3.2 - 3.7) and (P,(cos0)) 

values (Table 3.8) upon deuterium substitution. This result is consistent with the greater 

tunnelling mass and lower zero point energy of the heavier isotopomers. The same was 

observed for the NH3-CO complex for which the reported ^  values were: -2.028 MHz,

- 1.972 MHz. -1.916 MHz, and -1.890 MHz for the ND3, ND.H, NDH,, and NH3 

isotopomers. respectively.”

A second, independent value of 0 can be determined from the observed 83Kr 

nuclear quadrupole hyperfine structure. The presence of the NH3 molecule distorts the 

spherical symmetry of the electron distribution at the 83Kr nucleus and leads to nuclear 

quadrupole hyperfme splitting. The field gradient. qc, created by NH3 at the Kr nucleus is 

given by:

where p = 0.57892 ea0. Q = - 1.725 ea0\  etc. are the dipole, quadrupole, and higher order

averaging over the large amplitude motions. The nuclear quadrupole coupling constant 

depends on q„ according to the equation: Xm(83Kt) = “QicX* where = 0.27 b

is the nuclear quadrupole moment of *3Kr, 55 and y = -75 is the Stemheimer shielding 

constant55 which accounts for the effect of the electronic cloud of the Kr atom on qD.

P 2(cos0)

electric moments of NH3. 8 R is the van der Waals bond length, and the brackets indicate
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Combining these equations and solving for 0 yields a value of 118.6° which is similar to 

one set of supplementary angles calculated from the l4N hyperfine structure in Table 3.8. 

The above expression was used to determine the extreme values for x«(83Kr) which are 

-10.0 MHz and 3.38 MHz for 0 values of 6 6 ° (minimum) and 180° (maximum), 

respectively. The x«*(83Kr) «alue fit from the spectrum o f 83Kr-NH3 is - 1.960 MHz, which 

is not close to either extreme, and most likely represents a highly averaged value. This is 

in accord with the observation of small (P2(cos0)) values from the l4N nuclear quadrupole 

hyperfine analysis.

The deuterium hyperfme structure was not sufficiently resolved to include in the 

fit of the spectroscopic constants. For free ND3, the Xu f°r deuterium48 is estimated to be 

0.200 MHz compared with -4.0898 MHz for the l4N nucleus.47 In the Ar-ND3 complex, 

the l4N nuclear quadrupole coupling constant is much smaller due to averaging over the 

large amplitude motion ('-0 . 6 8  MHz) and under the same motions, one would expect the 

deuterium coupling constant to be only a few kHz in magnitude. The neglect of the 

deuterium hyperfine structure appears to have little effect on the resulting spectroscopic 

constants since the standard deviations of the fit were no greater than 5 kHz for the 

ground states of the Kr and Ar containing isotopomers.

3.5.2 The 21, excited internal rotor state

The transitions assigned the I I , states of Ar-ND3 and Kr-ND3 appear to be 

perturbed since the D, constants for both inversion states are negative and the standard 

deviations from the fits of these states (~0.5 - 3 MHz) are considerably larger than for the
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I0 0 states (< 5 kHz). In Ar-NH3. the I I , states are subject to a Coriolis interaction with 

the nearby II1, states that mix the levels with the same J and the same symmetry under 

the D3h molecular symmetry group.3 The assignment of transitions to the perturbed I I  ls 

and I I  lt states of Ar-ND3 and Kr-ND3 was based on several observations. The observed 

intensities, in spite of the unresolved D splitting, approximated the predicted spin weights 

of 10:1:8  for the 10^. IOq,, and I I  l5 states, respectively. Secondly, a comparison of the 

l4N nuclear quadrupole coupling constants revealed considerably larger Xu values in the 

I I  i states than in the I0 0 states. This is in agreement with the Xu values reported for Ar- 

NH3 which are 0.350 MHz, 1.129 MHz. and 1.219 MHz for the 10^, I I  (5. and I I  la states. 

respectively.2,3 This observation is consistent with the different internal rotor states 

sampling different regions of the potential energy surface. For example, the wavefunction 

that is the main contributor to the I 0 0 internal rotor state is isotropic in both 0  and 4>, and 

thus the Xu value for this state experiences a different averaging effect than the I I , state 

which primarily samples the region where 0 is 90°." The residuals of the UN hyperfine 

components are larger in the I I , inversion states than in the I0 0 states. This is likely due 

to unresolved deuterium splitting which would also be larger for this state due to the 

different averaging over the large amplitude motions of NH3. Thirdly , the effect of the 

perturbation was similar to that observed in Ar-NH3. For example, in Ar-NH3, the 

transition frequencies for the three lowest J transitions are: 5 033.98 MHz. 10 130.3 

MHz. and 15 326.304 MHz for the I I  ,s state/ 11 The second transition is double the first 

transition plus approximately 62 MHz and the third transition is triple the first transition 

plus approximately 224 MHz. For Ar-ND3. the analogous center frequencies are 4
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898.522 MHz, 9 803.764 MHz, and 14 721.280 MHz and the second and third transitions 

are roughly 7 MHz and 26 MHz higher than predicted using a rigid pseudodiatomic 

model. A similar comparison can be made for the 11 „ state as well as for Kr-ND, and 

although the magnitude o f the perturbation is clearly different, the effect in which the 

successive J levels are pushed further apart is qualitatively similar for Ar-NH3, Ar-ND3, 

and Kr-ND3. Schmuttenmaer et al.u calculated the bound states of Ar-ND3 from their 

empirically derived Ar-NH3 potential and predicted the two lowest J transitions to be 

4914 MHz and 9836 MHz for the 11 ,s state and 4908 MHz and 9830 for the 11,, state. 

These predictions differ ffom the experimentally measured transitions in this work by 

approximately 15 MHz (J = 1-0) and 32 MHz (J = 2-1). A microwave-microwave double 

resonance technique was used to verify the relatedness of the transitions assigned to the 

11, inversion states. For each inversion state of Ar-ND3, one UN hyperfine component of 

the J = 1-0 transition w as pumped w hile the intensity of a related hyperfine component in 

the J = 2-1 transition was monitored. The experiment was repeated for a second UN 

hyperfine component in each inversion state and the intensity of the probe transition 

increased in both cases when the lower transition was being pumped. A similar 

experiment was used to verify the assignment of the 11, states for Kr-ND3. For this 

species, a component of the J = 3-2 transition was pumped w hile a component of the J = 

4-3 transition was monitored.

The failure to locate transitions within the perturbed 11, states of the Kr-NH3 

isotopomer can be rationalized by comparison with Ar-NH3 and Ar-ND3. The perturbing 

m , states are closer to the 11, states in Ar-NH3 than in Ar-ND3 leading to a significantly
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larger perturbation in the former." A similar effect is expected in Kr-NH3. Secondly, the 

assignment of the perturbed S I , states of the Ar-ND3 and Kr-ND3 complexes was largely 

aided by the fact that the inversion splitting of ND3 is small (~1.6 GHz). The two 

inversion components are closely spaced in the microwave spectra and appear to 

experience similar degrees of perturbation from the m , states. The larger inversion 

splitting of NH3 (-23 GHz) makes the search and assignment of the perturbed states of 

Kr-NH3 more difficult. The degree of perturbation may vary considerably for each 

inversion state and the relative population of the higher energy El u state is significantly 

lower since it is not metastable. For Ar-NH3, in fact, the microwave assignment of the E l , 

states was possible only after submillimeter wave transitions between the various internal 

rotor states were measured.3

The spectroscopic constants for the E l , states of Ar-ND3 and Kr-ND3 would be 

better determined if transitions related to the perturbing n  1, states were measured. This is 

a difficult task since the FI 1, states are associated with the same nuclear spin function (E') 

as the E l, states and are therefore not metastable. Schmuttenmaer el al.u predict that the 

111 |S and n i u states of Ar-ND3 are approximately 57 GHz higher than the El ,s state based 

on their empirically derived Ar-NH3 potential. At 0.5 K.. the estimated rotational 

temperature of the molecular beam, the relative populations of the m , states would be 

around 0.4 % based on a Boltzmann distribution. As a result of the small populations, it 

would be difficult to search for rotational transitions in the n i , states. A second 

possibility would be to measure cross-transitions between the E l , and n i , states as Zwart 

et al/  reported for Ar-NH3. They measured nineteen transitions between these states in
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the microwave region such as fll „ (J’ = 1) - SI Ia (J" = 2) = 15 315.276 MHz and FI 1 ,s (J'

= 1) - I I  ls (J" = 2) = 36 601.36 MHz. Using the bound state calculations of 

Schmuttenmaer et a/.,11 the same two transitions for Ar-ND3 would have frequencies of 

40 599 MHz and 42 084 MHz, respectively which are beyond the upper limit of the 

spectrometer (26 GHz). There are no predictions available for higher J transitions of Ar- 

ND3 with frequencies that may fall within the range of the spectrometer, nor are there 

theoretical predictions for the energy level spacings in the other Rg-NH3 dimers.

3.5.3 Inversion tunnelling

Deuterium substitution allows the observation of inversion tunnelling splittings in 

the ground internal rotor states of the Rg-ND3, Rg-ND,H. and Rg-NDH2 complexes. 

Direct measurement of the separation between the energy levels of the IOq, and £00a states 

is not possible since these transitions are nuclear spin forbidden. As a result, the 

magnitude of the inversion tunnelling splittings observed in the rotational spectra must be 

used to extract information about the relative energy differences between the 10^ and 

I0 0a states of the dimers. In general, it is expected that two states that lie close in energy 

have more similar rotational constants than two states that are split by a greater amount. 

For 20Ne-ND3, -ND2H, and NDH2, the differences in the B constants are 27.5 kHz, 203.8 

kHz. and 541.1 kHz. respectively. This increasing difference in the rotational constants is 

consistent with the inversion splitting of the energy levels in free ND3 (1.6 GHz), ND2H 

(5 GHz), and NDH2 (12 GHz).31 The same trend is observed in the Ar/Kr analogues 

where the differences in B constants are: 31.5 kHz/42.8 kHz, 135.8 kHz/104.2 kHz, and
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550.5 kHz/519.2 kHz. respectively. The small inversion tunnelling splittings observed for 

the dimers indicates that the two inversion states lie close in energy for each of these 

complexes. This is further supported by the measured x«, values which are the same 

within experimental error for the symmetric and antisymmetric inversion states of each 

dimer.

For the ND2H and NDH: containing species, the symmetric inversion components 

are found at lower frequencies than the antisymmetric components when paired with Ne, 

Ar, and Kr. This is also the case for Ne-ND3. but the assignment is reversed in both Ar- 

ND3 and Kr-ND3 so that the more intense symmetric components appear at higher 

frequencies. This reversal is a reflection of the extreme sensitivity of the rotational 

constants to the interaction potentials of each dimer. The ground internal rotor state. I0 0, 

for example, mixes with higher internal rotor states, such as the £10 state, and the degree 

of mixing varies for each dimer complex. Consequently, the energy level spacings in 

these states and the corresponding spectroscopic parameters are uniquely affected which 

makes direct comparisons difficult without a complete understanding of the subtleties of 

the interaction potentials of each Rg-NH3 dimer. This may also explain why there is no 

clear trend in the observed tunnelling splittings when comparing the different Rg 

substituted complexes. For example, one would expect that the larger, more polarizable 

Kr atom would have a greater restrictive effect on the inversion motion. This means that 

the B constants should be more similar for the Kr containing dimers than for the Ar and 

Ne containing complexes yet the B constants are more different for Kr-ND3 (42.8 kHz) 

than for Ar-ND, (31.5 kHz) and Ne-ND3 (27.5 kHz). This apparent discrepancy
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highlights the need for a more complete understanding of weak interactions with NH3 as a 

function of the Rg atom size and polarizability.

3.5.4 Ab initio potential energy surfaces of Ne-NH3

Three potential energy surfaces were constructed for the Ne-NH3 dimer. The 

potential minimum for the NH3 equilibrium geometry (>HNH = 106.67°) at the MP4 level 

is -62.7 cm 1 at R = 3.30 A. 0 = 90°, and <|> = 60°. This is similar to the minimum energy 

of the other two surfaces: -63.2 cm'1 at R = 3.35 A. 0 = 90°. <J> = 60° (>HNH = 113.34°) 

and -63.0 cm'1 at R = 3.35 A. 0 = 90°. <f> -■ 60° (>HNH = 120.00°). The potential minima 

at the CCSD(T) level of theory correspond to the same 0 and 4> orientations of NH3 but 

the minimum energies are slightly lower for the three surfaces: -63.2 cm'1, -63.7 cm'1, 

and -63.6 cm'1, respectively. The minima correspond to structures in which the C3 axis of 

NH3 is perpendicular to the van der Waals bond axis with the Ne atom in the plane 

between two equivalent hydrogen atoms. From this orientation, the barriers to internal 

rotation at the MP4/CCSD(T) level about the C3 axis of NH3 are 17.0 cm '/17.6 cm'1 

(>HNH = 106.67°). 17.4cm '/17.9cm 1 (>HNH = 113.34°).and 17.1 cm 717.7c m 1 

(>HNH = 120.00°) at <J>=0° for the three NH3 geometries. Rotation in the 0 coordinate has 

barriers at 0 = 0° and 0 = 180° corresponding to structures in which the C3 axis of NH3 is 

aligned with the van der Waals axis and the hydrogen atoms are pointed toward and away 

from the Ne atom, respectively. The barriers through 0 = 0° are 34.5 cm '/33.0 cm 1 

(>HNH = 106.67°) and 37.9 cm'736.4 cm'1 (>HNH = 113.34°) for the two nonplanar NH3 

geometries at the MP4/CCSD(T) level. The barriers to rotation through 0 = 180° are
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smaller, 26.5 cm'1 and 30.9 cm'1 for the two surfaces, respectively. For planar NH3, the 

barrier is the same. 37.3 cm '/36.3 cm'1 through 0 = 0° and 0 = 180° due to symmetry. The 

Ne-NH3 potential minimum is only about half as deep as that calculated for Ar-NH3 at the 

MP4 level of theory (130.1 cm 1) and the barriers to internal rotation are about 65 % - 70 

% of those reported for Ar-NH3, 26.6 cm'1 in the <|> coordinate, 55.2 cm'1 and 38.0 cm'1 for 

rotation through 0 = 0° and 0 = 180°, respectively.13 Comparison with Kr-NH3 is possible 

at the MP2 level. The global minima are 108 cm 1, 91 cm'1, and 45 cm'1 for Kr-NH3,49 Ar- 

NH3.,: and Ne-NH3, respectively. This is a crude comparison since different basis sets 

were used for each complex but the results appear consistent with the expectation that the 

smaller, less polarizable Ne atom is more weakly bound to NH3 than either Ar or Kr.

Figure 3.4 examines the potential energy of the system as a function of the relative 

orientation of the NH3 subunit. The interaction energies (MP4) along the minimum 

energy path for the internal rotation of NH3 (>HNH = 106.67°) in the 0 coordinate are 

plotted for seven different values of <f>. ranging from <)> = 0° to 4> = 60°. There is no <f> 

dependence for the 0 = 0° and 0 = 180° arrangements since the C3 axis of NH3 is aligned 

with the van der Waals bond. The largest <|> dependence occurs in the region between 0 = 

60° and 110°. particularly when the symmetry axis of NH3 is perpendicular to the complex 

axis. The potential well is broader and the minimum shifts to larger 0 values as the NH3 

molecule is rotated about its C3 axis to smaller $ angles. This corresponds to the 

hydrogen atoms pointing away from the Ne atom for small <J> values since around 0 = 90°, 

the small <f> values correspond to orientations where one hydrogen atom lies between the 

Ne and N atoms, almost in the plane of the van der Waals axis. The system relieves the
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Figure 3.4 Minimum energy (MP4) path of Ne-NH3 from 0 = 0° to 0 =180° when 
NH, is in its experimental equilibrium conformation (<HNH = 106.67°). Each curve 
represents a particular value o f 4> between 0° and 60°.
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strain resulting for the repulsive interaction by slightly tilting the C3 axis of NH3 with 

respect to the van der Waals axis. From the minimum energy orientation, at 0 = 90° and <{> 

= 60°. the energy varies by only 3 cm'1 for 0 values between 80° and 100° and by 10 cm'1 

for 0 values between 70° and 110°. This relative flatness in the 0 coordinate is reflected in 

the experimentally determined ^  value (0.2700 MHz) for :oNe-NH3 The small 

magnitude of the UN nuclear quadrupole coupling constant as compared to the x> value of 

free NH3 (-4.0898 MHz)47 is largely a result of averaging over the internal motions of 

NH3 in the 0 coordinate o f the complex.

The dependence o f the inversion motion on the orientation of NH3 is investigated
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Figure 3.5 Comparison o f the minimum energy (MP4) paths of Ne-NH3 for the three
different NH, monomer geometries: (—# —) >HNH = 106.67°, (.... ■ ..... )
>HNH = 113.34°and ( - A - )  >HNH = 120.00°, between 0 = 0° and 180° at a) <f> = 60° 
and b) (J> = 0°.
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in Figures 3.5 a) and 3.5 b) which show the minimum energy (MP4) paths along the 0 

coordinate for each of the three NH3 monomer geometries at $  = 60° and $ = 0°. The 

equilibrium geometry of NH3 has the broadest, shallowest well while the planar structure 

has the narrowest and deepest. The van der Waals bond lengths along the minimum 

energy paths are the same for all three NH3 geometries between 0 = 0° and 90°. At values 

of 0 greater than 90°, the R coordinates along the minimum energy paths increase for the 

successively larger NH3 umbrella angles. For example, at 0 = 120° and $ = 0°, the R 

coordinates along the minimum energy part are 3.50 A, 3.60 A. and 3.70 A for the >HNH 

= 106.67°, 113.34°. and 120.00° NH3 geometries, respectively. The largest difference 

between the minimum energy paths occurs at 0 = 180°. At this orientation, the 

equilibrium geometry is about 10 cm 1 lower in energy than the planar geometiy. The 

three plots are the most similar between 0 = 60° and 100° suggesting that the shape of the 

potential energy surface is not strongly influenced by the internal geometry of NH3 when 

the C3 axis of NH3 is nearly perpendicular to the van der Waals axis. This matches the 

experimental observations that the inversion motion of NH3 is barely affected in the £ 

states while effectively quenched in the FI states.3

The dependence of the interaction energy (MP4) on the van der Waals bond 

length R and the NH3 geometry is plotted in Figure 3.6 for two different orientations of 

NH3. 0 = 907$ = 0° and 0 = 90°/$ = 60°. The potential energy curves are very flat in the 

radial coordinate around the minimum energy orientation, 0 = 907$ = 60° and are 

insensitive to the NH3 monomer geometry at this orientation as seen by the overlapping of 

the three curves corresponding to the three different umbrella angles of NH3. This flatness
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Figure 3.6 Comparison of the interaction energy (MP4) of Ne-NH3 for the three
different NH3 geometries: (— ) >HNH = 106.67°, (—) >HNH = 113.34°, and ( )
>HNH = 120.00°,as a function o f the van der Waals bond length R and the orientation 
<t>: ( •  ) <|> -  0°, ( X ) <t> = 60° at 0 = 90°.
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in the radial coordinate results in significant averaging over the zero point motion and is a 

main source of the discrepancy between the experimental (3.7 A) and ab initio (3.3 A) 

values for R. At small R values, the interaction energy becomes increasingly repulsive for 

each 0/<t> orientation of NH3. The interaction energy is more sensitive to $ at small R 

separations, particularly around 0 = 60° - 90°. This can be seen in Figure 3.6 for 0 = 90° by 

the large difference in the potential energy curves corresponding to <J> = 0° and <f> = 60°. 

The NH5 monomer geometry also has a greater effect on the interaction energy at small R 

distances especially for orientations that are further from the minimum energy orientation. 

As R increases, the interaction energy becomes less dependent on the 0/<f> orientation and
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NH3 monomer geometry as expected.

3.6 Concluding remarks

The microwave spectra of the Rg-NH3 (Rg = Kr, Ar, Ne) dimers and their 

deuterated isotopomers were measured. The spectra are characteristic of diatomic 

molecules in which the NH3 subunit behaves as a single moiety. The van der Waals bond 

lengths derived from the B rotational constants of each species deviate from those of 

other Rg-molecule complexes in that the bond lengths change less than expected upon Rg 

atom substitution. The internal rotation of NH3 is surprisingly unhindered in all three of 

the Rg-NH3 dimers as seen by the magnitudes of the >4N nuclear quadrupole coupling 

constants. The deuterated isotopomers of the Rg-NH3 dimers are of particular interest 

since an inversion tunnelling splitting is observed in the ground state spectra. The 

magnitude of this splitting follows the trend expected based on the energy level 

differences in the free ND3. ND2H. and NDH, monomers. Subtle variations in the 

observed MN nuclear quadrupole hyperfine structure and the inversion tunnelling 

splittings of the various isotopomers reveal that there are distinct differences in the 

internal motions of the Rg-NH3 complexes. These cannot be extrapolated from the 

existing empirical potential of Ar-NH3." This is demonstrated by the inability to locate 

excited internal rotor state transitions of Ne-NH3 and Kr-NH3 and by the difference in the 

degree of perturbation of this state in Ar-ND3 and Kr-ND3. To understand the subtleties of 

the weak interaction on a quantitative level as a function of the Rg atom size, empirical 

potentials are needed for both the Ne-NH3 and Kr-NH3 dimers. To achieve this, a broad
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range of spectroscopic data is required.

In the absence of more extensive spectroscopic studies of the Rg-NH3 dimers, 

qualitative information related to the structure and dynamics of weakly bound complexes 

can be derived from ab initio methods, as demonstrated in this chapter for the Ne-NH3 

complex. For example, the depth of the potential energy surface minimum reveals that the 

Ne-NH3 interaction is weaker than reported for Ar-NH3 and Kr-NH3 as expected for the 

smaller, less polarizable Ne atom.12 49 Several topological features of the potential energy 

surfaces can be related to spectroscopic observations. For example, the low anisotropy in 

the 0 coordinate around the global minimum is reflected in the size of the experimentally 

determined values. The flatness in the R coordinate suggests that the van der Waals 

bond is very flexible as demonstrated by the small force constant (0.0029 mdyn/A) of the 

Ne-NH3 bond and the large differences between the experimental (3.72 A) and ab initio 

(3.30 A) derived bond lengths. Furthermore, the ab initio calculations reveal that there is 

little difference in energy as a function of the NH3 monomer geometry at the potential 

energy surface minimum. This is in accord with the experimental observation that the 

inversion of NH3 is barely affected in the £ states.311
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CHAPTER 4

Investigation o f the Rg2-NH3 van der Waals trimers:
Rotational spectra and ab initio  calculations

4.1 Introduction

Three body nonadditive terms are known to be important contributors to the 

interaction energy of van der Waals trimers. High resolution spectra of such systems 

provide experimental evidence of these nonadditive contributions and thus supply 

meaningful information for deriving and testing the theoretical descriptions of 

nonadditive terms. Significant work has been done on several van der Waals trimers such 

as Ar;-HCl.i :’3 4 Ar:-HF.5 6,7 and Ar2-H20 .89 These complexes are prototypes for the study 

of nonadditive effects since the binary potentials involved (Ar-Ar.101112 Ar-HCl,13 Ar- 

HF,U Ar-H;0 ) 15 lfc are well characterized. This allows the three body contributions to the 

interaction energies to be isolated.

The rotational spectra of the Rg-NH3 dimers (Rg = Kr, Ar, Ne) described in 

Chapter 3 have provided information about the structures and dynamics of the binary 

complexes as a function of the Rg atom size and polarizability. Despite the w idespread 

interest in Ar-NH, (References 1 - 17 of Chapter 3), there have been no previous 

spectroscopic or theoretical studies of the Rg2-NH3 trimers. A microwave investigation of 

the Rg2-NH3 complexes affords the opportunity to study the dependence of the NH3 

internal dynamics on the Rg cluster size and promises to further the understanding of 

three body nonadditive contributions to the interaction energies of van der Waals trimers.
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This is particularly true for Ar2-NH3 since the binary potentials of Ar-NH317 and Ar-Ar10,

1112 are well known. The rotational spectra of the trimers may be complemented by the 

construction of ah initio potential energy surfaces that characterize the weak interaction, 

as shown for the Rg-NH3 dimers in Chapter 3. This is most feasible for the Ne2-NH3 

trimer since the basis sets required for Ne are smellier than for larger Rg atoms and as a 

result, the calculations are less limited by the availability of computational resources.

This chapter describes the first spectroscopic study of the ground internal rotor 

state of five different isotopomers of Ar2-NH3 and eight different isotopomers of Ne2- 

NH .. The UN nuclear quadrupole hyperfine splitting as well as the inversion tunnelling 

splitting of the deuterated isotopomers are analyzed in terms of the dynamics of NH3 

within the two trimer complexes. Comparisons are drawn with the rotational spectra of 

the Rg-NH3 dimers in Chapter 3. In addition, three potential energy surfaces for the Ne2- 

NH3 complex were constructed at the CCSD(T) level of theory . The main topological 

features of the potential energy surfaces are discussed in terms of experimentally 

determined spectroscopic parameters and comparisons are made with the ab initio results 

of the Ne-NH3 dimer.

4.2 Experimental Method

The rotational spectra of the Ar2-NH3 and Ne2-NH3 trimers were recorded between 

3.9 GHz and 19 GHz using the Fourier transform microwave spectrometer described in 

Chapter 2 and Section 3.2. The trimer complexes were produced via molecular beam 

expansion of a gas mixture through a pulsed nozzle that is 0.8 mm (General Valve Corp..
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Series 9) in diameter. The Ar,-NH3 complexes were generated using a gas sample 

consisting of 0.5 % NH3 and 5 % Ar. Neon was used as a backing gas to obtain a total 

pressure of 10 - 12 atm. Argon was not added to the sample mixture for the measurement 

of the Nei-NHj trimer spectra. The "Ne containing isotopomers were measured in their 

natural abundances (8.82 % ::Ne) while isotopically enriched samples were used to 

record the spectra of the ISN (Cambridge Isotopes Laboratories: 98 % l5NH3) and 

deuterium (Cambridge Isotopes Laboratories: 99 % ND3) containing isotopomers. The 

spectra of the Rg:-ND;H and Rg;-NDH2 complexes were recorded using the ND3 

containing gas mixture. The intensities of the transitions increased dramatically for the 

partially deuterated species after the gas mixture was left in the sample containment 

system for several hours.

43  Spectral search and assignment

As described in Chapter 3. the NH3 molecule undergoes large amplitude motions 

within the Rg-NH3 (Rg = Kr. Ar, Ne) van der Waals dimer complexes. This leads to the 

observ ation of excited internal rotor states as well as an inv ersion tunnelling splitting in 

the microwav e spectra of the dimers. Similar results are expected for the Ar:-NH3 and 

Ne:-NH? trimers. Both van der Waals trimers are predicted to be asymmetric tops and the 

rotational energy levels are labelled with the quantum numbers JKt(Cc. The allowed 

transitions of Ar2-NH3 and Ne;-NH3 can be determined via molecular symmetry group 

analyses as described below.18
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4J.1 Isotopomers of Ar,-NH3

The rotational spectrum of the Ar2-NH3 trimer was predicted to be that of an 

oblate asymmetric top as reported for Ar2-H20 .* 9 In the Ar2-H20  trimer, the H20  subunit 

undergoes nearly free internal rotation and was subsequently treated as a spherical moiety 

in the rotational analysis. The structure of Ar2-NH3 was estimated using a similar 

pseudotriatomic model. Figure 4.1 shows the geometry of the Ar2-NH3 complex in its 

principal inertial axis system. Due to large amplitude motions of NH3, there is only a 

nonzero dipole moment contribution along the 6-axis of the trimer. The expected 

rotational transitions are 6-type and obey the selection rules: AJ = 0 or ±1, AK, = ±1 {±3,

Figure 4.1 Geometry of the Ar;-NH3 trimer in the principal inertial axis system.

b

ArAr
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±5....} and Ait,. = ±1 {±3, ±5,...}. The nuclear spin statistics associated with each 

isotopomer depend on the presence of identical Ar, hydrogen, and deuterium nuclei. The 

nuclear spin weights of the various rotational levels were verified using molecular 

symmetry group theoretical analyses.18 The results are summarized for each isotopomer in 

Table 4.1.

a) Ar2-NH3 and Ar2-I5NH3

The Ar2-NH3 and Ar2-I5NH3 complexes belong to the G24 molecular symmetry 

group (Appendix 1, Table A1.3). The total wavefunction must be antisymmetric for the 

operation that interchanges two protons and symmetric for the interchange of the two Ar 

nuclei. The A3 and A4 irreducible representations meet these criteria. The nuclear spin 

function of the three protons spans the representation: 4A,®2E|. The vibrational 

symmetry of the symmetric/antisymmetric inversion component is A,/A4. The symmetry 

of the asymmetric rotor wavefunction depends on whether Ka and are even(e) or 

odd(o). The rotational levels (K^Kj have the following symmetries under G24: A,(ee). 

B2(eo). B,(oe), and A2(oo). For the ground internal rotor state, the symmetric inversion 

component has a nuclear spin statistical weight of zero and no rotational transitions are 

observable. For the antisymmetric component, the *ee’ and *oo' rotational levels can 

combine with the A, nuclear spin function but the 'eo' and 'oe' levels have nuclear spin 

statistical weights of zero. Thus, only 6-type transitions between the *ee* and ‘oo' levels 

are allowed for the antisymmetric inversion component of the ground internal rotor state 

o f Ar2-NH3 and Ar2-I5NH3. The predicted energy level diagram is shown in Figure 4.2.

The rotational constants of Ar2-NH3 were estimated using the structure
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Table 4.1 Summary of the molecular symmetry group theory analysis for the metastable 
states of the Ar2-NH3 isotopomers.

Ar:-NH3 Ajv ND. Ar2-ND2H Ar2-NDH2
Molecular symmetry group G24 g 24 G, G,
Total symmetry required* a 3/a 4 a ,/a 2 a ,/a 2 a 3/a 4

Nuclear spin symmetry11 4A,®2E, 10A,®A3®8E, 6A,®3A3 3A,®A3

Rotational symmetry1 K,KC= ee/eo/oe/oo
Aj/Bj/B |/A2

NH3 inversion symmetry symmetric/antisymmetric
a ,/a 4

NH3 internal rotation ground state/fust excited state
symmetry A,/E, n/a

Rovibrational symmetry11 K,KC= ee.eo/oe/oo
-0(H a ,/b 2/b ,/a : A(/B2/B,/A2
-o0l A4/B3/B4/A3 a 4/b 3/b 4/a J
s i„ E,/E4/E3/E2 n/a

Predicted nuclear spin —O^iSOo/L I  l5 IC
statistical weights 0:4:2 10:1:8 6:3 1:3

* refers to the symmetry of the total wav efunction upon exchange of identical fermions or 
bosons.

b refers to the symmetry of the nuclear spin function of the identical hydrogen or 
deuterium nuclei only. 

c depends on whether K, and K,. are even (e) or odd (o). 
d includes the NH3 inversion and NH3 internal rotation symmetries.

constructed from the bond lengths of the Ar-Ar (3.821 A )10 11 and Ar-NH3 (3.8359 A)19 

dimers. The JKjK<; = l ,,.0^ transition was found within 10 MHz of this prediction. In total, 

18 rotational transitions of Ar2-NH3 were measured and the UN nuclear quadrupole 

hyperfine structures were resolved and assigned. The transition frequencies are listed in 

Appendix 4 (Table A4.1). The l4N hyperfine and rotational analyses were done
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Figure 4.2 Predicted energy level diagram for the Ar3-NH> asymmetric top. The 
transitions are 6-type transitions and dotted lines denote energy levels with nuclear 
spin statistical weights of zero.
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simultaneously using Pickett's global fitting routine.20 The spectroscopic constants 

obtained using Watson’s 11T S-reduction Hamiltonian21 are given in Table 4.2.

The analogous rotational transition frequencies for the Ar2-I5NH3 isotopomer are 

listed in Table A4.2. The rotational analysis was done using Pickett’s program20 and the 

resulting spectroscopic constants are listed in Table 4.2.

It can be shown from the molecular symmetry group analysis o f the NH3 and 

isNH3 containing isotopomers that there is a second metastable internal rotor state of the 

trimer complex. This state is associated with the E, nuclear spin function. As described in 

Chapter 3 for the Rg-NH3 complexes, this excited internal rotor state is believed to be 

Coriolis perturbed by nearby internal rotor states. A broad search was conducted for 

rotational transitions associated with this excited state of Ar,-NH3 at both higher and 

lower frequencies than the ground state transitions. No transitions were found that met the

Table 4.2 Spectroscopic constants for Ar:-NH3 and Ar,-15NH3.
I0 o. Ar,-NH3 Ar,-15NHj

Rotational constants /MHz
A 3252.7345(2) 3109.6578(3)
B 1735.3628(2) 1735.3608(3)
C 1122.7410(1) 1105.0596(2)

Centrifugal distortion constants /MHz
D, 0.0146(1) 0.0142(1)
Djk 0.0431(1) 0.0426(1)

d k 0.0501(1) 0.0420(1)

d, -6.5(1) -6.6(1)

d; -1.9(2) -2-0(1)

14N quadrupole hyperfine constants /MHz
0.0643(10)

Xm. 0.6221(15)

Standard deviation /kHz 
a 3.0 2.8
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criteria based on the expected l4N nuclear quadrupole hyperfine splitting,

b) Aiv NDj

Like Ar2-NH3, the Ar,-ND3 isotopomer belongs to the G24 molecular symmetry 

group (Table A1.3). The interchange of any two identical deuterium nuclei (as well as the 

Ar nuclei) is governed by Bose-Einstein statistics. The ‘eo’ and ‘oe’ levels have nuclear 

spin statistical weights of zero for both inversion states of the ground internal rotor state. 

Thus for Ar2-ND3, two 6-type spectra consisting of transitions between the ‘ee’ and ‘oo’ 

rotational levels are expected. The symmetric and antisymmetric inversion states are 

predicted to have relative intensities of 10 and 1, respectively. In the Rg-ND3 dimers 

(Rg=Ne. Ar, Kr), the B rotational constants for the two inversion states differ by only tens 

of kHz resulting in overlap of the UN nuclear quadrupole hyperfine splitting patterns. A 

smaller inversion tunnelling splitting was expected for Ar2-ND3 and it was initially 

unclear whether the inversion motion would be quenched by the presence of two Rg atom 

binding partners.

The transition frequencies assigned to the ground internal rotor state of Ar2-ND3 

are listed in Table A4.3. Eleven rotational transitions were measured and the inversion 

tunnelling splitting was resolved in all but two of these. The more intense inversion 

tunnelling components appear at higher frequency for most o f the transitions and were 

subsequently assigned to the symmetric inversion state based on the nuclear spin 

statistical predictions. The inversion tunnelling splitting is 165 kHz for the JKt<c = 1 ,,-0,*, 

transition. The UN hyperfine and rotational analyses were done for each state as described 

for Ar2-NH3. The spectroscopic constants are listed in Table 4.3. The three quadrupolar
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deuterium nuclei in Ar2-ND3 do not produce a large enough splitting for analysis. The 

neglect of the deuterium hyperfine did not have a significant effect on the spectral 

analysis as the standard deviations of the fits were on the order of 3 kHz for each of the 

two inversion states.

As described above for Ar:-NH3, there is an additional metastable internal rotor 

state of the Ar2-ND3 which is associated with the E, nuclear spin function. The Coriolis

Table 4.3 Spectroscopic constants for Ar2-ND3, Ar2-ND2H, and Ar2-NDH2.

