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ABSTRACT

Rotational spectra of various isotopomers of six hydrocarbon-containing van der
Waals complexes, namely Ar-ethylene, Ne-ethylene, Ar-acetylene, Ne-acetylene,
Kr-methane, and CO-methane, were recorded using a pulsed molecular beam Fourier
transform microwave spectrometer. Ab initio interaction potential energy surfaces of
Ne-ethylene, Ne-acetylene, Kr-methane, and Ar-methane were constructed. The resulting
spectroscopic and theoretical data were utilized to derive information about structure and
internal dynamics of these complexes.

Transition doubling was observed in the spectra of Ar-ethylene and Ne-ethylene,
which is attributed to a tunneling motion of the ethylene subunit. The spectra of the
Ar-trans-D,-ethylene and Ne-trans-D,-ethylene isotopomers suggest that the internal
rotation of ethylene about the C=C bond is responsible for the observed transition
doubling. This conclusion is further supported by the results from ab initio calculations. It
is evident from the ab initio minimum energy paths that the internal rotation about the
C=C bond is preferred mainly because the radial movement involved with this motion is
not as pronounced as in the internal rotation about the c-principal axis of the ethylene
monomer.

The presence of a strong coupling between large amplitude radial and angular
internal motions was inferred from the analyses of the obtained spectroscopic data of rare
gas-acetylene complexes. This strong radial-angular coupling is also evident from the ab
initio potential energy surface of Ne-acetylene. Information about the energy level
ordering of the excited van der Waals bending states was also derived from the observed

spectra. Different states were observed for Ar-acetylene and Ne-acetylene. This suggests
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that an energy level reordering occurs when the binding partner of acetylene changes from
Ar to Ne.

Rotational transitions within various internal rotor states were measured for the
Kr-methane and CO-methane dimers. This is evidence for a nearly free internal rotation
of methane within these weakly bound complexes. The recorded spectrum of
CO-methane closely resembles that of Kr-methane, indicating that CO also undergoes
nearly free internal rotation within the dimer. Ab initio calculations of Kr-methane and
Ar-methane predict that the angular dynamics does not change significantly when the

binding partner of methane changes from Kr to Ar.

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



ACKNOWLEDGMENTS

I wish to thank Dr. W. Jdger, my supervisor, for his invaluable guidance,
assistance, and patience, which make this thesis possible.

I am grateful to all the members of Dr. Jager’s research group for their support
and encouragement. In particular, I would like to thank Dr. Y. Xu for many useful
suggestions and fruitful discussions regarding my research projects.

Special fhanks to Dr. A. Jordan, my teaching assistant coordinator, for her moral
support and advice on many difficult occasions.

Finally, I wish to acknowledge my family, H. Liu, C. Meng, J. Liu, and M. Chen,

for their endless support and for believing in me.

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



Chapter

Table of Contents

1 INTRODUCTION

2 BASIC THEORY OF FOURIER TRANSFORM
MICROWAVE SPECTROSCOPY AND SPECTROMETER

21
2.2
23

Theoretical Background
Molecular Beam
Spectrometer

2.3.1 Mechanical Details
2.3.2 Electrical Details
2.3.3 Timing Sequence

3 AB INIT]IO CALCULATIONS AND MOLECULAR
SYMMETRY GROUP ANALYSES

3.1

32

Ab initio Calculations

3.1.1 Methods and Basis Sets

3.1.2 Basis Set Superposition Error

3.1.3 Computational Details

Molecular Symmetry Group Analyses

3.2.1 Molecular Symmetry Group and Elements

3.2.2 Nuclear Spin Statistical Weights

3.2.3 Examples of Molecular Symmetry Group Analyses

4 INTERNAL ROTATION MOTION OF ETHYLENE IN

Rg-ETHYLENE
4.1 Previous Work and Motivation for this Study
42  Spectral Search and Assignments
42.1 Ar-CH,
422 Ne-CH,
4.3  Discussion of Experimental Results
43.1 Spectroscopic Constants and Structure
43.2 Relative Intensity and Tunneling Motion
43.3 Coriolis Interaction and Barrier to Internal Rotation
Motion
4.4  Potential Energy Surfaces of Ne-C,H,
4.5 Summary

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

Page

10
16
18
19
20
23

33
33

33
36
37
39
39
41
42

57
57
60
61
65
68
68
70

76
80
84



5 MICROWAVE AND 4B INITIO STUDIES OF Ar-,
Ne-ACETYLENE

5.1

52

53

Isotopic Study of the Internal Dynamics of Ar-C,H,

5.1.1 Previous Work

5.1.2  Spectral Assignments and Analyses

5.1.3 Results and Discussion

Rotational Spectrum and Potential Energy Surface of Ne-C,H,
5.2.1 Motivation

5.2.2  Observed Spectra and Assignments

5.2.3 Discussion of Spectroscopic Results

5.2.4 Potential Energy Surfaces of Ne-C,H,

Summary :

6 SPECTROSCOPIC AND THEORETICAL STUDIES OF
METHANE-CONTAINING VAN DER WAALS SYSTEMS

6.1
6.2

6.3

6.4
6.5
6.6
6.7

Previous Studies on CH,-containing van der Waals Dimers
Observed Spectra and Analyses

6.2.1 Kr-CH,

6.2.2 CO-CH,

Discussion of Spectroscopic Results of Kr-CH,
6.3.1 Spectroscopic Constants and Structure
6.3.2 Coriolis Interaction in the j=1 State
6.3.3 Tentative Assignments of the j=2 State
Potential Energy Surface of Kr-CH,
Discussion of CO-CH,

Discussion of Ar-CH,

Summary

7 CONCLUSIONS

BIBLIOGRAPHY

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

106
107
107
109
113
117
117
119
123
134
136

153
153
157
157
163
165
165
170
172
176
177
178
180

206

210



List of Tables

Table Page
3-1 Character table for Ne-C,H,. 50
3-2 Symmetry labels and spin statistical weights of energy levels of

Ne-ethylene isotopomers from molecular symmetry group analyses. 50
3-3  Character table of the 7{M) molecular symmetry group for Kr-CH,. 51
3-4  Direct product table for the 7, group. 51
3-5 Symmetry labels and spin statistical weights of energy levels of Kr-CH,

isotopomers. 51
4-1 Measured transition frequencies of Ar-ethylene isotopomers (7=0). 86
4-2  Measured transition frequencies of Ar-ethylene isotopomers (m=1). 87
4-3  Derived spectroscopic constants for Ar-ethylene isotopomers. 88
4-4 Measured transition frequencies of Ne-ethylene isotopomers (72=0). 89
4-5 Measured transition frequencies of Ne-ethylene isotopomers (m=1). 90
4-6 Derived spectroscopic constants of Ne-ethylene isotopomers (m=0). 91
4-7 Derived spectroscopic constants of Ne-ethylene isotopomers (m=1). 92
4-8  Ab initio interaction energies of Ne-ethylene with basis set 1. 93
4-9  Ab initio interaction energies of Ne-ethylene with basis set 2. 94
5-1 Rotational transition frequencies of Ar-acetylene isotopomers. 138
5-2  Spectroscopic constants of Ar-acetylene isotopomers. 139

5-3  Spectroscopic constants of Ar-acetylene isotopomers from fits of
individual K-stacks. 140

5-4 Measured transition frequencies of Ne-acetylene isotopomers. 141

5-5 Frequencies of the deuterium nuclear quadrupole hyperfine components of
the /=1-0, 2, transitions. _ 141

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



5-7

5-8

6-1

6-2

6-3

6-5

6-6

6-7

6-9

6-10

6-11

6-12

6-13

Spectroscopic constants of Ne-acetylene isotopomers (2 state).

Comparison of the experimental and calculated transition frequencies of

Ne-acetylene.

Ab initio MP4 interaction energies of Ne-HCCH.

Ab initio CCSD(T) interaction energies of Ne-HCCH.
Measured transition frequencies of Kr-CH, isotopomers.
Measured transition frequencies of ®*Kr-CH, and *Kr-"CH,.
Measured transition frequencies of Kr-"CH, isotopomers.
Measured transition frequencies of Kr-CD, isotopomers.
Measured transition frequencies of deuterated *Kr-CH,.
Measured transition frequencies of Kr-CH,D and Kr-CHD,.
Measured transition frequencies of *C'*0O-CH, isotopomers.
Measured transition frequencies of “CO-CH, isotopomers.

Bond length, stretching frequency, and force constant of Kr-methane
isotopomers.

Computed dipole moment values for Kr-CH, (¢=0°).
Interaction energies of Kr-CH,.
Interaction energies of Ar-CH, (¢=0°).

Bond length, stretching frequency, and force constant of CO-methane
isotopomers.

Comparison of CO-CH, with CO-rare gas complexes.

Computed dipole moment values of Ar-CH, (¢=0°).

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

142

142

143

144

182

183

184

185

186

187

188

189

190

191

192

194

195

195

196



List of Figures

Figure

2-1

2-2-

2-3

2-4

2-5

2-6

2-7

3-1

3-2

3-3

3-4

3-5

4-1

4-2

4-3

4-5

Block vector diagram to visualize the n/2-condition.

The mechanical setup of the spectrometer.

A representative spectrum showing the Doppler splitting.
Detailed electronic setup of the spectrometer.

Schematic diagram of the circuit for excitation pulse generation.
Schematic diagram of the superheterodyne detection system.

Experimental timing diagram.

The effects of the four elements of the molecular symmetry group of H,O.

Numbering of the identical nuclei used for the molecular symmetry group
analysis for Ne-C,H,.

[llustration of the equivalence of the nuclear permutation-inversion
operation (14)(23)(56)* and its corresponding equivalent rotation R, Ry
(out-of-plane motion).

The two isomers of Ne-cis-D,-ethylene.

Numbering of the four equivalent hydrogen nuclei in Kr-CH, for
molecular symmetry group analysis.

(R 8 ¢) coordinates used to describe the geometry of Rg-C,H,.

Observed transition doubling of the J , =2 -1, transition of the Ar-C,H,
isotopomer.

A representative spectrum of the Jy_ =1,,-0,,, m=1 transition of
ZONC'C2H4.

A representative spectrum of the Jy ¢ =1,,-0,,, m=0 transition of
YNe-trans-D,-ethylene.

Schematic energy level diagram for Rg-C,H,.

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

Page
25
26
27
28
30
31
32

52

53

54

55

56

95

96

97

98

99



4-6

4.7

4-8

49

5-2

5-3

5-5

5-6

6-1

6-2

6-3

6-5

6-6

6-7

Schematic energy level diagram for Rg-trans-D,-ethylene for the case of
in-plane motion.

Schematic energy level diagram of Rg-trans-D,-ethylene for the case of
out-of-plane motion.

One dimensional ab initio potential energy curves for Ne-ethylene.
Minimum energy paths for Ne-ethylene.

Structural parameters used to describe the Rg-acetylene van der Waals
dimers.

Observed transition intensities of the K, =0 and K =1 transitions of
AI‘ 'C2H2.

A spectrum of the Jy_y =1,-0y, transition of Ar-DCCH.

The correlation between the free rotor and rigid rotor energy levels for the
Ar-HCCH van der Waals dimer.

Representative spectra of the J=1-0, I, transitions of *’Ne-DCCD and
*Ne-DCCH.

Schematic energy level diagram for Ne-DCCH.

The angular dependence of the minimum interaction energy of Ne-HCCH.

Energy level correlation diagram for Kr-CH,

Structural parameters used to describe the Rg-methane van der Waals
complexes.

The Coriolis interaction between the j=1, K=0 and j=1, K=1 states.
Rotational spectrum of the J=1-0 transition of Kr-CH, (j=1, K=0).

Representative spectra of the J=1-0 and 2-1 transitions of ¥*Kr-CH, (=1,
K=0).

Spectrum of the J=1-0 rotational transition of *Kr-CH,D (j=0, K=0 state).

Representative spectrum of the J=1-0 transition of *C"7O-CH, (j=0, K=0).

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

100

101

102

104

145

146

147

148

149

151

152

197

198

199

200

201

202

203



6-8 The angular dependence of the dipole moments of Kr-CH, and Ar-CH, (¢
fixed at 0°). 204

6-9 The angular dependence of the interaction energies of Kr-CH, and Ar-CH,
(¢ fixed at 0°). 205

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



INTRODUCTION

Weakly bound complexes, often called van der Waals complexes, are molecular
clusters formed in the gas phase (or in a molecular beam) between two or more neutral
monomers (/,2). The name ‘van der Waals complex’ indicates already that the nature of
the bond between the constituent monomers is quite different from that in chemically
bound species. The main attractive contribution comes from long-range dispersion forces
(3). Typically, binding energies in these weakly bound systems are only of the order of
100 em™ (4), which is several orders of magnitude smaller than those of chemical bonds
3.

The primary goal of studying weakly bound molecular systems is to provide
detailed understanding of interactions between molecules. Such interactions are involved
in an extensive range of chemical, physical, and biological phenomena, including phase
transitions (6,7,8), solvation processes (9,10), inelastic energy transfer (/1,12,13),
photofragmentation dynamics (/4), protein folding (/35,6), and enzyme reaction

mechanisms (/5,17). Generally, it is convenient to express intermolecular interactions in
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terms of intermolecular potential energy surfaces, which describe the dependence of the
interaction energy on the separations and relative orientations of constituent molecules.
The main task of the study of van der Waals complexes is therefore the characterization
of the associated intermolecular potentials. However, intermolecular potential energy
surfaces can not be measured directly. Instead, properties, any of which depend on the
interaction potential, must be measured. A model potential can be proposed and then
adjusted to bring the properties calculated from the model potential into agreement with
experimental measurements. The measurements that provide the most detailed
information about an intermolecular potential energy surface are often spectroscopic
ones.

Since the pioneering work of Welsh and co-workers in 1964 (/8), high resolution
spectra of van der Waals complexes have been, and still are, a rich source of information
about intermolecular potential energy surfaces. A range of techniques, including
molecular beam electric resonance spectroscopy (/9,20,21), pulsed nozzle Fourier
transform microwave spectroscopy (22,23,24), millimeter wave spectroscopy (25,26,27),
infrared spectroscopy (28,29,30,31,32), aﬁd laser induced fluorescence spectroscopy
(33,34,35), have been applied to observe the spectra of numerous van der Waals
complexes. A number of review papers on high resolution spectroscopic studies of
weakly bound complexes have appeared in literature (for example see refs.
36,37,38,39,40,41,42,43), and an extensive bibliography of references has been compiled
(44).

The earliest high resolution studies of weakly bound molecular clusters focused
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on the determination of the structures of the complexes and the extent of large amplitude
zero-point motions of the monomers within the complexes. For these purposes, the
method of molecular beam Fourier transform microwave spectroscopy has been widely
applied to provide accurate ground state rotational and centrifugal distortion constants,
from which detailed insights into the features of the intermolecular potential energy
surface near the potential minimum can be obtained. As a result of the extremely high
resolving ability of this technique, nuclear quadrupole hyperfine structures of rotational
transitions are resolved in many cases and nuclear quadrupole coupling constants are
obtained, from which information about large amplitude zero-point motions of the
constituents can be inferred. Often other small splittings, not observable with other
spectroscopic techniques, can be resolved with the Fourier transform microwave
technique. A good example is the detection of the small //K-type doubling splitting of the
j=1, K=1 transitions of F' symmetry in Ar-SiH,, Which could not be obtained from the
infrared spectra. The splitting is sensitive to the corresponding potential energy surface
and was used as a test of existing potentials (45).

Contrary to any spectroscopic method, which probes only a certain region of the
potential energy surface, ab initio calculations are capable of arbitrarily sampling any
region of the interaction potential. In this sense, ab initio electronic structure calculations
play an important role in the advancement of the knowledge about intermolecular forces
(43,46,47.,48,49). Earlier applications of ab initio methods focused on qualitatively
comparing theoretical results with experimental measurements and understanding

intermolecular forces. Due to rapid progresses in computational algorithms and
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advancements in computer hardware, ab initio techniques are now capable of providing
potential energy surfaces of spectroscopic accuracy (less than 1 em™ error). This could be
illustrated with the state-of-the-art ab initio study of the Ne-CO dimer (50,51). Two
potentials were obtained, one using symmetry adapted perturbation theory (50), the other
using the supermolecular coupled-cluster theory with single and double excitations and
noniterative perturbational treatment of triple excitations (5/). As shown inref. 5/, a
variety of properties calculated from the two potentials agrees very well with
experimental measurements, including rotational-vibrational spectra, integral scattering
cross sections, differential scattering cross sections, pressure broadening, and second
virial coefficients. In particular, frequencies of rotational transitions obtained from
Fourier transform microwave spectroscopy are reproduced to within 2%.

Very often in the study of intermolecular forces, one starts by studying small
clusters, such as dimers and trimers, which are more approachable both experimentally
and theoretically. Ultimately, the molecular level description of small clusters is expected
to contribute to an understanding of bulk properties. In the same context, complexes of
rare gas (Rg) atoms with various molecules become especially useful model systems. Rg
atoms are spherically symmetric so that the dimensionalities of intermolecular potential
energy surfaces of Rg-containing complexes are greatly reduced compared to systems
where the Rg atom is substituted by a molecule. Highly resolved rotational and
vibrational spectra for ground and excited states of these systems may be measured and
assigned. In addition, the ab initio calculation is greatly simplified with the reduced

number of degrees of freedom. Finally, the problem of quantum treatment of nuclear
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dynamics in these cases has been solved and theoretical spectra may be obtained from ab
initio potentials. Comparison of ab initio and experimental spectra thus provides a very
stringent test of the ab initio potential and guides further improvements of the potential
energy surface. For example, in studying solvation processes of organic species, the
simplest prototypical systems are van der Waals complexes of organic molecules with
rare gas atoms. Earlier studies aléng this line mainly focused on systems of relatively
large aromatic molecules (52,53,54,535,56). The large number of atoms involved in such
cases makes accurate ab initio calculations less accessible (57). It is expected that studies
on relatively smaller systems, such as CH,-, C,H,-, and C,H,-Rg dimers, where accurate
ab initio potential energy surfaces can be constructed, would give guidance as to which
models will work and where approximations can be made.