“ Oos/E O qos Ar:-ND, Ar,-ND,H Ar,-NDH,

Rotational constants /MHz
A 2853.4841(5) 2971.2187(5) 3100.9124(5)
B 1734.5786(3) 1735.1551(3) 1735.3875(3)
C 1071.7340(2) 1087.5263(2) 1104.1585(2)

Centrifugal distortion constants /MHz
D, 0.0132(1) 0.0137(1) 0.0145(1)

Djk 0.0511(1) 0.0499(1) 0.0438(1)

Dk 0.0133(1) 0.0327(1) 0.0539(1)

d, -6-9(1) -6.7(1) -6.2(1)

d: -2.5(1) -2.2(1) -15 (1 )
l4N quadrupole hyperfine constants /MHz

7U. 0.1871(12) 0.1356(10) 0.0947(11)
Xm> 1.2460(15) 1.0314(16) 0.8175(18)

Standard deviation /kHz
o 2.9 3.9 4.5

- 0 0i/£Oooa

A 2853.3238(4) 2971.2198(6) 3101.5091(5)
B 1734.5796(2) 1735.1710(4) 1735.4259(3)
C 1071.7289(2) 1087.5635(2) 1104.2785(2)
D, 0.0131(1) 0.0138(1) 0.0142(1)

Dik 0.0514(1) 0.0489(1) 0.0477(1)

D„ 0.0133(1) 0.0336(1) 0.0502(1)

d, -6.9* -6.7(1) -6.6(1)

d: -2.5* -2.1(1) -2.0(1)

X- 0.1837(16) 0.1417(13) 0.0940(10)
Xtt 1.2490(22) 1.0223(16) 0.8191(17)
a 3.3 3.1 2.3

1 Fixed at value from symmetric inversion state.
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perturbation observed in the Ar-ND3 dimer was smaller than that in Ar-NH3 and thus it 

was hoped that the excited internal rotor state of Ar2-ND3 would be more readily assigned 

than that of Ar,-NH3. A broad search for transitions associated with this state was 

conducted at both higher and lower frequencies than the ground state but no reasonable 

candidates were located,

c) Ar2-ND2H

The Ar:-ND,H isotopomer belongs to the Gg molecular symmetry group (Table 

A 1.4) and the total wavefunction must be symmetric with respect to the interchange of 

the two deuterium nuclei and the interchange of the two Ar nuclei. The rotational 

spectrum of Ar:-ND;H is expected to be composed of two sets of b-type transitions 

between 'ee' and 'oo' rotational levels. The relative intensities expected are 6 and 3 for 

the symmetric and antisymmetric components, respectively. There is no feasible internal 

rotation motion of ND;H that interchanges the deuterium nuclei and thus there are no 

metastable excited internal rotor states.

In total. 11 rotational transitions of Ar2-ND2H were measured and assigned to the 

two inversion components of the ground internal rotor state. The transition frequencies 

are listed in Table A4.4. The inversion tunnelling splitting is approximately 36 kHz in the 

Jk,Kc = 1 n'Oyo transition. As a result of the small tunnelling splitting, the 14N nuclear 

quadrupole hyperfine patterns overlap for many of the transitions of the two inversion 

states. The symmetric state inversion components appear at lower frequency than the 

antisymmetric components for most of the rotational transitions measured. The 

assignment of this isotopomer was tedious since the inversion tunnelling splitting was
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very small and for certain transitions, the small differences in the rotational constants 

cause the symmetric components to be at higher frequency. As a result, careful intensity 

measurements were necessary to assign the individual ,4N hyperfine components to the 

correct inversion state. The >4N hyperfine and rotational analyses were done as described 

for At2-NH3 and the spectroscopic constants are listed in Table 4.3.

d) Ar:-NDH,

The Ar2-NDH2 complex also belongs to the Gg molecular symmetry group (Table 

A 1.4) but the total wavefunction must be antisymmetric with respect to the interchange of 

the two hydrogen nuclei. The expected transitions are 6-type between the ‘ee’ and ‘oo’ 

rotational levels. The symmetric and antisymmetric inversion states have relative nuclear 

spin statistical weights of 1 and 3. respectively. As described for Ar2-ND2H, only the 

ground internal rotor state is metastable and sufficiently populated at the temperatures in 

the molecular beam expansion for spectroscopic study.

The frequencies of the 11 rotational transition assigned to each of the two 

inversion components o f the ground internal rotor state of Ar2-NDH2 are given in Table 

A4.5. The JkjK<; = 1 ,,-Oqo transitions are split by approximately 290 kHz due to inversion 

tunnelling of NDH:. The 14N nuclear quadrupole hyperfine patterns are spectrally 

separated for all but one of the rotational transitions measured. The lower frequency 

transitions were assigned to the symmetric inversion state for most of the transitions 

based on the nuclear spin statistical predictions. The spectra were fit as described for Ar2- 

NH-, and the resulting spectroscopic constants are given in Table 4.3.
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43.2 Isotopomers of Ne2-NH3

The structure of Ne2-NH3 was estimated by treating NH3 as a sphere and using the 

dimer bond lengths reported for Ne-Ne (3.29 A)" and Ne-NH3 (3.72 A). Figure 4.3 a) 

shows the geometries of the :aNe: and 22Ne: isotopomers in their respective principal 

inertial axis systems. In contrast to Ar2-NH3, the a-axis is the symmetry axis of the Ne2- 

NH3 trimer. The dipole moment of the NH3 monomer is expected to average out over the 

large amplitude internal motions of NH3 and only a-type transitions are anticipated. The 

selection rules for a-type transitions are: AJ = 0 or ±1, AK, = 0 (±2, ±4,...) and AK̂ . = ±1 

(±3, ±5....). For the :oNe"Ne containing species, the symmetry about the a-axis is broken 

as seen in Figure 4.3 b) and as a result, both a- and A-type transitions are predicted. The 

nuclear spin statistics associated with each isotopomer depend on the presence of 

identical Ne. hydrogen, and deuterium nuclei. The spin weights o f the various rotational 

levels were verified using molecular symmetry group theoretical analyses18 and the results 

are summarized in Table 4.4 for each isotopomer. 

a) “Ne^Ne-NH, and JONeZ2Ne-,5NH3

The ^ e ^ N e  containing isotopomers belong to the D3h molecular symmetry group 

(Table A1.1). The total wavefunction must be antisymmetric with respect to the 

interchange of any two protons. The symmetric state has a nuclear spin statistical weight 

of zero and cannot be observed. For the antisymmetric component, however, all rotational 

levels are present and a- and A-type transitions between these energy levels are expected. 

From the structure in Figure 4.3 b), the dipole moment component along the A-axis is 

predicted to be much smaller than that along the a-axis. Consequently, the A-type
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Figure 4.3 Geometries of the Ne,-NH3 trimers in the principal inertial axis system. The 
NH. subunit is treated as a sphere due to large amplitude internal motions, a) The J0Ne, 
(or ~Ne,) containing isotopomers have twofold symmetry about the a-axis. b) For the 
:°Ne::Ne isotopomers, the a- and b-axes are slightly rotated as a result of the 
asymmetric mass distribution.

a)

b)

....................

> a
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Table 4.4 Summary of molecular symmetry group theory analysis for the metastable states of the Ne2-NH3 isotopomers.

-°Ne” Ne-NH, 2,*Ne2-NH3 2l>Ne2-ND3 3(*Ne2-ND2H 2<*Ne2-NDH2

Molecular symmetry group D3h Gj4 G24 Gg G8

Total symmetry required* > > K
4 > > im > > a ,/a 2 a 3/a 4

Nuclear spin symmetry1' 4A,'®2E' 4A,®2E, 10A,®A3®8E, 6A,®3A3 3A,®A3

Rotational symmetry0 K,KC= ee/eo/oe/oo
A//A, "/A//A," a ,/a 2/b ,/b2

NH3 inversion symmetry symmetric/antisymmetric
A,VA2" a ,/a 4

NH3 internal rotation ground state/first excited state
symmetry

A,VE' A/E, n/a

Rovibrational symmetry1* K,KC= ee/eo/oe/oo
£00i A,'/A, "/A//A," a ,/a 2/b ,/b2 a ,/a 2/b ,/b2
so0. A27A2'/A27A2' a 4/a 3/b4/b3 a 4/a 3/b4/b3

EVE7EVE" e ,/e2/e3/e4 n/a

Predicted nuclear spin I0Os:I0o<: I l l5 L0(hs:E00,
statistical weights 0:4:2 0:4:2 10:1:8 6:3 1:3

‘ refers to the symmetry of the total wavefunction upon exchange of identical fermions or bosons. 
h refers to the symmetry of the nuclear spin function of the identical hydrogen or 
deuterium nuclei only. 

c depends on whether Ka and Kc are even (e) or odd (o). 
d includes the NH3 inversion and NH3 internal rotation symmetries.
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transitions are expected to be much weaker than the a-type transitions and require longer 

microw ave excitation pulses for observation. The reduced symmetry of the 20Ne22Ne-NH3 

complex made this species a particularly good candidate for beginning the spectroscopic 

study. Using the structure estimated from the dimer bond lengths, the JKiKc= l01-Oo0 

transition, whose frequency is approximately given by B+C, was found within 25 MHz of 

the initial prediction. The A rotational constant was not as well predicted from the 

estimated structure and it was necessary' to scan wider frequency regions to find the 

higher J. a-type transitions that depend on the A constant. After more transitions were 

found and assigned with the help of the >4N nuclear quadrupole hyperfine structure, the 

three rotational constants were better determined and the weaker 6-type transitions could 

then be predicted within a few' MHz.

The frequencies of the transitions assigned to the antisymmetric inversion 

component of the ground internal rotor state of :oNe:!2Ne-NH3 are listed in Appendix 4 

(Table A4.6). The assignment was confirmed by the presence of several closed loops due 

to the observ ation of both a- and 6-type transitions. In total, nine a-type and six 6-type 

transitions were measured. As expected, the 6-type transitions are considerably weaker 

than the a-type transitions. An intensity comparison is shown for the JKtlCc = l^-O^ fa- 

type) and 1 ,,-()(* (6-type) transitions in Figure 4.4. The UN nuclear quadrupole hyperfine 

splitting was fit using a first order program and the residuals from this fit are given in 

Table A4.6 beside the transition frequencies. The hypothetical center line frequencies 

were subject to rotational analysis using Watson's I l f  A-reduction Hamiltonian.21 During 

the initial rotational fit the AK and centrifugal distortion constants were highly
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Figure 4.4 Spectra comparing the relative intensities of: a) a-type and b) A-type 
transitions observed for the “̂Ne'Ne-NHj isotopomer. The UN nuclear quadrupole
hyperfine splitting was fit to obtain x«= 0.333(3) MHz and Xbb = -0.055(4) MHz
for this isotopomer.

lo,-0, 20 cycles

5800.45799.8

oo 2000 cycles

6587.2 6587.8Frequency /M H z
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correlated. To estimate Ak, a harmonic force field calculation was done using the 

ASYM20 program.23 The NH3 subunit was treated as a sphere and the Ne-Ne and Ne-NH3 

bond lengths were fixed at the dimer values of 3.29 A and 3.72 A, respectively. There are 

three vibrational modes for this pseudotriatomic molecule. For the 20Ne22Ne-NH3 

isotopomer, having Cs symmetry, each of these vibrational modes has A symmetry. The 

harmonic force field calculation was carried out in an iterative manner in tandem with the 

rotational analysis.22 Initial estimates of the five centrifugal distortion constants from the 

preliminary rotational fit were used in the first iteration of the force field calculation. The 

Ak value determined from the force field program was then held fixed in the next 

rotational fit to obtain new values of A3. A^, Sj, and 5K. These values, along with the 

refined Ak value were then included in the second iteration of the harmonic force field 

calculation. This procedure was repeated until it converged for the A;, AJK, and Ak 

constants. The 5j and 5k constants were not well-predicted by the force field calculation. 

The value of Ak determined in the final iteration of ASYM20 was then held fixed in the 

rotational analysis to determine the three rotational constants and the other four 

centrifugal distortion constants listed in Table 4.5. The frequencies of the hypothetically 

unspiit rotational transitions are included in Table A4.6 along with the (observed - 

calculated) values from the rotational analysis.

The measured transition frequencies of the 2(>Ne22Ne-15NH3 isotopomer are listed 

in Table A4.7. The force constants determined for the 20Ne22Ne-NH3 isotopomer were 

used to predict the Ak constant for 20Ne22Ne-15NH3 and this value was held fixed in 

rotational analysis. The resulting spectroscopic constants are listed in Table 4.5.
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Table 4.5 Spectroscopic constants for 22Ne20Ne-NH3 and 22Ne20Ne-I5NH3.
I 0 o,  -’N e ^ e -N H , ^ e ^ N e -^ N H ,

Rotational constants /MHz
A 4568.56(8) 4565.97(11)
B 3780.16(13) 3638.89(18)
C 2020.33(2) 1978.40(3)

Centrifugal distortion constants /MHz
Aj 0.643(3) 0.644(4)
A,k -1.052(3) -1.071(5)
Ak* 0.4675 0.4839
5j 0.088(8) 0.102(10)
8k 0.088(37) 0.099(46)

“N quadrupole hyperfine constants /MHz
Xu 0.333(3)
X» -0.055(4)

Standard deviation /kHz
o 85 132

* Dk fixed at value from harmonic force field calculation.

b) “ Nej-NH,, 2wNe2-1?NH3, and “ Ne,-NH3

The isotopomers that contain NH3 and l5NH3 paired with two identical Ne atoms 

belong to the G24 molecular symmetry group (Table A 1.3). The total wavefunction must 

be symmetric upon exchange of the two Ne nuclei and antisymmetric upon exchange of 

any two protons. The molecular symmetry group analysis is similar to that in Section

4.3.1 a) for Ar2-NH3 however the symmetry of the rotational part o f the wavefunction 

changes for the Ne containing trimer. This is a result of the different symmetry axes of the 

two Rg2-NH3 trimers as seen in Figures 4.1 and 4.3. For the ground internal rotor states of 

20Ne2-NH3. 20Ne2-15NH3. and 22Ne-NH3. the symmetric inversion component has a nuclear 

spin statistical w eight of zero and no rotational transitions are observable. For the 

antisymmetric component, only the K, = even rotational levels have nonzero spin
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statistical weights. The rotational spectra are therefore expected to consist of a-type 

transitions between K, = even levels for the antisymmetric inversion component only.

The predicted energy level diagram for the 2aNe,-NH3, 22Ne2-NH3, and 20Ne,-l5NH3 

isotopomers is shown in Figure 4.5.

The rotational constants of 20Ne2-NH3 were estimated using the structure 

constructed from the bond lengths of the Ne-Ne and Ne-NH3 dimers. The JKiK< = l^-O^ 

transition was found within 20 MHz of this prediction. As expected for the more

Figure 4.5 Predicted energy level diagram for the “‘Ne. and “Ne, containing 
isotopomers of the Ne,-NH3 asymmetric top. The transtions are a-type transitions and 
dotted lines denote energy levels with nuclear spin statistical weights of zero. The 
dashed arrows denote transitions that were not observed.
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abundant isotopomer. the observ ed transition was more intense than the l0,-Ooo transition 

of 20Ne22Ne-NH3. The assignment to the 20Ne:-NH3 isotopomer was verified by the 

observed UN nuclear quadrupole hyperfine splitting which was similar to that measured 

for 2(>Ne22Ne-NH3. Three higher J, a-type transitions involving K,= 0 and K,= 2 energy 

levels were located by scanning a larger frequency range. The four transitions were 

assigned to the antisymmetric inversion component of the ground internal rotor state of 

20Ne2-NH3 and the frequencies are listed in Table A4.8. The UN nuclear quadrupole 

hyperfine splitting was fit using a first order program and the hypothetical center line 

frequencies were then rotational ly analyzed. There are not enough rotational transitions in 

the range of the spectrometer to provide the information necessary to fit for all three 

asymmetric top rotational constants and the required centrifugal distortion constants. The 

centrifugal distortion constants were estimated in ASYM20 using the force constants 

determined from the harmonic force field calculation of 20Ne22Ne-NH3. The 8S and SK 

constants were estimated by comparing the values calculated in the harmonic force field 

program for 20Ne22Ne-NH3 and 20Ne22Ne-l5NH3 with the 5j and 5K values determined from 

the rotational analysis of these tw o isotopomers. The differences between the calculated 

and fit values were then used to scale the 53 and 5K values calculated in the force field 

program for 2(>Ne:-NH3. All five of the estimated centrifugal distortion constants were 

held fixed in the rotational analysis to determine the three rotational constants. The results 

are summarized in Table 4.6.

The corresponding rotational transitions were measured for the 22Ne:-NH3 and 

20Ne:-15NH3 species. The transitions observed for the :2Ne;-NH3 isotopomer are much
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Table 4.6 Spectroscopic constants for Ne2-NH3 and Ne2-I5NH3.

SOo, ^Nej-NHj :oNe2- l5NHj ^ e j - N H ,

Rotational constants /MHz
A 4755(4) 4753(6) 4689(3)
B 3845.1(6) 3702.0(8) 3819.9(5)
C 2076.6(5) 2033.6(8) 1887.5(5)

Centrifugal distortion constants /M Hz
V 0.706 0.697 0.598

Ajk* -1.153 -1.165 -0.935

V 0.526 0.544 0.411

8.* 0.100 0.102 0.075

8k* 0.097 0.099 0.079

UN quadrupole hyperfine constants /MHz
Xm 0.335(5) 0.347(5)

Xm, -0.056(8) -0.11(3)

Standard deviation /kHz
o 615 761 624

1 Centrifugal distortion constants fixed at values from harmonic force field 
calculation.

weaker than those assigned to the 2aNe containing species and the l4N nuclear quadrupole 

hyperfme splitting was only well-resolved for the lowest J transition. The transition 

frequencies are listed in Tables A4.8 and A4.9 for the 22Ne2-NH3 and 20Ne2-l5NH3 

isotopomers, respectively. The rotational transitions, as well as the l4N nuclear 

quadrupole hyperfme structure for 22Ne2-NH3 species, were fit as described above for 

20Ne2-NH3. The resulting spectroscopic constants are given in Table 4.6.

There is a second metastable internal rotor state for each of the NH3 and ,SNH3 

containing isotopomers which is associated with the E'/E, nuclear spin function for the 

isotopomers under the D3h/G24 molecular symmetry groups, respectively. A broad search 

was conducted for rotational transitions associated with this excited internal rotor state of 

Ne2-NH3 at both higher and lower frequencies than the ground state transitions. No
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transitions were found that met the criteria for the l4N nuclear quadrupole hyperfine 

splitting and the isotopic spacing expected for the 20Ne2, 22Ne20Ne, and 22Ne2 containing 

isotopomers.

c) "‘N e^N D ,

The :oNe2-ND3 isotopomer also belongs to the G24 molecular symmetry group 

(Table A1.3) and the interchange of any two identical deuterium nuclei and the two Ne 

nuclei is governed by Bose-Einstein statistics. For both inversion components of the 

ground internal rotor state, the K, = odd rotational levels have nuclear spin statistical 

weights of zero. Thus, for the 20Ne2-ND3 isotopomer, two a-type spectra consisting of 

transitions between K, = even levels are expected with relative intensities of 10 and 1 for 

the symmetric and antisymmetric inversion states, respectively. The inversion tunnelling 

splitting was anticipated to be small, on the order of that observed for the Ar2-ND3 trimer.

The transition frequencies of the two inversion components of the ground internal 

rotor state of 20Ne2-ND3 are listed in Table A4.10. The more intense transitions appear at 

lower frequency and were assigned to the symmetric state as predicted by the molecular 

symmetry group analysis. The inversion tunnelling splitting is very small; about 20 kHz 

for the = 10,-Oqo transition. As a result, the l4N nuclear quadrupole hyperfine splitting 

patterns overlap for the two states and the assignment had to be done carefully. For the 

symmetric inversion state, four a-type rotational transitions were assigned. Only three 

rotational transitions could be distinguished for the antisymmetric state due to the large 

degree of overlap with the more intense transitions of the symmetric state. The l4N 

hyperfine and rotational analyses were done for each state as described for ^e^-N H j.
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The spectroscopic constants are listed in Table 4.7. The presence of three quadrupolar 

deuterium nuclei did not produce noticeable line broadening or additional splitting of any 

of the rotational transitions.

As for the NH3 and ,5NH3 containing species, there is an excited internal rotor 

state of the ND, containing isotopomer that is metastable since it is associated with the E, 

nuclear spin function. The Coriolis perturbation observed in the Ar-ND3 dimer was

Table 4.7 Spectroscopic constants for :oNe:-ND3, 20Ne2-ND2H, and 20Ne2-NDH2.
K V K U :oNe;-NDj 20N e,-N D :H =°Ne,-NDH:

Rotational constants /MHz
A 4756(11) 4757(7) 475 5b
B 3484(1) 3592.1(9) 3709.9(4)
C 1968(1) 2001.1(9) 2037.0(1)

Centrifugal distortion constants /kHz
A.* 682 689 697

a , k * -1193 -1180 -1166
V 578 562 545
s.* 106 105 103
8 k * 103 101 99

l4N quadrupole hyperfme constants /MHz
X - 0.630(6) 0.529(5) 0.415(12)

-0.06(1) -0.03(1) -0.05(2)
Standard deviation /kHz

o 914 689 382

“•0oi~ '0o<)«

A 4756b 4757*' 4755(6)
B 3483.7(5) 3591.8(3) 3711.0(8)
C 1968.3(1) 2001.3(8) 2037.2(8)
A,* 0.682 0.689 0.697
Aik* -1.193 -1.180 -1.166
V 0.578 0.562 0.545
S.* 0.106 0.105 0.103
8k* 0.103 0.101 0.099
7U> 0.636(8) 0.528(6) 0.439(8)

-0.06c -0.03(1) -0.06(2)
o 481 328 753

a Centrifugal distortion constants fixed at values from harmonic force field calculation. 
b Rotational constant fixed at value from other inversion tunnelling component. 
c Fixed at value from symmetric inversion state.
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smaller than that in Ar-NH3 and it was therefore hoped that the excited internal rotor state 

of 20Ne2-ND3 would be more readily assigned. A broad search for transitions associated 

with this state was conducted at both higher and lower frequencies than the ground state 

but no reasonable candidates were located,

d) 20Ne2-ND2H

The 20Ne,-ND2H isotopomer belongs to the Gg symmetry group (Table A 1.4). The 

total wavefunction must be symmetric with respect to the interchange of the two Ne 

nuclei and the two deuterium nuclei. As in 20Ne2-ND3, the K, = odd rotational levels have 

nuclear spin statistical weights of zero. Thus, the rotational spectrum of 20Ne2-ND2H is 

expected to contain two sets of a-type transitions between 1C, = even levels. The relative 

intensities are predicted to be 6 and 3 for the symmetric and antisymmetric components, 

respectively. Due to the reduced symmetry of ND2H, there is no feasible internal motion 

that interchanges the identical deuterium nuclei. Consequently there are no metastable 

excited internal rotor states of the 20Ne2-ND2H isotopomer.

The rotational spectrum of the ground internal rotor state of 20Ne2-ND2H was 

measured and the frequencies of the transitions within the two inversion states are listed 

in Table A4.11. The observed inversion tunnelling splitting is approximately 300 kHz for 

the JKaK< = 101 'Oq,) transition. The UN nuclear quadrupole hyperfine splitting patterns 

overlap for the two states and the lower frequency, more intense transitions were assigned 

to the sy mmetric state as predicted by nuclear spin statistics. As in the 20Ne2-ND3 

isotopomer. four a-type transitions were assigned for the symmetric inversion state and 

three for the antisymmetric state. The MN hyperfine and rotational analyses were done
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using the method outlined for the 2l)Ne:-NH3 isotopomer. The spectroscopic constants are 

listed in Table 4.7.

e) 20Ne2-NDH:

The :aNe;-NDH: complex also belongs to the Gg molecular symmetry group 

(Table A1.4). The total wavefunction must be symmetric with respect to the operation 

which interchanges the two Ne nuclei and antisymmetric upon exchange of the two 

protons. For both inversion states, the K, = odd rotational levels have nuclear spin 

statistical weights of zero. The expected transitions are a-type between the K, = even 

rotational levels for each of the two inversion states of 2t>Ne2-NDH2. The symmetric and 

antisymmetric inversion components have relative spin weights of 1 and 3, respectively. 

As described for 2l)Ne2-ND2H, only the ground internal rotor state is metastable for 20Ne2- 

NDH2.

The frequencies of the rotational transitions assigned to the two inversion 

components of the ground internal rotor state of 20Ne2-NDH2 are given in Table A4.12. 

The = Iqj-Ooq transitions are split by approximately 906 kHz allowing complete 

spectral separation of the UN nuclear quadrupole hyperfine patterns. The lower frequency 

transitions were assigned to the symmetric inversion state based on the molecular 

symmetry group analysis since they have approximately 1/3 the intensity of the higher 

frequency transitions. Four a-type transitions were measured for the antisymmetric 

inversion state and three transitions were measured for the symmetric state. The spectra 

were fit as described for 20Ne2-NH3 and the resulting spectroscopic constants are given in 

Table 4.7.
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4.4 Ab initio calculations for Ne2-NH3

A b initio calculations were done at the CCSD(T) level of theory using the 

MOLPRO software package.24 The coupled cluster method was chosen since it provides a 

higher level electron correlation treatment than MP4. This is necessary to recover the 

dispersion nonadditivity component of the interaction energy for trimers and larger 

clusters containing nonpolar species.25 As described for Ne-NH3 in Section 3.4, three 

separate potential energy surfaces were constructed for the Ne:-NH3 trimer. These 

correspond to three NH3 umbrella angles: >HNH = 106.67°. >HNH = 113.34°, and >HNH 

= 120.00°. The N-H bond length was held fixed at the experimental value o f 1.01242 A.26 

The interaction energy of the trimer was calculated using the supermolecular approach27 

and the basis sets are the same as those outlined in Section 3.4 for the Ne-NH3 dimer.2*-29 

A set of (3s. 3p. 2d) bond functions was placed at the midpoint of all three van der Waals 

bonds.

The interaction energy was determined as a function of 0, p. <t>, and R (see Figure 

4.6) for each of the three NH3 geometries. To reduce the dimension of the calculation, the 

Ne-Ne van der Waals bond length was fixed at 3.29 A as estimated for the Ne2 dimer.22 

This was assumed to be a reasonable value since the Ne-Ne bond length in other van der 

Waals trimers such as Ne.Ar (3.264 A)30 and Ne2-N20  (3.307 A)31 are in the same range. 

Two different values of P were considered: 0° and 90°, where P is the angle between the 

C3 axis of NH3 and the ab-plane of the complex. For each P value, the distance R was 

varied from 2.75 A to 3.70 A in steps of 0.05 A and the angle 9 was varied between 0° 

and 180° in increments of 30°. These calculations were initially done for two $ values: 0°
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Figure 4.6 Coordinate system of Ne:-NH3 used for the ab initio calculations. R is the 
distance between the center of mass of the Ne. subunit and the nitrogen atom. The 
angle 0 is the angle between the C3 axis o f NH3 and R. When 0 = 0°, the C3 axis of NH3 
is aligned with R and the hydrogen atoms point toward Ne,. P is the angle between 
the ab-plane and the C3 axis of NH3 and is 0° when the C3 axis of NH3 lies in the 
a&-plane. The angle $ describes the orientation of NH3 upon rotation about its C3 axis. 
For the orientation where 0 = 90° and P = 90°, <J> is 0° when one hydrogen atom is 
pointed toward the midpoint o f the Ne-Ne bond and <t> is 60° when a hydrogen atom 
is pointed toward each Ne atom.
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O ' "

(j

h
R
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and 60°. Once the potential energy surface minimum was located as a function of these 

coordinates, the angle, <f> was varied between 0° and 60° in steps of 10° at the 6 and P 

values corresponding to the minimum energy structure. Tabulations o f the ab initio data 

for the Ne2-NH3 trimer are given in Appendix 5, Tables A5.1 - A5.6.

4.5 Discussion

4.5.1 Spectroscopic constants and derived molecular parameters

The microwave transitions observed for the Ar,-NH, and Ne2-NH3 trimers are 

consistent with the isosceles triangular structures shown in Figures 4.1 and 4.3 a). 

Comparison of the rotational constants of the various isotopomers shows that there is 

only a small variation in the rotational constant corresponding to the symmetry axis upon 

isotopic substitution within the NH3 subunit. For example, in the :oNe2-NH3 trimer. AA is 

only 2 MHz upon l5N substitution while B and C change by 143 MHz and 43 MHz, 

respectively. The effect in Ar2-NH3 is even smaller as AB changes by only 2 kHz upon 

l5N substitution. This can be understood by considering the structure shown in Figure 4.1. 

The center of mass of the NH3 molecule lies on the 6-axis and thus NH3 makes only a 

small contribution to the moment of inertia about this axis. In fact, the B constant of Ar2- 

NH3 (1735.3628 MHz) is close to those of Ar2-H20  (1731.7811 MHz)8 9 and Ar2 (1733.1 

MHz).10 11 This suggests that the NH3 subunit does not significantly contribute to the B 

rotational constant which is plausible if NH3 undergoes nearly free internal rotation.

The ,4N nuclear quadrupole hyperfine splitting observed in the spectra of several 

isotopomers proved to be an invaluable tool in the assignment of the rotational
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transitions. The nuclear quadrupole coupling constants obtained from fitting the spectra 

depend on the orientation of NH3 within the complex and are also averaged over the large 

amplitude motions of NH3 As described in Chapter 3, an effective orientation of NH3 

within a van der Waals complex can be estimated using the expression: Xu ~ Xo(3cos20 

-1), where Xo is the quadrupole coupling constant of the free NH3. For Ar2-NH3, the Xw> 

value is needed to determine the angle between the C3 axis of NH3 and the 6-axis o f the 

trimer and for Ne2-NH3, the Xmm value is used. The angles calculated from this expression 

are given in Table 4.8 for the various isotopomers along with the Legendre factors, 

(P2(cos0)) = '/2<3cos20 -1). The Legendre factors are small compared to those of other 

NH3 containing van der Waals complexes such as NH3-HCN (0.817),32 NH3-C02 

(0.776),33 and NH3-H20  (0.768)34 which suggests that the NH3 moiety continues to 

undergo large amplitude motions despite being bound to two Rg atoms. The Legendre 

factor increases with deuterium substitution in the trimer complexes. For example, the 

values for the 20Ne2 containing trimer are: -0.082(NH3), -0.107 (NDH2), -0.129 (ND2H), 

and -0.156 (ND3). The same trend was reported for the Rg-NH3 dimers and was 

attributed to the larger tunnelling mass and lower zero point energies of the heavier 

isotopomers. Comparison of the x*, values obtained for the Ne2-NH3 trimers shows an

Table 4.8 Estimated orientation of ammonia in the Ar2-NH3 and Ne2-NH3 trimers.

s o 0i -NH3 -n d h 2 -n d 2h -n d 3

Ar: 0
< P ,(c o s 0 ) >

63.07117.0°
-0.190

64.07116.0°
-0.211

64.97115.1° 
-0.230

66.17113.9°
-0.253

20Ne, 0 58.17121.9° 59.27120.8° 60.27119.8° 61.47118.6°
< P ;(COS0)> -0.082 -0.107 -0.129 -0.156
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increase of 20 % - 25 % for each isotopomer relative to the x«, value of the corresponding 

Ne-NHj isotopomer. For Ar:-NH3, the change is even more dramatic as the Xn> values 

increase by 50 % - 125 % in comparison to the value of the Ar-NH3 dimer. The 

consistency of this trend across the various isotopomers suggests that there are discernible 

differences in the internal motions of NH3 in the trimer and dimer complexes. The larger 

X values in the former suggests that internal rotation of NH3 in the 6 coordinate is 

comparatively more hindered in the trimer. This may be physically explained by the 

creation of a more anisotropic environment for the NH3 molecule when bound to two Rg 

atoms compared to one.

The centrifugal distortion constants determined for the 20Ne22Ne-NH3 and 

2(>Ne22Ne-l5NH3 species are relatively large, on the order of hundreds of kHz. suggesting 

that the trimers are quite flexible. In fact, the relatively large (observed - calculated) 

values from the rotational fits are indicative of the inadequacy of the semi-rigid rotor 

Hamiltonian for these systems. This is further supported by the size of the inertial defects, 

= Ic ~ 1b “ 1a- which should be zero for the ground state of a planar rigid molecule.35 For 

20Ne22Ne-NH3, \  is 5.831 amu A2. The 20Ne22Ne-NH3 trimer is not strictly speaking a 

planar molecule, since the three hydrogen atoms lying outside the ab-plane also 

contribute to the inertial defect. If the masses of the three hydrogen atoms are considered 

to be delocalized over the surface of a sphere with a radius of the N-H bond length, the 

contribution of NH:, to the planar moment. Pc, is 1.025 amu A2. The contribution to the 

inertial defect is - 2.05 amu A2 since Pc = - Vz&0. Thus, the hydrogen atoms outside the ab- 

plane lower the experimentally determined inertial defect and the corrected may
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actually be on the order of 8 amu A2. This is larger than the inertial defects determined for 

the 2aNe2Ar and 20Ne2MKr trimers, 6.127 amu A2 and 6.168 amu A2, respectively.36 22 

Assuming planarity for Ar2-NH3, the inertial defect is smaller, 3.535 amu A2, which is 

similar to that reported for Ar2-H20 , 3.542 amu A2.*-9 With the inclusion of the out-of

plane hydrogen contribution, the inertial defects increase to 5.585 amu A2 and 4.760 amu 

A2 for Ar2-NH3 and Ar2-H20 . respectively. By comparison, chemically bound molecules 

have considerably smaller inertial defects. For example, the inertial defect of water is

0.0486 amu A2.35 Due to the non-rigidity of the van der Waals trimers, the rotational 

constants should be regarded as highly averaged over large amplitude zero point 

vibrational motions and it is therefore difficult to extract accurate structural information 

from the microwave spectra alone. If the NH3 is treated as a sphere, moment of inertia 

equations can provide an estimate of the effective van der Waals bond lengths.®9 This 

approach neglects the contribution of the hydrogen atoms since the NH3 subunit is treated 

as a point mass. For Ar2-NH3. the moment of inertia equations are: Ia = pcR \ Ib = I(Ar2) = 

'/imr. Ic = '/imr+PcR2: where |ic is the pseudodiatomic (Ar2,NH3) reduced mass of the 

trimer, m is the mass of Ar. r is the Ar-Ar distance, and R is the center of mass distance 

between Ar2 and NH3. The expressions for I. and lb are interchanged for the Ne2-NH3 

trimer. The Rg-NH3 bond length can be calculated trigonometrically from the values of r 

and R. The Rg-Rg and Rg-NH3 bond lengths calculated for the trimers are compared with 

the dimer values in Table 4.9. The Rg-Rg and Rg-NH3 bonds decrease by 0.001 A - 0.03 

A in the trimers relative to the corresponding dimers. This suggests that while pairwise 

additive contributions dominate the total interaction energy, three body nonadditive
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Table 4.9 Comparison of bond lengths (A) for various van der Waals dimers and trimers.
trimers dimers

R(RG-X) r(RG-RG) R(RG-X) r(RG-RG)

Ar.-NH, 3.835 3.818 3.836* 3.82 lb
Ar.-H.O" 3.687 3.822 3.6907d
Ar,-Nec 3.595 3.818 3.607*

Ne;-NH, 3.695 3.260 3.723 3.29*
Ne.-Ar* 3.590 3.264 3.607f

* Reference 19. 
b Reference 10,11. 
c Reference 8, 9.
d G. T. Fraser, A. S. Pine, R. D. Suenram. and K. Matsumura, J. Molec. Spectrosc.

144, 97(1990).
' Reference 36.
f J. -U. Grabow. A. S. Pine, G. T. Fraser, F. J. Lovas. T. Emilsson. E. Arunan. and

H. S. Gutowsky, J. Chem. Phys. 102. 1181 (1995).

effects are also involved. A similar reduction in the van der Waals bond lengths were 

reported for the Ar;-H;0 ,8 q Ar;-Ne. and Ne,-Ar trimers36 as shown in Table 4.9. 

Conversely, the Rg-Rg bonds are lengthened in van der Waals trimers that involve linear 

molecules as reported for AtyHCl.1 Ar2-OCS.j7 Ar2-C 02.38 Ar2-N20 , and Ne2-N20 .31 This 

disparity demonstrates the need for further spectroscopic and theoretical studies to fully 

understand the nature of individual nonadditive contributions as a function of the 

properties of the molecular substituents.