Since Rg atoms have no permanent multipole moments, the electrostatic
contribution, i.e., the interaction between permanent multipole moments, to the attraction
is completely missing in Rg-molecule systems. The induction energy is normally small
compared to the dispersion energy (5). Therefore, the dispersion interaction is the
dominant contribution. As a result of the extremely weak binding, large amplitude
internal motions can often occur. A few examples of different types of large amplitude
internal motions are given below.

The intermolecular potential energy surfaces of weakly bound systems can be
quite complex and many display multiple minima separated by small barriers. Tunneling
between these minima can often occur. For example, both rotational spectroscopic and

theoretical studies on the Ne-cyclopropane dimer revealed that the cyclopropane subunit
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undergoes tunneling motions within the dimer (58,59). Tunneling splittings were also
observed in the rotational spectra of various ethylene-containing complexes
(60,61,62,63). Such tunneling motions often result in complications in the observed
rotational and vibrational spectra. However, with proper interpretation, valuable
information about the tunneling mechanism and the tunneling barrier can be obtained.

In the case of Ne-cyclopropane, the three-dimensional intermolecular motion is
comparatively rigid in the radial coordinate such that the van der Waals stretching and
bending coordinates may be approximately separated (58,59). However, in some weakly
bound complexes, such as Rg-HCN, there is strong coupling between the two
coordinates. This strong radial-angular coupling causes unusual spectroscopic
observations (24,64,65,66,67,68,69,70). Not surprisingly, spectroscopic studies of the
isoelectronic analog of Ar-HCN, Ar-HCCH, also revealed some unusual features of the
corresponding intermolecular potential energy surface (71,72,73,74,75,76). For these van
der Waals systems, it is difficult to derive information about the potential energy surfaces
from the spectroscopic data using conventional procedures, where an approximate
separation between the van der Waals stretching and bending coordinates is normally
applied (38).

Some tunneling motions can be modeled as a hindered rotation of the monomer
about one of its principal inertial axes. In some cases, as the binding energy gets smaller
and the potential gets more isotropic, internal rotations about all principal axes become
feasible. This is often termed “nearly free internal rotation” of the monomer within the

complex. In such cases, the rotational and vibrational spectra often show complicated,
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irregular structures, and conventional fitting procedures based on the semi-rigid rotor
model often fail to adequately describe the spectra. Combined efforts of spectroscopists
and theoreticians are necessary to fully understand the nature of the internal dynamics of
such floppy systems. Examples for this case are Rg-H,0 (77,78,79,80,81,82) and Rg-NH,
(83,84,85,86,87,88,89,90) systems. A large amount of spectroscopic as well as theoretical
results has been collected for these systems so that the nature of the corresponding
potential energy surfaces is relatively well understood, in particular for Ar-H,0O and
Ar-NH;. In contrast to the extensive work on the Rg-HF (21,91,92,93,94), Rg-H,0, and
Rg-NH, systems, the next system of this series, namely Rg-CH,, is less studied. It is
anticipated that CH, also undergoes nearly free internal rotation within the complexes, -
similar to its H,0 and NH; counterparts.

In the following chapters of this thesis, spectroscopic and theoretical results of
seven weakly bound molecular systems, namely Ar-C,H,, Ne-C,H,, Ar-C,H,, Ne-C,H,,
Kr-CH,, Ar-CH,, and CO-CH,, are presented. Besides the fact that these systems are
likely candidates for studying various interesting internal motions, the first six systems
form a series of work on Rg-(simple hydrocarbon) dimers. In fact, CO-CH,, as shown in
chapter 6, closely resembles a Rg-CH, dimer. As mentioned earlier, these systems can be
regarded as a starting point of a molecular level study of the microsolvation processes of
organic species.

The remainder of this thesis consists of three major parts: theory and spectrometer
setup, results, and conclusions. The first part includes chapter 2 and chapter 3. A

theoretical description of the method, Fourier transform microwave spectroscopy, is given
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in chapter 2, followed by a detailed description of the spectrometer used for recording the
rotational spectra. In chapter 3, after a brief description of the ab initio methods and basis
sets, computational details of constructing the potential energy surfaces of the Ne-C,H,,
Ne-C,H,, Kr-CH,, and Ar-CH, systems are given. Molecular symmetry group analyses,
which are used to facilitate spectral assignments and to interpret the resulting spectra, are
also discussed in chapter 3. The Ne-C,H, and Kr-CH, systems are used as examples to
illustrate how molecular symmetry group analyses are performed. The results part is
composed of three chapters, where spectroscopic and theoretical results of C,H,-, C,H,-,
and CH,-containing systems are presented in chapter 4, chapter 5, and chapter 6,
respectively. Finally, general conclusions based on this thesis work are drawn in chapter

7.
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BASIC THEORY OF FOURIER TRANSFORM
MICROWAVE SPECTROSCOPY AND SPECTROMETER

Fourier transform microwave spectroscopy is unlike traditional absorption and
emission spectroscopic techniques. It measures the spontancous molecular emission
signal of an ensemble of molecules as a function of time, after applying a microwave
pulse at an appropriate frequency, with appropriate power and duration. A Fourier
transform (;f the time-domain signal gives the power spectrum in the frequency-domain.
This time-domain spectroscopic technique shows definite advantages in sensitivity and
resolution over its frequency-domain counterpart (95,96). A molecular beam Fourier
transform microwave spectrometer combines the features of molecular beams with the
advantages of Fourier transform microwave spectroscopy, and is proven to be well suited
for the studies of transient or short-lived species (97), for example, van der Waals
complexes. After the pioneering work by Balle and Flygare in 1981 (97,98), many
modifications have been made to further improve the sensitivity and resolution of
molecular beam Fourier transform microwave spectrometers

(58,99,100,101,102,103,104,105), and to incorporate special applications, such as double
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resonance (/06,107), laser ablation (108,109), electric discharge (110,111), and Stark
effect measurements (/72). This chapter steirts with a description of the theoretical basis
of Fourier transform microwave spectroscopy, followed by a discussion about the
advantages of the molecular beam technique. Finally, the details of the molecular beam
Fourier transform microwave spectrometer used in this laboratory are discussed,
including the mechanical setup of the spectrometer, electronic and microwave

components, and timing sequence of an experiment.

2.1 THEORETICAL BACKGROUND

In Fourier transform microwave spectroscopy, one deals with a time-dependent
phenomenon, so that the theory describing it has to be based on the time-dependent
Schrodinger theory. Detailed theoretical derivations have been given in refs. 96, 113, 114,
115,116, and 117. Here, only a brief outline is given. A model system consisting of an
ensemble of NV two-level particles (see figure 2-1) is considered. The molecular ensemble
interacts with the electromagnetic field of the incident microwave pulse through an
electric dipole interaction. It is further assumed that molecules do not interact with each
other and that each molecule interacts with the external field in the same manner. The

time-dependent wavefunction of the two-level system can be expanded as:
[¥(6) = ¢, a)+ ¢,(1)|B), @-1)

where|a) and | b) are the wavefunctions of the two involved stationary levels,
corresponding to the time-independent Hamiltonian operator, H,, with energies £, and E,,

respectively. ¢, and ¢, are time-dependent complex coefficients. In the density matrix

10 -
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formalism (118,119,120), the density matrix p(f) of the ensemble is given by:

Z e (B)e, (1) Z e (D)e, (1)
o= (paa pab) _ 02)

Psa P —]\72’: Cbi(l)Cai(l‘) ‘NZI cbi(t)cbi(t)*

The star denotes the complex conjugate of the coefficient. The time evolution of the

density matrix is described by:

ih%’ = Hp- pH=[H.p| (2-3)

H is the matrix representation of the time-dependent Hamiltonian, which can be
expressed as the sum of the time-independent part, H,, and the time-dependent part, H,. H,
describes the electric dipole interaction between the molecule dipole moment and the
microwave electromagnetic field, and is given as:

H =-peg, cos(a)t), (2-4)
with u being the transition dipole moment, & being the microwave field amplitude, and @
being the angular frequency of the external microwave radiation. The matrix elements of
the Hamiltonian in the |a), |b) basis are:

Haa = Ea
Hy, = E, (2-5)
H, =H,, =-pu,s cos(wt).

K. = My, are matrix elements of the dipole moment operator:

0 b
ol %) =

Using equations 2-2 to 2-6, the time derivatives of density matrix elements can be

11

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



evaluated, resulting in a set of coupled linear differential equations:

Poa .
o =1y COS(a)t)(pba - pab)

ap .

wgt’l’i’— = —iy cos(@ )Py, = Pus)

ﬁpab - / (2_7)
ﬂt - la)()pab + iy COS(a)t)(,Obb - paa)

Pra [ Pw)

Voo (Do) - iy, iy costonon - p)

where 4 = (E y a% is the transition frequency and y = (,u ab 5%) is the Rabi

frequency. The Rabi frequency describes the strength of the interaction between the
external electromagnetic radiation and the molecular ensemble. This set of equations can
be simplified by transformation into the interaction representation (96,115),

corresponding to a frame that rotates with angular frequency w:

Paz = Paa

P = Pho

po = pue 2-8)
Pra = Pra€” -

By applying the ‘rotation wave approximation’ and neglecting the 2w terms (96,115), and

by introducing the following real variables:

U= Prat Pa
o 2
W= Paa ™ Pro
S= Paa * Prp>

equation 2-7 is simplified to:

12
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ou Aw
o _Awv
a

& A

— = AQu- yw
o

o (2-10)
a ¥

s

=0

ﬁt b

where Aw = w, - wis the off-resonance of the transition frequency from the external
microwave radiation. The variable s corresponds to the population sum of levels |a) and
|5, and w is the population difference. This set of equations is similar to the Bloch
equations in NMR (121,122,123) and is commonly denoted as the electric field analogues
of the Bloch equations. For clarity, relaxation effects have been neglected in the above
consideration.

In the time-domain experiment, the polarization P (macroscopic dipole
moment/volume), which is proportional to the detected emission signal, is of interest. It is

evaluated as follows. The ensemble average of an observable O is given by:
(0) = Tr{Op}, -11)
where 7r denotes the trace of the matrix product. Using equation 2-2 and 2-6, the

ensemble average of the dipole moment is obtained as:

(1) = {96 + P (D)}, (2-12)

The polarization in the laboratory frame is then given by:

13
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PlO)="N{p)="Nit, {p. (D) + £, (1)}
= Wity { P (D™ + pa (D)™™
='Nu,, {ucos(w?) - vsin(wr)},

(2-13)

where 'N is the number density of the molecule ensemble.

During the initial phase of the experiment, the coherence terms u(0) = v(0) = 0,
corresponding to zero polarization, and the population difference w(0) = w,= AN,. The
condition of “hard” pulses, i.e., y >>Aw, is assumed. Neglecting the Aw terms, equation

2-10 simplifies to:

. _
"
v
o w
a7 (2-14)
M _
Ofgt - /?,/Va
with the solutions:
u(t) =0
v(t) = ~w, sin( Zt) .15

w(t) = w, cos{ 1).
In an actual experiment, it is desirable to prepare, or to polarize, the molecule ensemble to
obtain maximum polarization such that the emission signal is the strongest. From 2-15,
the maximum polarization is achieved when sin{y)=1, which leads to an optimum
microwave pulse length 7, = (1/2 ). This is usually referred to as a “n/2-pulse”. After a
n/2-pulse, the initial population difference AN, is completely converted to polarization

with w(nt/2 y)=0. This situation is illustrated using the Bloch vector diagram in figure 2-1.

14
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During the detection period, the microwave excitation pulse is switched off, so
that y = (. The off-resonance A can no longer be neglected. The process of emission of

the molecular ensemble is therefore described by:

= -Aav

(2-16)

SR

I
e

Assuming initial conditions of u(n/2y) = 0, w(/2 )= - AN,, and w(t/2y) = 0 (after a
n/2-pulse), solutions to equation 2-16 are given by:

u(t) = AN, sin(A wt")
v(t) = —~AN, cos(Awt")

wle) = 0. (£'=1-1¢,) 2-17)

Recalling equation 2-13, the polarization during the emission period is given by:

P(t)="Nu,, {ucos(wt") - vsin(wt')}

='Nu,,AN, sin(wot'), (2-18)
showing that P oscillates with the transition frequency . This is the source for the

emission signal of the molecular ensemble.

From the above considerations, it is shown that the polarization P has a linear
dependence on the initial population difference AN, (equation 2-18). This suggests that
one way of improving the sensitivity of Fourier transform microwave spectroscopy is to
increase the initial population difference. This relates to the following discussion of the

advantages of the molecular beam technique.

15
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2.2 MOLECULAR BEAM

The characteristics of molecular beams and their applications in spectroscopy
have been discussed in detail (/24,125,126). A pulsed molecular beam, or supersonic jet,
is formed by expanding a pulse of gas phase molecules from a high pressure gas reservoir
into a low pressure region through a pulsed nozzle. During such a rapid adiabatic
expansion, random translational kinetic energy is converted into directed mass flow
through binary collisions. As a result, the mass flow velocity increases while the velocity
distribution narrows. The translational temperature, as a measure of the velocity
distribution, decreases substantially. Translational temperatures as low as 0.03 K have
been reported (1/23,127). Subsequently, the cold translational bath acts as a refrigerant to
cool down the other degrees of freedom, including rotational and vibrational degrees of
freedom, also through two-body collisions. It is believed that the rate of energy flow from
rotational degrees of freedom to translational degrees of freedom is relatively fast, leading
to extensive rotational cooling.

Assuming ideal gas behavior and an adiabatic expansion, it can be shown that:

n T ﬁ
- @1

where » and 7 are number density and temperature, respectively. Subscript 0 denotes gas
reservoir quantities, and y denotes the heat capacity ratio of the gas. As the temperature
drops during the initial phase of the expansion, » also decreases. Eventually, the
expansion proceeds to a state where the density is so low that no further collisions occur.

From this point on, the system is said to be frozen and the distribution of the various

16
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degrees of freedom no longer changes.

The above short description shows that a molecular beam provides low
temperatures and a collisionless environment. These features have significant impacts on
the Fourier transform microwave spectroscopic investigations of weakly bound
complexes.

First of all, the low temperatures and the collisionless environment stabilize the
otherwise unstable van der Waals complexes. Van der Waals dimers are formed during

the initial phase of the expansion, through three-body collisions:

A+ B+C= A---B+ C",

where the third body C is needed to carry away the excess kinetic energy
(125,128,129,130,131). At room temperature, the binding energy of a van der Waals
dimer is usually very much less than the thermal energy AT It is therefore unstable with
respect to collisions with surrounding molecules. However, the translational temperature
is so low in a molecular beam that no further collisions occur, and van der Waals
molecules, once formed, persist.

Secondly, the low rotational temperature achieved with application of the
molecular beam technique increases the initial population difference AN,. This effect can
be easily illustrated by calculating the population differences between various rotational
levelé at 7=0.5 K, a typical rotational temperature achieved in the experiment, and at
7=300 K (/32). Assuming a rigid linear molecule, the relative population of a certain

rotational level is given by the Boltzmann distribution:

17
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N, (2J+1) U
= e

2-20
Y: 7 , (2-20)

where N, is the population of the rotational level with rotational quantum number J, NV is
the total population, £ is the Boltzmann constant, B is the rotational constant, and Z is the

partition function:

—HBJ(J+1)

Z=Y (2J+De H | (2-21)

Population differences were calculated assuming a rotational constant of 2.5 GHz, and are

listed below:

T=0.5K 7=300 K
AN,/N 8.4x107 3.2x107
AN, /N 7.4x107 8.9x10
AN, /N 1.7x10° 5.8x10°.

The subscript ‘f-i” denotes the energy levels involved in the rotational transition from the
initial level with rotational quantum number ‘i’ to the final level with quantum number
‘f. For low J transitions, such as J=1-0 and 4-3, there are large gains in AN, at 7=0.5 K
compared with that at 7=300 K.

The above calculations also indicate that the population decreases quickly with
increasing J in a molecular beam, as a result of the low temperature. This effect again
works to our advantage. It shifts the population distribution towards low J levels and

greatly simplifies the spectra by depopulating higher J levels.

2.3 SPECTROMETER

18
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In the remaining part of this chapter, I will discuss in detail the setup of the pulsed
molecular beam Fourier transform microwave spectrometer used in this laboratory (58,
107). The basic setup follows the original design of Balle and Flygare (97). The operating
principle is based on pulsed coherent excitation of a molecular ensemble, followed by
‘superheterodyne detection of the coherent molecular emission signal.

2.3.1 Mechanical Details

A schematic diagram of the mechanical setup of the molecular beam Fourier
transform microwave spectrometer is given in figure 2-2. The sample cell is formed by
two spherical aluminum mirrors with diameter of 260 mm and radius of curvature of 380
mm. The two mirrors form a microwave cavity of the Fabry-Perot type, where the
molecules of interest interact with the microwave excitation pulse. The sample cell is
situated inside a cylindrical stainless-steel vacuum chamber (50 cm in diameter and 70
cm in length). One of the mirrors is fixed and mounted into the flange cover of the
vacuum chamber. At the center of this mirror is a wire hook antenna, which couples the
microwave excitation pulse into the microwave cavity and transmits the subsequent
molecular response out of the cavity. The other mirror of the sample cell is mounted onto
two linear bearings such that it can be accurately positioned to fulfil the standing-wave
requirement of the cavity. This is done by means of a computer controlled Motor Mike
drive. A second antenna is placed at the center of the movable mirror and is connected to
a microwave diode detector, which in turn is linked to an oscilloscope. This allows for
monitoring the cavity resonance and enables automated spectral scans (102).