4.5.2 Inversion tunnelling

Inversion tunnelling splittings were observed in the ground state rotational spectra 

of the deuterated Ar2-NH3 and Ne2-NH3 trimers. as reported in Chapter 3 for the 

deuterated Rg-NH , dimers. Since the rotational constants of the 20Ne2 containing
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isotopomers were not well determined, the most instructive comparison of the inversion 

tunnelling splittings for these isotopomers is to consider the spacing between the two 101- 

®oo (a-type) transitions, whose frequencies are approximately equal to (B+C), instead of 

comparing the differences in rotational constants. These transitions are split by 19.9 kHz,

298.1 kHz, and 906.2 kHz in :oNe2-ND3, -ND2H, and -NDH, respectively. The magnitude 

of the splitting increases with successive hydrogen substitution which is in agreement 

with the inversion tunnelling splittings reported for the Rg-ND3, -ND2H, and -NDH, 

dimers in Chapter 3. The same trend is observed upon comparison of the energy 

difference between the two inversion states of the free monomers: 1.6 GHz (ND3), 5 GHz 

(ND2H). and 12 GHz (NDH,).3*4 The small inversion tunnelling splittings in the 20Ne2 

containing trimers suggest that the two inversion states lie close in energy in each of the 

deuterated isotopomers. This is further supported by the observed I4N nuclear quadrupole 

hyperfine splitting since the x« and Xm, values are the same within experimental error for 

both inversion states of the deuterated isotopomers of Ne2-NH3. For the Ar2-NH3 trimer, 

the 1 ,1-Oqo (6-type) transition, with a transition frequency of approximately (A+C), is split 

by 165.1 kHz. 36.1 kHz, and 712.0 kHz, for the isotopomers containing ND3, ND2H, and 

NDH2, respectively. The increase in the inversion tunnelling splittings between the ND,H 

and NDH2 species follows the expected trend, but the magnitude of the splitting observed 

in the Ar2-ND3 isotopomer is anomalously large by comparison. If the relative positions 

of the two inversion split 1 ,,-Oqo transitions are considered, however, the magnitudes and 

signs of the inversion tunnelling splittings (antisymmetric - symmetric state) are 

consistent with the expected trend since the symmetric state transitions are found at
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higher frequency in Ar:-ND3. Thus, the inversion tunnelling splittings in Ar,-ND3, - 

ND2H. and -NDH: should actually be reported as: -165.1 kHz, 36.1 kHz, and 712.0 kHz, 

respectively.

A comparison of the inversion tunnelling splittings observed for the deuterated 

Rg2-NH3 and Rg-NH3 complexes is easily drawn. The dimers were fit to a diatomic model 

yielding the rotational constant B or '/^B+C). It is therefore simple to compare the 

difference in (B+C) for the deuterated Ne-NH3 dimers and deuterated Ne2-NH3 trimers 

and this comparison is valid since the B and C axes are perpendicular to the symmetry 

axes in both complexes. For the Ne-ND3, -ND2H. and -NDH, dimers, the inversion 

splittings in (B+C) are larger: 55.0 kHz. 407.6 kHz, and 1082.2 kHz, than in the 

corresponding Ne containing trimers: 19.9 kHz. 298.1 kHz. and 906.2 kHz. respectively. 

For the Ar2-NH3 trimer. the comparison of tunnelling splittings is made between (B+C) of 

the deuterated Ar-NH3 dimers and (A+C) of the deuterated Ar2-NH3 trimers since the a- 

and c-axes are perpendicular to the symmetry axis of Ar2-NH3. The inversion splittings 

are then -63.0 kHz. 271.6 kHz. and 1101.0 kHz in the Ar-ND3. Ar-ND2H. and Ar-NDH2 

dimers and -165.1 kHz. 38.3 kHz. and 716.7 kHz in the corresponding Ar: containing 

trimers. respectively. It is tempting to suggest that the smaller inversion splittings 

observed for the trimers relative to the dimers is an indication that the inversion motion is 

more hindered in the trimer. This statement must be made with caution for several 

reasons. First, the magnitude of the rotational constants of the various dimer and trimer 

complexes have not been considered. These are very different because of the different 

masses and structures involved and any comparison would need to take this into account.
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Secondly, the observed tunnelling splittings are not a direct measure of the energy 

differences between the two inversion states and should instead be regarded as general 

indicators of the relative energy splittings of the inversion states. The fact that inversion 

tunnelling splittings were observed for the trimers is an important result in itself. This 

provides physical evidence of the minimum energy structures of the complexes. The 

inversion motion is expected to be quenched if the potential along the inversion 

coordinate is not symmetric.17 Thus, the observation of two inversion components in the 

spectra of the deuterated Ar:-NH3 and Ne:-NH3 species points to structures in which the 

C3 axis of NH3 is. on average, perpendicular to the symmetry axis of the respective trimer.

4.53 Ab initio potential energy surfaces of Ne,-NH3

The potential energy surface minimum for the Ne2-NH3 trimer is - 131.1 cm'1 for 

the experimental equilibrium geometry of NH3 (<HNH = 106.67°) at the CCSD(T) level 

of theory. The structural coordinates at this minimum energy are R = 3.10 A. 0 = 90°, f} = 

90°. and 4> = 60° (Figure 4.6) which corresponds to a trimer structure in which the C3 axis 

of NH3 is perpendicular to the aft-plane with two hydrogen atoms pointed toward the two 

Ne atoms. The same relative orientation of NH3 was found for the other two surfaces with 

minima of -130.9 cm 1 (<HNH = 113.34°) and -130.6 cm'1 (<HNH = 120.00°) at R 

values of 3.10 A and 3.15 A, respectively. From this minimum energy orientation, the 

barrier to internal rotation of NH3 about its C3 axis is 4.5 cm'1 through the <J> =0° position 

for the equilibrium NH3 geometry . The minimum energy path between <J> = 0° and <t> =

60° requires no change in the radial coordinate, R. For rotation in the 0 coordinate, the
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highest barriers exist at 0 = 0° and 0 = 180° for the two nonplanar geometries of NH3. The 

barriers are 39.7 c m ‘/29.8 cm'‘(0°/180°) and 45.5 cm '/35.9 cm'1 for the <HNH = 106.67° 

and <HNH = 113.34° NH3 geometries, respectively. For the planar geometry of NH3. the 

barrier is 42.3 cm '1 through 0 = 0° and 0 = 180° due to symmetry.

The main topological features of the Ne-,-NH3 potential energy surfaces can be 

compared with those of Ne-NH3 reported in Section 3.5.4 at the CCSD(T) level of theory. 

For Ne-NH3, the minimum energy (-63.20 cm'1) geometry is that in which the C3 axis of 

NH3 is aligned perpendicular to the van der Waals bond with two hydrogen atoms pointed 

toward the Ne atom. The barrier for internal rotation of NH3 in the <t> coordinate of the 

dimer is 17.6 cm 1 at the CCSD(T) level o f theory which is almost a factor of four greater 

than the equivalent motion in the trimer (4.5 cm'1). This internal rotation is a tunnelling 

motion in which the NH3 rotates about its C3 axis and corresponds to the £1, excited 

internal rotor state. The smaller barrier for the internal rotation tunnelling motion in the 

trimer complex suggests that the two metastable internal rotor states (I00 and I I ,) are 

separated by a greater energy in Ne2-NH3 than in Ne-NH3. The corresponding tunnelling 

splitting is thus expected to be larger in the trimer spectrum. This increases the 

uncertainty in predicting the frequencies o f the excited internal rotor state transitions and 

may explain why the I I , state transitions were not observed for the trimers. In contrast, 

the barriers for internal rotation of NH3 in the 0 coordinate (through 0 = 07180°) are 

several wavenumbers smaller in the Ne-NH3 (33.0 cm ‘/26.0 cm'1 and 36.4 cm'V29.9 cm'1 

for the <HNH = 106.67° and <HNH = 113.3° surfaces, respectively) than in Ne2-NH3. The 

minimum energy paths from 0 = 0° to 0 = 180° are compared for the Ne-NH3 and Ne2-
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NH3 complexes (<HNH = 106.67°) in Figure 4.7 at the CCSD(T) level of theory. The 

minimum energy path requires 0.4 A of radial variation for the trimer and 0.5 A for the 

dimer. The potential well is more anisotropic for Ne2-NH3 suggesting that there are 

distinct differences in the angular dependencies o f the dimer and trimer complexes. The 

dimer potential well is shallower and narrower than the trimer potential well. The 

narrower well leads to higher zero point energies for the dimer and consequently, a higher

Figure 4.7 Comparison of the minimum energy [CCSD(T)] paths of the Ne-NH, dimer 
(- - ▲- -) and the Ne,-NH,(—• —) trimer calculated at the CCSD(T) level of theory as 
a function of the 0 coordinate for <J> = 60°, P = 90°, <HNH = 106.67°. The global 
minimum of each curve was set to 0.0 jiE,, and the other energies along the minimum 
energy paths were adjusted accordingly.
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tunnelling probability. This effect combined with the smaller barriers through 0 = 0° and 0 

= 180° for the Ne-NH3 dimer suggest that internal rotation in the 0 coordinate is 

comparatively less hindered in the dimer than in the trimer. This is experimentally 

manifested in the smaller x*, values of the dimer complex relative to the trimer.

The minimum energy paths calculated for the trimer from 0 = 0° to 0 = 180° are 

compared for the three different NH3 internal geometries in Figure 4.8 for the P = 90°/<f> =

Figure 4.8 Comparison of the minimum energy [CCSD(T)] paths of Ne:-NH, as a 
function of the 0 coordinate for <j> = 60°, P = 90°. Each curve represents a different 
umbrella angle of NH,: <HNH = 106.67° (—# —), <HNH = 113.34° (— ■ — ), and 
<HNH = 120.00° ( - -  ▲- -).
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60° orientation. The equilibrium geometry of NH3 has the shallowest, broadest potential 

well and the planar geometry, the deepest, narrowest well. The interaction energies are 

the most similar between 0 = 60° to 0 = 90° suggesting that the internal geometry of NH3 

has little influence at these orientations. In contrast, the largest differences in the 

minimum energy paths occur at 0 = 0° and 0 = 180° when the C3 axis of NH3 is aligned 

with the symmetry axis of the trimer. This is in close agreement with the ab initio 

potential of Ne-NH3 and with the experimental observation that the NH3 inversion is 

quenched in the n  internal rotor states of Ar-NH3 and barely affected in the X states.17 40 

The ground internal rotor state reported here for Ne2-NH3 corresponds to a X state and the 

minimum energy paths plotted in Figure 4.8 support the notion that the presence of two 

Ne atoms does not quench the NH3 inversion as long as the inversion motion samples a 

symmetric environment. The spectral evidence for this lies in the observation of inversion 

tunnelling splitting in the spectra of the deuterated isotopomers of Ne2-NH3.

The dependence of the interaction energy on R, the distance between the center of 

mass of Ne2 and nitrogen, is shown in Figure 4.9 for two different 0 orientations of NH3:

0 = 90° and 0 = 180°. at (3 = 90°/<|> = 60° for the three NH3 monomer geometries. In Figure

4.9 a), the potential energy curves are very flat in the radial coordinate around the 

minimum energy orientation: R = 3.10 A. 0 = 90°. p = 90°, and <f> = 60°. The distance R =

3.10 A corresponds to a Ne-NH3 van der Waals bond length of 3.51 A which is longer 

than the theoretical value extracted from the potential energy surface of the Ne-NH3 

dimer (3.35 A) in Chapter 3. This contradicts the experimentally derived bond lengths 

which were consistent with a shortening of the Ne-NH3 bond in the trimer relative to the
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Figure 4.9 Comparison of the interaction energy [CCSD(T)] of Ne.-NH, as a 
function of the R coordinate for three different umbrella angles of NH,: 
<HNH = 106.67° (—• —), <HNH = 113.34° (- -), and <HNH = 120.00°
(- - ▲- -). The NH, orientations correspond to: a) 0 = 90°, $ = 60°, P = 90° 
and b) 6 = 180°, * = 60°,p =90°.
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dimer. Furthermore, the theoretically determined Ne-NH3 bond length (3.51 A) in Ne2- 

NH3 is shorter than that estimated from the rotational constants (3.695 A). This 

discrepancy is mainly due to the fact that the experimental value is highly averaged over 

the zero point vibrational motions of the complex as seen by the large inertial defects of 

the trimers. The flexibility of the complex is intrinsically linked to the flatness in the 

radial coordinate predicted by the ab initio calculations. The potential energy curves in 

Figure 4.9 a) are relatively insensitive to the NH3 monomer geometry with the greatest 

discrepancy appearing at small R values. By comparison, the internal geometry of NH3 

has a much greater effect on the interaction energy for orientations that are further from 

the minimum energy structure, such as 0 = 180° (Figure 4.9 b). As R increases, the 

interaction energy becomes less dependent on the NH3 geometry and the 6 orientation as 

expected.

The <(> dependence (4> = 0°/<J> = 60°) of the interaction energy is shown in Figure

4.10 as a function of R for two different orientations of NH3: P = 0° and P = 90°, at 0 = 

90°. The similarity of the plots in Figure 4.10 a) corresponding to <f> =0° and <f> = 60° 

demonstrates that the interaction energy is relatively insensitive to the angle $ near the 

minimum energy p/0 orientation of NH3. This is in strong contrast to the analogous 

potential energy curves of the Ne-NH3 dimer which reveal a strong $ dependence near the 

minimum energy orientation of NH3. Figure 4.10 b) shows a much greater <f> dependence 

for the trimers at the P = 0° orientation of NH3 when 0 = 90°. An increased sensitivity to <f> 

is actually observed for each 0 value between 30° and 150° when the potential energy 

curves are compared for P = 0° and P = 90°. This occurs because at the P = 0° orientation,
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Figure 4.10 Comparison of the interaction energy [CCSD(T)] of Ne:-NH, as a 
function of the R coordinate for two different <f> orientations: <t> = 0° and
<)> = 60° (—# —). The NH, orientations correspond to: a) 0 = 90°, P = 90° and b) 
0 = 90°, p = 0°.
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there is always one hydrogen atom lying in the ah-plane with the Ne? subunit for <f> = 0° 

and $ = 60°. The <t> = 0° potential energy curve is more repulsive at small 0 values since 

this hydrogen atom points towards Ne? at this orientation. As expected, the $ and (3 

dependences decrease for larger R separations.

4.6 Concluding remarks

The first high resolution spectra of the Ar?-NH3 and Ne?-NH3 complexes were 

reported. The asymmetric top rotational spectra described correspond to the ground 

internal rotor states of the two trimers. The van der Waals bond lengths derived from the 

rotational constants reveal the presence of three body nonadditive contributions to the 

weak interaction. The three body effects are highly dependent on the nature of the 

molecular substituent and therefore, the measurement of high resolution spectra for a 

broad range of van der Waals trimers is necessary to elucidate the functional form of 

various three body terms. Furthermore, the microwave spectra reveal that the NH3 

molecule continues to undergo large amplitude internal motions when bound to two Rg 

atoms. This is supported by the small l4N nuclear quadrupole coupling constants 

determined for the various isotopomers of the two trimers. Inversion tunnelling splittings 

were observed for each of the deuterated isotopomers which provides physical insight 

into the structures of the complexes. The observation of inversion doubling indicates that 

the NH3 is oriented such that its C3 axis is, on average, perpendicular to the trimer 

symmetry axis. This is in accord with the minimum energy structure predicted by the ab 

initio calculations of Ne?-NH3 and is further reinforced by the determination that the
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potential minimum is insensitive to the NH3 monomer geometry. Furthermore, the 

potential energy surfaces are very flat in the radial coordinate in the region around the 

potential minimum. This reinforces the experimental determination of large inertial 

defects for the Ne2-NH3 complex. Comparison of the potential energy surfaces of Ne2- 

NH3 with those of Ne-NH3 provide insight into differences in the internal dynamics of 

NH3 in the two complexes. For example, the barrier to internal rotation of NH3 about its 

C3 axis is significantly smaller in the trimer than in the Ne-NH3 dimer. In contrast, the 

barriers are larger for rotation in the 0 coordinate of the trimer than in the dimer. This is 

linked to the experimental observation of larger >4N nuclear quadrupole coupling 

constants in the trimer complexes. Thus, the ab initio studies have been extremely useful 

in identify ing differences in the anisotropies of the weak interactions of the Rg, 2-NH3 

complexes. These variations are reflected in the rotational spectra of the Rg-NH3 and Rg2- 

NH3 complexes since the spectra are highly averaged over different large amplitude 

motions of the NH3 moiety.
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CHAPTER 5

Investigation o f the Rgj-NHj van der Waals tetramers: 
Rotational spectra and ab initio  calculations

5.1 Introduction

The ability to produce larger van der Waals clusters in a molecular beam 

expansion affords the opportunity to extend the study of three body nonadditive effects to 

higher orders. For example, several tetramer complexes of the Rg3-molecule type have 

been investigated in the microwave region. The first of these to be studied involved the 

linear molecules HF.1: HC1,3 and HCN4 partnered with Ar;. The symmetric top spectra 

observed correspond to structures in which the three Rg atoms form an equilateral 

triangle and the linear molecule is weakly bound to one face with the hydrogen end 

pointed towards the Rg atoms. Recently, spectra of Ar3-H;X type complexes (X = O, S)5 

were reported. Despite the C2v symmetry of the H20  and H2S subunits, the observed 

spectra were also those of symmetric top complexes. This was attributed to large 

amplitude internal motions of the molecular substituent within the cluster, leading to a 

symmetric averaging about the C3 axis of the tetramer.

Chapters 3 and 4 described the structures and dynamics of the Rg-NH3 and Rg2- 

NH3 complexes. A microwave investigation of the Rg3-NH3 tetramers is the next step in 

the study of the solvation of NH3 with Rg atoms. The spectra contain valuable 

information about three and four body nonadditive effects and provide further insight into 

the effect of the Rg atom cluster size on the internal motions of NH3. An ab initio study
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of Ne3-NH3 promises to provide a useful comparison with the experimental results of the 

tetramer complex and with the previously described potential energy surfaces of Ne-NH3 

and Ne;-NH3.

The current chapter describes the first high resolution microwave spectra of five 

isotopomers of Ar3-NH3 and eleven isotopomers of Ne3-NH3. The spectra are assigned to 

the ground internal rotor states of the two quaternary complexes. The l4N nuclear 

quadrupole hyperfine structure and inversion tunnelling splitting are analyzed and 

discussed in terms of the structures and dynamics of the tetramers relative to the Rg-NH3 

dimers and Rg;-NH3 trimers. Three ah initio potential energy surfaces were constructed 

for Ne3-NH3 at the CCSD(T) level of theory. The theoretical results are described and 

compared with the observed tetramer spectra. Furthermore, comparisons are made with 

the potential energy surfaces of Ne-NH3 and Ne2-NH3 in Chapter 3 and 4. respectively.

5.2 Experimental Method

The rotational spectra of the Ar3-NH3 and Ne3-NH3 tetramer complexes were 

recorded between 4 GHz and 17 GHz using the microwave spectrometer described in 

Chapter 2 and Section 3.2. The complexes were produced in a molecular beam expansion 

of a gas mixture through a pulsed nozzle with an orifice diameter of 0.8 mm (General 

Valve Corp.. Series 9). The gas sample was prepared at room temperature and consisted 

of approximately 0.5 % NH3 and 5 % Ar using Ne as a backing gas to obtain a total 

pressure of 12 atm for Ar3-NH3. To record the spectra of Ne3-NH3. no argon gas was 

added to the sample system. The 22Ne containing species were measured in natural
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abundance (8.82 % ::Ne). Isotopically enriched samples were used to record the spectra 

of the 15N (Cambridge Isotopes: 98 % l5NH3) and deuterium (Cambridge Isotopes: 99 % 

ND3) containing isotopomers. The intensity of the ND2H and NDH, containing species 

increased dramatically after the ND3 containing gas mixture was left in the sample system 

for several hours.

53  Spectral search and assignment

The combined microwave spectroscopic and ab initio studies of the Rg,-NH3 

complexes in Chapter 4 demonstrated that the internal rotation and inversion of the NH3 

molecule is not significantly hindered when bound to two Rg atoms. If the NH3 moiety 

continues to undergo large amplitude motions in the Rg3-NH3 tetramer complexes, the 

rotational spectra observ ed will be those of symmetric tops provided all three Rg atoms 

are the same. If composed of at least two different Rg atoms, the tetramer complexes are 

asymmetric tops. The allowed transitions of each species can be determined via molecular 

symmetry group theory.6

5.3.1 Isotopomers of Ar3-NH3

The rotational spectrum of Ar3-NH3 was predicted to be that of an oblate 

symmetric top similar to that reported earlier for Ar3-H:0 .5 Figure 5.1 shows the 

geometry of the Ar3-NH3 tetramer in the principal inertial axis system. The energy levels 

of a symmetric top are labelled with the quantum numbers JK and the selection rules for 

rotational transitions are: AJ = ±1. AK. = 0. The van der Waals bond lengths were
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Figure 5.1 Geometry o f the Ar3-NH, oblate symmetric top in the principal inertial
axis system. q

•  • •

» a

estimated through comparison of the structures determined for other Ar3-molecule van 

der Waals complexes. For example, the Ar-Ar bond length is relatively constant in the 

Ar, containing tetramers with HC1 (3.851 A),1 2 HCN (3.85 A).4 and H20  (3.848 A)5 and 

was assumed to be similar in Ar3-NH3. The Ar-NH3 bond length was approximated to be 

equal to the dimer value (3.836 A)7 since in complexes such as Ar3-Ne.* the Ar-Ne bond 

lengthens by only 0.003 A in the tetramer relative to the dimer.9 From the estimated 

structure, the B constant w as predicted within 4 MHz of that determined in this work for 

Ar3-NH3. For the previously studied Ar3-molecule complexes, only transitions 

corresponding to levels with K. = 3n (n = 0. 1 ,2 ....) were observed. A similar spectrum 

was expected for AiyNH, and the presence and absence of energy levels was verified by
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a molecular symmetry group theoretical analysis6 which is summarized in Table 5.1.

a) Ar3-NH3 and Ar3-,5NH3

The complete nuclear permutation inversion group for Ar3-NH3 is G72, the direct 

product of the C3v(Ar3) and D3h(NH3) molecular symmetry groups. After labelling the

Table 5.1 Summary of molecular symmetry' group theory analysis for the metastable 
states of the Rg3-NH3 isotopomers.

Rg3-NH3 Rg3-ND3 Rg3-ND2H Rg3-NDH2

Molecular symmetry group g 36 G3ft G |2 G j2

Total symmetry required* a ;/a 4 a ,/a 3 A.’/A,' A,7A2"

Nuclear spin symmetry6 4A,©2E, 10A,®A3®8E, 6A,'®3A," 3A,'®A,"

Rotational symmetry
K=0 (even J/odd J) a ,/a 3 A,7A:’
K=3n A|®A3 A,'®A,'
K*3n e3 E'

NH3 inversion symmetry symmetric/antisymmetric
A,/A4 A,7A,"

NH3 internal rotation ground state/first excited state
symmetry A,/E, n/a

Rovibrational symmetry* SO* £o0. Sl„ SOo, £0o.
K=0 (even J/odd J) A,/A3 A4/A; e ,/e 2 A,'/A,' A2"/A,"
K=3n a ,®a 3 A4©A-> E,®E, A|'ffiA2' A,"®A,"
K*3n e 3 E4 ‘ G E' E"

Predicted nuclear spin M o •vo -V10s*“  0«-“ 1 Is ^ : I 0 Ol
statistical weights 0:4:2 10:1:8 6:3 1:3

* refers to the symmetry of the total wavefunction upon exchange of identical fermions or 
bosons.

b refers to the symmetry of the nuclear spin function of the identical hydrogen or 
deuterium nuclei only. 

c includes the NH3 inversion and NH3 internal rotation symmetries.
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three Ar atoms (1. 2, 3) and the three hydrogen atoms (A, B, C), 72 permutation 

operations can be carried out which produce 72 differently labelled combinations of Ar 

and hydrogen nuclei within the tetramer. These 72 distinct versions can be generated 

using various combinations of feasible motions of the Ar3-NH3 complex. These feasible 

motions include rotations of the entire complex as well as tunnelling motions of the 

substituents within the complex such as the NH3 inversion motion. To simplify the 

analysis, the elements requiring a change in the handedness of the Ar3 ring were removed 

since no evidence of this tunnelling motion was found in the spectra or in previous 

studies of other Ar3 containing tetramers. This reduction permits the use of the G36 

character table (Table A 1.5). The total wavefunction is of A: or A4 symmetry since it 

must be symmetric with respect to the interchange of any two Ar nuclei and 

antisymmetric with respect to the interchange of any two hydrogen nuclei. The eight 

nuclear spin states of the three hydrogen atoms span the representation: 4A,s2E,. The 

vibrational symmetries of the symmetric and antisymmetric inversion states are A, and 

A4. respectively. The symmetries of the symmetric rotor wavefunctions for the ground 

internal rotor state alternate as A,/A3 for even/odd J values when K = 0. Only the 

antisymmetric state has the correct rovibrational symmetry to combine with the nuclear 

spin function symmetry to achieve the required total symmetry. A, or A4. The symmetric 

inversion state has a nuclear spin statistical weight of zero. When K = 3 (or a multiple of 

3). the rotational wavefunction has A,©A3 symmetry for each J and, as in the case of K = 

0, only the antisymmetric inversion component is expected to be observed. For the K *

3n (where n = 0, 1.2,...) levels, the rovibrational symmetries are E3 (symmetric) and E4
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(antisymmetric) and both inversion states have nuclear spin statistical weights of zero. 

Thus, the spectra of these isotopomers are expected to contain rotational transitions 

between levels with K. = 3n (n = 0, 1,2,...) corresponding to the antisymmetric inversion 

component of the ground internal rotor state. The predicted energy level diagram for an 

oblate symmetric top is shown in Figure 5.2.

In total, 11 transitions of the Ar3-NH3 isotopomer were measured and the 

frequencies are listed in Appendix 6 (Table A6.1). The lowest J transition, JK = I0-O0, is 

beyond the lower limit of the microwave spectrometer (4 GHz). The measured transitions 

were assigned to the antisymmetric inversion component of the ground internal rotor state 

of Ar3-NH3. As predicted by the molecular symmetry group analysis, only states with K = 

3n (n = 0. 1. 2) were observed. The assignment of transitions to the K = 0, K. = 3, and K = 

6 progressions was confirmed by the observation that the second progression began for 

transitions originating in levels where J = 3 and the third appeared only for the transition 

originating in J = 6. The K = 0 transitions appear at lower frequency than the K = 3 and K. 

= 6 transitions, corresponding to a negative DJK constant, confirming that Ar3-NH3 is an 

oblate symmetric top. Nuclear quadrupole hyperfine structure arising from the l4N 

nucleus was resolved for the two lowest J transitions observed. The UN hyperfine and 

rotational analyses were done simultaneously using a standard symmetric top energy level 

expression in Pickett's global fitting program.10 The resulting spectroscopic constants are 

given in Table 5.2.

The analogous 11 rotational transitions were measured for the Ar3-15NH3 

isotopomer and the corresponding transition frequencies are listed in Table A6.2. The
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Figure 5.2 Predicted energy level diagram for the Ar3-NH, oblate symmetric top. The 
dotted line denotes the energy levels with nuclear spin statistical weights of zero.
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Table 5.2 Spectroscopic constants for Ar3-NH3 and Ar3-15NH3.
I 0 0a Ai-j-NHj Atj-15NHj

Rotational constant /MHz
B 1145.8853(1) 1127.3190(1)

Centrifugal distortion constants /kHz
D, 6.4(1) 6.1(1)
Djk -3.6(1) -2.9(1)

MN quadrupole hyperfine constant /MHz
0.1458(15)

Standard deviation /kHz
o  6.5 1.2

spectroscopic constants were fit as described above and the results are given in Table 5.2. 

Comparison of the intensities revealed that the JK = 43-33 transition is more intense than 

the 40-30 transition. This is in accord with the oblate symmetric top energy level diagram 

shown in Figure 5.2. The K = 3 energy levels are lower in energy than the K = 0 energy 

levels and thermal relaxation can occur between them. The same intensity phenomenon 

was noted for the other isotopomers but accurate intensity comparisons were hindered by 

the presence of the l4N nuclear quadrupole hyperfine splitting.

There is a second metastable internal rotor state for Ar3-NH3 and Ar3-I5NH3 that is 

associated with the E, nuclear spin function. The allowed transitions within this state are 

predicted to have half the intensity of the ground state transitions due to nuclear spin 

statistics. The positions of these transitions cannot be predicted from the ground state 

spectrum and thus a spectral search was carried out at both higher and lower frequencies 

than the ground state transition frequencies. The search proved to be very difficult since 

the tetramer signals were weak. In the end, no transitions were found that could be 

assigned to the excited internal rotor state based on the expected intensity and l4N nuclear
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quadrupole hyperfine splitting,

b) Arj-NDj

Using the G36 character table as for Ar3-NH3, the symmetries of the rovibrational 

wavefunctions of Ar3-ND3 are the same as for Ar3-NH3 in the ground internal rotor state. 

The interchange of any two Ar nuclei or deuterium nuclei is governed by Bose-Einstein 

statistics. It can be shown for the ground internal rotor state that the K. = 3n (n = 0, 1,2,

...) energy levels have nonzero nuclear spin statistical weights for both inversion 

components. The relative intensities of the symmetric and antisymmetric state transitions 

are predicted to be 10 and 1, respectively. The K * 3n levels are missing due to nuclear 

spin statistics. The inversion components were expected to be closely spaced in the 

microwave spectrum as seen previously in the RG-ND3 and RG2-ND3 species. For the 

Ar3-ND3 tetramer, it was unclear whether the presence of three Ar atoms would 

appreciably hinder the ND3 inversion and thus whether two sets of rotational transitions 

could be resolved. With careful measurement however, both inversion components were 

observed and assigned for the ground state of Ar3-ND3.

The transition frequencies recorded for Ar3-ND3 are listed in Table A6.3. These 

were assigned to the K = 0, K = 3, and K = 6 progressions of the two inversion 

components of the ground internal rotor state. The inversion tunnelling splitting of the JK 

= 20- l0 transition is 74.3 kHz and the l4N nuclear quadrupole hyperfine structures of the 

two inversion states overlap for the lowest J transitions. The inversion components at 

higher frequency are more intense and were consequently assigned to the symmetric 

inversion state based on the predicted spin weights. In total, 11 rotational transitions were
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assigned for the symmetric inversion state and eight were assigned for the weaker 

antisymmetric state. The 14N nuclear quadrupole hyperfine splitting was resolved and 

assigned for the more intense symmetric inversion state but additional splitting due to the 

presence of the three deuterium nuclei was not observed. For Ar-ND3, the deuterium 

hyperfine structure was visible for the J = 1-0 transition but collapsed for the higher 

transitions. For the Ar3-ND3 tetramer, the lowest J transition is beyond the range o f the 

spectrometer and no evidence of deuterium splitting or broadening was apparent for the 

higher J transitions. The UN hyperfine and rotational analyses were performed as 

described for Ar3-NH3 and the results are listed in Table 5.3. The UN nuclear quadrupole 

coupling constant. Xx, from the symmetric inversion state was fixed in the fit o f the 

antisymmetric state since the transitions were too weak to measure the hyperfine splitting

Table 5.3 Spectroscopic constants for Ar3-ND3, Ar3-ND2H, and Ar3-NDH2.

—Ok / H V Ar,-ND, Ar,-ND:H Ar,-NDH:

Rotational constant /MHz
B 1088.5846(1) 1106.5279(1) 1125.1954(1)

Centrifugal distortion constants /kHz
D, 5.4(1) 5.9(1) 6.3(1)
D,„ -0.84(1) -2.0(1) -3.1(1)

14N quadrupole hyperfine constant /MHz
TLc 0.3221(18) 0.2914(21) 0.2180(18)

Standard deviation /kHz
a 4.3 2.7 5.4

^Ooa/^Ooo*
B 1088.5666(1) 1106.5386(1) 1125.2947(1)

D, 5 4 (1 ) 5.9(1) 6.3(1)

D * -0.84(1) -20(1) -3.1(1)
0.3221* 0.2866(21) 0.2155(18)

o 2.8 1.8 5.2

1 Fixed at value from symmetric inversion state.
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in the latter. The 14N nuclear quadrupole hyperfine structures of the two inversion states 

should be similar since they lie close in energy. This approximation appears to be valid 

since the standard deviations of the spectroscopic fits are small, 4.3 kHz and 2.8 kHz for 

the symmetric and antisymmetric inversion states, respectively,

c) Ar,-ND2H

The three Ar atoms and two deuterium atoms in Ar3-ND,H can be labelled and 

permuted to create 24 distinct versions of the complex and thus, the complete nuclear 

permutation inversion group is G,4. Neglecting the tunnelling motion that requires 

flipping the Ar3 ring, the G,2 character table (Table A 1.6) contains the essential 

permutation elements for the molecular symmetry group analysis. The total wavefunction 

must be symmetric upon exchange of the two deuterium nuclei or any two Ar nuclei. For 

the ground internal rotor state, two inversion tunnelling components are expected for the 

transitions between K = 3n (n = 0. 1.2,...) levels with relative nuclear spin statistical 

weights of 6 and 3 for the symmetric and antisymmetric states, respectively. The K * 3n 

levels have nuclear spin statistical weights of zero. Unlike in the Ar3-NH3 and the Ar3- 

ND3 isotopomers. there is no feasible internal rotation of ND2H that interchanges the two 

like deuterium atoms and only the ground internal rotor state is metastable.

The microwave spectrum of Ar3-ND,H was recorded, and the transition 

frequencies assigned to each inversion component of the ground internal rotor state are 

listed in Table A6.4 for the K = 0, K = 3. and K = 6 progressions. The two inversion 

components are closely spaced, which made it difficult to sort out the l4N nuclear 

quadrupole hyperfine and inversion tunnelling components of the JK = 20- l0 transition.
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Examination of higher J transitions helped to confirm the assignment and it was 

determined that the lower frequency components were those of the symmetric inversion 

state since the observed intensity was approximately twice that of the higher frequency 

components. The inversion components are separated by approximately 42.1 kHz for the 

20-10 transition. Eleven rotational transitions were measured for each of the two inversion 

states. The UN hyperfine and rotational analyses were done simultaneously and the 

resulting spectroscopic constants are listed in Table 5.3. A sample spectrum of the JK = 

43-33 and 40-30 transitions for the two inversion states is shown in Figure 5.3. The K = 3 

transitions are split from the K = 0 transitions by approximately 120 kHz and the 

inversion tunnelling splitting is on the order of 80 kHz. The confirmation of the 

assignment of this spectrum relied on the measurement of several higher rotational 

transitions to ensure consistent trends in the observed splittings of the K = 0/K = 3 

transitions and the inversion tunnelling components,

d) Ar,-NDH2

The G1; molecular symmetry group can also be used to predict the spectrum for 

the Ar ,-NDH: tetramer. For this complex, the exchange of the two like hydrogen nuclei 

is governed by Fermi-Dirac statistics. The rovibrational symmetries are the same as for 

Ar3-ND:H and it can be shown that the K = 3n (n = 0. 1 ,2 ,...) levels have nuclear spin 

statistical weights of 1 and 3 for the symmetric and antisymmetric inversion components 

of the ground internal rotor state, respectively. As derived for Ar3-ND:H, the K * 3n 

levels have nuclear spin statistical weights o f zero and there are no metastable excited 

internal rotor states.
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Figure 5.3 Spectrum of the JK= 40-30 and JK= 43-33 transitions of Ar,-ND,H. The 
inversion tunnelling components are labelled ‘s’ and *a’ for the symmetric and 
antisymmetric states, respectively. There is no observable l4N nuclear quadrupole 
hyperfine splitting in this spectrum since the most intense l4N hyperfine components 
overlap for these rotational transitions.
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The transition frequencies recorded for Ar3-NDH2 are given in Table A6.5. These 

are assigned to 11 rotational transitions involving the K. = 0, K = 3, and K. = 6 

progressions of the symmetric and antisymmetric inversion components of the ground 

internal rotor state. The inversion tunnelling components were split by 398 kHz for the JK 

= 20-10 transition and as a result, the 14N nuclear quadrupole hyperfine structures do not 

overlap for the two states. As in the Ar3-ND2H species, the lower frequency components 

were assigned to the symmetric inversion state on the basis of the observed intensities. 