A pulsed nozzle is placed closely above the antenna, near the center of the fixed
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mirror. In this configuration, a molecular pulse expands through the nozzle and travels
parallel to the microwave cavity axis (/01). As a result, all transitions are detected aé
doublets, due to the Doppler effect. A representative spectrum showing the Doppler
splitting is depicted in figure 2-3. Through copper tubing, the nozzle is connected to a
stainless-steel gas cylinder, where the sample mixture is prepared. Ne is normally used as
the carrier gas, seeded with a small amount of the substance to be investigated. In a
typical experiment, stagnation pressures of 5-6 atm are used. Under these conditions, the
recorded rotational transitions have typical line widths of 7 kHz (full-width at
half-height). A measurement accuracy of about 1 kHz is achieved.

An efficient vacuum system is necessary to maintain a low pressure in the
chamber. A 12 inch diffusion pump working at a pumping speed of 2000 //min is used to
evacuate the chamber. An 800 //min mechanical pump is used to back the diffusion
pump. A pressure of 10° Torr can be achieved with this arrangement.

It should be pointed out that Fourier transform microwave spectrometers can not
provide accurate absolute intensity measurements. Intensity measurements depend on
many factors such as the sample condition, the antenna configuration etc., which are
difficult to reproduce. However, relative intensity comparisons between two transitions
can be made fairly reliably, especially when the two transitions are close in frequency.
These relative intensity comparisons are very useful for spectral assigning purposes, as
will be shown in later chapters.

2.3.2 Electrical Details

The detailed electronic setup of the spectrometer is schematically given in figure

20
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2-4. Before each experiment, the microwave cavity needs to be tuned into resonance with
the excitation frequency. For this purpose, the microwave power inside the cavity is
probed with a wire hook antenna 24 placed at the center of the moveable mirror. The
signal is monitored by a microwave diode detector 25‘, which is connected to an
oscilloscope 26.

Each measurement starts with the injection of a short pulse of the studied gas
mixture into the sample cell by opening nozzle 1. As a result of the rapid adiabatic
expansion through the nozzle, a molecular beam with very low effective translational and
rotational temperatures is formed. It travels collisionlessly through the cavity, parallel to
the cavity axis. At this phase of the expansion, the dipole moments of the molecules are
randomly oriented such that there is no macroscopic dipole moment or polarization.

After an adjustable delay, a microwave excitation pulse is fed into the cavity. The
microwave pulse is formed in the following manner. The microwave radiation at
frequency v produced by a Hewlett Packard microwave synthesizer 2 (operating in the
range 1-20 GHz) first passes through an isolator 3, and is divided into two parts by a
power divider 4. One part is used to generate the excitation pulse, the other is used for
heterodyne signal detection. The excitation part passes through another isolator 5, a
microwave PIN diode switch 6, and is fed into a double balanced mixer 7, where it mixes
with a 20 MHz signal to generate sidebands at +-20 MHz and v+20 MHz. The radiation

passes through optional attenuator 8 and/or an optional microwave power amplifier 9

'For the Fourier transform microwave studies of the dimers described in this thesis, the
microwave power amplifier is needed to achieve the n/2 condition. This is a consequence
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(71), and a second microwave PIN diode switch 10. Switches 6 and 10 are opened and
closed synchronously to produce the microwave excitation pulse. The resulting
microwave pulse is coupled into the microwave cavity 13 through a circulator 11 and a
wire hook antenna 12 to excite the gas molecules. If one or more rotational transitions of
the studied molecule is contained within the bandwidths of the excitation pulse and the
microwave cavity, the individual molecular dipole moments align with the
electromagnetic field of the microwave excitation pulse. It is then said that a macroscopic
dipole moment is induced in the molecular ensemble. It oscillates phase-coherently,
resulting in spontaneous emission of electromagnetic radiation at frequency v,. A
schematic diagram of the circuit for generating the excitation pulse is also given in figure
2-5.

The molecular emission signal, at frequency 20+A v, where Av=y,_-v+20 is the
difference of the molecular transition frequency from the frequency of the external
microwave radiation, is coupled out of the cavity through antenna 12 and is directed to the
detection circuit by circulator 11. A superheterodyne detection scheme is applied for the
detection of the emission signal. A third microwave PIN diode switch 14 is placed after
the circulator. It is closed during the excitation period, in order to protect the detection
circuit. When the switch opens, the molecular emission signal passes through. It is
preamplified by a low noise microwave amplifier 15 before it reaches an image rejection

mixer 16. The second half of the microwave radiation at frequency v produced by the

of the small dipole moments, on the order of 107 D or even smaller, of the Rg-(nonpolar
molecule) systems.
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microwave synthesizer serves as the local frequency v, to downconvert the molecular
signal to 20-AvMHz, i.e., into the radio frequency range. This signal is amplified and
downconverted a second time to 15+A v MHz by mixing with a 35 MHz signal. The
superheterodyne detection system is also schematically shown in figure 2-6. The final
signal around 15 MHz is A/D converted and sampled by a transient recorder 22. The data
is then stored in a personal computer 23 for averaging. For transitions with no hyperfine
structure, 4 k data points are recorded at 20 nsec intervals. For spectra containing narrow
hyperfine splittings, 4 k data points at up to 120 nsec intervals are recorded to achieve
higher resolution. After sufficient signal averaging, a Fourier transformation of the
time-domain data is performed and the frequency spectrum with rotational transition
frequencies results. 4 k zero data can be added to the end of the recorded time-domain
data before the Fourier transformation in order to increase the resolution in the
frequency-domain spectrum.
233 Timing Sequence

To ensure proper signal averaging, it is essential to start data acquisition at the
same time and phase for each experiment. The synchronization is realized by phase
correlating all events to the internal 10 MHz standard of the microwave synthesizer. It is
used to generate the 20 MHz signal for generating the sidebands of the source frequency,
the 35 MHz signal for the second downconversion of the molecular signal, and the 50
MHz clock for data acquisition used by the transient recorder. It is also used as a clock for
a pulse generator that produces the various TTL pulses needed. A schematic

representation of the pulse sequence is plotted in figure 2-7. For each experiment, a
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molecular pulse, typically with a pulse width of 1 msec, is generated for the nozzle 1.
After an appropriate delay, a microwave pulse (on the order of usec) is used to open
microwave PIN diode switches 6 and 10. The durations of the molecular pulse and the
microwave pulse can be adjusted to achieve optimal experimental conditions. The delay
between the molecular pulse and the microwave pulse is also adjustable, typically
between 0.05 and 0.1 msec. A TTL pulse of appropriate duration is generated for the
protective switch 14, in order to keep it closed during the excitation period. At the end of
a protective delay, a trigger is sent to the transient recorder 22 to start data acquisition.
The timing of the trigger pulse is such that the main part of the excitation radiation has
dissipated, while the molecular signal is still strong for detection. The entire sequence is
preceded by the same sequence without the molecular pulse to obtain a background signal

that is subtracted from the background+molecular signal.
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|b), E,

ho,

la), E,

b)

Figure 2-1: Block vector diagram to visualize the n/2-condition (b). The two-level model
system used is depicted above the diagram (a). AN, is the initial population difference
between the two involved rotational levels. The optimum polarization is obtained by
applying a ¢, = (n/2 y) pulse. The initial Bléch vector (u, v, w)=(0, 0, AN,) rotates 90° to
(0, -AN,, 0). It is said that the initial population difference is completely converted into

polarization.
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Figure 2-2: The mechanical setup of the spectrometer.
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Figure 2-3: A representative spectrum showing the Doppler splitting. Shown is the
J=1-0, j=0, K=0 transition of CO-CH;D. The transition is split into two Doppler
components, as a result of the parallel injection of the molecular pulse with respect to the

microwave cavity axis. The average of the frequencies of the two components is recorded

as the transition frequency.

27

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



Figure 2-4: Detailed electronic setup of the spectrometer. 1: nozzle, 2: microwave
synthesizer, 3: isolator, 4: microwave power divider, 5: isolator, 6: microwave PIN diode
switch, 7: double balanced mixer, 8: attenuator (optional), 9: microwave amplifier
(optional), 10: microwave PIN diode switch, 11: circulator, 12: microwave antenna, 13:
microwave cavity and sample cell, 14: protective microwave PIN diode switch, 15:
microwave amplifier, 16: image rejection mixer, 17: isolator, 18: RF amplifier, 19:
radio-frequency mixer, 20: 15 MHz bandpass filter, 21: RF amplifier, 22: transient
recorder, 23: personal computer, 24: antenna used to monitor the microwave power inside

the cavity, 25: microwave diode detector, 26: oscilloscope.
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AB INITIO CALCULATIONS AND
MOLECULAR SYMMETRY GROUP ANALYSES

31 ABINITIO CALCULATIONS

Accurate ab initio calculations can be used to enrich and to refine our
understanding of the nature of intermolecular interactions. Ab initio single-point energy
cafculations are the basis for an accurate characterization and an analytical representation
of the multidimensional potential energy surface. Together with subsequent quantum
treatments of nuclear dynamics, it can provide quantitative comparisons with
spectroscopic data. Many reviews and books on this subject have appeared in the
literature (46,47,48,49,133,134,135). In this section, a brief outline of the ab initio
methods and the basis sets used to construct the potential energy surfaces of the Ne-C,H,,
Ne-C,H,, Kr-CH,, and Ar-CH, systems is given, followed by a discussion on basis set
superposition error. Finally, the details of the theoretical calculations of the individual
systems are given.
3.1.1 Methods and Basis Sets

In most weakly bound molecular systems, particularly in the four systems studied
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here, namely Ne-C,H,, Ne-C,H,, Kr-CH,, and Ar-CH,, the dispersion interaction is the
dominant contribution to the attractive force. This fact imposes much difficulty in
constructing ab initio intermolecular potentials for these systems. Firstly,
post-Hartree-Fock level of theories must be used to account for electron correlations,
since dispersion is an intermolecular correlation effect. Secondly, dispersion energy has a
very high demand on basis set sizes (46). Therefore, high correlation level of theories and
large basis sets are required to adequately describe the intermolecular interactions present
in weakly bound complexes.

For all the ab initio calculations described in this thesis, a supermolecular
approach is applied, where the interaction energy AE ,; between a pair of molecules, 4
and B, is obtained as the difference between the dimer energy E*? and the sum of the
monomer energies (E*+E”) (46,136):

AE, = E* - (E*+ EF). (3-1)
For example, in the case of Ne-C,H,, the interaction energy between Ne and C,H, is
obtained from a series of three calculations, i.e., the calculations of the total energies of
Ne-C,H,, Ne, and C,H,, respectively. It is clear from 3-1 that methods suitable for studies
of van der Waals interactions must have the property of being size-consistent (/37),
meaning that the energy of the dimer AB at infinite separation should be the sum of the
energies of the two constituent monomers.

Two methods were applied to construct the potential energy surfaces for the four
dimers mentioned above: Meller-Plesset perturbation theory to the fourth order (MP4)

(138,139,140) and coupled-cluster theory with single, double, and perturbatively linked
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triple excitations (CCSD(T)) (140,141,142).

The MP4 method is easy to apply due to the.widespread availability of the
quantum chemistry code. It has been widely applied to obtain valuable insights into
potential energy surfaces for weakly bound molecular systems. However, a major
drawback of this method is that the Moller-Plesset perturbation theory is considered to be
divergent so that its performance at critical points, for example, minima and transition
points, needs to be carefully monitored (49,143).

It has been shown that the CCSD(T) method is more advanced than the MP4 level
of theory and should be regarded as “the method of first choice” for ab initio calculations
of weakly bound complexes (46) whenever the computational capability allows so.
Compared to MP4, the CCSD(T) method is more computationally demanding. Its
application for van der Waals complexes has only recently become feasible.

For most of the calculations, Dunning’s aug-cc-pVTZ basis functions are used for
the nucleus-centered basis sets (/44,145,146,147)). They were chosen because they
contain polarization functions with high angular quantum numbers, d, f, and even higher,
that are required to properly account for the dispersion energy (47). Additional sets of
functions, called bond functions, were supplemented to the nucleus-centered basis sets
(148,149,150,151,152). These functions are specially designed to recover the dispersion
term and were placed at the center of the van der Waals bond, the region particularly
difficult to describe using nucleus-centered basis sets. It has been found that bond
functions substantially improve the recovery of the dispersion energy and the

improvement does not depend much on the location of the bond functions (149,152).
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For the construction of the abovementioned four potential energy surfaces, the
molecular subunits, namely C,H,, C2H2, and CH,, were treated as rigid bodies in their
vibrationally averaged geometries, in order to reduce the dimensionality of the
intermolecular potential energy surfaces. This has been proven to be a reasonable
approximation which allows to predict intermolecular vibration-rotation-tunneling
dynamics and other properties (49).

3.1.2 Basis Set Superposition Error

In addition to using a size-consistent method, E*%, E4, and E? should all be
evaluated in a numerically consistent manner. The evaluation of AE ,; requires the
subtraction of two large values, E*® and (E*+E?), which are several orders of magnitude
larger than the interaction energy. Very often, it is not possible to obtain E*4, F4, and E?
values accurate to within an error smaller than AE ;. In order to make the difference,
AE ., still meaningful, it is necessary to keep the evaluation of all three values
numerically consistent. This requirement implies that the same basis set must be used for
the energy calculations of all three relevant systems.

Using x5, 14, and y; to denote the basis sets for the dimer 4B, monomer 4, and
monomer B, respectively, the effect on the interaction energy AE ,; can be examined

using:

AE ;5 = EAB(ZAB)— (EA(ZA)+ EB(ZB))'

E**(y,;), the sum of the interaction energy AE,, and the monomer energies (E*+E?), is
calculated with the dimer basis set, such that each individual monomer takes advantage of
the basis set for the other monomer. This leads to a lowering in the monomer energies,
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compared to the values obtained with the individual monomer basis sets, £*(y,) and
E®(x;). Consequently, such obtained AE ,; is underestimated. This effect is termed ‘basis
set superposition error’. In order to eliminate basis set superposition error, all energies,
E*8, E*, and E”, must be evaluated within the same basis set, the complete dimer basis set
x5 This method was developed by Boys and Bernardi (/53), and is called ‘counterpoise
correction’. Proofs of the validity of this method can be found in references such as ref.,
154.

3.1.3 Computational Details

In the following paragraphs, the computational details for the determinations of
potential energy surfaces for the Ne-C,H,, Ne-C,H,, Kr-CH,, and Ar-CH, systems are
given.

a. Ne-C,H,

Two basis sets were used in the ab initio calculations of the pointwise
intermolecular potential energy surfaces of Ne-C,H,. Basis set 1 is comparable to the one
previously used for the analogous Ar-ethylene dimer (155). The 6-31+G(2d, 2p) basis
functions were used for C and H, and the Huzinaga type of basis functions were used for
Ne, contracted to [7s,5p,2d] (155,156,157). A total of 110 basis functions resulted. Basis
set 2 contained Sadlej’s pVTZ basis functions for C and H (/58) obtained from the
Extensible Computational Chemistry Environment Basis Set Database (/59), and
Dunning’s aug-cc-pV'TZ basis functions for Ne (/44,145). In addition, at the midpoint of
the van der Waals bond, Tao’s (3s3p2d) bond functions were added (149,152). The total

number of basis functions in this basis set is 166. Intermolecular energies were computed
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using the MP4 level of theory with frozen-core approximation (/60). The full
counterpoise method was applied for the correction of the basis set superposition error
(153). All calculations were carried out using the GAUSSIAN 94 package (/61). In
constructing the potential energy surface, the structure of the ethylene monomer was fixed
at the known effective zero-point structure (162).

b. Ne-C,H,

The aug-cc-pVTZ basis functions were used for all atoms (744, 145), with Tao’s
(3s3p2d) bond functions added (/49,152) at the midpoint of the van der Waals bond. The
resulting total number of basis functions is 206. Two potential energy surfaces were
constructed, one at the MP4 level of theory with frozen-core approximation, the other
with the CCSD(T) method. The basis set superposition error was corrected by carrying
out the full counterpoise procedure (/53). The MOLPRO package developed by Werner
and Knowles was utilized (/63) for the single point calculations, with the C,H, structure
fixed at r(C-H)=2.0042 bohr and r(C-C)=2.2737 bohr (164).
c¢. Kr-CH,and Ar-CH,

The ab initio calculations of the Kr-CH, and Ar-CH, systems followed closely
that of Ne-C,H,. The MOLPRO package was also used to construct the potential energy
surfaces (163). The CCSD(T) method (/65) was used combined with aug-cc-pVTZ basis
set for all atoms (144,145,146,147). Again, Tao’s bond functions were used and placed at
the mid point between the Rg atom and C (/49,152). The CH, molecule was kept rigid
with the C-H bond fixed at the experimentally determined value, 7(C-H)=2.052 bohr

(166). In addition to the single point energy calculations, dipole moment calculations
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were also performed at selected configurations (/67,168,169). It was calculated as the
first derivative of energy by the finite difference approximation (1 70). At each
configuration, two energy calculations were performed, one with a finite electric field
added along the direction from the C atom to the Rg atom, the other with the same field
strength but along the opposite direction. The dipole moment value was then obtained as

the ratio of the energy difference to the electric field difference.