The MN hyperfine and rotational analyses were performed as described above and the 

spectroscopic constants are listed in Table 5.3.

53.2 Isotopomers of Ne3-NH3 

In contrast to the spectroscopic studies of Ar3-molecule tetramers, only one Ne3 

containing van der Waals complex. Ne3Ar. has been previously investigated.8 The Ne3Ar 

tetramer is a prolate symmetric top and the Ne-Ne and Ne-Ar bond lengths were reported 

to be 0.01 A and 0.006 A shorter than the respective dimer values. The Ne3-NH3 complex 

was similarly predicted to be a prolate symmetric top. Assuming dimer values for the Ne- 

Ne (3.29 A)8 and Ne-NH3 (3.723 A) bond lengths, the B rotational constant was predicted 

within 2 MHz for 20Ne3-NH3. The presence of 22Ne in 8.82 % natural abundance allows 

the production of four different isotopomers of Ne3-NH3 before l5N or deuterium 

substitution is considered. These isotopomers have very distinct spectra. The 20Ne3 and 

22Ne3 containing species are prolate symmetric tops as shown in Figure 5.4 a) in the 

principal inertial axis system. The 20Ne222Ne and 20Ne22Ne2 containing isotopomers are
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Figure 5.4 Geometries o f the Ne3-NH3 isotopomers in the principal inertial axis 
system, a) The ^ e j  and “Ne3 containing isotopomers are prolate symmetric tops, 
b) The 20Ne:22Ne and c) 20Ne22Ne: containing isotopomers are asymmetric tops.
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asymmetric tops as depicted in Figures 5.4 b) and 5.4 c). respectively. The 20Ne222Ne 

containing species has nonzero dipole moment contributions along the a- and 6-axes and 

both a- and 6-type rotational spectra are anticipated. The a- and 6-type transitions follow 

the selection rules: AJ = (0, ±1), AK,= 0 (±2. ±4,...), AK.C = ±1 (±3, ±5,...) and AJ = (0, 

±1), AK1= ±1 (±3, ±5,...), AK,.= ±1 (±3. ±5,...), respectively. The 20Ne22Ne2-NFI3 

complex has nonzero dipole moment contributions along the a- and c-axes and the 

expected transitions are a- and c-type where the selection rules for the latter are: AJ = (0, 

±1), AK, = ±1 (±3. ±5....). AK,.= 0 (±2. ±4,...). The nuclear spin statistical weights of the 

various symmetric rotor and asymmetric rotor energy levels can be determined by a 

molecular symmetry group theoretical analyses of each isotopomer.6

a) J#Ne3-NH3, JJNe3-NH3, 2®Ne3-I5NH3, and “Ne3-,5NH3

The molecular symmetry group analysis of the prolate symmetric tops containing 

NH3 or 15NH3 is analogous to that described in Section 5.3.1 a) for Ar3-NH3. The change 

in the symmetry axes of the tetramer complexes, that is the c-axis for Ar3-NH3 and the a- 

axis for Ne3-NH3. does not influence the symmetry of the rotational part of the 

wavefunction for symmetric tops as it does for the Ar2-NH3 and Ne2-NH3 asymmetric tops 

in Chapter 4. Thus, the rotational spectra of the symmetric top Ne3-NH3 species will be 

comparable to those of Ar3-NH3 and involve transitions between the K. = 3n (n = 0, 1,2, 

...) levels of the anstisymmetric inversion state. Energy levels with K * 3n have nuclear 

spin statistical weights of zero. The predicted energy level diagram for the Ne3-NH3 

prolate symmetric top is shown in Figure 5.5. In comparison to an oblate symmetric top, 

the K = 3 levels are shifted to higher energy than the K = 0 levels in a prolate symmetric
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Figure 5.5 Predicted energy level diagram for the ^e^-N H , and ::Ne,-NH3 prolate 
symmetric tops. The dotted lines denote eneigy levels with nuclear spin statistical 
weights o f zero and the dashed arrow represents transitions that were not observed.
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top.1'

In total, four rotational transitions of the 20Ne3-NH3 and 22Ne3-NH3 isotopomers 

were measured and assigned to the antisymmetric inversion component of the ground 

internal rotor state. The transition frequencies are listed in Table A6.6. For a prolate 

symmetric top. the DJK constant should be positive and thus the transitions in the K = 3 

progression should appear at lower frequency than those in the K = 0 progression. The 

highest J transition measured corresponds to J = 4-3, but only the K = 0 component was 

observed despite a careful search over tens of MHz for the weaker K. = 3 component. The 

l4N hyperfine and rotational analyses were done simultaneously using Pickett’s global 

fitting program as described for Ar3-NH3.10 The resulting spectroscopic constants are 

given in Table 5.4.

The corresponding four transitions were measured for the 20Ne3-l5NH3 and 22Ne3- 

l5NH;, isotopomers and the transition frequencies are listed in Table A6.7. The 

spectroscopic constants are given in Table 5.4.

As in Ar3-NH3 there is a second metastable state of 20Ne3-NH3 associated with the

Table 5.4 Spectroscopic constants obtained for Ne3-NH3 and Ne3-15NH3.
Oo, =Ne,-NH3 :oNe3-NH3 ^ N e^ N H j :oNe3- '5NH3

Rotational constant /MHz
B 1971.5299(2) 2074.4130(1) 1925.4918(2) 2025.5516(2)

Centrifugal distortion constant /kHz
Dj 64.1(1) 71.3(1) 59.8(1) 66.7(1)

l4N quadrupole hyperfine constant /MHz
0.4007(18) 0.3939(12)

Standard deviation /kHz 
o(kHz) 2.7 3.2 0.9 1.0
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E, nuclear spin function. A spectral search was carried out at both higher and lower 

frequencies than the ground state transition frequencies but no transitions were found that 

could be assigned to the excited internal rotor state based on the expected intensity and 

t4N hyperfine splitting,

b) "Nej-NDj

The molecular symmetry group analysis of 20Ne3-ND3 follows that of Ar3-ND3 in 

Section 5.3.1 b). The ground state rotational spectrum should be similar to that observed 

for 20Ne3-NH3 symmetric rotor, with the addition of an inversion tunnelling splitting. The 

symmetric and antisymmetric inversion components have nuclear spin statistical weights 

of 10 and 1. respectively.

In total, four rotational transitions were measured and assigned to the two 

inversion components of the ground internal rotor state of 20Ne3-ND3. The corresponding 

frequencies are listed in Table A6.8. The higher frequency inversion tunnelling transitions 

are more intense and were consequently assigned to the symmetric inversion state as 

predicted by the molecular symmetry group analysis. The inversion tunnelling splitting 

was not resolved for the lowest energy transition. JK = l0-00- F°r the 2„-l0 transition, the 

symmetric and antisymmetric state transitions are separated by approximately 10 kHz.

For the weaker antisymmetric state, the >4N nuclear quadrupole hyperfine splitting was 

not resolved since it overlaps closely with that of the more intense symmetric tunnelling 

state. Consequently, it was necessary to fix the x«, constant at the symmetric state value 

during the fit of the antisymmetric state transitions. The l4N hyperfine and rotational fit 

were done using Pickett's program10 and the spectroscopic constants are given in Table
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5.5.

A spectral search was carried out for the excited internal rotor state associated 

with the E, nuclear spin function at both higher and lower frequencies than the ground 

state transitions. As in the other tetramer species, no transitions were found that matched 

the intensity and >4N hyperfine patterns expected for the excited state,

c) i#NeJ-ND2H

The :aNe3-ND2H tetramer follows the molecular symmetry group analysis outlined 

in Section 5.3.1 c) for Ar3-ND2H. The symmetric top spectrum o f the ground internal 

state o f :i>Ne3-ND2H is therefore expected to be split into two inversion tunnelling 

components with relative intensities of 6 and 3 for the symmetric and antisymmetric 

states, respectively.

The transition frequencies assigned to the two inversion tunnelling components of

Table 5.5 Spectroscopic constants for Ne3--ND3, Ne3-ND2H, and Ne3-NDH2.
l O o / I O ^  :oNe,-N D , :oNe,-ND,H J0Ne1-NDH,

Rotational constant /MHz
B 1943.7354(1) 1984.0396(2) 2027.0382(2)

Centrifugal distortion constant /kHz 
D, 57.1(1) 63.1(1) 68.40(1)

UN quadrupole hyperfine constant /MHz 
)U 0.694(1) 0.639(2) 0.510(1)

Standard deviation /kHz
a 3.3 7.5 6.6

IlOô /XOoo,
B 1943.7307(1) 
D, 57.1* 

0.694*
o  4.7

1984.1007(2)
63.0(1)
0.643(3)

8.5

2027.2749(2)
68.4(1)

0 .5 0 l(( l)
3.3

* Fixed at value from symmetric inversion state.
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the ground internal rotor state of 2<)Ne3-ND2H are listed in Table A6.9. Four transitions 

were measured for each state and the inversion tunnelling splitting is approximately 140 

kHz for the JK = l0-00 transition. The 14N nuclear quadrupole hyperfine patterns overlap 

for the lowest J transition only. The more intense components appear at lower frequency 

and were therefore assigned to the symmetric inversion state. This is the opposite of the 

assignment in the ND3 containing isotopomer. The rotational and l4N hyperfine fit were 

done as described for 2aNe3-NH3 and the spectroscopic constants are listed in Table 5.5.

d) 20Ne3-NDH2

The molecular symmetry group analysis of 20Ne3-NDH2 tetramer is analogous to 

that described for Ar3-NDH2 in Section 5.3.1 d). The ground internal rotor state spectrum 

should be split into two due to the inversion of the NDH2 moiety. The nuclear spin 

statistical weights are 1 and 3 for the symmetric and antisymmetric inversion states, 

respectively.

Four rotational transitions were measured and assigned for the 20Ne3-NDH2 

isotopomer. The transition frequencies for the two inversion tunnelling components of the 

ground internal rotor state are given in Table A6.10. The inversion tunnelling components 

are split by 475 kHz for the lowest transition, JK = l0-00, allowing complete spectral 

separation of the I4N nuclear quadrupole hyperfine patterns of the two inversion states. As 

in the 20Ne3-ND2H isotopomer, the lower frequency components were assigned to the 

symmetric inversion state based on the predicted intensities. The transitions were fit as 

described for 20Ne3-NH3 and the spectroscopic constants are listed in Table 5.5.
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e) J0NeJ“Ne-NHJ and 20Nej22Ne-,sNH,

The three hydrogen nuclei and two 20Ne nuclei in 20Ne222Ne-NH3 can be labelled 

(A, B. C) and (1,2), respectively and permuted to create 24 distinct versions of the 

complex. The complete nuclear permutation inversion group is then G24 and can be 

reduced to G,, if the tunnelling motion that reverses the handedness of the Ne3 ring is 

neglected. The set of permutation elements required to characterize the feasible motions 

in 20Ne222Ne-NH3 is isomorphic to the set in Table A1.6 for Ar3-ND2H with the mapping 

scheme: (123)-(ABC), (23)*-(AB), (AB)-(12)*. The molecular symmetry analysis is 

described briefly below and summarized in Table 5.6. The total wavefunction symmetry 

must be A,' or A," and the hydrogen nuclear spin function is of 4A|'e2E,' symmetry. For 

the ground internal rotor state, the rovibrational symmetry alternates A,’/A," for even/odd 

values of K,. for the symmetric inversion component and A,7A," for the antisymmetric 

inversion component. Thus, all rotational levels in the antisymmetric inversion state have 

nonzero spin statistical weights and a- and 6-type transitions are expected between these 

energy levels as shown in the predicted energy level diagram in Figure 5.6. The rotational 

energy levels of the symmetric inversion state of 20Ne222Ne-NH3 have nuclear spin 

statistical weight of zero.

In total, 17 rotational transitions were measured for the antisymmetric inversion 

component of the ground internal rotor state of 20Ne22:!Ne-NH3 and the transition 

frequencies are given in Table A6.11. These include 14 a-type transitions and three 6-type 

transitions. The 6-type transitions were observed to be much weaker than the a-type 

transitions due to the smaller dipole moment component along the 6-axis of the tetramer
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Table 5.6 Summary of molecular symmetry group theory analysis for the metastable 
states of the :oNe::2Ne-NH3 and 20Ne22Ne2-NH3 isotopomers.

20Ne222Ne-NH3 20Ne22Ne2-NH3

Molecular symmetry group G,j

Total symmetry required* A27A2" A,/A3

Nuclear spin symmetryb 4A,'©2E' 10A,©A3©8E,

Rotational symmetry0 K,Kt=ee/eo/oe/oo 
A.VA.’VA.VA," A.'/A/VA.'VA,’

NH, inversion symmetry synunetric/antisymmetric
A.'/Aj’

NH; internal rotation ground state/first excited state
symmetry A.’/E’

Rovibrational symmetry4 K,Kx=ee/eo/oe/oo
so* A.VA/VA.’/A," A17A17A 17A I'
£00i A,7A27A,7A2" A17A,7A27A 1’

E’/E'7E'/E" EIE'IE'IE

Predicted nuclear spin SO^rSOo,:!!.,
statistical weights 0:4:2 0:4:2

* refers to the symmetry of the total wavefunction upon exchange of 
identical fermions or bosons. 

b refers to the symmetry of the nuclear spin function of the identical 
hydrogen or deuterium nuclei only. 

c depends on whether K, and Kc are even (e) or odd (o). 
d includes the NH3 inversion and NH3 internal rotation symmetries.

as shown from the geometry in Figure 5.4 b). A comparison of the observed intensities of 

the lowest energy a-type (J^k* = l0|-Ooo) and 6-type (1 ,,-Oqq) transitions is shown in 

Figure 5.7. The 14N nuclear quadmpole hyperfine structure was first fit using a first order 

program and the resulting and Xm> constants were held fixed during the rotational fit. 

The rotational fit was done in Pickett's program using Watson's T S-reduction
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Figure 5.6 Predicted energy level diagram for the :<>Ne:"Ne-NH, and ’“Ne^Ne^-NHj 
asymmetric tops. All rotational levels have nonzero spin statistical weights. The 
solid arrows denote the a-type transitions that have been observed for both 
isotopomers. The dotted arrows correspond to the 6-type transitions measured for 
^e.^N e-N H , and the dashed arrows denote the c-type transitions measured for 
3BNeJ2Ne,-NHJ.
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Figure 5.7 Spectra comparing the relative intensities of a) a-type and b) 6-type 
transitions observed for :oNe,:'Ne-NH,. The l4N hyperfine splitting was fit to obtain 
XM= 0.393(7) MHz and xbb= -0.141(11) MHz.
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Hamiltonian.10 The A rotational constant and DK centrifugal distortion constant were 

highly correlated in the preliminary fit and as a result, DK was neglected in the final 

analysis. The spectroscopic constants determined for 2°Ne222Ne-NH3 are listed in Table

5.7.

The corresponding 17 rotational transitions were measured and assigned for the 

“ N e^^e-^N H j isotopomer and the frequencies are listed in Table A6.12. The rotational 

fit was analogous to that described above for the NH3 containing species and the resulting 

spectroscopic constants are given in Table 5.7.

f) 20Ne22Ner NH3 and 20Ne22Ne,-,5NH,

The Gi: character table (Table A 1.6) is also used in the molecular symmetry group 

analysis of the 20Ne22Ne2-NH3 isotopomer using the same mapping scheme described for 

20Ne222Ne-NH3. The results are summarized in Table 5.6. Due to the different orientation

Table 5.7 Spectroscopic constants for 20Ne222Ne-NH3 and 20Ne22Ne2-NH3.
0 0a :oNe,"'Ne-NHj :oN e;KN e-l,NH, wNe:2N e,-N H 3 20N eKN e,-l5NH3

Rotational constants /MHz
A 2281.1446(6) 2280.9266(8) 2213.8723(8) 2213.8077(7)
B 2064.2307(3) 2015.4579(4) 2032.7092(3) 1984.4307(2)
C 2012.6450(3) 1965.9071(3) 1976.2194(3) 1930.7222(2)

Centrifugal distortion constants /kHz
D, 69.6(1) 64.8(1) 66.9(1) 62.3(1)
D * 80.9(1) 84.9(1) 76.0(1) 79.6(1)
d, -2.22(1) -196(1) -1.76(1) -1.50(1)
d, -122(1) -1.02(1) 1.32(1) 1.02(1)

>4N quadrupole hvperfine constants /MHz
JU. 0.393(7) 0.389(5)
X* -0.141(11) -0.113(8)

Standard deviation /kHz
a /k H z 17.4 5.1 10.0 7.8
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in the principal inertial axis system in comparison to the 20Ne222Ne-NH3 isotopomer, 

(Figure 5.4), the rotational symmetries alternate A,’/A," for even/odd values of K*. The 

asymmetric rotor energy levels (K.KJ therefore have the following rovibrational 

symmetries: A,' (ee, oo)/A," (eo, oe) for the symmetric inversion component and A,' (ee, 

oo)/A," (eo, oe) for the antisymmetric inversion component of the ground internal rotor 

state. All rotational levels in the antisymmetric inversion state have nonzero spin 

statistical weights and a- and c-type transitions are expected since there is a nonzero 

dipole moment contribution along the a- and c-axes as demonstrated in Figure 5.4 c). The 

predicted energy level scheme is shown in Figure 5.6. For the symmetric inversion state 

of 20Ne22Ne2-NH3. no rotational transitions are observable as the energy levels have 

nuclear spin statistical weights of zero.

Sixteen rotational transitions were assigned to the antisymmetric inversion 

component of the ground internal rotor state of the 20Ne22Ne2-NH3 complex, including 14 

a-type and two c-type transitions. The transition frequencies are summarized in Table 

A6.13. The c-type transitions are extremely weak and could only be observed after 

several thousand averaging cycles. This is a combination of the small dipole moment 

contribution along the c-a\is of the complex and the low abundance of the 20Ne22Ne2-NH3 

species in the molecular beam expansion. The spectroscopic constants were determined 

following the procedure described for the 20Ne222Ne-NH3 isotopomer and are listed in 

Table 5.7.

The corresponding rotational transitions for the 20Ne222Ne-15NH3 isotopomer are 

given in Table A6.14. The rotational fit was analogous to that described above for the
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:oNe:2Ne2-NH3 containing species and the spectroscopic constants are listed in Table 5.7.

5.4 Ab initio calculations for Ne3-NH3

Ab initio calculations were done at the CCSD(T) level of theory using the 

MOLPRO software package.12 Three separate potential energy surfaces were constructed 

for the Ne3-NH3 tetramer which correspond to three NH3 umbrella angles: >HNH = 

106.67°. >HNH = 113.34°, and >HNH = 120.00°. The N-H bond length was held fixed at 

the experimental value of 1.01242 A.13 The interaction energy of the tetramer was 

calculated via the supermolecular approach.14 Preliminary calculations were attempted 

using the basis sets described in Section 3.4 for the Ne-NH3 dimer1516 augmented with six 

sets of (3s, 3p, 2d) bond functions. These did not run to completion due to the 16 GB 

scratch file size limitation of the MOLPRO software package. As a result, the ab initio 

calculations for the Ne3-NH3 tetramer had to be done using a smaller Ne basis set, 

Dunning's aug-cc-pVDZ.15 To allow comparison with the potential energy surfaces of the 

dimer and trimer complexes, select regions of the Ne-NH3 dimer and Ne2-NH3 trimer 

potential energy surfaces were re-calculated using the smaller Ne basis set.

The interaction energy was determined as a function of 0 ,4>, and R (Figure 5.8) 

for each of the three NH3 monomer geometries. To reduce the dimension of the 

calculations, the C3 axis of NH3 was constrained to lie in the ac-plane. This particular 

position of the C3 axis was chosen since the NH3 substituent is then symmetrically 

oriented about the ac-plane for all 0 values when <|> = 0° or <|> = 60°. This allows the 

investigation of the NH3 inversion motion in a symmetric environment when the C3 axis
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Figure 5.8 Coordinate system of Ne,-NH, used for the ab initio calculations. R is 
the distance between the center of mass o f the Ne, ring and the nitrogen atom. All 
of the calculations were done by restricting the C, axis of NH, to orientations lying 
in the ac-plane. The angle 0 denotes the angle between the C, axis of NH, and R. 
When 0 = 0°, the C, axis o f NH, is aligned with R and the hydrogen atoms point 
toward the Ne, ring. The angle <t> describes the orientation of NH, upon rotation 
about its C, axis. When 0 = 90°, 4> = 0° corresponds to the orientation in which the C, 
axis o f NH, is perpendicular to R and one hydrogen atom is pointed toward the Ne, 
ring. When 0 = 90° and <|> = 60°, two hydrogen atoms point towards the Ne, ring.

C

of NH3 is perpendicular to R. As described in Section 4.4, the Ne-Ne van der Waals bond 

length8 was fixed at 3.29 A to further reduce the degrees of freedom to a computationally 

manageable level. The angle 0 was varied between 0° and 180° in increments of 30° for 

two different values of <J>, 0° and 60°. For each value of 0, the distance R was varied in
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steps of 0.1 A until the minimum energy was located. Steps of 0.05 A were then taken to 

each side of this minimum to reduce the uncertainty in the radial coordinate. An 

additional angle, 0 = 105°. was included to further narrow the position of the potential 

energy surface minimum. The ab initio results for the Ne3-NH3 complex are summarized 

in Appendix 7 (Tables A7.1, A7.2, and A7.3) for the three NH3 monomer geometries.

The new points calculated for Ne-NH3 and Ne2-NH3 using the smaller Ne basis set are 

included in Appendices 3 (Tables A3.10, A3.11, A3.12) and 5 (Tables A5.7, A5.8, A5.9), 

with the previously discussed ab initio results o f the dimer and trimer, respectively.

5.5 Discussion

5.5.1 Spectroscopic constants and derived molecular parameters

The observed microwave spectra of the Ar,-NH3. :oNe3-NH3, and "Ne3-NH3 

tetramers are those of symmetric tops. For Ar3-NH3. only the K = 3n (n = 0. 1.2) energy 

levels are present and the negative sign determined for DJK is consistent with an oblate 

symmetric top structure. The absence of other K. transitions points to a structure in which 

the three Ar atoms are symmetrically arranged in a triangle about the C3 axis of the 

tetramer as reported for the Ar3-HX and Ar3-H2X species. For the symmetric top Ne3-NH3 

isotopomers. only the K = 0 transitions were found. Since the complex is expected to be a 

prolate symmetric top. the K = 3 progression is higher in energy than the K = 0 

progression and the energy levels were most likely too sparsely populated due to thermal 

relaxation for transitions to be measured.

The presence of ,4N nuclear quadrupole hyperfine structure helped with the
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assignment of rotational transitions, particularly for the two asymmetric tops, 20Ne322Ne- 

NH3 and 20Ne22Ne2-NH3. Since the spectra of the various isotopomers of Ar3-NH3 and 

Ne3-NH3 support a model in which the NH3 undergoes large amplitude internal motions, 

the 14N nuclear quadrupole coupling constants should be viewed as highly averaged over 

these motions. Following the analysis of the Rg-NH3 dimers and Rg2-NH3 trimers, the 

following equation defines the relationship between UN nuclear quadrupole coupling 

constant and the orientation and dynamics of the NH3 subunit in Ar3-NH3: Xcc = 

,/2XoCNH3){3cos20 - 1 where Xo' s *he quadrupole coupling constant of free NH3 (-4.0898 

MHz). 0 is the angle between the C3 axis of NH3 and the C3 axis of the tetramer, and the 

brackets indicate averaging over the large amplitude motions of the tetramer. For Ne3- 

NH3. the Xo value is used in the above equation. The Legendre factor. P;(cos0) =

'/2\3cos20 -1), is zero in the limit of free internal rotation of NH3. The results for 0 and 

P;(cos0 are given in Table 5.8 for the symmetric top isotopomers containing Ar3 and 

20Ne3. As seen in the dimers and trimers. the Legendre factor increases for the heavier, 

deuterated isotopomers due to the larger tunnelling masses and lower zero point energies. 

The Legendre factors of the Rg-NH3 and Rg2-NH3 complexes are included in Table 5.8 

for comparison. Surprisingly, the values for the Ar3 containing isotopomers are smaller 

than those for the Ne3 containing isotopomers. This is the reverse of the trend observed in 

the dimers and trimers for which the Ne analogues have smaller P2(cos0) values as 

expected for the more weakly bound complexes. In the Ne containing clusters, the 

Legendre factors increase in moving from the dimer to the trimer and then again to the 

tetramer suggesting that the internal rotation of NH3 in the 0 coordinate becomes
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Table 5.8 Estimated orientation of ammonia in the Ar3-NH3 and Ne3-NH3 complexes.

HWIOoo. -n h 3 -NDH, -ND2H -n d 3
te tra m e rs

Ar,
e 5 6 .2 ° /1 2 3 .8 ° 56 .9*7123.1° 5 7 .6 7 1 2 2 .4 ° 5 8 .0 ° /1 2 2 .0 °

(P,(COS0)> -0 .0 3 6 -0 .0 5 3 - 0 .0 7 0 - 0 .0 7 9

:oNe,
e

(P :(c o s 0 ) )

5 8 .8 ° / l2 1 .2 °

- 0 .0 9 6

60 .2*7120 .0° 

-0 .1 2 5

6 1 .4 7 1 1 8 .6 °

- 0 .1 5 6

6 2 .0 ° /1 1 8 .0 °  

-0 .1 7 0

t r im e rs

Ar, (P :(COS0» -0 .1 9 0 -0 .2 1 1 -0 .2 3 0 -0 .2 5 3

:oNe; <P:(COS0» -0 .0 8 2 -0 .1 0 7 -0 .1 2 9 - 0 .1 5 6

d im e rs

K r <P;(COS0)) -0 .0 6 1 -0 .0 8 5 -0 .1 0 4 - 0 .1 2 6

A r P .(cos0 )> - 0 .0 8 6 -0 .1 1 5 -0 .1 4 1 -0 .1 6 6

N e (P ;(COS0» -0 .0 6 6 -0 .0 8 6 -0 .1 0 5 -0 .1 2 8

successively more hindered when solvated by additional Ne atoms. The same effect 

occurs between the Ar-NH3 dimer and Ar:-NH3 trimer but the Ar3-NH3 tetramer has a 

surprisingly small P2\cos0) value by comparison. This suggests that the barrier to internal 

rotation of NH3 in the 0 coordinate is comparatively lower in the Ar3-NH3 complex. In a 

physical sense, the NH3 molecule experiences a more isotropic environment when bound 

to three Ar atoms instead of one or two. This is supported by the infrared study by 

Abouaf-Marguin et al.17 in which the authors found that NH3 undergoes nearly free 

internal rotation when enclosed in solid Ar matrices. The contradictory observations for 

the Ar and Ne containing tetramers indicate that the internal motions of NH3 are still 

influenced by the size and polarizability of the individual Rg atoms in the tetramer 

clusters. This will be reflected in the potential energy surfaces of the two quaternary 

complexes.
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With large amplitude motions and only one rotational constant available from the 

analysis of symmetric top transitions, quantitative structural information cannot be 

extracted from the rotational spectra alone. Assuming a spherical geometry of NH3, a 

rough estimate of the Rg-Rg and Rg-NH3 bond lengths can be made using the following 

expression for a symmetric top molecule:11

IB = mRg d2(l -cosa) + mR g d2 (l+2cosa) / O m R ^m ^), 

where d is the distance from the Rg atom to the center of mass of NH3 and a is the Rg- 

(NHj)-Rg angle. Using the B rotational constants for the Rg3-NH3 and Rg3-15NH3 

isotopomers (where Rg = Ar, 20Ne). a set of two equations is formed for each tetramer 

which can be solved for d and a. The Rg-Rg bond length can be determined 

trigonometrically and the results are given in Table 5.9 for Ar3-NH3 and Ne3-NH3 along 

with the corresponding van der Waals bond lengths of the Rg-NH3 dimers and Rg,-NH3 

trimers. For both the Ar and Ne containing complexes, the Rg-NH3 bond decreases in 

length as the size of the cluster increases. The decrease is on the order of 0.022 A in the 

Ar containing species between the tetramer and dimer complexes and 0.014 A for the 

corresponding Ne species. Another trend is the lengthening of the Rg-Rg bond in the Rg3- 

NH, tetramers relative to the Rg2-NH3 trimers. The Ar-Ar bond lengthens by 0.048 A and 

the Ne-Ne bond lengthens by 0.128 A. Similar trends are observed in the van der Waals 

bond lengths of the ArUJ-H20 , Ar1JU-Ne. and Nel23-Ar complexes which are provided in 

Table 5.9 for comparison. These small variations in the van der Waals bond lengths as a 

function of the Rg cluster size indicate that the nonadditive contributions to the 

interaction energies of these systems are not negligible.
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Table 5.9 Comparison the of bond lengths (A) for various van der Waals dimers, 
trimers, and tetramers.

R(Ar-X) r(Ar-Ar) R(Ne-X) r(Ne-Ne)

Ar,-NH, 3.814 3.866 Ne,-NH3 3.681 3.388
Ar.-NH, 3.835 3.818 Ne,-NHj 3.695 3.260
Ar-NH; 3.8359 n/a Ne-NHj 3.723 n/a

Ar,-H;0* 3.675 3.848
Ar:-H,Ob 3.867 3.822
Ar-H.O‘ 3.691 n/a

Ar,-Ned 3.610 3.826 N^-AH 3.601 3.280
Ar,-Ned 3.595 3.818 Ne.-Ar* 3.605 3.282
Ar-Nec 3.607 n/a Ne-Ar* 3.607 n/a

* Reference 5.
b E. Aninan, C. E. Dykstra, T. Emilsson, and H. S. Gutowsky, J. Chem. Phys. 105, 

495 (1996).
£ G. T. Fraser. A. S. Pine. R. D. Suenram. and K.. Matsumura. J. Molec. Spectrosc.

144, 97(1990). 
d Reference 8.
c J. -U. Grabow. A. S. Pine. G. T. Fraser. F. J. Lovas. T. Emilsson. E. Arunan. and 

FI. S. Gutowsky. J. Chem. Phys. 102, 1181 (1995).

5.5.2 Inversion tunnelling

For each of the deuterium containing isotopomers. a tunnelling splitting due to the 

inversion of the ammonia subunit within the complex was observed. The differences in 

the B rotational constants. Bumsvminelnc - Bsymmetnc.o f  the two inversion states of the Ar3- 

ND3. At3-ND:H. and Ar3-NDH2 isotopomers are: -18.0 kHz. 10.7 kHz, and 100.2 kHz, 

respectively. For the ' “Nej analogues, the differences in B are: -4.7 kHz, 61.1 kHz, and 

236.7 kHz. respectively. As in the deuterated isotopomers of the Rg-NH3 and Rg2-NH3 

complexes, the small differences in rotational constants indicate that the two inversion 

states lie close in energy . This is further substantiated by the similarity in the observed 

UN nuclear quadrupole coupling constants. These differ by only a few kHz for the two
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inversion components of the Rg3-ND2H and Rg ,-NDH: complexes.

The inversion tunnelling splittings in the Ar and Ne containing tetramers increase 

with successive hydrogen substitution as reported previously for the dimer and trimer 

complexes. This is consistent with the trend observed for the energy level separations in 

the monomers: 1.6 GHz. 5 GHz, and 12 GHz for free ND3, ND,H, and NDH,, 

respectively.1® In Ar3-ND3 and Ne3-ND3, the symmetric inversion component is found at 

higher frequency than the antisymmetric component. The same phenomenon was 

observed in Ar-ND3. Kr-ND3, and Ar,-ND3 and is the reverse of the assignment in all of 

the other isotopomers studied. These subtle deviations are a reflection of the sensitive 

relationship between the intermolecular potential energy surface of each cluster and the 

complicated internal dynamics of the NH3 subunit. For each isotopomer of each Rgn-NH3 

complex, the bound state energy levels vary. This leads to marked differences in the 

dynamics of each system by way of: i) the degree of the mixing of internal rotor states, ii) 

the tunnelling probabilities and iii) the barriers to internal motions. These variations are 

apparent in the rotational spectrum of each species. Although a complete understanding 

of the inversion dynamics of NH5 cannot be extracted from the rotational spectra alone, 

microwave spectroscopy provides information that is essential for the construction of 

accurate empirical potentials that include this motion. This is because the high resolution 

of the FTMW technique allows the measurement of the extremely small inversion 

tunnelling splittings that are characteristic of the deuterated Rg„-NH3 complexes.

The inversion tunnelling splittings observed in the deuterated Rg3-NH3 tetramers 

are compared with those of the Rg-NH3 dimers and Rg,-NH3 trimers in Table 5.10. With
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the exception of Ar3-ND3. the inversion tunnelling splitting decreases as additional Rg 

atoms are added to the cluster. This appears to indicate that the NH3 inversion motion 

becomes more hindered in the larger clusters. As discussed in Section 4.5.2, this 

observation can be misleading since the masses of the clusters have not been considered 

when comparing the differences in the rotational constants. Furthermore, it must be 

stressed that the observed inversion tunnelling splittings are only secondary indications of 

the energy differences between the symmetric and antisymmetric states and not direct 

measures of the inversion splittings. The observation of both inversion components is 

telling in itself since it confirms that the NH3 inversion motion is not quenched when 

bound to three Rg atoms. This suggests that the C3 axis of NH3 lies, on average, 

perpendicular to the C3 axis of the Rg3 ring since the inversion motion would be 

quenched if the environment along the inversion coordinate was asymmetric. In fact, from 

an infrared study of NH3 and its deuterated isotopomers embedded in Rg matrices, the

Table 5.10 Comparison of the inversion tunnelling splittings (kHz) for the RG-NH3, 
RG2-NH3, and RG3-NH3 complexes.

-n d 3 -n d 2h -n d h 2
Ar3* -36.0 21.4 200.4
Ar,b -165.1 36.1 712.0
Ar* -63.0 271.6 1101.0

:oNe3* -9.4 122.2 473.4
20Ne,d 19.9 298.1 906.2
Ne* 55.0 407.6 1082.2

Kr* -85.6 208.4 1038.4

® antisvmmetnc ® symmetric)
b (A+C)antisymmetric (A+C)svmmctnc

‘ ( B + C U ^ T B + C
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inversion barrier was predicted to increase by only 10 % in comparison to the free 

monomer.17

5.53 Ab initio potential energy surfaces of Ne3-NH,

The potential energy surface minimum calculated for the Ne3-NH3 tetramer is 

-225.4 cm'1 for the experimental equilibrium geometry of NH3 (<HNH = 106.67°) at the 

CCSD(T) level of theory. The structural coordinates at this minimum energy are: R =

2.95 A. 0 = 105°, and <J> = 0" which corresponds to a tetramer structure in which the C3 

axis of NH3 is nearly parallel to the plane containing the three Ne atoms (Figure 5.8). The 

R separation (2.95 A) corresponds to a Ne-NH3 bond length of 3.51 A in the tetramer 

complex. This is the same bond length calculated for the Ne:-NH3 trimer and is slightly 

shorter than that estimated from the B rotational constant of the Ne3-NH3 tetramer (3.68 

A). The 4> orientation of NH3 at the potential energy surface minimum is such that one 

hydrogen atom is pointed towards the Ne3 ring. The same relative orientation of NH3 was 

found for the two surfaces corresponding to the other umbrella angles of NH3 with 

minima o f -220.4 cm 1 (<HNH = 113.34°) and -213.8 cm'1 (<HNH = 120.00°) at R =

3.05 A. For internal rotation in the 0 coordinate, there are barriers at 0 = 0° and 0 = 180° 

for the two nonplanar geometries of NH3. The barriers are 46.6 cm'V22.3 cm''(07180") 

and 48.6 cm‘V27.9 cm'1 for the <HNH = 106.67° and <HNH = 113.34° NH3 geometries, 

respectively. For the planar geometry of NH3, the barrier is 39.8 cm'1 through 0 = 0° and 0 

= 180° due to symmetry.

The topologies of the Ne3-NH3 potential energy surfaces can be compared with

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



171

those of the Ne-NH3 dimer and Ne2-NH3 trimer calculated at the CCSD(T) level of theory 

using the aug-cc-pVDZ basis set for Ne. The minimum energies for the dimer and trimer 

complexes using the aug-cc-pVDZ basis set are 60.1 cm'1 and 127.9 cm'1, respectively for 

the equilibrium NH3 monomer geometry. The minimum energy paths from 0 = 0° to 0 = 

180° are compared for the Ne-NH3, Ne;-NH3, and Ne3-NH3 complexes in Figure 5.9 and 

the structures near the potential minima are shown for each cluster. The C3 axis of NH3 is 

nearly perpendicular to the axis joining the nitrogen atom and the center of mass of the

Figure 5.9 Comparison of the minimum energy [CCSD(T)] paths of the Ne-NH3 
dimer (- - ▲- -), the Ne;-NH3(—• —) trimer, and the Ne3-NH3 (— ■ -  - )  tetramer 
as a function of the 0 coordinate for <HNH = 106.67°. The dimer and trimer 
minimum eneigy paths correspond to the <t> = 60° orientation while the tetramer path 
corresponds to $  = 0°. The global minimum of each curve was set to 0.0 pE* and the 
other energies along the minimum energy paths were adjusted accordingly.
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Nen (n = 1, 2, 3) moiety. For the Ne3-NH3 tetramer, the NH3 subunit is rotated by 60° 

about its C3 axis (<|> = 0°) relative to the dimer and trimer to minimize the repulsion 

between the hydrogen atoms and the Ne3 ring. For rotation through the <(> = 60° 

orientation of the tetramer, the barrier is 14 cm'1 for the potential energy surface 

corresponding to <HNH = 106.67°. The barrier for internal rotation of NH3 through 0 = 0° 

increases as more Ne atoms are added to the complex. For example, the barriers in the 

dimer, trimer, and tetramer are: 32.5 cm'1, 38.6 cm'1, and 45.0 cm'1, respectively for the 

equilibrium NH3 monomer geometry. For rotation through 0 = 180°, the barriers are 

similar in each cluster: 23.8 cm'1, 22.5 cm'1, and 20.7 cm 1 for Ne-NH3, Ne2-NH3. and 

Ne3-NH3, respectively. The minimum energy path requires 0.4 A of radial variation in the 

tetramer, 0.3 A in the trimer. and 0.5 A in the dimer. A comparison of the anisotropies of 

the potential energy curves as a function of the 6 coordinate (Figure 5.9) demonstrates 

that the angular dependency of the NH3 orientation is unique in each of the complexes. 

The potential well becomes broader and deeper with the addition of Ne atoms and the 

minimum shifts to larger 6 values. This corresponds to structures in which the C3 axis of 

NH3 is tilted so that the hydrogen atoms are farther away from the Ne atoms. As 

discussed in Section 4.5.3. the broadening of the potential well as successive Ne atoms 

are added leads to lower zero point energies for the larger clusters. As a result, the 

tunnelling probability decreases as the size of the van der Waals cluster increases. This 

effect combined with the larger barriers to internal rotation through 0 = 0° for the trimer 

and tetramer complexes, suggests that motion in the 0 coordinate becomes comparatively 

more hindered with successive Ne atom solvation. This is experimentally supported by
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the determination of increasing values in moving from Ne-NH3 to Ne2-NH3 to Ne3-

NH3.

The minimum energy paths calculated for the Ne3-NH3 tetramer from 0 = 0° to 0 = 

180° are compared for the three different NH3 internal geometries in Figure 5.10 at <t> =

0°. As reported previously for the dimer and trimer complexes, the interaction energies 

are the most similar between 0 = 60° and 0 = 90°. This indicates that the internal geometry 

of NH3 has little influence at these orientations and is in accord with the experimental

Figure 5.10 Comparison of the minimum energy [CCSD(T)] paths o f Ne,-NH, 
as a function o f the 0 coordinate for <f> =0° with the C, axis of NH, lying in the 
ac-plane of the tetramer. Each curve represents a different umbrella angle of 
NH,: <HNH = 106.67° (—• —), <HNH = 113.34° (— ■ — ), and <HNH = 120.00°
( -  -  A -  - ) .
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observation that the NH3 inversion is barely affected if the motion occurs along a 

symmetric coordinate.19 Thus, the experimental observation of two inversion tunnelling 

components in the microwave spectra of the deuterated isotopomers of Ne3-NH3 is 

consistent with the assignment to a £  state, such as the ground internal rotor state of the 

tetramer complexes. The largest discrepancies between the minimum energy paths are at 

0 values approaching 180° when the C3 axis of NH3 is nearly aligned with the symmetry 

axis of the tetramer and the hydrogen atoms are pointed away from the Ne3 ring. This 

orientation of NH3 corresponds to a n  internal rotor state of the complex and the 

inversion tunnelling motion is expected to be quenched for such a geometry.20

A comparison of the ab initio results for the Ne-NH3 dimer (Tables A3.7 - A3.12) 

at the CCSD(T) level reveals that the use o f the larger basis set (aug-cc-pVTZ) for Ne 

lowers the dimer interaction energies by 1 cm'1 to 3 cm'1 relative to the same geometries 

calculated using the aug-cc-pVDZ basis set. This affects the topologies of the calculated 

potential energy surfaces. For example, the use of the larger Ne basis set increases the 

barriers for the internal rotation of NH3. The barriers are 0.4 cm'1 and 2.2 cm 1 higher for 

rotation through 0 = 0° and 0 = 180°. respectively for the potential energy surface 

corresponding to the equilibrium geometry o f NH3. The discrepancies are larger for the 

Ne2-NH3 trimer (Tables A5.1 - A5.3, A5.7 - A5.9). The interaction energies are 2 cm'1 to 

7 cm'1 lower using the larger Ne basis set and the barriers through 0 = 0° and 0 = 180° are 

increased by 1.0 cm 1 and 7.3 cm'1, respectively. Since the ab initio potential energy 

surfaces of the Ne3-NH3 tetramer could not be calculated using the larger Ne basis set, the 

interaction energies should be regarded with caution. While the predicted trends seem to
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be qualitatively consistent with the experimental observations and with the ab initio 

results of the dimer and trimer complexes, the topologies of the tetramer potential energy 

surfaces cannot be accurately determined if the basis set used did not sufficiently describe 

the polarizability of the Ne atom. This is a particular problem for primarily dispersion 

bound complexes, such as Ne3-NH3 because the dispersion contributions to the interaction 

energies are not well-recovered using basis sets with limited diffuse and polarization 

functions. The aug-cc-pVDZ basis set. for example, does not include any orbitals of/  

symmetry on the Ne atom. For the Ar-Ar and Ar-HCl dimers, MP4 level ab initio 

calculations that neglected /orbitals recovered only 50 % - 60 % of the interaction 

energy. With the addition of/functions. 80 % of the interaction energy was recovered.21 

The situation may not be as extreme in Ne3-NH3 since the Ne atom is smaller and less 

polarizable than Ar and the neglect of higher order polarization functions such as/  

orbitals is partially counteracted by the addition of bond functions which improve the 

saturation of the dispersion term.22

5.6 Concluding remarks

Microwave rotational spectra corresponding to the ground internal rotor state of 

two Rg3-NH3 v an der Waals tetramers were reported for the first time. The spectra 

observed for the Ar3-NH3. 20Ne3-NH3, and 22Ne3-NH3 complexes are consistent with 

symmetric top structures. The two mixed Ne isotopomers, 20Ne:22Ne-NH3 and 20Ne22Ne2- 

NH3. are asymmetric tops. The rotational constants of the various isotopomers were used 

to estimate the van der Waals bond lengths in the tetramers. Comparison of these with the
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bond lengths derived from the rotational spectra o f the dimer and trimer complexes 

provides evidence of the importance of nonadditive effects in the Rg2-NH3 and Rg3-NH3 

clusters. The small values of the >4N nuclear quadrupole coupling constants, in 

comparison to other NH3 containing van der Waals complexes, reveal that the NH3 

moiety continues to undergo large amplitude motions in the 6 coordinate (Figure S.8) 

when bound to three Rg atoms. Through comparison of the values determined for the 

Nen-NH3 (n = 1, 2, 3) complexes, the internal rotation appears to become more hindered 

as the number of Ne atoms increases. This is consistent with the topologies of the ab 

initio potential energy surfaces of the Ne containing complexes. With successive Ne atom 

addition, the potential well becomes broader and deeper. In contrast, for Ar3-NH3, the l4N 

nuclear quadrupole coupling constants are surprisingly small compared to those of the 

dimer and trimer complexes which suggests that motion in the 6 coordinate is less 

hindered in the tetramer complex. This indicates that the identities of the Rg atom 

substituents have a critical effect on the anisotropies of the potential energy surfaces of 

quaternary van der Waals complexes. The observation of two inversion tunnelling states 

for the deuterated isotopomers of Ar3-NH3 and Ne3-NH3 supports minimum energy 

structures in which the C3 axis of NH3 is parallel to the plane of the Rg3 ring.

Furthermore, for the inversion to occur in a symmetric environment, the C3 axis o f NH3 

must lie in the tic-plane of the tetramers. This is supported by the ab initio potential 

energy surfaces of Ne3-NH3 which show little dependence on the NH3 monomer geometry 

at this orientation. Comparison of the inversion tunnelling splittings in the deuterated 

Rgn-NH3 (n = 1, 2, 3) species provides evidence of subtle differences in the inversion
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dynamics of NH3 as a function of the Rg cluster environment. Since the observed spectra 

are sensitive reflections of the topologies of the potential energy surfaces, the precise 

measurement of the small inversion tunnelling splittings is crucial to the development of 

accurate intermolecular interaction potentials that include intramolecular modes such as 

NH3 inversion.
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General Conclusions
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High resolution microwave spectra of the Rg„-NH3 (n = 1, 2, 3) series provide 

information about the internal dynamics of NH3 as it is increasingly solvated by Rg 

atoms. Since NH3 has been studied in solid Rg matrices,' the Rg„-NH3 van der Waals 

complexes, in a sense, bridge the gap between isolated systems and condensed phases. An 

important part of understanding weak interactions on the microscopic level involves the 

accurate characterization of the nonadditive contributions to the intermolecular 

interaction energies as a function of the properties of the molecular substituents. Before 

now, spectroscopic studies of nonadditive effects have focused on the simplest van der 

Waals systems such as Rg clusters, and the Rg„-HX type complexes. Recent 

spectroscopic studies of the Ar,-H,X (X = O f 3 and Ar3-H3X (X = O, S)4 complexes 

demonstrate the desire to understand the nature of nonadditive contributions in more 

complicated systems. The extension to the Rg„-NH3 complexes described in this work 

provides a further challenge due to the soft NH3 inversion coordinate.

In this w ork, rotational spectra of the van der Waals complexes consisting of one 

ammonia molecule bound to one, two. or three Rg atoms were measured via FT MW 

spectroscopy. These include the first spectroscopic studies of the Ne-NH3 and Kr-NH3 

van der Waals dimers, the Rg2-NH3 trimers. and the Rg3-NH3 tetramers. The Ar-NH3 

dimer was the subject of a number of previous investigations, however, the current work 

describes the first high resolution spectroscopic study of the deuterated isotopomers.
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Since one inversion component is missing for the ground state of the Rg-NH3 complexes, 

the spectra of Ar-ND3, Ar-ND:H, and Ar-NDH2 represent the first measurements of 

inversion tunnelling splittings in the ground internal rotor state of this prototypical 

complex.

The spectra of the Rg„-NH3 (n = 1, 2, 3) complexes were used to extract 

information about the structures and dynamics of each system as a function of the Rg 

atom size and the Rg cluster size. For example, the rotational constants were used to 

estimate the van der Waals bond lengths for each complex. It was determined that the Rg- 

NH3 bond decreases in length as Rg atoms are added to the complex (Table 5.9). In 

contrast, the Rg-Rg bonds lengthen in the tetramers relative to the trimers. These changes 

can be regarded as experimental evidence of nonadditive contributions to the interaction 

energies of the Rgn-NH3 (n = 2, 3) systems. Information about the internal dynamics of 

NH3 can be extracted from the analysis of the l4N nuclear quadrupole hyperfine structure 

and from the resolution of the ammonia inversion tunnelling splittings for the deuterated 

isotopomers. In the Ne containing complexes, the Xu values get larger as the size of the 

Ne cluster increases suggesting that the internal rotation of NH3 in the 6 coordinate 

becomes successively more hindered as it is solvated with additional Ne atoms. This 

motion in the 0 coordinate varies the angle of the C, axis of NH3 with respect to the 

symmetry axis of the cluster. The same trend is seen between the Ar-NH3 dimer and Ar;- 

NH3 trimer but the Xcc value of the Ar3-NH3 tetramer is surprisingly small by comparison. 

This apparent discrepancy between the Ne and Ar containing clusters highlights the need 

to understand the dynamics of these complexes on a deeper level. The inversion
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tunnelling splinings (Table 5.10) resolved in the spectra of the ND3, ND2H, and NDH: 

containing isotopomers are sensitive to the relative energy difference between the two 

inversion states of the various complexes. For example, the tunnelling splittings observed 

for the deuterated Rgn-NH3 (n = 1, 2, 3) complexes decrease with successive deuterium 

substitution. This follows the trend of the decreasing energy differences between the two 

inversion states in the free monomers: 12 GHz (NDH,), 5 GHz (ND2H), and 1.6 GHz 

(ND3).5 Furthermore, the inversion tunnelling splinings decrease as the number of Rg 

atoms in the complex increases which may be an indication of a more restricted inversion 

motion. The one exception to this trend is the Arn-ND3 (n = 1,2. 3) series.

The rotational spectra reported in this work were complemented by the 

construction of a series of ah initio potential energy surfaces for the Ne-NH3, Ne2-NH3. 

and Ne3-NH3 complexes. The ab initio calculations appear to capture the main 

topological features of the potential energy surfaces and are consistent with several 

experimental observations. For example, the appearance of two inversion tunnelling 

components in the ground state spectra is indicative of cluster structures in which the C3 

axis of NH3 is perpendicular to the axis of highest symmetry of the cluster. The 

geometries corresponding to the potential energy surface minima of Ne-NH3, Ne2-NH3. 

and Ne.-NH;. are consistent with these inversion tunnelling observations. Furthermore, 

the increasing depth and broadness of the potential well with the addition of Ne atoms is 

in agreement with the experimentally observed trend that the >4N nuclear quadrupole 

coupling constants increase in the larger Ne containing clusters.

The current research provides a foundation for further spectroscopic and
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theoretical investigations of the Rg„-NH3 (n = 1,2, 3) complexes. In order to construct 

accurate empirical or semi-empirical potentials, it is first necessary to obtain 

spectroscopic information that is sensitive to a larger region of the potential energy 

surface. This requires the measurement of excited van der Waals vibrational modes in the 

submillimeter and far infrared regions and investigations of excited NH3 monomer 

vibrations in the infrared region. Following the development of better interaction 

potentials, it will be possible to measure the rotational spectra of excited internal rotor 

states of the Rg„-NH3 (n = 1, 2, 3) complexes with as much accuracy and precision as 

reported in the current work for the ground internal rotor states. Once more spectroscopic 

information is available, mathematical models for the interactions in the various Rgn-NH3 

(n = 1. 2. 3) complexes can be derived and tested. The success of these models lies in the 

accuracy of their characterization of nonadditive contributions and the incorporation of 

intramolecular degrees of freedom of NH3.

As demonstrated in this work for the Nen-NH3 (n = 1. 2, 3) complexes, ab initio 

calculations can successfully reproduce the main features of the intermolecular potential 

energy surfaces of these weakly bound complexes. With rapid advances in computational 

algorithms and computer hardware, such calculations are becoming feasible for larger 

molecular systems at higher levels of theory. In order to successfully employ ab initio 

theories to achieve accurate and detailed descriptions of weak interactions, it is necessary 

to determine how the calculated interaction energies can be partitioned into the individual 

contributions. Such partitioning is natural to the perturbation approach and individual 

energy components can be identified using formalisms from symmetry adapted
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perturbation theory (S APT).6 The partitioning of interaction energies in this manner is 

crucial because the individual energy contributions have different origins, properties and 

behaviours and as a result, each term will dominate at different regions of the potential 

energy surface.7 The separation o f the individual energy contributions will allow the 

establishment of the connections between the interaction energies of van der Waals 

complexes and the intrinsic monomer properties, that is the multipole moments and 

polarizabilities, of the cluster substituents. This affords a more physical interpretation of 

ab initio derived interaction potentials. The accuracies o f ab initio potential energy 

surfaces are evaluated by their ability to reproduce spectroscopic observables. In this 

respect, parallel advances in high resolution spectroscopy and ab initio methods can be 

combined to develop accurate models of intermolecular interactions on the microscopic 

level.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



185

References

1. L. Abouaf-Marguin, M. E. Jacox, and D. E. Milligan, J. Molec. Spectrosc. 67, 24 
(1977).

2. E. Arunan, T. Emilsson, and H. S. Gutowsky, J. Am. Chem. Soc. 116, 8418 (1994).

3. E. Arunan, T. Emilsson, and H. S. Gutowsky, J. Chem. Phys. 105, 8495 (1996).

4. E. Arunan, T. Emilsson, H. S. Gutowsky, and C . E. Dykstra, J. Chem. Phys. 114, 1242 
(2001).

5. M. T. Weiss and M. W. P. Strandberg, Phys. Rev. 83, 567 (1951).

6. B. Jeziorski, R. Moszynski, and K. Szalewicz, Chem. Rev. 94, 1887 (1994).

7. G. Chalasinski and M. M. Szcz^sniak, Chem. Rev. 100,4227 (2000).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



186

APPENDIX 1 

Molecular symmetry group tables
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Table A1.1 The D3h molecular symmetry group.

E (123) (23) E* (123)* (23)*

a ; 1 1 1 1 1 1

A," 1 1 1 -1 -1 -1

A-,’ I 1 -1 1 1 -1
a ; ’ 1 1 -1 -1 -1 1

E' 2 0 2 -1 0

E" 2 0 -2 1 0

T able A 1 .2 The C 2v m olecu lar sym m etry  group.

E (12) E* (12)*

A, 1 1 1 1

A , l 1 -1 -1

B, l -1 -1 1

B-, l -1 1 -1
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Table A 1.3 The G 4 molecular symmetry group.

E (AB) (123) (23) (ABH123) (ABX23) E* (AB)* (123)* (23)* (ABX123)* (ABX23)*

A, 1 1 1 1 1 1 1 1 1 1 1 1
a 2 1 1 1 1 1 1 -1 -1 -1 -1 -1
a 3 1 1 1 -1 1 -1 1 1 1 -1 1 -1
A, 1 1 1 -1 1 -1 -1 -1 -1 1 -1 1
B, 1 1 1 1 -1 1 -1 1 1 -1 -1
b 2 1 1 1 1 -1 -1 1 -1 1 1
b 3 1 1 -1 1 1 1 -1 1 -1 -1 1
b4 1 1 -1 1 1 -1 1 1 1 -1
E, 2 2 -1 0 1 0 2 2 0 -1 0
e2 2 2 -1 0 1 0 -2 -2 0 1 0
E, 2 -2 -1 0 1 0 2 -2 0 1 0
e< 2 -2 -1 0 -1 0 -2 2 1 0 -1 0

Table A 1.4 The G„ molecular symmetry group.

E (AB) (23) (ABX23) E* (AB)* (23)* (ABX23)*

A, 1 1 1 1 1 1 1 1
a 2 1 1 1 1 -1 -1 -1
a 3 1 1 -1 •1 1 1 -1 -1
A, 1 1 -1 -1 -1 1 1
B, 1 -1 1 -1 1 1 1
b 2 1 -1 1 -1 -1 1 -1 1
b 3 1 -1 -1 1 1 -1 1
b < 1 -1 -1 1 -1 1 1 -1
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Table A 1.5 The GJh molecular symmetry group.

E (ABC) (AB)* (123) (ABCK123) (ABMI23)* (23) (ABCH23) (ABX23)*

A, 1 1 1 1 1 1 1 1 1

a 2 1 1 1 1 1 1 -1 -1 -1

a 3 1 1 -1 1 1 -1 1 1 -1

a 4 1 1 -1 1 1 -1 •1 •1 1

E. 2 2 2 -1 -1 0 0 0

E 2 2 2 _2 -1 -1 1 0 0 0

E, 2 -1 0 2 -1 0 2 -1 0

E, 2 -1 0 2 -1 0 -2 1 0

G 4 -2 0 -2 1 0 0 0 0

Table A1.6 The G 12 molecular symmetry group.

E (123) (23)* (AB) (I23XAB) (23XAB)*

A,’ 1 1 1 1 1 1

A," 1 1 1 -1 -1 -1

a 2* 1 1 -1 1 1 •1

a 2" 1 1 -1 -1 -1 1

E' 2 0 2 -1 0

EH 2 -1 0 -2 1 0
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APPENDIX 2

Tables o f microwave transition frequencies 
measured for the Rg-NH3 dimers
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Table A2.1 Measured transition frequencies (MHz) for the I0 Ol state of Kr-NH3.

teKr-NH3 “ Kr-NH, kKt-NH3 *°Kr-NH3

J-J" F - P Vot» Av* Vob. Av Vo6, Av Vo* Av

1-0 0-1 4624.1572 -0.5 4642.0480 -0.3 4660.8012 -0.3 4680.4807 0.3
2-1 4624.2670 -1.4 4642.1590 -1.1 4660.9110 -2.2 4680.5911 0.5
1-1 4624.3401 -2.1 4642.2340 -0.7 4660.9860 -1.7 4680.6650 0.9

2-1 1-1 9247.3562 -1.7 9283.1306 -1.4 9320.6284 -0.6 9359.9743 -2.2
3-2 9247.4718

00i 9283.2477 -3.2 9320.7421 -5.8 9360.0952 1.5
2-1 9247.4832 2.4 9283.2580 1.8 9320.7553 2.1
1-0 9247.5420 -3.2 9283.3197 1.4 9320.8143 -1.0
2-2 9247.5525 -2.1 9283.3270

00< 9360.1688 -3.6

3-2 4-3 13868.5215 4.4 13922.1627 3.5 13978.3855 3.9 14037.3836 5.1
3-2 13868.5215 1.5 13922.1627 0.5 13978.3855 0.9 14037.3836 2.2

4-3 5-4 18486.3219 6.1 18557.8054 5.7 18632.7266 6.6 18711.3414 -0.1
4-3 18486.3219 4.3 18557.8054 3.9 18632.7266 4.8 18711.3414 -2.0

5-4 6-5 23099.7897 -2.3 23189.0823 -1.9 23282.6631 -2.4
5-4 23099.7897 -3.6 23189.0823 -3.2 23282.6631 -3.8

* - vMlc in kHz.
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Table A2.2 Measured transition frequencies (MHz) for the 10^ states of *Kr-NH3 
and 83Kr-15NH3.

‘ Kr-NH., u Kr-,sNHj

J’-J" F r - r r Vab. Av* J’-J" F - F Vab. Av

1-0 3.5 4.5-2.5 2.5 4651.6292 -1.7 1-0 2.5-3.5 4444.1072 0.1
3.5 4.5-3.5 3.5 4651.6292 -1.7 4.5-3.S 4444.0256 0.1
3.5 4.5-4.5 4.5 4651.6292 -1.7 3.5-3.5 4443.6662 -0.2
2.5 3.5-2.5 2.5 4651.6220 4.1
2.5 3.S-3.5 3.5 4651.6220 4.1
1.5 2.5-2.5 2.5 4651.5864 -0.4 2-1 2.5-3.5 8887.1304 2.5
4.5 3.5-3.5 3.5 4651.5508 -0.5 4.5-3.5 8886.9541 1.1
4.5 3.5—4.5 4.5 4651.5508 -0.5 3.5-3.5 8886.9541 1.1
5.5 4.5-4.5 4.5 4651.5056 0.5 1.5-2.5 8886.9239 -8.1
3.5 2.5-2.S 2.5 4651.4660 -1.6 5.5-4.5 8886.8984 1.4
3.5 2.5-4.5 4.5 4651.4660 -1.6 2.5-2.S 8886.6887 1.5
2.5 2.5-2.5 2.5 4651.1846 -2.5 4.5-4.5 8886.5943 0.4
2.5 2.5-3.5 3.5 4651.1846 -2.5 3.5-4.5 8886.5943 0.4
4.5 2.5-3.5 3.5 4651.1749 2.8 3.5-2.5 8886.5120 -0.3
4.5 4.5-4.5 4.5 4651.1749 2.8
3.5 3.5-2.5 2.5 4651.1032 0.0
3.5 3.5-3.5 3.5 4651.1032 0.0
3.5 3.5-4.5 4.5 4651.1032 0.0

* ' v«ic ^  kHz.

Table A2.3 Measured transition frequencies (MHz) for the IOq, state of Kr-15NH3.

toKr-l5NHj •"Kr-’NHj “ Kr-^NH, *°Kr-l,N H J

J’-J" Vo*» Av* V a b , Av V o b , Av V a b . Av

1-0 4416.7367 -2.7 4434.6623 -1.8 4453.4495 -1.5 4473.1644 -0.8

2-1 8832.4885 -1.6 8868.3296 -1.8 8905.8950 -1.5 8945.3159 -0.6

3-2 13246.2637 0.1 13300.0047 -2.7 13356.3305 -0.8 13415.4411 1.3

4-3 17657.0751 3.7 17728.6917 3.6 17803.7536 3.8 17882.5207 -0.5

5-4 22063.9230 -1.8 22153.3822 -1.7 22247.1450 -1.7

* in kHz.
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Table A2.4 Measured transition frequencies (MHz) for the L00 states of Kr-ND3.

*®Kr-ND, “ Kr-ND,

s©n

S O o , S O o , “ UOl

r - r F - P V o b , Av* V o b . Av V o b * Av V o b . Av

1-0 0-1 4072.8136 1.0 4072.7241 -3.3 4090.7938 0.5 4090.7081 -0.2
2-1 4073.0448 -2.7 4072.9591 -2.7 4091.0238 -3.2 4090.9398 -1.6
1-1 4073.2000 -4.0 4073.1147 -3.3 4091.1803 -2.4 4091.0970 0.1

2-1 l- l 8145.0748 -4.2 8144.9083 0.1 8181.0284 -3.6 8180.8614 0.1
3-2 8145.3266 -2.1 8145.1564 -1.1 8181.2784 -2.1 8181.1073 -2.0
2-1 8145.3475 7.6 8145.1706 2.0 8181.2989 7.2 8181.1210 0.6
1-0 8145.4727 3.3 8181.4241 2.6
2-2 8145.4943 -2.2 8181.4450 -2.4

3-2 2-2 12215.7582 1.1 12215.5035 2.3 12269.6696 1.2 12269.4124 0.7
4-3 12215.9851 -0.6 12215.7301 0.8 12262.8957 -0.2 12269.6379 -0.8
3-2 12215.9851 -6.9 12215.7301 -5.4 12269.8957 -6.4 12269.6379 -7.0
3-3 12216.1577 -2.0 12270.0668 -2.2

4-3 5-4 16284.2212 2.7 16283.8813 3.8 16356.0692 3.1 16355.7258 3.3
4-3 16284.2212 -1.3 16283.8813 -0.1 16356.0692 -0.9 16355.7258 -0.6
3-2 16284.2401 6.5 16283.8958 3.2 16356.0873 6.1 16355.7430 5.5

5-4 6-5 20349.2201 -1.4 20348.7955 -1.2 20438.9772 -1.5 20438.5468 -1.3
5-4 20349.2201 -4.2 20348.7955 -4.0 20438.9772 -4.2 20438.5468 -4.1

* Av^Vob, - v^  in kHz.

Table A2.5 Measured transition frequencies (MHz) for the L I , states of Kr-NDj.

*°Kr-ND, “’Kr-NDj

v l—1 ij V 1 
— 1 la V1 — 'is —1 la

J ’- J " F - P V o b , Av* V o b . Av V o b , Av V o b , Av

2-1 1-1 7601.9119 -12.3 7585.6307 -9.0 7631.7367 0.6 7615.2658 -10.0
3-2 7602.5143 25.5 7586.2293 8.2 7632.2972 -2.6 7615.8669 8.9
1-0 7602.7958 -13.2 7586.5516 0.8 7632.6214 2.0 7616.1894 1.1

3-2 2-2 11432.1386 3.9 11410.8988 3.9 11477.5463 1.5 11456.0974 4.8
4-3 11432.6495 -2.1 11411.4316 4.5 11478.0588 -2.0 11456.6299 4.3
3-3 11433.0430 -1.8 11411.8236 -8.4 11478.4539 0.5 11457.0220 -9.2

4-3 5-4 15290.2119 -0.6 15266.5804 1.6 15351.7723 -5.6 15327.9530 -2.0
3-2 15290.2440 0.6 15266.6090 -1.6 15351.8143 5.6 15327.9889 2.0

5-4 6-5 19175.5418 -2.0 19151.6212 -2.7 19253.7617 -2.9 9229.6997 -2.9
5-4 19175.5666 2.0 19151.6479 2.7 19253.7883 2.9 19229.7270 2.9

* Av^v^ - in kHz.
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Table A2.6 Measured transition frequencies (MHz) for the SO^ states o f Kr-ND,H.

“ Kr-NDjH “ Kr-NDjH

r-r F-P

S O o o ,

V a b . Av*

S O o o .

V a t . Av
SO*,

V a t . Av

so*.

V a t a Av

1-0 0-1 4232.5614 -2.8 4232.7809 4.5 4250.5027 -1.7 4250.7234 4.1
2-1 4232.7545 -3.6 4232.9683 0.2 4250.6960 -5.6 4250.9099 -0.8
l-l 4232.8854 -2.0 4233.0956 -0.3 4250.8290 -4.0 4251.0384 0.1

2-1 1-1 8464.3897 -2.0 8464.8118 -2.6 8500.2672 0.1 8500.6902 -1.3
3-2 8464.5975 -0.4 8465.0165 -1.7 8500.4751 -1.7 8500.8926 -2.4
2-1 8464.6141 6.9 8465.0300 2.6 8500.4929 6.7 8500.9059 1.8
1-0 8464.7142 -0.7 8465.1341 0.2 8501.0100 -0.4
2-2 8464.7310 -5.5 8465.1601 4.9 8501.0304 -1.3

3-2 2-2 12694.3385 2.3 12694.9716 0.0 12748.1312 0.9 12748.7634 -2.0
4-3 12694.5276 2.5 12695.1577 0.5 12748.3232 1.0 12748.9542 2.6
3-2 12694.5276 -2.6 12695.1577 -4.6 12748.3232 -4.3 12748.9542 -2.5
2-1 12694.5485 -3.2 12695.1775 -6.1 12748.3486 -0.8 12748.9764 1.6
3-3 12694.6712 2.5 12695.29% 0.4 12748.4689 0.6 12749.0% 1 2.7

4-3 5-4 16921.5955 2.2 16922.4403 0.8 16993.2844 1.2 16994.1280 1.3
4-3 16921.5955 -1.1 16922.4403 -2.4 16993.2844 -2.1 16994.1280 -1.9
3-2 16921.6108 5.0 16922.4547 2.9 16993.2991 3.2 16994.1423 3.3

5-1 6-5 21144.8499 -1.9 21145.9161 1.3 21234.4001 -0.3 21235.4617 -0.1
5-4 21144.8499 -4.1 21145.9161 -1.0 21234.4001 -2.6 21235.4617 -2.3

* - v^c in kHz.
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Table A2.7 Measured transition frequencies (MHz) for the states of Kr-NDH,.

“ Kr-NDH- “ Kr-NDH;

r - r F - r

so**

Vob. Av*

SOoo.

Vob. Av

SOoo,

Vob. Av

SO*.

Vob. Av

1-0 0-1 4412.2498 2.5 4413.2921 1.9 4430.1559 0.8 4431.1961 0.2
2-1 4412.4016 -7.5 4413.4413 -4.7 4430.3097 -4.2 4431.3489 -4.0
1-1 4412.5109 -6.0 4413.5428 -7.1 4430.4166 -3.1 4431.4484 -9.2

2-1 1-1 8823.5830 -2.1 8825.6654 -1.3 8859.3863 -1.8 8861.4701 0.1
3-2 8823.7544 -2.8 8825.8291 -3.3 8859.5541 -2.9 8861.6333 -3.7
2-1 8823.7651 0.3 8825.8410 1.2 8859.5621 -2.5 8861.6454 0.9
1-0 8823.8649 10.2 8825.9396 13.2 8859.6675 14.7 8861.7422 10.5
2-2 8861.7620 12.9

3-2 2-2 13232.7650 2.6 13235.8883 1.6 13286.4464 4.5 13289.5724 3.4
4-3 13232.9193 -0.6 13236.0371 -1.3 13286.5974 0.9 13289.7217 -0.2
3-2 13232.9193 -4.9 13236.0371 -5.4 13286.5974 -3.3 13289.7217 -4.3
2-1 13286.6145 -3.8 13289.7378 -5.7
3-3 13233.0392 -0.5 13236.1513 -2.5 13286.7096 -4.5 13289.8304 7.8

4-3 5-4 17638.8161 3.1 17642.9842 2.3 17710.3421 3.4 17714.5183 2.2
4-3 17638.8161 0.4 17642.9842 -0.4 17710.3421 0.7 17714.5183 -0.4

5-4 6-5 22040.3484 -0.1 22045.5780 0.8 22129.6869 0.5 22134.9264 1.9
5-4 22040.3484 -2.0 22045 5780 -1.0 22129.6869 -1.3 22134.9264 0.1

* A\r=vobs - in kHz.
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Table A2.8 Measured transition frequencies (MHz) for the XOq/SI , states of Ar-ND3.

J’-J" F - P

SO*

Vote, Av*

so,,.
Vob, Av

v i“ 1 i i

Vob, Av

V I
“ M b

Vob, Av

1-0 0-1 5201.3470 -1.7 5201.2816 -1.1 4897.9244 4.3 4894.6282 -2.8
2-1 5201.6515 -2.7 5201.5901 -0.7 4898.4434 -18.3 4895.1515 15.0

1-1 5201.8562 -1.7 5201.7898 -6.4 4898.8367 4.3 4895.5414 17.8

2-1 1-1 10401.3701 -3.3 10401.2441 0.3 9803.1521 -9.6 9796.9480 -1.5
3-2 10401.6944 -3.9 10401.5674 -4.1 9803.7485 10.8 9797.5436 24.6
2-1 10401.7068 -6.1 10401.5829 -3.2 9803.7835 20.0
1-0 10401.8848 2.2 9804.0725 8.1 9797.8348 -7.3
2-2 10401.9132 -3.4 9804.0953 -29.3 9797.8858 -15.8

3-2 2-2 15598.1106 5.5 15597.9151 3.7
4-3 15598.4041 1.6 15598.2107 -0.7 14721.2646 -0.6 14712.8090 -1.6
3-2 15598.4167 6.1 15598.2206 1.0 14721.2833 3.8 14712.8348 10.0
2-1 15598.4512 6.7 15598.2554 1.7 14721.3365 -3.2 18712.8758 -8.5
3-3 15598.6300 1.2 15598.4477 8.1

4-3 5-4 20790.1098 0.0 20789.8522 -3.9 19654.5612 -5.2 19644.6656 -5.1
4-3 20790.1173 -0.6 20789.8611 -0.2 19654.5766 1.1 19644.6801 0.4
3-2 20790.1289 -3.5 20789.8752 -0.8 1965.6054 4.1 19644.7098 4.6

* - v^c in kHz.
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Table A2.9 Measured transition frequencies (MHz) for the states of Ar-ND:H and
Ar-NDH,.