3.2 MOLECULAR SYMMETRY GROUP ANALYSES

The potential energy surfaces of weakly bound molecular complexes are
characterized by relatively low dissociation energies and large intermolecular separations.
Consequently, these complexes can very often not be well described with an equ'ilibrium
structure about which only small amplitude vibrational replacements occur. Instead, large
amplitude internal motions involving one or more monomers are often observed. As a
result, the point symmetry groups widely used to label the energy levels of rigid
molecules become insufficient for these nonrigid molecular systems. Molecular symmetry
groups, on the other hand, provide the means of identifying and symmetry labeling the
energy levels. In many cases, the observed rotational and vibrational spectra are
interpreted with the aid of proper molecular symmetry group analyses. In this section, the
definition of a molecular symmetry group is given. It is illustrated how the molecular
symmetry group is used to label ro-vibrational energy levels and to obtain nuclear spin
statistical weights, with Ne-C,H, and Kr-CH, as examples.

3.2.1 Molecular Symmetry Group and Elements
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A molecular symmetry group is the group of all feasible nuclear permutation and
permutation-inversion operations of identical nuclei in a molecule (/,/71). Itis a
subgroup of the complete nuclear permutation inversion group. It is termed a “symmetry
group” because all elements in the group commute with the Hamiltonian of the molecule,
meaning that the total energy of the system is invariant with respect to operations
corresponding to each element. An element is said to be feasible if the motion
corresponding to this element produces observable spectroscopic splittings. For example,
each of the rotational transitions of NH, in the recorded far-infrared absorption spectrum
appeared as a doublet, while those of PH, were observed as singlets (/72). The doubling
in the NH; spectrum was attributed to the inversion motion of the molecule.
Consequently, the inversion operation is considered to be a feasible element of the
molecular symmetry group of NH,. On the other hand, it is not a feasible element for PH;,
since no inversion splitting was resolved.

The simple case of H,O is considered below as an example to illustrate the
elements of a molecular symmetry group. The molecular symmetry group of H,O consists
of the following four elements: E, (12), £*, and (12)*. E is the identity operation,
meaning “doing nothing” to the system considered. (12) is a nuclear permutation
operation, referring to the interchange of the two hydrogen nuclei, numbered 1 and 2,
respectively. £* is the inversion operation, referring to the inversion of the spatial
coordinates of all nuclei and electrons through the center-of-mass of the molecule (/).
Finally, (12)* is a nuclear permutation-inversion operation, referring to the interchange of

the two hydrogen nuclei followed by an inversion operation. The effects of the four
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operations on H,O are shown in figure 3-1.

Each element of a molecular symmetry group corresponds to an equivalent
rotation, which is a combination of rotations of the molecule about its principal inertial
axes and sometimes of feasible internal motions, for example, the inversion motion in
NH,. For the H,O molecule discussed above, the equivalent rotations of the four
elements, E, (12), £*, and (12)*, are R’, R}, RZ, and R?, respectively, where R’ is the
identity, and R7 (i=a, b, and c) is a rotation of the molecule about the i-principal inertial
axis by 180 degrees. The principal inertial axes frame of H,O is also shown in figure 3-1.
3.2.2 Nuclear Spin Statistical Weights

Similar to a point symmetry group, a molecular symmetry group has a set of
irreducible representations with which we can label a state of the molecule of interest.
This is done by determining the effect of each element in the group on the wavefunction
of the particular state. The total wavefunction of a system is usually approximated by a
direct product (/73):

Yoo = Vall sV otV i s (3-2)
where the individual terms correspond to the electronic, vibrational, rotational, tunneling
or internal rotation, and nuclear spin wavefunction, respectively. Each component can be
classified with an irreducible representation of the molecular symmetry group. The
resulting total wavefunction must be either symmetric or anti-symmetric with respect to
the interchange of identical nuclei, depending on the spins of the identical nuclei. Nuclei
with half-integer spins must obey Fermi-Dirac statistics, while nuclei with integer spins

follow Bose-Einstein statistics. For example, the interchange of the two protons in H,O
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must change the sign of the total wavefunction, since protons are fermions with nuclear
spins /;;=1/2. On the other hand, the interchange of the two deuterons in D,0 must leave
the total wavefunction unchanged, since deuterons are bosons with nuclear spins /,=1.
For our interest, ¢, and ¢, in the above expression are considered to be totally
symmetric, since most often only the rotational transitions within the ground electronic
and ground vibrational state are measured. Equation 3-2 thus simplifies to:

Yoot = VotV an¥ s (3-3)
The rotational-tunneling part of the wavefunction must combine with nuclear spin
wavefunctions of a particular symmetry in order to fulfil the symmetry requirement of the
total wavefunction. In general, the number of nuclear spin states depends on the
symmetry of the nuclear spin wavefunction. This is how nuclear spin statistical weights
arise. By performing a molecular symmetry group analysis and obtaining nuclear spin
statistical weights, one can interpret the relative intensity pattern and assign an observed
spectrum. [n many cases, such analyses are very helpful in determining which internal
motion produces the observed splittings.
3.2.3 Examples of Molecular Symmetry Group Analyses

In the following paragraphs, I will use the Ne-C,H, and Kr-CH, systems as
examples to illustrate how molecular symmetry group analyses are performed and how
nuclear spin statistical weights are obtained.
a Ne-CH,

The effective structure of Ar-C,H, was previously determined from high

resolution infrared spectra to be a planar, T-shaped geometry with Ar sitting on the b
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principal inertial axis (see figure 3-2) of the ethylene monomer (/55). Tunneling splitting
was observed in the rotationally resolved infrared spectrum. It was concluded from the
observed relative intensity pattern that the out-of-plane motion, the internal rotation of
ethylene about the C-C bond, is the motion responsible for the observed splitting. The
conclusion was based on the statement that the spin statistics are different for the two
possible tunneling motions, i.e., the out-of-plane motion and the in-plane-motion where
ethylene rotates about its ¢’-axis (see figure 3-2) (/55). However, when I carried out the
molecular symmetry group analysis for the normal isotopomer, Ar-'>C,H,, the same
nuclear spin statistics were obtained for the two motions. Here, I present the results from
the molecular symmetry group analyses for various isotopomers of the Ne-C,H, van der
Waals complex, assuming first an out-of-plane motion and then an in-plane motion. The
planar, T-shaped configuration was assumed, similar to that of Ar-C,H,. In the next
chapter, these results will be used to interpfet the observed spectra and to determine
which motion is the feasible motion.

The proper molecular symmetry group for the normal isotopomer, Ne-"*C,H,,
assuming either an out-of-plane motion or an in-plane motion is D,,(M), which is
isomorphic with the D,, point group. The character table for a D,,(M) group (1) is given
in table 3-1, with the equivalent rotations of each element separately given for the two
motions. The numbering of the identical nuclei is given in figure 3-2. The feasible
elements include the identity, the interchange of equivalent hydrogen nuclei and carbon
nuclei, the inversion operation, and the products of these. The equivalent rotations

include the rotation of the dimer about the a-, b-, or ¢-principal inertial axes (see figure
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3-2) of the complex, and the internal rotation of the ethylene monomer about its a’-axis

(out-of-plane motion, R,,,) or its ¢’-axis (in-plane motion, R,

un.

). The equivalence of the
nuclear permutation-inversion operation (14)(23)(56)* and its corresponding equivalent
rotation R, R} is illustrated in figure 3-3 as an example.

The symmetry classification of each term in equation 3-3 can be determined
individually using the character table. The case of the out-of-plane motion is first
considered. Starting with the first term, #,,,, the symmetry classification depends on the
asymmetric rotor quantum numbers, K, and K. It can be determined by examining the
symmetry behavior of the wavefunction under operations that contain rotations about a-,
b-, and c-axes, i.e., R7, R;, and R]. For example, for even K /K, the rotational
wavefunction stays the same under an R}/R” operation, and for odd K /K, the rotational
wavefunction changes sign under an R}/R] operation. 4,, 4,, B,,, and B,, symmetries are
obtained for the K K =ee, eo, oe, and oo rotational energy levels, respectively. I have used
the conventional ee, eo, oe, and oo notations of rotational levels (/74), where e stands for
even and o stands for odd.

The symmetries of the tunneling wavefunctions can be determined in a similar

manner. In this case, it is the R,,,, operation that needs to be considered. In the ground

tun
tunneling state, the tunneling wavefunction does not change sign under any operation that
contains R, so that it belongs to the totally symmetric 4, symmetry. For the first excited
tunneling state, the tunneling wavefunction has to change sign under any operation that

contains R,,, such that it belongs to the B,, symmetry. For our purpose, these are the only

two tunneling states that need to be considered, since the higher ones are not sufficiently

44

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



populated in the cold molecular beam.