Ar-ND.H Ar-NDH,

r-r F-r
SOoo,

Vo*» Av*

SO,*

Vota Av

SOoo,

Vote Av

SO*,.

Vab, Av

1-0 0-1 5360.6570 -0.8 5360.9338 0.3 5540.7587 -4.0 5541.8666 -1.4
2-1 5360.9141 -3.6 5361.1922 2.3 5540.9675 -0.6 5542.0701 -5.6
1-1 5361.0906 -0.4 5361.3582 -2.7 5541.1093 -4.8 5542.2127 -1.5

2-1 1-1 10719.6734 -4.2 10720.2253 -0.9 11079.5995 -4.6 11081.8136 -1.9
3-2 10719.9530 -1.1 10720.4963 -2.6 11079.8238 -4.5 11082.0351 -0.6
2-1 10719.9702 3.8 10720.5132 2.1 11082.0463 0.0
1-0 10720.1105 -0.3 10720.6551 1.5 11079.9547 -0.8 11082.1607 -1.6
2-2 10720.1371 -2.6 10720.6748 -7.3 11079.9740 -4.9 11082.1821 -3.3

3-2 2-2 16074.8759 3.0 16075.6951 -1.0 16614.1651 7.3 16617.4888 3.1
4-3 16075.1261 0.2 16075.9451 -0.6 16614.3675 4.5 16617.6887 0.7
3-2 16075.1410 8.2 16075.9562 3.7 16614.3754 6.8 16617.6989 5.4
2-1 16075.1597 -2.0 16075.9821 1.1 16614.3973 5.3 16617.7225 6.0
3-3 16075.3174 -1.0 16076.1410 5.3 16614.5230 3.8 16617.8439 2.0

4-3 5-4 21424.5114 -3.1 21425.6100 -2.6 22142.4231 -5.5 22146.8803 -4.1
3-2 21424.5314 0.2 21425.6290 -0.1 22142.4382 -4.0 22146.8959 -1.9

* - vcalc in kHz.

Table A2.10 Measured transition frequencies (MHz) for the I0 0, state of Ne-NH3.

==Ne NH, :oNe NH,

J’-J" F-r b% Av* Vob, Av

1-0 0-1 7613.0655 -16.9 7929.4828 -18.0
2-1 7613.1890 -18.1 7929.6014 -20.9
1-1 7613.2683 -21.9 7929.6792 -24.1

2-1 1-1 15215.0187 13.7 15846.7586 14.7
3-2 15215.1469 9.4 15846.8836 10.5
2-1 15215.1547 11.2 15846.8910 12.1
1-0 15215.2181 5.4 15846.9553 8.9
2-2 15215.2324 5.8 15846.9640 4.1

3-2 4-3 22794.4563 -9.7 23739.3223 -11.0
3-2 22794.4563 -13.0 23739.3223 -14.2

1 - vCik in kHz.
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Table A2.11 Measured transition frequencies (MHz) for the 10^ state of Ne-I5NH3.

^ ,5NH, -’°Ne-,5NH,

J’-J" Vota Av* Vob, Av

1-0 7387.1778 •15.1 7704.3755 -17.6

2-1 14763.8133 12.1 15397.1586 14.1

3-2 22119.2370 -3.0 23066.6091 -3.5

1 - v«ic in kHz.

Table A2.12 Measured transition frequencies (MHz) for the !0 0 states of Ne-ND3.

'-^Ne-ND, =°Ne-ND,

J’-J" F -P

—u0l

V o b , Av*

S O o .

V o b , Av

- O o ,

V ob» Av

l O o .

V a b , Av

1-0 0-1 7080.8757 - 1 1 . 1 7080.9187 -16.8 7402.4474 -13.9 7402.5004 -15.8
2-1 7081.1057 -17.8 7081.1630 -18.3 7402.6739 -22.4 7402.7330 -18.5
1-1 7081.2629 -18.3 7402.8319 -21.2 7402.8871 -21.3

2-1 1-1 14152.7360 10.0 14152.8496 2.8 14794.9125 8.6 14795.0303 15.1
3-2 14152.9871 9.5 14153.1010 8.2 14795.1635 9.5 14795.2782 12.7
2-1 14795.1764 11.2
1-0 14153.1329 12.5 14153.2388 6.5 14795.3084 12.6 14795.4139 6.5
2-2 14153.1524 5.7 14153.2685 10.5 14795.3259 4.0 14795.4437 10.1

3-2 2-2 21205.9665 -3.8 22166.8119 -1.3
4-3 21206.2009 0.2 21206.3701 -4.0 22167.0400 -2.1 22167.2108 -1.5
3-2 21206.2009 -6.0 21206.3701 -10.7 22167.0400 -8.3 22167.2108 -7.7
2-1 21206.2419 8.7 22167.0806 6.2 22167.2381 -6.5
3-3 21206.3645 -11.4 22167.2051 - 1 1 . 1

1 in kHz.
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Table A2.13 Measured transition frequencies (MHz) for the EOqo states of Ne-ND-,H.

^ e -N IX H :oNe-ND:H

r - r F - F

SO**

Vob, Av* Vob, Av

SOoo,

Vob. Av

SOoo.

Vob. Av

1-0 0-1 7237.2164 -11.8 7237.6136 -13.2 7557.1854 -13.5 7557.5995 -12.5
2-1 7237.4069 -19.3 7237.8088 -15.1 7557.3761 -20.8 7557.7883 -16.9
1-1 7237.5386 -19.6 7237.9378 -17.5 7557.5063 -22.7 7557.9158 -18.2

2-1 1-1 14464.5341 9.8 14465.3313 11.3 15103.4436 10.3 15104.2644 9.2
3-2 14464.7413 6.5 14465.5351 5.5 15103.6512 7.2 15104.4688 8.1
2-1 14464.7573 13.0 14465.5488 9.8 15103.6698 16.4 15104.4820 12.1
1-0 14464.8622 8.0 14465.6545 6.0 15103.7703 6.8 15104.5861 8.8
2-2 14464.8796 3.4 14465.6743 4.0 15103.7903 4.8

3-2 4-3 21671.7241 -6.9 21672.9149 -6.9 22627.5060 -7.9 22628.7347 -6.6
3-2 21671.7241 -12.1 21672.9149 -12.1 22627.5060 -13.1 22628.7347 -11.7
2-1 21671.7576 -0.6 21672.9492 0.3 22627.5402 -0.9 22628.7675 -0.4

Table A2.14 Measured transition frequencies (MHz) for the states of Ne-NDH2.

“'Ne-NDH- :i>Ne-NDH:

J'-J" F - F

lOoo,

V o b . Av*

SO,*.

V o b , Av

v 0— oo,

V o b . Av

SO*,.

V o b . Av

1-0 0-1 7412.0753 -14.6 7413.1280 -11.4 7730.2868 -14.5 7731.3672 -15.2
2-1 7412.2326 -18.2 7413.2788 -19.5 7730.4374 -21.5 7731.5209 -19.4
1-1 7412.3361 -21.9 7413.3853 -19.0 7730.5442 -19.7 7731.6237 -21.9

2-1 1-1 14813.4907 16.8 14815.5796 14.0 15448.8309 17.4 15450.9890 16.9
3-2 14813.6518 6.8 14815.7416 6.9 15448.9885 7.4 15451.1480 8.0
1-0 14813.7495 7.5 14815.8402 9.6 15449.0853 9.2 15451.2452 9.9
2-2 14813.7724 12.6 14815.8576 9.4 15449.1042 10.6 15451.2633 10.4

3-2 4-3 22193.2536 -9.5 22196.3769 1 00 23143.5608 -7.6 23146.7896 -7.1
3-2 22193.2536 -13.8 22196.3769 -12.0 23143.5608 -11.8 23146.7896 -11.3
2-1 22193.2860 0.7 22196.4065 -0.1 23143.5886 -1.5 23146.8163 -2.1

1 Av^v^ - in kHz.
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APPENDIX 3

Tables o f ab initio data for the Ne-NHj dimer
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Table A3.1 Interaction energies (pEh) of Ne-NH3 calculated at the MP4 level for the
equilibrium geometry of NH3 (>HNH= 106.67°).

<J>=0°
R / e 0° 30° 60° 90° 120° 150° 180°
3.20 309.8 431.4 644.8 200.3 -74.2 7.3 61.9
3.30 129.6 194.1 292.4 -5.5 -153.0 -84.6 -47.8
3.40 14.3 44.0 75.9 -121.4 -191.4 -136.2 -112.3
3.50 -56.6 -47.5 -52.2 -180.2 -204.7 -161.6 -146.8
3.60 -97.7 -100.1 -123.1 -204.4 -202.9 -170.3 -162.0
3.70 -119.2 -127.6 -158.0 -207.7 -192.7 -168.6 -164.7
3.80 -127.6 -138.8 -170.6 -199.4 -178.1 -160.8 -160.0
3.90 -128.2 -139.8 -169.9 -194.9 -161.8 -149.8 -150.8
4.00 -123.7 -134.9 -161.7 -167.8 -145.1 -137.2 -139.3

<J>=10°

3.20 309.8 420.2 591.0 160.0 -81.4 6.8 61.9
3.30 129.6 186.9 258.7 -30.3 -157.2 -84.9 -47.8
3.40 14.3 39.5 55.2 -136.0 -193.6 -136.4 -112.3
3.50 -56.6 -50.3 -64.2 -188.6 -205.7 -161.7 -146.8
3.60 -97.7 -101.8 -129.9 -208.6 -203.1 -170.3 -162.0
3.70 -119.2 -128.4 -161.4 -209.5 -192.6 -168.5 -164.7
3.80 -127.6 -139.2 -172.0 -199.6 -177.7 -160.8 -160.0
3.90 -128.2 -140.0 -170.1 -184.2 -161.2 -149.8 -150.8
4.00 -123.7 -134.9 -161.1 -166.7 -144.5 -137.2 -139.3

4>=20°
3.20 309.8 390.0 450.3 58.5 -100.5 5.2 61.9
3.30 129.6 167.4 170.1 -92.1 -168.0 -85.7 -47.8
3.40 14.3 27.2 0.8 -172.3 -199.4 -136.7 -112.3
3.50 -56.6 -57.8 -96.6 -208.7 -208.3 -161.7 -146.8
3.60 -97.7 -106.3 -148.1 -218.6 -203.9 -170.1 -162.0
3.70 -119.2 -131.0 -170.8 -213.3 -192.1 -168.5 -164.7
3.80 -127.6 -140.4 -175.8 -199.8 -176.7 -160.8 -160.0
3.90 -128.2 -140.5 -170.7 -182.3 -159.9 -149.6 -150.8
4.00 -123.7 -134.8 -160.0 -163.6 -143.1 -137.1 -139.3

<|>=30o
3.20 309.8 349.5 274.3 -64.1 -124.8 3.3 61.9
3.30 129.6 141.2 59.4 -166.2 -181.9 -86.8 -47.8
3.40 14.3 10.7 -67.1 -215.3 -206.6 -137.2 -112.3
3.50 -56.6 -67.9 -136.8 -232.0 -211.3 -161.9 -146.8
3.60 -97.7 -112.2 -170.5 -229.6 -204.6 -171.2 -162.0
3.70 -119.2 -134.3 -182.1 -216.8 -191.4 -168.4 -164.7
3.80 -127.6 -141.9 •180.4 -198.9 -175.3 -160.6 -160.0
3.90 -128.2 -141.0 -171.1 -179.1 -158.2 -149.6 -150.8
4.00 -123.7 -134.8 -158.0 -159.3 -141.3 -136.9 -139.3
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Table A3.1 continued.
<t>=40°

3.20 309.8 310.0 116.5 -170.8 -147.5 1.3 61.9
3.30 129.6 115.8 -39.8 -230.4 -194.6 -87.8 -47.8
3.40 14.3 -5.4 -127.9 -252.0 -213.1 -137.7 -112.3
3.50 -56.6 -77.9 -172.5 -251.2 -214.0 -162.0 -146.8
3.60 -97.7 -118.1 -190.3 -238.2 -205.0 -170.1 -162.0
3.70 -119.2 -137.5 -191.6 -218.9 -190.5 -168.1 -164.7
3.80 -127.6 -143.6 •183.6 -197.3 -173.6 -160.4 -160.0
3.90 -128.2 -141.5 -170.8 -175.5 -156.2 -149.3 -150.8
4.00 -123.7 -134.7 -155.6 -154.7 -139.3 -136.7 -139.3

<J>=50°

3.20 309.8 281.7 11.4 -239.9 -162.5 0.0 61.9
3.30 129.6 97.6 -105.5 -271.4 -203.4 -88.6 -47.8
3.40 14.3 -16.9 -168.0 -275.2 -217.4 -137.9 -112.3
3.50 -56.6 -85.0 -195.9 -264.0 -215.8 -162.2 -146.8
3.60 -97.7 -122.3 -202.9 -243.0 -205.0 -170.1 -162.0
3.70 -119.2 -139.7 -197.5 -219.7 -189.7 -168.1 -164.7
3.80 -127.6 -144.7 -185.4 -195.6 -172.5 -160.2 -160.0
3.90 -128.2 -141.9 -170.0 -172.6 -154.8 -149.2 -150.8
4.00 -123.7 -134.5 -153.6 -151.3 -137.8 -136.6 -139.3

<|>=60‘>

3.20 309.8 271.4 -24.9 -263.3 -168.8 -0.6 61.9
3.30 129.6 91.0 -128.4 -285.5 -206.5 -88.8 -47.8
3.40 14.3 -21.1 -181.8 -283.0 -218.9 -138.1 -112.3
3.50 -56.6 -87.5 -203.9 -267.2 -216.3 -162.1 -146.8
3.60 -97.7 -123.8 -207.2 -244.7 -205.1 -170.0 -162.0
3.70 -119.2 -140.1 -199.5 -219.8 -189.3 -168.1 -164.7
3.80 -127.6 -145.1 -186.0 -195.0 -172.0 -160.1 -160.0
3.90 -128.2 -142.0 -169.8 -171.5 -154.4 -149.2 -150.8
4.00 -123.7 -134.5 -152.7 -149.9 -137.3 -136.6 -139.3
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Table A3.2 Interaction energies (pEh) of Ne-NH3 calculated at the MP4 level for the
intermediate geometry of NH3 (>HNH=113.34°).

4>=o°
R / e 0° 30° 60° 90° 120° 150° 180°
3.20 332.2 384.3 555.0 271.6 -4.7 83.1 149.1
3.30 154.6 174.6 241.1 35.0 -109.8 -29.7 17.1
3.40 39.2 40.8 48.6 -99.9 -165.4 -96.7 -64.4
3.50 -33.5 -41.6 -64.5 -170.5 -189.7 -133.3 -111.9
3.60 -77.1 -89.7 -126.8 -201.4 -195.1 -150.2 -136.7
3.70 -101.3 -115.3 -156.6 -208.6 -189.4 -154.6 -146.7
3.80 -112.7 -126.3 -166.7 -202.3 -177.4 -151.2 -147.3
3.90 -115.6 -128.2 -164.9 -188.7 -162.8 -143.2 -141.9
4.00 -113.4 -124.3 -156.3 -171.8 -146.9 -132.9 -133.3

<J>=10°
3.20 332.2 376.0 507.5 223.8 -15.6 82.1 149.1
3.30 154.6 169.3 211.3 5.8 -116.1 -30.2 17.1
3.40 39.2 37.6 30.5 -117.0 -168.9 -96.9 -64.4
3.50 -33.5 -43.6 -75.2 -180.0 -191.5 -133.5 -111.9
3.60 -77.1 -91.0 -132.5 -206.1 -195.8 -150.3 -136.7
3.70 -101.3 -115.9 -159.4 -210.4 -189.4 -154.5 -146.7
3.80 -112.7 -126.6 -167.7 -202.3 -177.1 -151.1 -147.3
3.90 -115.6 -128.2 -164.8 -187.8 -162.2 -143.1 -141.9
4.00 -113.4 -124.3 -155.6 -170.4 -146.3 -132.8 -133.3

4>=20°
3.20 332.2 353.9 383.5 104.5 -43.9 79.5 149.1
3.30 154.6 155.1 133.6 -66.5 -132.6 -31.6 17.1
3.40 39.2 28.6 -16.9 -159.2 -177.8 -97.6 -64.4
3.50 -33.5 -49.1 -103.0 -2031. -195.7 -133.8 -111.9
3.60 -77.1 -94.1 -148.0 -217.4 -197.1 -150.3 -136.7
3.70 -101.3 -117.7 -167.0 -214.6 -189.2 -154.4 -146.7
3.80 -112.7 -127.5 -170.4 -202.1 -176.0 -150.9 -147.3
3.90 -115.6 -128.4 -164.6 -185.3 -160.6 -143.0 -141.9
4.00 -113.4 -124.1 -154.1 -166.7 -144.6 -132.6 -133.3

<J>=30°
3.20 332.2 324.3 229.3 -38.0 -80.2 76.1 149.1
3.30 154.6 135.8 37.0 -152.4 -153.6 -33.7 17.1
3.40 39.2 16.5 -75.8 -208.7 -189.0 -98.7 -64.4
3.50 -33.5 -56.5 -137.5 -229.7 -200.9 -134.2 -111.9
3.60 -77.1 -98.5 -166.8 -229.7 -198.8 -150.5 -136.7
3.70 -101.3 -120.0 -176.2 -218.3 -188.6 -154.3 -146.7
3.80 -112.7 -128.5 -173.5 -201.0 -174.4 -150.8 -147.3
3.90 -115.6 -128.6 -164.2 -181.5 -158.4 -142.8 -141.9
4.00 -113.4 -144.0 -151.6 -161.5 -142.1 -132.4 -133.3
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Table A3.2 continued.
<J>=40°

3.20 332.2 295.2 91.3 -160.3 -113.5 72.4 149.1
3.30 154.6 117.3 -49.2 -225.5 -172.6 -35.6 17.1
3.40 39.2 4.7 -128.3 -250.2 -199.1 -99.7 -64.4
3.50 -33.5 -63.7 -167.9 -251.3 -205.3 -134.6 -111.9
3.60 -77.1 -102.7 -183.1 -239.1 -199.8 -150.5 -136.7
3.70 -101.3 -122.3 -183.6 -220.4 -187.8 -154.2 -146.7
3.80 -112.7 -129.5 -175.8 -198.7 -172.5 -150.5 -147.3
3.90 -115.6 -128.9 -163.2 -176.9 -156.0 -142.4 -141.9
4.00 -113.4 -123.7 -148.9 -156.0 -139.6 -132.2 -133.3

4>=50°
3.20 332.2 -274.4 -0.2 -238.2 -136.0 70.0 149.1
3.30 154.6 103.8 -106.4 -271.5 -185.4 -37.0 17.1
3.40 39.2 -3.7 -162.7 -276.1 -205.7 -100.4 -64.4
3.50 -33.5 -68.8 -187.8 -264.3 -208.2 -134.8 -111.9
3.60 -77.1 -105.7 -193.7 -244.3 -200.3 -150.6 -136.7
3.70 -101.3 -123.9 -188.2 -220.7 -186.9 -154.2 -146.7
3.80 -112.7 -130.2 -176.7 -196.7 -171.0 -150.4 -147.3
3.90 -115.6 -129.1 -162.2 -173.3 -154.2 -142.4 -141.9
4.00 -113.4 -123.6 -146.7 -151.9 -137.8 -132.0 -133.3

<J>=60°
3.20 332.2 266.9 -31.9 -264.4 -143.9 69.2 149.1
3.30 154.6 99.1 -126.0 -287.1 -189.9 -37.5 17.1
3.40 39.2 -6.8 -174.5 -284.6 -207.9 -100.7 -64.4
3.50 -33.5 -70.8 -194.5 -268.5 -209.2 -134.9 -111.9
3.60 -77.1 -106.7 -197.3 -245.9 -200.6 -150.6 -136.7
3.70 -101.3 -124.5 -189.8 -220.8 -186.7 -154.2 -146.7
3.80 -112.7 -130.5 -177.0 -195.7 -170.5 -153.4 -147.3
3.90 -115.6 -129.2 -161.8 -172.0 -153.6 -142.3 -141.9
4.00 -113.4 -123.6 -145.8 -150.4 -137.1 -131.8 -133.3
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Table A3.3 Interaction energies (|iEh) of Ne-NH3 calculated at the MP4 level for the
planar geometry of NH3 (>HNH=120.00°).

<|>=0‘> <t>== 10°
R /0 0° 30° 60° 90° 0° 30° 60° 90°
3.20 309.2 257.3 252.4 349.7 309.2 254.0 225.9 295.3
3.30 140.7 96.8 53.9 79.3 140.7 94.7 37.6 46.6
3.40 30.7 -4.9 -63.6 -76.4 30.7 -6.2 -73.1 -95.3
3.50 -38.8 -66.9 -128.4 -159.6 -38.8 -67.7 -133.7 -169.8
3.60 -80.5 -102.5 -160.0 -197.8 -80.5 -102.8 -162.7 -202.8
3.70 -103.7 -120.2 -171.1 -209.0 -103.7 -120.3 -172.0 -210.9
3.80 -114.6 -126.6 -169.6 -204.8 -114.6 -126.7 -169.6 -204.9
3.90 -117.1 -125.8 -161.3 -192.3 -117.1 -125.8 -160.7 -191.2
4.00 -114.5 -120.6 -149.2 -175.7 -114.5 -120.6 -148.5 -74.2
4.10 -108.9 -112.9 -135.6 -157.9 -108.9 -112.9 -134.7 -156.2
4.20 -101.4 -104.1 -121.8 -140.4 -101.4 -104.0 -120.9 -138.4

<J>=20° <|>=30o
3.20 309.2 245.2 157.1 158.0 309.2 233.4 71.3 6.3
3.30 140.7 89.2 -4.4 -35.9 140.7 81.9 -56.8 -134.4
3.40 30.7 -9.5 -97.8 -142.8 30.7 -14.0 -128.4 -199.5
3.50 -38.8 -69.7 -147.3 -195.5 -38.8 -72.3 -164.1 -225.6
3.60 -80.5 -103.9 -169.4 -214.9 -80.5 -105.1 -177.3 -228.7
3.70 -103.7 -120.7 -174.5 -215.0 -103.7 -121.4 -177.2 -218.9
3.80 -114.6 -126.7 -169.6 -204.1 -114.6 -126.8 -169.2 -202.5
3.90 -117.1 -125.7 -159.3 -188.1 -117.1 -125.4 -157.0 -183.2
4.00 -114.5 -120.4 -146.2 -169.7 -114.5 -120.0 -143.2 -163.5
4.10 -108.9 -122.6 -132.3 -151.2 -108.9 -112.2 -128.9 -144.6
4.20 -101.4 -103.7 -118.5 -1335.5 -101.4 -103.2 -115.2 -126.8

<J)=40O <J>=50°
3.20 309.2 221.7 -6.1 -145.1 309.2 213.3 -57.7 -232.4
3.30 140.7 74.4 -103.8 -217.2 140.7 69.2 -134.8 -268.8
3.40 30.7 -18.5 -155.6 -246.3 30.7 -21.7 -173.6 -275.0
3.50 -38.8 -74.8 -178.7 -249.9 -38.8 -76.6 -188.3 -264.4
3.60 -80.5 -106.4 -184.1 -239.2 -80.5 -107.4 -188.4 -244.7
3.70 -103.7 -121.9 -179.2 -221.1 -103.7 -122.3 -180.2 -221.5
3.80 -114.6 -126.9 -168.4 -199.8 -114.6 -126.9 -167.5 -197.4
3.90 -117.1 -125.3 -154.7 -178.1 -117.1 -125.0 -152.9 -174.2
4.00 -114.5 -119.6 -140.1 -157.3 -114.5 -119.4 -137.8 -152.5
4.10 -108.9 -111.7 -125.7 -137.9 -108.9 -111.4 -123.1 -133.2
4.20 -101.4 -101.8 -111.8 -120.5 -101.4 -102.4 -109.4 -116.0
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Table A3.3 continued.
<{>=60O

3.20 309.2 210.2 -75.6 -261.7
3.30 140.7 67.3 -145.6 -285.9
3.40 30.7 -22.9 -179.8 -284.5
3.50 -38.8 -77.4 -191.6 -269.0
3.60 -80.5 -107.8 -189.8 -246.5
3.70 -103.7 -122.4 -180.5 -221.5
3.80 -114.6 -126.9 -166.6 -196.3
3.90 -117.1 -121.5 -152.2 -172.7
4.00 -114.5 -119.3 -137.0 -150.9
4.10 -108.9 -111.3 122.6 -131.5
4.20 -101.4 -102.4 108.6 -114.5

Table A3.4 Finer scan interaction energies (iiEh) of Ne-NH3 calculated at the MP4 level 
for the equilibrium geometry of NH3 (>HNH= 106.67°).

<t>=60°
R /0 60° 70"

OO00 90° 100° 110° 120°
3.20 -24.9 -138.6 -222.3 -263.3 -260.9 -224.8 -168.8
3.25 -84.4 -178.9 -247.0 -278.4 -273.2 -240.3 -191.6
3.30 -128.4 -206.7 -261.8 -285.5 -278.5 -248.7 -206.5
3.35 -159.9 -224.8 -268.9 -285.4 -278.3 -251.6 -215.2
3.40 -181.8 -235.1 -270.4 -283.0 -274.2 -250.3 -218.9
3.45 -195.9 -239.5 -267.5 -276.3 -267.2 -245.9 -219.1

<J>=50‘5

3.20 11.4 -102.2 -191.2 -239.9 -245.2 -214.9 -162.5
3.25 -55.5 -150.3 -222.6 -260. -261.1 -232.8 -187.4
3.30 -105.5 -184.3 -242.9 -271.4 -269.3 -243.1 -203.4
3.35 -142.2 -207.3 -254.6 -276.0 -271.6 -247.5 -2129
3.40 -168.0 -221.7 -259.5 -275.2 -269.3 -247.5 -217.4
3.45 -185.2 -229.4 -259.4 270.5 -263.7 -244.0 -218.0

<t>=40°
3.20 116.5 4.3 -99.3 -170.8 -199.0 -186.9 -147.5
3.25 27.9 -66.3 -150.7 -206.6 -225.6 -211.5 -175.7
3.30 -39.8 -118.5 -187.1 -230.4 -242.3 -2 2 1 2 -194.6
3.35 -90.6 -156.2 -211.7 -244.8 -251.4 -235.8 -206.6
3.40 -127.9 -182.5 -227.0 -252.0 -254.6 -239.0 -213.1
3.45 -154.4 -199.7 -235.3 -253.6 -253.3 -238.2 -282.4
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Table A3.4 continued.
<|>=30°

3.20 274.3 167.6 43.0 -64.1 -128.5 -145.2 -124.8
3.25 153.3 62.9 -39.0 -123.5 -171.3 -179.6 -158.5
3.30 59.4 -17.2 -100.1 -166.2 -200.9 -203.1 -181.9
3.35 -12.7 -77.4 -144.5 -196.0 -220.3 -218.0 -197.3
3.40 -67.1 -121.6 -175.9 -215.3 -231.7 -226.2 -206.6
3.45 -107.6 -153.2 -196.8 -226.7 -236.9 -229.4 -210.8

Table A3.5 Finer scan interaction energies (nEh) of Ne-NH3 calculated at the MP4 level 
for the intermediate geometry of NH3 (>HNH=113.34°).

<t>=60°
R /0 60° 70° 80° 90° 100° 110° 120°
3.20 -31.9 -142.7 -224.9 -264.4 -257.9 -213.0 -143.9
3.25 -86.0 -179.9 -248.5 -279.7 -271.8 -231.4 -171.3
3.30 -126.0 -205.4 -262.4 -287.1 -278.1 -242.2 -189.9
3.35 -154.7 -221.8 -268.8 -288.1 -278.8 -246.8 -201.6
3.40 -174.5 -230.9 -269.7 -284.6 -275.2 -247.0 -207.9
3.45 -187.3 -234.6 -266.5 -277.8 -268.6 -243.7 -210.2

<t>=50°
3.20 -0.2 -108.3 -192.9 -238.2 -238.7 -200.1 -136.0
3.25 -61.0 -223.5 -223.5 -259.5 -257.0 -221.6 -165.3
3.30 -106.4 -184.5 -243.1 -271.5 -267.0 -234.7 -185.4
3.35 -139.4 -205.6 -254.2 -276.5 -270.5 -241.4 -198.4
3.40 -162.7 -218.6 -258.9 -276.1 -269.3 -243.1 -205.7
3.45 -178.2 -225.4 -258.4 -271.6 -264.3 -241.0 -208.6

4h=40°
3.20 91.3 -7.6 -98.1 -160.3 -181.8 -162.7 -113.5
3.25 11.6 -73.8 -149.5 -199.2 -213.4 -193.1 -148.1
3.30 -49.2 -122.7 -185.9 -225.5 -233.9 -213.3 -172.6
3.35 -94.8 -157.8 -210.5 -241.6 -245.9 -225.5 -189.0
3.40 -128.3 -182.1 -225.8 -250.2 -251.3 -231.7 -199.1
3.45 -151.9 -198.0 -234.0 -253.1 -251.7 -233.2 -204.1

<|>=303

3.20 229.3 148.0 50.7 -38.0 -93.7 -105.9 -80.2
3.25 120.9 48.8 -33.2 -104.3 -145.5 -149.6 -122.8
3.30 37.0 -26.7 -95.5 -152.4 -182.1 -180.4 -153.6
3.35 -27.3 -83.3 -141.1 -186. -207.0 -201.2 -174.9
3.40 -75.8 -125.0 -173.2 -208.7 -222.6 -213.9 -189.0
3.45 -111.8 -154.6 -194.7 -222.6 -231.1 -220.7 -197.2
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Table A3.6 Finer scan interaction energies (|iEh) of Ne-NH3 calculated at the MP4 level
for the planar geometry' of NH3 (>HNH=120.00°).

<|>=60o <t>=50°
R / e 60° 70° OO o o 90° 60° 70° 80° 90°
3.20 -75.6 -171.8 -238.4 -261.7 -57.7 -147.1 -209.9 -232.4
3.25 -116.2 -199.4 -257.2 -278.2 -102.2 -180.5 -235.5 -255.4
3.30 -145.6 -217.4 -267.6 -285.9 -134.8 -203.2 -251.3 -268.8
3.35 -166.2 -228.0 -271.3 -287.1 -157.9 -217.4 -259.4 -274.7
3.40 -179.8 -232.7 -270.2 -284.5 -173.6 -224.7 -261.8 -275.0
3.45 -187.9 -233.0 -265.3 -277.1 -183.2 -227.9 -259.7 -271.1
3.50 -191.6 -230.2 -257.9 -269.0 •188.3 -226.7 -254.3 -264.4

<t>=40O <t>=30°
3.20 -6.1 -78.0 -127.3 -145.1 71.3 29.0 2.5 6.3
3.25 -62.0 -126.8 -171.8 -187.9 8.6 -43.5 -70.9 -80.2
3.30 -103.8 -161.8 -202.5 -217.2 -56.8 -97.7 -124.9 -134.4
3.35 -134.1 -186.1 -222.7 -235.3 -98.2 -137.2 -163.7 -173.1
3.40 -155.6 -201.8 -234.5 -246.3 -128.4 -165.0 -190.4 -199.5
3.45 -170.0 -210.9 -239.9 -250.4 -149.8 -183.8 -207.6 -216.1
3.50 -178.7 -214.7 -240.5 -249.9 -164.1 -195.4 -217.6 -225.6
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Table A3.7 Interaction energies (jiEh) of Ne-NH3 calculated at the CCSD(T) level for
the equilibrium geometry of NH3 (>HNH= 106.67°).

<J>=0°
R / e 0°

OO

60° 90° 120° 150° 180°
3.40 -195.1
3.45 -203.7
3.50 -180.5 -207.5 -167.0 -152.9
3.55 -195.7 -207.8 -172.4 -161.8
3.60 -204.3 -205.2 -174.7 -167.1
3.65 -123.7 -207.9 -200.6 -174.5 -169.2
3.70 -131.2 -160.7 -207.5 -172.3 -169.0
3.75 -135.6 -143.1 -168.8 -198.9 -168.7 -167.0
3.80 -137.5 -146.3 -172.6 -192.1 -163.5
3.85 -137.6 -147.4 -173.3 -159.0
3.90 -136.1 -145.9 -171.4 -153.8
3.95 -133.6 -143.4 -167.8
4.00 -130.2 -139.8

4>=60°
3.20 -266.3
3.25 -280.5
3.30 -136.5 -287.3 -210.7
3.35 -167.04 -287.9 -218.9
3.40 -187.96 -284.1 -222.3
3.45 -201.26 -277.0 -222.1
3.50 -208.66 -219.0 -167.5 -152.9
3.55 -121.1 -211.42 -213.8 -172.5 -161.8
3.60 -135.0 -210.71 -207.2 -174.5 -167.1
3.65 -123.7 -144.2 -207.44 -199.5 -174.1 -169.2
3.70 -131.2 -149.7 -202.22 -171.8 -169.0
3.75 -135.6 -152.1 -168.1 -167.0
3.80 -137.5 -152.4 -163.3 -163.5
3.85 -137.6 -150.8 -157.8 -159.0
3.90 -136.14 -147.8 -153.8
3.95 -133.59 -143.9
4.00 -130.19 -139.3
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Table A3.8 Interaction energies (jiEh) of Ne-NH3 calculated at the CCSD(T) level for
the equilibrium geometry of NH3 (>HNH=113.34°).

<J>=0°
R / e 0° 30° 60° 90° 120° 150° 180°
3.50 -193.8 -120.7
3.55 -197.8 -150.8 -134.6
3.60 -201.6 -198.3 -156.6 -144.1
3.65 -207.3 -196.1 -159.5 -150.0
3.70 -160.1 -208.5 -191.9 -159.9 -152.9
3.75 -119.6 -131.2 -166.6 -206.4 -186.2 -158.5 -153.6
3.80 -122.9 -134.5 -169.3 -201.9 -155.6 -152.5
3.85 -124.3 -135.4 -169.2 -195.6 -151.7 -150.0
3.90 -124.1 -134.8 -166.9 -146.4
3.95 -122.7 -132.8 -162.9
4.00 -120.3 -129.7

<J>=60°
3.20 -268.1
3.25 -282.7
3.30 -289.4 -195.6
3.35 -162.5 -290.0 -206.8
3.40 -181.3 -286.2 -212.6
3.45 -193.5 -279.0 -214.4
3.50 -200.0 -212.9 -142.6 -120.7
3.55 -202.3 -209.1 -151.5 -134.6
3.60 -118.5 -201.5 -203.6 -156.9 -144.1
3.65 -128.1 -198.1 -196.8 -159.3 -150.0
3.70 -134.2 -193.1 -159.4 -152.9
3.75 -119.6 -137.4 -157.8 -153.6
3.80 -122.9 -138.5 -154.8 -152.5
3.85 -124.3 -137.7 -150.8 -150.0
3.90 -124.1 -135.7 -146.4
3.95 -122.7 -132.7
4.00 -120.3 -128.9
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Table A3.9 Interaction energies (nEh) of Ne-NH. calculated at the CCSD(T) level for
the planar geometry of NH3 (>HNH= 120.00°).

4>=o°
R /0 0° 30° 60° 90°
3.60 -164.7 -198.4
3.65 -171.7 -206.3
3.70 -129.0 -174.8 -209.2
3.75 -120.1 -132.5 -174.8 -208.3
3.80 -123.4 -133.9 -172.8 -204.6
3.85 -124.8 -133.6 -168.8 -199.0
3.90 -124.6 -131.9 -191.8
3.95 -123.2 -129.2
4.00 -120.9

<t>=60°
3.20 -265.8
3.25 -281.4
3.30 -288.8
3.35 -289.9
3.40 -186.3 -286.4
3.45 -193.7 -279.5
3.50 -196.9
3.55 -196.7
3.60 -194.2
3.65 -189.7
3.70 -131.1
3.75 -120.1 -133.6
3.80 -123.4 -134.2
3.85 -124.8 -133.2
3.90 -124.6 -131.1
3.95 -123.2 -128.1
4.00 -120.9
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Table A3.10 Interaction energies (pEh) of Ne-NH3 calculated at the CCSD(T) level for 
the equilibrium geometry of NH3 (>HNH)= 106.67°) using the aug-cc-pVDZ basis set for 
Ne.

<|>=0o
R / e 0° 30° 60° 90° 120° 150° 180°
3.40 -186.1
3.45 -194.9
3.50 -199.0 -165.7 -153.6
3.55 -199.3 -169.9 -160.9
3.60 -188.5 -197.0 -171.0 -164.6
3.65 -194.7 -192.5 -169.5 -165.4
3.70 -146.9 -196.7 -166.4 -164.0
3.75 -122.6 -130.1 -157.1 -195.3 -161.9 -160.8
3.80 -125.1 -134.2 -162.8 -191.6 -156.5
3.85 -125.7 -136.0 -164.9 -151.2
3.90 -124.7 -135.9 -164.3 -145.3
3.95 -122.7 -134.1 -161.7
4.00 -119.8 -131.1

i>=60°
3.20 -246.5
3.25 -262.7
3.30 -110.5 -271.7 -208.4
3.35 -144.1 -273.8 -216.2
3.40 -167.7 -271.2 -219.1
3.45 -183.3 -265.3 -218.2
3.50 -192.7 -214.4 -166.8 -153.6
3.55 -104.4 -197.1 -208.7 -170.6 -160.9
3.60 -119.9 -197.9 -201.6 -171.3 -164.6
3.65 -130.3 -195.8 -193.4 -169.7 -165.4
3.70 -136.7 -191.8 -184.6 -166.5 -164.0
3.75 -122.6 -140.1 -186.1 -161.8 -160.8
3.80 -125.1 -141.0 -179.3 -156.3 -156.5
3.85 -125.7 -140.1 -150.1 -151.2
3.90 -124.7 -137.8 -145.3
3.95 -122.7 -134.4
4.00 -119.8 -130.3
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Table A3.11 Interaction energies (nEh) of Ne-NH3 calculated at the CCSD(T) level for 
the intermediate geometry of NH3 (>HNH)=113.34°) using the aug-cc-pVDZ basis set for 
Ne.

<t»=o°
R / e 0° 30° 60° 90° 120° 150° 180°
3.50 -182.2 -119.0
3.55 -186.8 -146.4 -131.7
3.60 -185.9 -188.0 -151.2 -139.9
3.65 -193.9 -182.7 -153.3 -144.6
3.70 -147.1 -197.5 -171.2 152.9 -146.6
3.75 -107.4 -119.2 -155.6 -197.3 -150.9 -146.4
3.80 -111.4 -123.2 -159.9 -194.5 -147.5 -144.5
3.85 -113.0 -124.9 -161.1 -189.5 -143.1 -141.3
3.90 -112.7 -124.7 -160.0 -183.1 -137.2
3.95 -111.7 -123.2 -156.9
4.00 -109.7 -120.7

<J>=60°

3.20 -246.9
3.25 -263.9
3.30 -112.59 -272.6 -190.5
3.35 -144.73 -275.0 -201.7
3.40 -163.81 -272.7 -207.4
3.45 -177.61 -266.9 -208.8
3.50 -185.72 -206.9 -139.6 -119.0
3.55 -189.27 -202.8 -147.5 -131.7
3.60 -105.3 -189.56 -197.0 -151.8 -139.9
3.65 -115.6 -187.42 -190.0 -153.4 -144.6
3.70 -122.2 -183.26 -182.1 -150.4 -146.6
3.75 -107.4 -125.9 -171.05 -146.8 -146.4
3.80 -111.4 -127.4 -142.3 -144.5
3.85 -113.0 -127.1 -137.2 -141.3
3.90 -112.7 -125.4 -131.6 -137.2
3.95 -111.7 -122.9
4.00 -109.7 -119.4
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Table A3.12 Interaction energies (pEh) of Ne-NH3 calculated at the CCSD(T) level for
the planar geometry of NH3 (>HNH)= 120.00°) using the aug-cc-pVDZ basis set for Ne.

<t>=o°
R / e 0° 30° 60° 90°
3.50
3.55
3.60 -149.6 -181.7
3.65 -158.5 -192.7
3.70 -119.0 -163.2 -197.8
3.75 -122.5 -164.5 -199.0
3.80 -113.0 -124.0 -163.4 -197.1
3.85 -114.2 -123.7 -160.4 -192.8
3.90 -113.9 -122.1 -179.7
3.95 -112.5 -119.5 -171.8
4.00 -110.2

4>=60o
3.20 -241.9
3.25 -260.3
3.30 -271.1
3.35 -273.4
3.40 -174.6 -272.4
3.45 -182.7 -267.1
3.50 -186.5
3.55 -186.8
3.60 -184.7
3.65 -180.6
3.70 -121.3
3.75 -123.6
3.80 -113.0 -124.1
3.85 -114.2 -123.1
3.90 -113.9 -121.0
3.95 -112.5 -118.2
4.00 -110.2
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APPENDIX 4

Tables o f microwave transition frequencies 
measured for the Rg2-NH3 trimers
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Table A4.1 Measured transition frequencies (MHz) for the SOq, state of Ar,-NH3.

J W
F - P Vob, Av* 1 ' 

J W
F - r Vo* Av*

1 I|-0oo 0-1 4375.1668 -0.5 3-4 9197.5376 0.9
1-1 4375.2926 0.0 3-3 9197.5376 0.9
2-1 4375.3762 0.0 4-4 9197.5728 0.3

4-3 9197.5728 0.3
~02~ I 11 1-1 4047.1989 0.4

2-1 4047.2799 0.2 4()4"3|3 5-4 9667.8162 -2.1
3-2 4047.3114 0.3 4-3 9667.8162 -1.1
2-2 4047.3647 1.5 3-2 9667.8330 2.5
1-0 4047.4062 -1.2

4-3 8528.6958 -1.6
2-1 11642.3932 -0.2 5-4 8528.7494 0.6
1-1 11642.4743 -0.2
2-2 11642.4743 -2.6 4„-3u 4-3 21029.0213 -4.0
3-2 11642.5291 0.0 5-4 21029.0654 -3.4
1-0 11642.6842 0.8

4 u-4o4 4 -t 6251.8998 0.3
"> -■)-:o  - i i 3-3 4701.9412 -2.0 5-5 6252.0826 4.1

2-2 4701.9776 -3.2 3-3 6252.1212 -3.4

3 i j*2o; 2-2 8624.7707 0.0 4:;"4|, 4-4 4635.0351 6.7
2-1 8624.8546 2.7 5-5 4635.0701 4.9
4-3 8624.8673 -0.6
3-2 8624.9440 -0.3 4 ,i"4:2 5-5 7865.2443 -7.8
3-3 8624.9953 -1.2 4-4 7865.2922 -4.9

3 - 2 , , 2-1 13122.6889 -0.9 5,5*404 6-5 12584.8178 2.0
3-3 13122.7415 2.0 4-3 12584.8178 1.6
4-3 13122.7415 2.0 5-4 12584.8477 0.7
3-2 13122.8284 -0.6
2-2 13122.8284 -0.7 5:4-4 u 4-3 16728.3573 -0.9

6-5 16728.3817 3.4
3„-2:o 2-1 17618.3503 -3.6 5-4 16728.4659 2.4

4-3 17618.3705 0.1
3-2 17618.3890 2.2 5:4*5,, 5-5 10395.5170 -0.2

6-6 10395.6459 3.6
3 - 3 , , 3-3 7391.0187 -0.8

4-3 7391.0187 -0.8
2-3 7391.0187 -0.8
4-4 7391.1497 1.7
3-4 7391.1497 1.7
3-2 7391.1920 -1.0
2-2 7391.1920 -1.0

* Av=v in kHz.
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Table A4.2 Measured transition frequencies (MHz) for the SO,,, state of Ar,-'5NH3.
J*J lUICc*
J W

VcU Av*
rJ KlICc 
3 ICiTCi"

v^» Av

1 11“®00 4214.5573 -2.4 ■3 04‘3 n 9605.3961 -2.8

2<n* 111 4134.2463 3.3 4,3-3^ 8868.7991 -2.0
-:o" 111 11234.1827 0.2 4„-3^ 20368.0106 -3.7

2W*2„ 4293.6267 -3.0 4 -4^13^04 6315.8591 -0.5

3,3-2o: 8394.5280 I.l 4396.0413 5.3

3 - 2  „ 12640.6735 -1.0 4 3 |4 ;: 7103.1726 -4.5

3j|*2;o 16884.8444 4.4 3 is*4 04 12335.0504 1.1
3—3 ij 7052.4555 -1.8 5:4-4 n 16167.2449 2.1
3n‘3" 8537.7982 3.0 4:4*5,, 10148.0540 0.9

* Av=v ^  in kHz.
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Table A4.3 Measured transition frequencies (MHz) for the I0 0 states of Ar2-NDV

JW -
J W

F -r

SO*

Vob. Av*

SO*

Vot, Av*

1 1 l*®00 0-1 3924.8156 3.2 3924.6454 0.0
i-i 3925.0499 -0.8 3924.8848 -0.3
2-1 3925.2079 -1.6

2«-l„ 1-1 4274.2520 0.2
3-2 4274.4876 -1.4 4274.6154 -7.2
1-0 4274.6514 2.5 4274.7839 -0.5

ii 2-1 10511.8436 -2.4 10511.3960 5.8
3-2 10512.1512 5.4 10511.6917 1.5
1-0 10512.4574 -5.0

2-2 7978.1250 -3.2
4-3 7978.3692 3.2
3-2 7978.4994 -2.0
3-3 7978.6466 4.2

3 - 2 , , 2-1 11772.2932 1.3 11771.7956 -2.8
4-3 11772.3849 -1.5 11771.8928 -0.7
3-2 11772.5560 -0.6 11772.0617 -3.1

3 „-2 m 2-1 15565.2613 -1.0
4-3 15565.3061 0.4 15564.4840 5.5
3-2 15565.3462 -0.6 15564.5231 3.0

3 - 3  „ 3-3 6456.7303 -1.5 6456.2727 -2.8
4-4 6457.0084 0.2 6456.5506 -1.1
2-2 6457.1064 1.4

3 „-3a 3-3 7367.4910 2.6 7366.6867 -4.3
4-4 7367.5923 4.0 7366.7882 -1.4
2-2 7367.6181 -5.2 7366.8218 -2.3

■̂04*3 I 3 5-4 9445.9757 3.6
4-3 9445.9922 -1.7

4n"3;: 4-3 9420.3263 -5.4 9420.7547 -3.3
5-4 9420.3857 -3.2 9420.8156 -0.8
3-2 9420.4104 6.7 9420.8347 3.3

4-4 6431.0706 1.1
5-5 6431.4254 0.4
3-3 6431.5168 0.4

a Av=v ^  in kHz.
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Table A4.4 Measured transition frequencies (MHz) for the SOqo states of Ar:-ND-,H.

r
J  KmX c ' 

•1 K i-K i"

F - F

SO**

Voh, Av*

£ 0^

V06. Av*

1 ll*Ooo 0-1 4058.3565 -3.7 4058.4065 3.1
l- l 4058.5618 0.0 4058.5979 -3.7
2-1 4058.6973 1.2

l- l 4213.2817 2.9
3-2 4213.4810 9.0
1-0 4213.6054 -9.4 4213.7363 -2.1

t>J tj © 1 2-1 10841.9966 I oc 10842.0274 3.8
3-2 10842.2444 4.9 10842.2633 0.5
1-0 10842.4974 -2.5 10842.5213 0.9

3 ,,-2* 2-2 8170.9195 -2.1 8171.1173 -4.7
4-3 8171.1061 0.7 8171.3062 -0.8
3-2 8171.2239 1.4 8171.4222 -0.5

3 - 2 „ 2-1 12172.5560 -4.3
4-3 12172.6408 0.6 12172.7638 -0.1
3-2 12172.7900 5.8 12172.9094 4.0

3„-2:o 3-3 16172.3459 -4.1
4-3 16172.4244 0.9 16172.4866 2.3
3-2 16172.4566 0.9 16172.5145 -0.9
2-2 16172.5549 -0.2

3 - 3 „ 3-3 6727.4650 -3.8
4-4 6727.8287 - 1.6 6727.6867 -4.8
3-4 6727.8287 - 1.6 6727.6867 -4.8
3-2 6727.9071 - 1.2 6727.7730 3.6
2-2 6727.9071 - 1.2 6727.7730 3.6

3„-3s 3-3 7902.1891 7.2 7902.0786 5.7
4-4 7902.2578 2.3 7902.1497 0.8
2-2 7902.2737 -7.5 7902.1668 -8.6

4(>4*3 | J 5-4 9528.4508 -3.4 9528.7198 -0.2
4-3 9528.4731 6.5 9528.7328 0.1

4.1-3= 4-3 9178.7429 - 1.0 9178.9411 - 1.0
5-4 9178.8028 -2.2 9179.0020 1.2

4|j-4rn 4-4 6377.8864 1.7 6377.6782 0.0
5-5 6378.1817 0.6 6377.9712 - 1 . 0

3-3 6378.2581 0.8 6378.0487 0.9

* Av=v <̂s*vcajc in kHz.
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Table A4.5 Measured transition frequencies (MHz) for the states of Ar2-NDH2.

yJ lUTCC 
J" lirtc-

F - F

SO*,

Vota Av*

SOoo.

V„b. Av*

lu-Ooo 0-1 4204.7140 -1.6 4205.4309 0.8
l- l 4204.8812 3.0 4205.5932 0.0
2-1 4204.9916 5.0 4205.7014 -0.6

"> -1-o: 1ti l- l 4139.6740 -2.2
2-1 4139.7971 3.1
3-2 4139.8255 -1.5
2-2 4140.0308 -5.1 4139.9037 1.0
1-0 4140.0773 -3.3 4139.9469 -1.2

-:o*l II 2-1 11208.9382 -2.6 11210.6354 0.2
3-2 11209.1272 2.2 11210.8209 0.1
1-0 11209.3335 3.7 11211.0241 -0.1

3„-2„: 2-2 8381.3033 -3.2 8382.3928 1.1
4-3 8381.4037 0.5 8382.5248 -3.0
3-2 8381.1710 0.7 8382.6260 1.2

“ ii 2-1 12611.3780 -0.4 12613.5227 -1.3
4-3 12611.3780 -0.4 12613.5227 -1.3
3-2 12611.4998 5.2 12613.6418 1.3
2-2 12611.4998 5.2 12613.6418 1.3

3„-2:o 4-3 16839.1205 -7.7 16842.1934 -2.7
3-2 16839.1582 6.2 16842.2234 3.4

3 - 3 , , 3-3 7030.6489 2.3 7031.8365 0.9
4-3 7030.6489 2.3 7031.8365 0.9
2-3 7030.6489 2.3 7031.8365 0.9
4-4 7030.8242 5.1 7032.0097 1.4
3-4 7030.8242 5.1 7032.0097 1.4
3-2 7030.8687 -10.8 7032.0620 -6.7
2-2 7030.8687 -10.8 7032.0620 -6.7

3„-3r 3-4 8496.1192 3.7 8496.5991 -1.7
3-3 8496.1192 3.7 8496.5991 -1.7
3-2 8496.1192 3.7 8496.5991 -1.7
4-4 8496.1667 -0.9 8496.6536 1.0
4-3 8496.1667 -0.9 8496.6536 1.0

*̂ 04“3 13 5-4 9602.1202 0.0 9602.9037 3.7

■̂ i.i'3” 4-3 8889.8454 3.1 8888.9066 -3.7
5-4 8889.8976 -3.1 8888.9691 0.0

■*1)̂ 0* 4-4 6317.8430 1.8
5-5 6318.5997 0.0 6318.0768 -0.6
3-3 6318.1424 4.3

* Av=v ofc-v^ in kHz.
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Table A4.6 Measured transition frequencies (MHz) for the EOo, state of 22Ne20Ne-NH3.
J*J lUTCc'
J"

f -p Vob, Av J KlVc '
f  lU-Kc*

F -P v* . Av

s9o 5800.0240* 54.5b 2i:*loi 10624.6256 -59.5
0-1 5799.8569 -0.6C 3-2 10624.6223 0.0
2-1 5800.0079 0.6
1-1 5800.1073 0.1 — 11 02 5481.7697 39.0

2-2 5481.6980 -2.4
1 11*̂ 00 6587.4070 14.6 3-3 5481.7919 2.4

l- l 6587.3965 3.0
2-1 6587.4071 -2.6 3oi*2o: 14320.9901 57.8
0-1 6587.4335 -0.4 4-3 14320.9854 2.4

3-2 14320.9982 -1.4
2o:-»o, 10414.0420 -32.2 2-1 14320.9982 -1.0

l- l 10413.8754 0.1
3-2 10414.0337 -1.1 3,3*2,: 14147.0372 57.4
2-1 10414.0438 1.6 4-3 14147.0267 0.0
1-0 10414.1292 4.2 2-1 14147.0372 3.2
2-2 10414.1373 -4.8 3-2 14147.0554 -3.2

-n * l 10 13349.9078 -154.4 3:2*2:, 17372.8525 7.4
1-0 13349.7582 3.0 2-1 17372.7693 0.1
3-2 13349.8837 -6.2 4-3 17372.8276 -1.0
2-1 13349.9944 -3.2 3-2 17372.9368 0.9

2 ,:-l„ 9837.2409 -17.9 3o,-2,: 14110.4047 86.9
1-0 9837.1405 -3.6 4-3 14110.3930 -0.7
3-2 9837.2213 3.1 3-2 14110.4284 0.7
2-1 9837.3247 0.5

3,3*2o: 14357.6197 -31.2
2 „-2 ,: 5271.1890 63.4 4-3 14357.6113 -1.8

2-2 5271.1322 -1.0 3-2 14357.6298 2.2
3-3 5271.2060 1.0 2-1 14357.6298 -0.3

20:-l„ 9626.6566 10.1 4o4"3qj 18276.9418 -70.9
3-2 9626.6333 3.3 3-2 18276.9330 -3.8
2-1 9626.7502 -3.3 5-4 18276.9330 3.8

* Hypothetical center line frequency.
b Av=v ob5-vclk in kHz from rotational analysis of center line frequency. 
c Av=v in kHz from l4N hyperfme analysis.
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Table A4.7 Measured transition frequencies (MHz) for the SO,,, state of 22Ne2°Ne-

j w
v.*. Av4 y ^ r

K.'Kc'
Vota Av

l<>|4)oO 5616.8779 100.7 2o3"2o2 14054.0023 102.8
1 ,,"̂ 00 6542.7160 114.9 2,3-2i: 13822.7090 45.3
2o2" lot 10203.8117 8.1 3,2-2,, 18290.0150 -46.9

2,,-l,o 12884.9065 -225.3 3,2-3,s 9440.9386 6.1
2.2-1 || 9570.4923 -103.4 328-2,, 16824.2387 71.9
2,,-2,2 4973.6236 107.4 3o3"2,: 13761.4836 199.9

2o2-1„ 9277.9735 -6.1 3,3"2o2 14115.2277 -51.8

2,:-lo, 10496.3304 -89.1 0̂4*3o3 17908.9571 -86.9
2„-2o: 5266.1513 1.2

* Av=v ote-v ,̂. in kHz from rotational analysis.
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Table A4.8 Measured transition frequencies (MHz) for the £00, states of ̂ e .-N H
and :2Ne,-NH,.

J',KmX c 1

lo,-Oa

-> .1—O' 1 r

3q,-20

3„-2,

F -P

:oNej-NHj “ Ne,-NH,

Av

5920.6477* 583.2b
0-1 5920.4789 -0.96
2-1 5920.6315 0.6
l-t 5920.7319 0.3

10708.9874 0.0
1-1
3-2 10708.9786 -1.6
2-1 10708.9891 1.6
1-0

14737.6924 0.0
2-2 14737.5357 1.9
4-3 14737.6877 2.4
3-2 14737.6985 -3.4
2-1 14737.6985 -3.1
3-3 14737.8121 2.3

17733.6937 -194.4
2-1 17733.6126 2.9
4-3 17733.6654 -4.2
3-2 17733.7791 1.3

Vob, Av

5707.4968 -592.0
5707.3248 1.8
5707.4797 0.3
5707.5816 -2.1
10113.4810 0.0
10113.3147 -2.2
10113.4768 0.4

10113.5794 1.8
13741.6931 0.0

13741.6877

17039.6903

17093.6654

0.0

197.3

0.0

1 Hypothetical center line frequency.
b Av=v 0j)s-vc4lc in kHz from rotational analysis of center line frequency. 
c Av=v in kHz from UN hyperfine analysis.

Table A4.9 Measured transition frequencies (MHz) for the 10^ state o f ’°Ne2-l5NHj.
r -i"1 J Krtc- V*, Av*

loi-Ooo 5734.5064 721.4
2o;~loi 10487.0390 0.0
3o}~“o; 14464.5173 0.0
3j--2;, 17126.8864 -240.5

a Av=v 0(is-vcajc in kHz from rotational analysis.
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Table A4.10 Measured transition frequencies (in MHz) for the IO0 states of 20Ne2-ND3.

J'J KaXc 
■Tkj-Kc*

F - P

so *

Vob. Av

SOo.

Vob, Av

89o 5451.4491* 867.4b 5451.4627 259.2
0-1 5451.1389 5.4C
2-1 5451.4131 -4.4 5451.4330 -0.9
1-1 5451.6059 -1.0 5451.6180 0.9

2o:-lo, 10125.8194 0.0 10125.8629 -371.9
1-1 10125.4913 -3.9 10125.5290 0.8
3-2 10125.8083 4.9 10125.8446 -0.8
2-1 10125.8248 -3.2
1-0 10125.9695 0.8
2-2 10126.0188 1.4

3o5'20; 14043.5794 0.0 14043.6290 158.9
4-3 14043.5609 -3.2 14043.6087 -0.3
2-1 14053.5982 3.2 14043.6454 0.3

3:.-2: i 16330.3238 -289.1
4-3 16330.2782 -0.3
3-2 16330.4823 0.3

* Hypothetical center line frequency.
b Av=v in kHz from rotational analysis of center line frequency.
c Av=v in kHz from l4N hyperfine analysis.
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Table A4.11 Measured transition frequencies (MHz) for the states of 20Ne2-ND2H.

y
J"J Ka*Kc*

F - P

SO**

Vob, Av

SO*.

Av

loi"®00 5592.2092* 653.8b 5592.5058 163.3
0-1 5591.9446 O F 5592.2373 -3.9
2-1 5592.1815 -1.3 5592.47% 0.3
1-1 5592.3428 1.2 5592.6417 3.6

-1-o; *oi 10310.7659 0.0 10311.1788 -260.5
1-1 10310.4890 -2.1 10310.9080 4.8
3-2 10310.7509 -0.8 10311.1608 -3.5
2-1 10310.7816 5.6 10311.1911 1.2
1-0 10310.8899 1.7 103112% 3 -3.7
2-2 10310.9304 -4.4 10311.3499 1.2

3oj -o: 14257.3515 0.0 14258.0429 114.1
4-3 14257.5165 -1.6 14258.0281 -1.1
3-2 14257.5485 -2.9 14258.0598 -3.4
2-1 14257.5485 4.4 14258.0598 4.6

J ” - : i 16750.9266 -217.9
4-3 16750.8903 1.7
3-2 16751.0576 -1.7

* Hypothetical center line frequency.
b Av=v ^ -v ^ . in kHz from rotational analysis of center line frequency. 
c Av=v in kHz from l4N hyperfine analysis.
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Table A4.12 Measured transition frequencies (MHz) for the states of 2°Ne2-NDH2.

•J ICaTU1”
f -p

SO*.

Vofc. Av

SOoc.

Vota Av

•o i^oo 5746.3497* 169.3b 5747.0225 714.7
0-1 5746.1358 -6.2C 5747.0225 -5.5
2-1 5746.3298 0.9 5747.2360 10.2
1-1 5746.4589 5.3 5747.3529 -4.7

10503.5077 -311.4 10504.4372 0.0
l- l 10503.2957 -1.1 10504.4372 0.1
3-2 10503.5036 5.7 10504.6462 -2.4
2-1 10503.5234 12.5 10504.6661 6.1
1-0 10503.6060 2.4 10504.7686 1.9
2-2 10503.6209 -14.7 10504.7861 -5.7

3o5*2o; 14485.5809 143.5 14486.9874 0.0
4-3 14485.5681 -3.3 14486.9874 -3.7
3-2 14485.5946 0.4 14487.0151 1.1
2-1 14485.5946 2.9 14487.0151 2.6

t -■> 17214.4841 -238.2
4-3 17214.4841 0.0

1 Hypothetical center line frequency. 
b Av=v o^-v^ in kHz from rotational analysis of center line frequency. 
c Av=v obj-v^ in kHz from UN hyperfine analysis.
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APPENDIX 5

Tables of ab initio  data for the Ne2-NH3 trimer
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Table A5.1 Interaction energies (|iEh) of Ne2-NH3 calculated at the CCSD(T) level for
the equilibrium geometry of NH3 (>HNH=106.67°) at p=90°.

4»=o°
R /0 0° 30° 60° 90° 120° 150° 180°
2.75 488.5 206.9 116.9 -301.1 -446.3 -259.0 -144.6
2.80 294.2 59.6 -30.0 -386.6 -491.4 -323.2 -226.6
2.85 134.9 -60.9 -149.2 -452.2 -523.8 -373.2 -292.0
2.90 5.3 -158.3 -244.8 -501.0 -545.8 -411.3 -343.4
2.95 -99.4 -236.3 -320.4 -535.8 -558.5 -439.4 -383.0
3.00 -183.3 -297.9 -379.0 -559.1 -564.8 -459.1 -412.8
3.05 -249.3 -345.6 -423.3 -573.1 -564.7 -471.9 -434.1
3.10 -300.9 -381.8 -455.6 -579.2 -560.3 -479.0 -448.6
3.15 -340.1 •408.4 -478.2 -579.6 -552.4 -481.4 -457.3
3.20 -369.2 -426.8 ^492.7 -574.1 -541.7 -480.1 -461.3
3.25 -390.1 -438.8 -500.4 -565.5 -529.1 -475.6 -461.4
3.30 -404.1 -445.3 -502.8 -553.7 -514.8 -468.8 -458.5
3.35 -412.4 -447.5 -500.9 -540.5 -499.4 -460.1 -453.1
3.40 -416.4 -446.1 -495.5 -524.4 -483.3 -449.9 -445.8
3.45 -416.5 -441.8 -487.5 -507.9 -466.8 -438.8 -436.9
3.50 -413.7 -435.4 -477.5 -490.7 -450.3 -426.9 -426.9
3.55 -408.7 -427.3 -465.7 -473.2 -433.8 -414.5 -416.0
3.60 -401.9 -417.8 -452.9 -455.6 -417.6 -401.8 -404.6
3.65 -393.8 -407.3 -439.4 -438.2 -401.7 -388.9 -392.9
3.70 -384.7 -396.5 -425.5 -421.1 -386.3 -376.3 -380.9

<J>=60°
2.75 488.5 845.0 451.9 -254.5 -385.0 -216.4 -144.6
2.80 294.2 567.5 215.7 -366.6 -448.2 -291.1 -226.6
2.85 134.9 343.6 28.0 -450.2 -494.0 -349.5 -292.0
2.90 5.3 162.1 -119.6 -510.2 -525.6 -394.2 -343.4
2.95 -99.4 16.3 -234.2 -551.7 -545.7 -427.3 -383.0
3.00 -183.3 -100.2 -321.6 -577.8 -556.7 -451.0 -412.8
3.05 -249.3 -192.2 -387.1 -592.3 -560.1 -466.7 -434.1
3.10 -300.9 -263.8 -434.6 -597.2 -558.0 -476.0 -448.6
3.15 -340.1 -318.6 -467.6 -595.1 -551.6 -480.0 -457.3
3.20 -369.2 -359.6 -489.0 -587.4 -541.6 -479.1 -461.3
3.25 -390.1 -389.3 -501.2 -575.7 -529.1 -476.3 -461.4
3.30 -404.1 -409.8 -506.3 -560.8 -514.7 -470.2 -458.5
3.35 -412.4 -422.9 -505.4 -543.9 -499.2 -462.0 -453.1
3.40 -416.4 -429.8 -500.0 -525.7 -482.8 -452.1 -445.8
3.45 -416.5 -432.2 -492.1 -506.6 -466.1 -441.1 -436.9
3.50 -413.7 -430.5 -480.5 -487.1 -449.2 -430.4 -426.9
3.55 -408.7 -426.2 -467.5 -467.7 -432.5 -416.9 -416.0
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Table A5. 1 continued.

3.60 -401.9 -419.4 -453.6 -448.5 -416.0 -404.2 -404.6
3.65 -393.8 -410.9 -438.9 -429.7 -399.9 -391.5 -392.9
3.70 -384.7 -401.1 -423.8 -411.6 -384.3 -379.2 -380.9

Table A5.2 Interaction energies (fiEh) of Ne2-NH3 calculated at the CCSD(T) level for 
the intermediate geometry of NH3 (>HNH=113.34°) at (3=90°.

<J>=0°
R /0 0° 30° 60° 90° 120° 150° 180°
2.75 438.7 179.7 62.5 -257.2 -383.8 -131.3 -13.2
2.80 265.2 46.7 -71.6 -352.0 -440.2 -237.9 -1116
2.85 123.2 -62.4 -180.3 -425.5 -482.3 -298.8 -191.7
2.90 6.4 -151.0 -267.1 -480.9 -512.2 -346.7 -256.2
2.95 -88.6 -222.2 -335.3 -521.2 -532.2 -383.4 -307.3
3.00 -165.3 -278.9 -388.1 -549.1 -544.2 -410.9 -347.1
3.05 -226.2 -322.8 -427.5 -566.9 -549.1 -430.5 -377.5
3.10 -274.3 -356.6 -455.9 -575.9 -549.0 -443.6 -399.8
3.15 -311.3 -381.5 -475.4 -578.3 -544.5 -451.2 -415.5
3.20 -339.3 -399.2 -487.5 -575.3 -536.6 -454.4 -425.6
3.25 -359.8 -410.9 -493.5 -568.2 -526.0 -454.0 -431.1
3.30 -374.0 -417.7 -494.5 -557.5 -513.5 -450.7 -432.9
3.35 -383.0 -420.4 -491.6 -544.4 -499.7 -445.1 -431.6
3.40 -388.0 -420.0 -485.7 529.6 -485.1 -437.6 -427.8
3.45 -389.3 -416.7 -477.2 -513.4 -469.6 -428.8 -422.0
3.50 -388.0 -411.4 -466.9 -496.5 -453.8 -418.9 -414.7
3.55 -384.5 -404.5 -455.3 -479.1 -437.9 -408.2 -406.2
3.60 -379.2 -396.4 -442.7 -461.6 -422.1 -397.0 -396.8
3.65 -372.7 -387.3 -429.4 -444.1 -406.6 -385.9 •386.8
3.70 -365.1 -377.6 -415.8 -426.8 -391.3 -373.8 -376.3

<J>=60°
2.75 438.7 339.1 367.4 -204.0 -296.4 -91.4 -13.2
2.80 265.2 437.2 151.3 -329.5 -378.1 -184.6 -111.6
2.85 123.2 247.6 -19.9 -423.5 -439.1 -258.7 -191.7
2.90 6.4 93.8 -154.1 -491.8 -483.1 -317.0 -256.2
2.95 -88.6 -30.1 -257.9 -539.5 -513.2 -361.9 -307.3
3.00 -165.3 -129.3 -336.8 -570.7 -532.4 -395.7 -347.1
3.05 -226.2 -207.3 -395.2 -589.0 -542.3 -420.0 -377.5
3.10 -274.3 -268.4 -437.4 -596.6 -545.3 -437.0 -399.8
3.15 -311.3 -314.9 -466.2 -596.4 -542.9 -447.4 -415.5
3.20 -339.3 -349.8 -484.5 -596.4 -536.4 -452.8 -425.6
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Table A5.2 continued.

3.25 -359.8 -375.1 -494.7 -590.2 -526.5 -453.9 -431.1
3.30 -374.0 -392.5 -497.4 -565.3 -514.2 -451.8 -432.9
3.35 -383.0 -403.5 -495.4 -545.7 -500.3 -446.9 -431.6
3.40 -388.0 -409.4 -489.4 -530.5 -485.1 -440.0 -127.8
3.45 -389.3 -410.9 -480.4 -511.5 -469.3 -431.5 -422.0
3.50 -388.0 -409.3 -469.2 -492.0 -453.0 -421.8 -414.7
3.55 -384.5 -405.0 -456.5 -472.7 -436.7 -411.2 -406.2
3.60 -379.2 -398.8 -442.8 -453.2 -420.5 -400.1 -396.8
3.65 -372.7 -391.1 -428.4 -434.2 -404.6 -388.2 -386.8
3.70 -365 ! -382.2 -413.7 -415.8 -389.1 -376.8 -376.3

Table A5.3 Interaction energies (|iEh) of Ne2-NH3 calculated at the CCSD(T) level for 
the planar geometry of NH3 (>HNH= 120.00°) at (3=90°.

<J>=0°
R /e 0° 30° 60° 90°
2.75 271.9 56.6 -159.8 -201.6
2.80 136.5 -18.3 -253.8 -307.5
2.85 24.2 -134.4 -328.1 -390.4
2.90 -68.2 -204.3 -385.7 -453.7
2.95 -143.7 -283.6 -129.2 -500.8
3.00 -204.8 -304.5 -461.1 -534.2
3.05 -253.5 -338.6 -483.1 -556.4
3.10 -292.1 -364.3 -497.0 -569.4
3.15 -321.8 -382.9 -504.4 -574.8
3.20 -344.2 -395.8 -506.5 -574.3
3.25 -360.4 -403.9 -504.4 -568.8
3.30 -371.5 -408.0 -198.9 -559.9
3.35 -378.4 -109.0 -490.8 -548.0
3.40 -381.8 -407.1 -480.8 -534.0
3.45 -382.1 -403.1 -468.8 -518.5
3.50 -380.3 -397.3 -455.8 -502.0
3.55 -376.7 -390.3 -142.5 -484.9
3.60 -371.5 -382.3 -428.5 -467.4
3.65 -365.1 -373.5 -414.4 -150.0
3.70 -357.8 -364.2 -400.3 432.7

4>60°
2.75 271.9 269.0 26.7 -142.4
2.80 136.5 118.7 -118.8 -283.4
2.85 24.2 -3.8 -232.2 -389.4
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Table A5.3 continued.

2.90 -68.2 -102.8 -319.1 -467.2
2.95 -143.7 -182.1 -384.3 -422.3
3.00 -204.8 -245.1 -432.1 -559.2
3.05 -253.5 -294.1 -465.3 -581.7
3.10 -292.1 -331.5 -487.1 -592.7
3.15 -321.8 -359.7 -499.7 -595.1
3.20 -344.2 -379.8 -505.1 -590.7
3.25 -360.4 -392.4 -505.2 -581.5
3.30 -371.5 -401.7 -500.6 -568.1
3.35 -378.4 -405.7 -492.6 -552.3
3.40 -381.8 -406.2 -482.2 -534.5
3.45 -382.1 -404.0 -469.9 -515.8
3.50 -380.3 -399.5 -456.5 -496.3
3.55 -376.7 -393.4 -449.2 -476.9
3.60 -371.5 -85.9 -427.5 -457.4
3.65 -365.1 -377.4 -412.6 -437.9
3.70 -357.8 -368.3 397.8 -419.5

Table A5.4 Interaction energies (|iEh) of Ne2-NH3 calculated at the CCSD(T) level for 
the equilibrium geometry of NH3 (>HNH= 106.67°) at P=0°.

oOII-9-

R/e 0° o 0 60° 90° 120° 150° 180°
2.75 491.8 738.2 418.1 403.4 73.9 -157.6 -144.6
2.80 296.6 491.2 225.0 198.2 -80.5 -248.3 -226.6
2.85 136.5 288.4 66.1 31.6 -201.5 -319.3 -292.0
2.90 6.3 123.0 -63.3 -102.12 -295.2 -373.7 -343.4
2.95 -98.8 -10.9 -167.8 -208.3 -366.3 -414.7 -383.1
3.00 -182.8 -118.2 -251.0 -291.3 -418.9 -444.4 -412.8
3.05 -249.2 -203.4 -316.3 -354.9 -456.5 -464.8 -434.1
3.10 -301.0 -270.1 -366.5 -402.5 -481.7 -477.4 -448.6
3.15 -340.3 -321.4 -404.1 -436.9 -497.4 -483.7 ■4513
3.20 -369.6 -359.9 -431.3 -460.4 -505.2 -485.4 -461.3
3.25 -390.6 -388.0 -449.7 -475.0 -506.7 -483.4 •461.6
3.30 -404.5 -407.5 -461.1 -482.6 -503.4 -477.8 -458.6
3.35 -412.9 -419.9 -466.7 -484.6 -496.6 -470.2 -453.2
3.40 -416.7 -426.8 -467.7 -482.0 -487.0 -460.5 -445.7
3.45 -416.9 -429.1 -464.9 -475.9 -475.3 -449.5 -436.9
3.50 -414.1 -427.8 -459.1 -467.1 -462.2 -437.55 -427.0
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Table A5.4 continued.

3.55 -409.1 -423.6 -451.1 -456.3 -448.1 -424.9 -416.1
3.60 -402.3 -417.2 -441.2 -444.3 -433.4 -411.8 -404.6
3.65 -394.2 -409.2 -430.1 -431.1 -418.5 -398.7 -392.9
3.70 -385.1 -399.9 -418.2 -417.4 -403.6 -385.5 -381.0

4>=60°

2.75 491.8 75.4 -160.6 -328.4 -400.2 -255.1 -144.6
2.80 296.6 -48.8 -256.6 -405.5 -457.1 -322.5 -226.6
2.85 136.5 -149.7 -332.0 -462.9 -498.5 -375.1 -292.0
2.90 6.3 -230.6 -390.1 -504.2 -526.9 -414.9 -343.4
2.95 -98.8 -294.5 -433.6 -532.5 -545.0 -444.3 -383.1
3.00 -182.8 -344.1 -465.2 -550.1 -554.4 -464.8 -412.8
3.05 -249.2 -382.1 -486.9 -558.9 -557.2 -478.1 -434.1
3.10 -301.0 -409.8 -500.3 -560.8 -554.6 -485.1 -448.6
3.15 -340.3 -429.4 -507.0 -557.4 -547.9 -487.3 -457.3
3.20 -369.6 -442.3 -508.5 -549.8 -537.9 -485.9 -461.3
3.25 -390.6 -449.6 -505.6 -538.8 -525.7 -481.3 -461.6
3.30 -404.5 -452.1 -499.2 -525.5 -511.5 -474.1 -458.6
3.35 -412.9 -451.0 -490.5 -510.8 -496.3 -465.2 -453.2
3.40 -416.7 -447.1 -479.6 -494.6 -480.3 -454.7 -445.7
3.45 -416.9 -440.9 -467.4 -477.8 -463.9 -443.1 -436.9
3.50 -414.1 -432.9 -454.0 -460.7 -447.5 -430.9 -427.0
3.55 -409.1 -423.5 -440.1 -443.5 -431.1 -418.1 -416.1
3.60 -402.3 -412.2 -425.8 -426.5 -414.9 -405.1 -404.6
3.65 -394.2 -402.2 -411.3 -409.7 -399.1 -392.0 -392.9
3.70 -385.1 -390.7 -397.0 -393.7 -383.7 -379.0 -381.0

Table A5.5 Interaction energies (|iEh) of Ne2-NH3 calculated at the CCSD(T) level for 
the intermediate geometry of NH3 (>HNH=113.34°) at P=0°.

< fr= 0°

R / 0 0° 30° 60° 90° 120° 150° 180°
2.75 440.9 679.4 447.8 379.5 210.1 -12.2 -13.1
2.80 267.3 449.4 249.3 182.5 33.0 -125.3 -111.6
2.85 124.2 260.7 86.4 22.0 -107.7 -215.5 -191.7
2.90 6.9 106.8 -16.2 -107.3 -217.9 -286.5 -256.2
2.95 -88.3 -177.5 -153.0 -210.3 -303.2 -341.4 -307.3
3.00 165.1 -187.6 -237.9 -291.1 -367.8 -383.0 -347.1
3.05 -26.3 -197.1 -304.5 -353.3 -415.5 -413.5 -377.5
3.10 -274.6 -259.3 -355.7 -400.1 -449.3 -434.8 -399.9
3.15 -311.7 -307.3 -394.0 -434.0 -471.9 -448.8 -415.5
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Table A5.5 continued.

3.20 -339.7 -343.6 -421.6 -457.4 -485.6 -457.0 -425.5
3.25 -360.3 -370.1 -440.5 -472.2 -492.2 -460.0 -431.1
3.30 -374.4 -388.5 -452.3 -479.9 -493.0 -459.2 -432.9
3.35 -383.5 -400.5 -458.1 -482.1 -489.4 -455.2 -434.4
3.40 -388.3 -407.3 -459.3 -479.2 -482.4 -448.7 -427.8
3.45 -389.7 -409.8 -456.7 -474.2 -472.9 -440.4 -422.0
3.50 -388.4 -408.9 -451.2 -465.9 -461.6 -430.7 -414.8
3.55 -384.9 -405.3 -443.4 -455.5 -449.1 -420.0 -406.3
3.60 -379.6 -399.7 -433.9 -443.7 -435.5 -408.5 -396.9
3.65 -373.0 -392.5 -423.1 -430.9 -421.2 -396.7 -386.9
3.70 -365.4 -384.1 -411.5 -417.5 -406.9 -384.5 -376.3

<t>=60°
2.75 440.9 94.6 -164.1 -309.8 -337.5 -154.8 -13.1
2.80 267.3 -24.2 -255.0 -386.6 -403.3 -235.1 -1 11.6
2.85 124.2 -121.3 -326.6 -444.7 -452.6 -299.1 -191.7
2.90 6.9 -199.7 -381.7 -486.6 -487.8 -349.2 -256.2
2.95 -88.3 -261.9 -422.8 -515.9 -511.8 -387.3 -307.3
3.00 165.1 -310.8 -452.8 -534.4 -526.7 -415.8 -347.1
3.05 -226.3 -348.6 -473.3 -544.5 -533.8 -435.9 -377.5
3.10 -274.6 -376.9 —486.0 -547.4 -535.7 -449.2 -399.9
3.15 -311.7 -397.1 -482.2 -545.2 -531.8 -456.8 -415.5
3.20 -339.7 -411.0 -493.6 -538.6 -524.8 -460.1 -425.5
3.25 -360.3 -419.4 -490.9 528.6 -514.9 -459.5 -431.1
3.30 -374.4 -423.3 -484.8 -516.4 -502.9 -456.0 -432.9
3.35 -383.5 -423.8 -476.3 -502.6 -489.2 -450.1 -434.4
3.40 -388.3 -121.5 -466.0 -487.2 -475.1 -442.3 -427.8
3.45 -389.7 -416.8 -454.3 -471.2 -460.0 -433.1 -422.0
3.50 -388.4 -410.4 -441.5 -454.9 -444.5 -422.8 -414.8
3.55 -384.9 -402.6 -428.2 -438.3 -429.0 -411.8 -406.3
3.60 -379.6 -393.7 -414.5 -421.9 -413.5 -400.3 -396.9
3.65 -373.0 -384.1 -400.8 -405.9 -398.3 -388.5 -386.9
3.70 -365.4 -374.0 -387.1 -390.1 -383.5 -376.5 -376.3
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Table A5.6 Interaction energies (pE,,) of Ne2-NH3 calculated at the CCSD(T) level for
the planar geometry of NH3 (>HNH=106.67°) at 0=0°.

(J>=0°
R / e 0° 30° 60° 90°
2.75 272.5 376.8 427.5 330.9
2.80 137.0 203.3 222.9 146.7
2.85 24.6 61.9 57.1 -3.7
2.90 -68.1 -52.6 -76.0 -125.3
2.95 -143.7 -144.5 -181.8 -222.4
3.00 -204.8 -217.3 -264.8 -298.7
3.05 -253.7 -274.4 -328.3 -358.0
3.10 -292.2 -318.5 -376.6 -402.4
3.15 -321.9 -351.6 -411.8 -434.7
3.20 -344.3 -375.5 -436.2 -456.9
3.25 -360.6 -392.4 -452.1 ^470.8
3.30 -371.7 -403.1 -460.9 -478.4
3.35 -378.6 -408.9 -464.3 -480.4
3.40 -381.9 -410.5 -463.1 -478.2
3.45 -382.4 -409.5 -458.6 -472.6
3.50 -380.6 -405.7 -451.3 -464.4
3.55 -376.9 -399.9 -442.0 -454.4
3.60 -371.7 -392.8 -431.4 -442.7
3.65 -365.3 -384.3 -419.6 -430.2
3.70 -358.0 -382.2 -107.2 -416.9

<t>=60°
2.75 272.5 46.0 -207.0 -284.1
2.80 137.0 -59.3 -289.3 -361.5
2.85 24.6 -145.3 -353.1 -420.3
2.90 -68.1 -214.7 -402.2 -463.6
2.95 -143.7 -270.1 -437.9 -494.1
3.00 -204.8 -313.5 -463.1 -514.2
3.05 -253.7 -346.8 -479.8 -525.5
3.10 -292.2 -371.8 -489.0 -530.2
3.15 -321.9 -390.0 -492.7 -529.3
3.20 -344.3 -401.7 -491.6 -524.1
3.25 -360.6 -409.0 -487.2 -515.8
3.30 -371.7 -412.4 -479.7 -504.6
3.35 -378.6 -412.6 -470.4 -491.8
3.40 -381.9 -410.1 -459.2 -477.9
3.45 -382.4 -405.4 -447.0 -462.8
3.50 -380.6 -399.2 -434.0 -447.4
3.55 -376.9 -391.9 -420.5 -431.7
3.60 -371.7 -383.3 -406.9 -416.0
3.65 -365.3 -374.2 -393.2 -400.5
3.70 -358.0 -364.7 -379.5 -385.4
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Table A5.7 Interaction energies (pEh) of Ne2-NH3 calculated at the CCSD(T) level for
the equilibrium geometry of NH3 (>HNH=106.67°) at P=90° using the aug-cc-pVDZ
basis set for Ne.

<t>=0°
R / e 0°

OO

60° 90° 120° 150° 180°
2.90 -547.9
2.95 -560.7
3.00 -567.1
3.05 -544.4 -567.0 -492.9
3.10 -553.7 -562.5 -497.8 -472.3
3.15 -556.9 -498.1 -478.6
3.20 -464.4 -554.8 -494.8 -480.3
3.25 -422.2 -475.7 -548.6 -488.6 -478.4
3.30 -430.2 -481.4 -473.5
3.35 -401.6 -43.8 -482.3 -466.4
3.40 -406.0 -433.7 -479.5
3.45 -406.8 -430.6 -473.7

3.50 -404.7
3.55 -400.2

<J>=60°
2.90 -550.4
2.95 -561.5
3.00 -556.7 564.9
3.05 -574.6 -562.6 -486.5
3.10 -403.4 -582.5 -555.8 -493.7 -472.3
3.15 -440.8 -583.0 -495.8 -478.6
3.20 -466.2 -577.5 -494.0 -480.3
3.25 -481.9 -567.8 -488.9 -478.4
3.30 -489.8 -473.5
3.35 -401.6 -408.4 -491.7 -466.4
3.40 -406.0 -417.2 -488.4
3.45 -406.8 -421.0 —481.6
3.50 -404.7 -420.9
3.55 -400.2 -417.5
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Table A5.8 Interaction energies (pEh) of Ne2-NH3 calculated at the CCSD(T) level for
the intermediate geometry of NH3 (>HNH=113.34°) at P=90° using the aug-cc-pVDZ
basis set for Ne.

<J>=0°
R / 0 0° 30° 60° 90° 120° 150° 180°
3.00 -539.3
3.05 -533.5 -545.0
3.10 -546.5 -545.4 -459.3
3.15 -552.5 -541.3 -465.1
3.20 -462.5 -552.9 -534.1 -466.7 -441.9
3.25 -400.4 -471.6 -548.6 -464.8 -445.6
3.30 -407.9 -475.6 -540.9 -460.0 -445.6
3.35 -376.9 -411.4 -475.3 -442.7
3.40 -381.7 -411.6 -471.7 -437.5
3.45 -383.3 -409.0
3.50 -382.1
3.55 -378.8

<J>=60°
3.00 -546.1 -531.4
3.05 -568.4 -542.0
3.10 -579.6 -545.6
3.15 -582.6 -543.6 -460.3
3.20 -465.9 -578.9 -537.2 -464.1 -441.9
3.25 -478.5 -570.5 -463.9 -445.6
3.30 -484.2 -460.5 -445.6
3.35 -376.9 -394.4 -484.4 -454.5 -442.7
3.40 -381.7 -401.1 -480.2 -437.5
3.45 -383.3 -403.8 -473.0
3.50 -382.1 -402.9
3.55 -378.8 -399.3
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Table A5.9 Interaction energies (pEh) of Ne,-NH3 calculated at the CCSD(T) level for
the planar geometry of NH3 (>HNH=120.00°) at 0=90° using the aug-cc-pVDZ basis set
for Ne.

<J>=0°
R / e 0° 30° 60° 90°
3.10 -478.3 -536.1
3.15 -487.8 -546.2
3.20 -492.0 -549.6
3.25 -406.0 -491.7 -547.7
3.30 -375.7 -409.3 -488.1 -541.4
3.35 -381.7 -409.6
3.40 -384.4 -407.3
3.45 -384.2 -403.2
3.50 -381.7
3.55 -377.5

<t>=60°
3.05 -558.8
3.10 -573.8
3.15 -489.4 -579.7
3.20 -496.6 -578.3
3.25 -497.9 -571.3
3.30 -375.7 -402.7 -494.6
3.35 -381.7 -406.3 -487.9
3.40 -384.4 -406.7
3.45 -384.2 -404.1
3.50 -381.7 -399.4
3.55 -377.5
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APPENDIX 6

Tables of microwave transition frequencies
measured for the Rgj-NHj trimers

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



239

Table A6.1 Measured transition frequencies (MHz) for the EOq,  state of Ar3-NH3.
JTC'-J"K" F -P Av* JK-FK" F -P V,*, Av

o i o « 4583.2552 -6.7 50-40 4-3 11455.6304 -1.0
3-2 4583.3316 -3.2 5-4 11455.6304 0.8
2-1 4583.3316 -0.1 6-5 11455.6304 1.5
1-0 4583.3562 -15.1

5,-4, 6-5 11455.9577 11.9
J0 “0 J - 6874.6156 0.1

4-3 6874.6156 1.9 60-50 5-4 13745.0521 -2.7
2-1 6874.6310 8.3 6-5 13745.0521 -1.6
3-3 6874.6621 -0.2 7-6 13745.0521 -1.1

4 -3 3-‘>Jo J - 0165.4349 -0.2 6,-5, 7-6 13745.4415 4.9
4-3 9165.4349 2.9
5-4 9165.4349 4.0 70-60 6-5 16033.5433 -7.1

7-6 16033.5433 -6.3
4,-3, 5-4 9165.6716 -7.6 8-7 16033.5433 -5.9

7,-6, 8-7 16034.0019 3.8
7,-6*

8-7 16035.3418 -3.1
•Av̂ Vofe-Vcaic in kHz.

Table A6.2 Measured transition frequencies (MHz) for the £0a, state of Ar3-i;n h 3.
JK-FK" Vob. Av* J’K’-J"K" vob. Av

Vlo 4509.0795 -0.6 60-50 13522.5347 0.5
30-2, 6763.2520 -0.4 6,-5, 13522.8499 -1.1

40-Jo 9016.9839 0.3 7o-60 15774.0612 1.8
4,-3, 9017.1947 -0.1 7,-6, 15774.4262 -2.8
50-40 11270.1278 1.3 7,-6* 15775.5388 1.0
5,-4, 11270.3903 -0.3

*Av=vobs-v « ic  i n  J t H z .
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Table A6.3 Measured transition frequencies (MHz) for the E00 states of Ar3-ND3.

j’K-rK" F -P

so,,,

Av*

SOq,

Vob. Av

©i©fN 1-1 4354.0010 -6.5
2-1 4354.1618 -4.8 4354.0875 -7.5
3-2 4354.1618 2.0 4354.0875 -0.7
1-0 4354.2515 -10.6

o i © 3-2 6530.9296 1.4 6530.8234 2.2
4-3 6530.9296 5.2 6530.8234 6.1

U o 1 U> o 3-2 8707.3046 -5.8 8707.1622 -6.2
4-3 8707.3046 1.0 8707.1622 0.7
5-4 8707.3046 3.4 8707.1622 3.1

4,-3, 5-4 8707.3410 0.3 8707.2013 2.9

50-40 4-3 10883.1717 9.1 10882.9849 -6.5
5-4 10883.1717 7.4 10882.9849 3.1
6-5 10883.1717 3.7 10882.9849 -1.0

5,-4, 6-5 10883.2293 3.0 10883.0484 -1 .0

6 0-5ij 5-4 13058.3829 -0.1 13058.1737 0.6
6-5 13058.3829 1.5 13058.1737 3.0
7-6 13058.3829 2.7 13058.1737 4.3

6,-5, 7-6 13058.4638 0.5 13058.2515 -1.1

7o-60 6-5 15232.8257 -2.2
7-6 15232.8257 -0.6
8-7 15232.8257 0.3

7,-6, 8-7 15232.9222 -3.8

7.-6. 8-7 15233.2280 0.3

* in kHz.
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Table A6.4 Measured transition frequencies (MHz) for the states of Ar3-ND2H.

j ’K -rK " F - r

H U

Vo* Av*

SO*.

v„* Av

2o-lo i- i 4425.7788 0.5 4425.8228 -0.2
2-1 4425.9191 -4.9 4425.%  12 -5.1
3-2 4425.9191 1.4 4425%  12 1.0

3o-20 3-2 6638.5351 1.4 6638.5955 -1.4
4-3 6638.5351 4.9 6638.5955 2.0

4 0-30 3-2 8850.7219 -5.0 8850.8032 -7.3
4-3 8850.7219 1.3 8850.8032 -1 2
5-4 8850.7219 3.5 8850.8032 1.0

4,-3, 5-4 8850.8433 -1.8 8850.9314 2.7

50-4o 4-3 11062.3469 -0.5 11062.4507 -0.4
5-4 11062.3469 3.0 11062.4507 3.0
6-5 11062.3469 4.6 11062.4507 4.5

5,-4, 6-5 11062.5098 -4.0 11062.6160 -1.2

60-50 5-4 13273.2654 0.7 13273.3866 -1.5
6-5 13273.2654 2.9 13273.3866 0.7
7-6 13273.2654 4.0 13273.3866 1.8

6,-5, 7-6 13273.4730 -0.3 13273.5957 -0.3

O o 6-5 15483.3383 1.1 15483.4799 0.5
7-6 15483.3383 2 .6 15483.4799 2.1
8-7 15483.3383 3.5 15483.4799 2.9

7,-6, 8-7 15483.5798 -5.5 15483.7238 -2.9

7 .-6 . 8-7 15484.3391 2.4 15484.4764 0.6

1 in kHz.
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Table A6.5 Measured transition frequencies (MHz) for the 10^ states of Ar3-NDH

j ’K -rK " F - P

SOoo,

Vo* Av*

s o * .

Vo* Av

2o-lo 1-1 4500.4642 -5.8 4500.8623 -6.5
2-1 4500.5774 -1.6 4500.9750 -1.5
3-2 4500.5774 3.1 4500.9750 3.1
1-0 4500.6208 -12.7 4501.0167 -13.7

3o-20 3-2 6750.4901 2.9 6751.0887 3.2
4-3 6750.4901 5.5 6751.0887 5.7

0r^)1o 3-2 8999.9473 -0.4 9000.7455 1.4
4-3 8999.9473 4.3 9000.7455 6.0
5-4 8999.9473 5.9 9000.7455 7.7

4,-3, 5-4 9000.1412 -5.8 9000.9432 -3.3

50-40 4-3 11248.7973 4.9 11249.7932 4.1
5-4 11248.7973 7.5 11249.7932 6.6
6-5 11248.7973 8.6 11249.7932 7.8

5,-4, 6-5 11249.0558 0.4 11250.0558 -0.1

6o"50 5-4 13496.8785 -0.5 13498.0773 0.5
6-5 13496.8785 1.2 13498.0773 2.1
7-6 13496.8785 2.0 13498.0773 2.9

6,-5, 7-6 13497.2071 5.9 13498.4049 1.4

70-60 6-5 15744.0479 -6.9 15745.4516 -3.2
7-6 15744.0479 -5.7 15745.4516 -2.1
8-7 15744.0479 -5.1 15745.4516 -1.4

7,-6, 8-7 15744.4343 -0.1 15745.8362 -3.2

70-6. 8-7 15745.5778 -0.5 15746.9996 1.0

* Av,=vobs-vCilc in kHz.
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Table A6.6 Measured transition frequencies (MHz) for the SOq, state of Ne3-NH3.
:oNe,-NH 3 “Ne,-NHj

J’K'-J’K" F - P Vob, Av1 v,*. Av

10*̂ 0 0-1 4148.3448 -3.3 3942.6028 -0.2
2-1 4148.5157 -5.6 3942.7794 -3.9
1-1 4148.6362 0.7 3942.9022 -1.3

2o-lo 1-1 8295.1726 -2.1
3-2 8295.3640 0.8 7884.0561 -3.1
2-1 8295.3755 3.8 7884.0717 3.9
1-0 8295.4664 -3.7
2-2 8295.4926 2.8

3o-2o 3-2 12438.7833 6.5 11822.2552 0.7
4-3 12438.7833 1.8 11822.2552 5.4

4o-30 3-2 16577.0602 -8.4 15755.8250 -8.0
4-3 16577.0602 0.0 15755.8250 0.6
5-4 16577.0602 3.0 15755.8250 3.6

* in kHz.

Table A6.7 Measured transition frequencies (MHz) for the EOq, state of Ne3-15NH3.
:oNe1- l5NH, “’Ne1-1<NH,

j'K'-rK" Vab, Av* Vob, Av

lo-Q) 3850.7429 -0.3 4050.8352 -1.4

Is* o 1 c 7700.0513 0.3 8100.0730 -0.4

3o-20 11546.4879 0.0 12146.1122 1.5
4o_3o 15388.6118 -0.5 16187.3483 -0.5

* A v^v^-v^ in kHz.
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Table A6.8 Measured transition frequencies (MHz) for the X0o states of ̂ e j-N D j.

j’K'-rK" F - r

s o *

Vota Av*

s o *

Vo*» Av

»o-Oo 0-1 3886.8947 -0.6
2-1 3887.2035 -4.2
1-1 3887.4137 -2.3

V l o l- l 7772.7623 -5.0
3-2 7773.0986 -1.0 7773.0858 5.0
1-0 7773.2902 2.2

3o-2„ 2-2 11655.9401 6.9
4-3 1 1 6 5 6 2 3 7 0 -0.4 11656.2032 -6.0
3-2 11656.2483 2.6
3-3 11656.4691 0.2

or+\© 4-3 15535.2587 -7.1 15535.2276 -0.6
5-4 15535.2587 -1.8 15535.2276 4.6
3-2 15535.2818 1.1

‘ A v ^ ^ -v ^  in kHz.

Table A6.9 Measured transition frequencies (MHz) for the SO,*, states of :oNe3-ND2H.

F -P

SOoo,

Vob. Av*

SOo*

v*, Av

o9o 2-1 3967.7700 -5.1 3967.9096 -7.6
1-1 3967.9583 -8.3 3968.0959 -14.2

2o-lo 1-1 7933.7854 4.1 7934.3753 2.1
3-2 7934.0799 -7.0 7934.5605 12.8
1-0 7934.2749 14.7

3o-20 4-3 11897.3557 -4.0 11897.7919 -1.4

40-30 4-3 15856.0917 2.8 15856.6763 -3.4
5-4 15856.0917 -2.0 15856.6763 1.5

' A v^v^-v^ in kHz.
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Table A6.10 Measured transition frequencies (MHz) for the states of ̂ e j-N D H ,.
SO*,, SOoo.

j ’K’-rK" f -p Vah, Av* V,*. Av

'o*®a 0-1 4053 .54% 1.7 4054.0273 1.4
2-1 4053.7722 -5.1 4054 .2487 -2.6
1-1 4053.9211 -9.2 4054.3971 -4.4

2o-lo 1-1 8105.7110 1.6 8106 .6609 -0.4
3-2 8105.9478 -5.6 8106.8966 -4.3
1-0 8106.1059 14.1 8107.0423 5.5

3o-20 4-3 12154.8346 -2.6 12156.2625 3.2

V 3 „ 4-3 16198.7% 5 2.0 16200.6930 -3.2
5-4 16198.7% 5 1 © 16200.6930 0.6

* A v^v^-v^ in kHz.

Table A6.11 Measured transition frequencies (MHz) for the £0o, state of 20Ne222Ne-NH3.

J"K,"KC"
F -P V<*. Av*

J"K,"kc"
F - P V'ab, Av

loi-Ooo 0-1 4076.3953 29.8 3,1-2,, 2-1 12294.1999 0.0
2-1 4076.5693 -4.7 4-3 12294.1999 8.7
1-1 4076.6882 -24.7

3 - 2 :, 3-3 12221.2639 16.5
1 II-® 00 1-1 4293.3034 29.7 4-3 12221.2639 16.5

2-1 4293.3587 -16.2 3-2 12221.3784 -17.9
2-2 12221.3784 -17.9

2o;~ 101 1-1 8143.1652 20.9
3-2 8143.3502 -10.4 3;i*2;o 3-3 12252.3754 17.3
1-0 8143.4536 -38.1 4-3 12252.3754 -5.9

3-2 12252.5021 12.8
2 ,;-l „ 1-0 8099.5212 37.0 2-2 12252.5021 -18.5

3-2 8099.6463 -12.2
Ô**3o3 3-2 16218.0636 2.9

2,1*1 ,o 3-2 8202.6944 11.0 5-4 16218.0636 -12.0
2-1 8202.8164 -13.1

4u-3„ 3-2 16172.2340 -9.9
2o;“ 111 3-2 7926.5664 6.7 5-4 16172.2340 6.2

1 -1- 1: *oi 2-1 8316.3798 18.9 4,3*3,; 3-2 16372.7404 10.0
3-2 8316.4348 -24.6 5-4 16372.7404 -0.4

3o,-2o: 3-2 12191.7466 -8.1 4^-3^ 5-4 16280.9855 6.4
4-3 12191.7466 0.0 4-3 16281.0312 -8.6

3,!*2,; 2-1 12140.7018 -9.6 4—3:, 5-4 16351.9352 -3.6
4-3 12140.7018 4.8

'  Avr=v’o6i-vallc in kHz.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



246

Table A6.12 Measured transition frequencies (MHz) for the I0 o, state of 20Ne:'!2Ne-15NH3.
J ’K . ’K , ' -

J " K , " K C"
Vota Av* r K , ' K c’-

J " K 1" K C"
Voo, Av

I d " ® * 3 9 8 1 .1 0 1 3 -4 .4 3 ,3 -2 ,, 1 2 0 0 6 .4 8 0 8 0 .7

1 u’Ooo 4 2 4 6 .4 0 7 4 -5 .1 333-2;, 1 1 9 3 5 .1 6 4 2 9 .4

2 « - lo , 7 9 5 4 .3 4 3 9 -2 .3 3 3 |- 2 3 o 1 1 9 5 9 .5 4 8 8 7 .9

2 , , - l u 7 9 1 0 .8 2 4 7 -3 .2 **1
O»3 1 5 8 5 1 .1 3 5 2 8 .3

2 ,,-1 .0 8 0 0 9 .8 0 1 5 -2 .7 ■^,4"3,J 1 5 7 9 8 .3 0 6 4 -5 .7

203-1,, 7 6 8 9 .0 3 5 7 -3 .7 4 ,,-3 ,3 1 5 9 9 2 .5 9 3 7 3 .2

2 , : - lo , 8 1 7 6 .1 3 4 4 -0 .3 43,-333 1 5 9 0 1 .4 6 1 1 -6 .9

3oj-2o3 1 1 9 1 2 .5 1 5 2 4.1 433*33, 1 5 9 5 8 .6 7 6 7 -6 .0

3 ,,-2 ,3 1 1 8 5 8 .7 4 1 1 -1 .4

• in kHz.

Table A6.13 Measured transition frequencies (MHz) for the SO,,, state of 20Ne22Ne2-NH3.
J’K.'K/- F -P Vob. Av* J’K.'K;-

J"K."KC" F - P V06. Av

loi-Ooo 0-1 4008.4699 2.1 333-2;, 3-3 12017.5990 3.0
2-1 4008.6406 -1.3 4-3 12017.5990 3.0
l- l 4008.7598 1.8 3-2 12017.7234 3.0

2-2 12017.7234 3.0
1 ,0*̂ 00 2-1 4246.1589 0.4

3;|-2;o 3-3 12060.3063 -6.7
~> -1- 0: *0, 3-2 8004.4282 0.5 4-3 12060.3063 -2.6

1-0 8004.5383 4.5 3-2 12060.4340 -1.5
2-2 12060.4340 4.0

2,3-1,, 3-2 7958.9581 0.6
2-1 7959.0730 -5.2 4q«"3o5 3-2 15925.4402 -8.2

5-4 15925.4402 2.9
2 „ - l  10 3-2 8071.8241 -3.1

2-1 8071.9471 0.0 4,4*3,, 3-2 15886.6234 0.7
5-4 15886.6234 6.3

-1- , ,  *0, 3-2 8309.3436 -0.2
4„-3 ,3 3-2 16103.0244 -2.2

3o,-2q3 3-2 11977.1013 -2.0 5-4 16103.0244 2.7
4-3 11977.1013 0.4

43,-333 5-4 16006.9596 1.9
J n*2i: 2-1 11928.0986 -1.7 4-3 16007.0055 -4.4

4-3 11928.0986 0.2
4-.,-3?, 5-4 16100.5828 1.2

3,3*2,, 2-1 12095.7100 0.3
4-3 12095.7100 0.3

* Av=vob5-vCilc in kHz.
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Table A6.14 Measured transition frequencies (MHz) for the SOq, state of :oNe22Ne2-l5NH3.
j 'K .’k ; -
J"K.,"KC" Vob. Av* J’K 1,K C’-

j - k . % " V'ob, Av

lol"Q 00 3914.9019 -1.7 3,2*2,, 11812.9390 15.5

110-̂ 00 4197.8160 -7.8 322-2:, 11736.7321 11.7

2« - lo . 7819.9325 0.0 32,-230 11769.1881 11.8

2 ,2*1 „ 7774.3310 - 1.8 0̂4*3o3 15570.7990 -3.3

2 , r l , o 7881.6607 0.7 4 ,4 -3 ,3 15522.4574 -9.1

2 „ - l o , 8164.5768 2.9 4 ,j-3|2 15731.4962 -2.2

0̂3"2o2 11706.4680 0.0 4 :3 -3 ^ 15709.5643 -10.5
3,3-2,2 11652.9692 -3.6 422-3:, 15635.2920 -10.4

• in kHz.
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APPENDIX 7

Tables of ab initio data for the Ne3-NH3 tetramer
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Table A7.1 Interaction energies (jiEh) of Ne3-NH3 calculated at the CCSD(T) level for
the equilibrium geometry o f NH3 (>HNH= 106.67°).*

<j>=0°

R / e 0° 30° 60° 90° 120° 150° 180°

2.80 -975.1

2.85

2.90 -782.8 -970.9 -1016.3 -942.1 -905.8

2.95 -991.3 -1019.6 -952.5 -918.3
3.00 -692.8 -869.0 -1000.3 -1016.5 -954.5 -925.3

3.05 -1000.6 -1005.7 -951.8 -925.1

3.10 -769.4 -792.3 -905.8 -993.7 -992.6 -945.3 -924.1

3.15 -910.6

3.20 -806.3 -830.2 -908.8 -964.6 -953.4 -918.9 -904.8

3.25 -813.3 -837.1 -901.8

3.30 -814.5 -838.0 -890.7 -885.2 -876.6

3.35 -8115 -837.1

3.40 -805.0 -826.5 -845.2 -841.8

3.45

3.50 -784.2
<J>=60°

2.90 -859.8 -972.4 -954.1 -905.8

2.95 -981.2 -960.4 -918.3

3.00 -692.8 -917.3 -987.3 -959.0 -925.3

3.05 -930.3 -984.5 -954.0 -925.1

3.10 -769.4 -816.7 -877.8 -935.9 -975.5 -946.6 -924.1

3.15 -886.4 -934.8 -962.8

3.20 -806.3 -838.4 -888.8 -928.7 -946.3 -917.4 -904.8

3.25 -813.3 -840.7 -885.8

3.30 -814.5 -837.4 -879.3 -907.1 -882.9 -876.6

3.35 -8115

3.40 -805.0 -821.9 -855.7 -842.5 -841.8

3.45

3.50 -784.2

3.55

* An addition 0 angle (105°) was included for <t»=0°. The minimum energy at this 
orientation was -1026.9 jiEh at R=2.95 A.
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Table A7.2 Interaction energies (|iEh) of Ne3-NH3 calculated at the CCSD(T) level for
the intermediate geometry of NH3 (>HNH=113.34°).

<J>=0°

R / e 0° 30° 60° 90° 120° 150° 180°

2.90 -953 .6 -976.5 -873.2 -824.1

2.95 -976.2 -988.1 -893.5

3.00 -866.3 -987.1 -990.3 -906.8 -863.2

3.05 -989.1 -1004.4 -912.0 -876.2

3.10 -897.5 -983.5 -975.3 -910.3 -875.1

3.15 -900.7 -904.9 -877.2

3.20 -774.7 -808.0 -897.9 -894.9 -871.9

3.25 -781.6 -814.1 -889.8

3.30 -783.0 -814 .6 -878.5 -853.0

3.35 -780.9 -810.7

3.40 -775.3 -803.5 -825.4

3.45
3.50 -781.6

<t>=60°

2.90 -924.0 -890.0 -824.1

2.95 -905.6

3.00 -743.4 -826.3 -906.8 -954.4 -913.5 -863.2

3.05 -921.4 -957.9 -915.3 -876.2

3.10 -793.1 -867.0 -928.7 -954.6 -912.2 -875.1

3.15 -875.2 -928.8 -877.2

3.20 -774.7 -812.5 -878.0 -923.8 -934.4 -871.9

3.25 -781.6 -815.3 -874.6

3.30 -783.0 -812.8 -867.7 -853.0

3.35 -780.9

3.40 -775.3 -798.2 -845.0 -825.4

3.45

3.50 -781.6
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Table A7.3 Interaction energies (pEh) of Ne3-NH3 calculated at the CCSD(T)
level for the planar geometry of NH3 (>HNH=120.00°).

4>=o°

R / 0 0° 30° 60° 90°
2.90 -932.7
2.95

3.00 -910.8 -970.4
3.05 -920.0 -974.1
3.10 -765.8 -812.5 -921.7 -970.5
3.15 -822.4 -917.2
3.20 -784.9 -826.2 -908.0 -947.4
3.25 -792.9 -825.1 -894.8
3.30 -786.9 -819.9

3.35 -783.0 -811.7
3.40 -775.4 -800.9

3.45

3.50

3.55

» = 6 0 o
3.00 -789.9 -865.1
3.05 -808.2 -882.1 -912.7
3.10 -765.8 -818.5 -891.6 -920.6
3.15 -825.1 -869.0 -921.7
3.20 -784.9 -825.7 -891.5 -917.9
3.25 -792.9 -822.4 -884.6
3.30 -786.9 -815.4 -874.2 -898.0
3.35 -783.0

3.40 -775.4 -795.6
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