Lastly, the symmetries of the nuclear spin wavefunctions are considered. For the
normal isotopomer with “C, only the hydrogen nuclear spins need to be considered, since
’C has a nuclear spin of /=0 such that the nuclear spin wavefunctions remain unaffected
under a permutation operation. With four equivalent hydrogens, the total number of
nuclear spin wavefunctions is (2/,;+1)*=16. Among the 16 nuclear spin wavefunctions,
the numbers of wavefunctions that remain unchanged after permutation operations
(12)(34), (13)(24)(56), and (14)(23)(56) are 4, 4, and 4, respectively. For example, using
the conventional « and £ symbols to denote spin-up and spin-down, the only spin
combinations that remain unchanged under a (12)(34) operation are aaae, aafip, ffac,
and fBGP. Since an inversion operation does not affect the spin coordinates, the total
representation of the 16 nuclear spin wavefunctions is thus:

I' ,=16,4,4,4,16,4, 4, 4,
with respect to E, (12)(34), (13)(24)(56), (14)(23)(56), E*, (12)(34)*, (13)(24)(56)*, and
(14)(23)(56)*. It decomposes into:

r,=74,83B,0 3B, ®3B,,.

Here, @ denotes direct sum.
The symmetry of the total wavefunction can then be determined by directly
multiplying the individual components:

F = I.‘rot ® I.‘z‘uM ® rns'

total

® is used to denote direct product. The resulting symmetry can only be 4, and 4, for
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Ne-"C,H,, governed by the fact that hydrogen nuclei are fermions and the exchange of an
even number of pairs of hydrogen nuclei, such as (12)(34), must leave the total
wavefunction invariant. The last thing to do then is to combine the individual components
with the proper symmetry to form total wavefunctions of the right symmetry, using the

following expression:

A4, 74,

4)-{ el
Au Blu Bzu 3BZu
B, 3B,,

The resulting allowed combinations are given in table 3-2. m is used to denote the
tunneling states, with =0 being the ground tunneling state and m=1 being the first
excited tunneling state. The rotational levels are symmetry labeled with the symmetry of
the corresponding nuclear spin wavefunctions, and the spin statistical weights are given in
parentheses. For example, in the m=0 state where the tunneling wavefunction is of 4,
symmetry, an oo rotational level with the rotational wavefunction of B,, symmetry, must
combine with nuclear spin wavefunctions of B, symmetry to give a total wavefunction of
A4, symmetry. Therefore, the oo rotational levels in the ground tunneling state are
symmetry-labeled with B,, and have é nuclear spin statistical weight of 3.

The same procedure was carried out for the in-plane motion, and also for three
rare isotopomers, namely Ne-C,D,, Ne-">C,H,, and Ne-trans-1,2-C,D,H,. The results are
listed in table 3-2. For the Ne-cis-1,2-C,D,H, isotopomer, no tunneling motion that
exchanges between two equivalent configurations exists. Instead, two different isomers

are formed, one is the D-atom-bonded isomer in which the two deuterium atoms are
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between carbon and Ne (see figure 3-4), and the other is the H-atom-bonded one in which
the two hydrogen atoms are between carbon and Ne instead (see figure 3-4). Only the
spectrum of the lower energy D-atom-bonded isomer was observed (see chapter 4). For
comparison purpose, a molecular symmetry group analysis was performed for this isomer
of Ne-cis-1,2-C,D,H,. In chapter 4, the results listed in table 3-2 are used to interpret the
observed spectra and to deduce information about the nature of the tunneling motion.

b. Kr-CH,

It was established from the observed infrared spectra of Kr-CH, that the methane
subunit is nearly freely rotating within the dimer (32,175). The molecular symmetry
group of Kr-CH, is therefore the same as that of free CH, and is designated as 7 (M),
isomorphic to the 7, point group. The character table of the T (M) group for Kr-CH, is
given in table 3-3 (/) and the numbering of the equivalent hydrogen nuclei is depicted in
figure 3-5. In table 3-3, the nuclear permutation operation (123) refers to an operation of
simultancously replacing nucleus 1 with nucleus 2, nucleus 2 with nucleus 3, and nucleus
3 with nucleus 1. A C;, equilibrium geometry was assumed, similar to that of Ar-CH,,
where the rare gas atom sits above a face of the CH, tetrahedron (176,177). Based on the
character table, the symmetries of the rotational wavefunctions are 4, for /=even levels
and 4, for /=odd levels, determined by the effects of the R operation. Here, the (Jj /)
notation is applied (/78), where j is the quantum number for the internal rotation of the
CH, subunit, / is the quantum number for the end-over-end rotation of the complex, and J
is the total quantum number, i.e., the vector sum of j and /. The symmetries of the

internal rotation wavefunction have been previously determined to be A,, F, and F,+E for
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J=0, 1, and 2, respectively (1,179,180). Among the total (2Z,;+1)*=16 nuclear spin
wavefunctions, the numbers of wavefunctions that remain unchanged under E, (123),
(14)(23), (1423)*, and (23)* operations are 16, 4, 4, 2, and 8, respectively. Therefore, the
16 nuclear spin wavefunctions have a total representation of:

', .=16,4,4,2,8,
which can be decomposed to:

[ =546 E ©3F,. (3-4)

The total wavefunction must be of 4, or A; symmetry. This is because protons are
fermions and must obey Fermi-Dirac statistics. Nuclear permutation operations that
involve the exchange of an even number of pairs of protons, such as (123) and (14)(23),
must leave the total wavefunction unchanged, while other operations that involve the
exchange of an odd number of pairs of protons, such as (1423) and (23), must change the

sign of the total wavefunction. Using the direct product table (/81) (table 3-4) and the

expression:
54
[A‘) [A‘)Qb ijlﬁ1 ® EI
A4,)  \ 4, ’ ’
FE,®E 3F,

nuclear spin statistical weights for each of the internal rotor states were obtained, as listed
in table 3-5. Only the lowest internal rotor state of each nuclear spin symmetry is listed.
The higher ones are not expected to be appreciably populated in the molecular beam.
Again, the energy levels are symmetry labeled with the symmetry of the corresponding

nuclear spin wavefunctions, and the spin statistical weights are given in parentheses. Note
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that the spin statistical weights for the j=2 levels of E symmetry are 2, twice the number
of E symmetry nuclear spin wavefunctions from equation 3-4. The ;=2 levels, with
rotational wavefunctions of 4, or 4, symmetry and internal rotation wavefunction of £
symmetry, must combine with nuclear spin wavefunctions of £ symmetry. Using table
3-4, the direct products of 4, ® £ @ E'and 4, ® £ ® E decompose into 4,+4,+E. From one
E symmetry nuclear spin wavefunction, two allowed total wavefunctions, 4,+4,, result.
This explains the doubling of the corresponding nuclear spin statistical weights.

The same procedure was also performed for the two rare isotopomers, namely
Kr-"*CH, and Kr-CD,. The obtained results are also given in table 3-5. The partial
substitution of a proton with a deuteron in the Kr-CH,D and Kr-CHD), isotopomers
breaks the 7 (M) symmetry. Instead, the character table of the C; (M) molecular
symmetry group is used (/). Using the tabulated symmetries of internal rotational levels
(1), nuclear spin statistical weights were obtained in a similar manner and are also listed
in table 3-5. The j=0 and 1 states of Kr-CH,D/Kr-CHD, are of 4,/(4,+4,) and E/E
symmetries, respectively. Unlike the 7, symmetry isotopomers, the j=2 state is no longer

metastable in these C;, symmetry isotopomers (see table 3-5).
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Table 3-1: Character table for Ne-C,H,. 4=(12)(34), B=(13)(24)(56), C=(14)(23)(56).

D, (M) E A B C E* A* B* C*

Equiv.Rot. R R, R R,RI R RLR® R RR
(out-of-plane)

Bquiv.Rot. R° R,R* R* R, R° RR R RR

(in-plane)
4, 1 1 1 1 1 1 1 1
Ay 1 1 1 1 -1 -1 -1 -1
B, 1 1 -1 -1 -1 -1 1 1
B, 1 1 -1 -1 1 1 -1 -1
By, 1 -1 1 -1 -1 1 -1 1
B, 1 -1 1 -1 1 -1 1 -1
By, 1 -1 -1 1 1 -1 -1 1
B, 1 -1 -1 1 -1 1 1 -1

Table 3-2: Symmetry labels and spin statistical weights of energy levels of Ne-ethylene
isotopomers from molecular symmetry group analyses.

ee& eo,m=0 o0e& oo,m=0 ee&eo,m=1 oe& oo, m=1

QOut-of-Plane Motion

Ne-CH, D, (M) 4, (7) B, (3) B, (3) B, (3)

Ne-C,)D, D, M) 4, (27) B, (18) B,, (18) B, (18)
Ne-PCH, D, (M) B, (16) 4, (24) B, (12) B,,(12)

Ne-trans-  C,, (M) B, (15) 4, (21) 4, (21) B, (15)
1,2-C,D,H,

Ne-cis- C,(M) B, (15) A, (21 - -
1,2-C,D,H,?
In-Plane Motion

Ne-CH, D, (M) 4,(7) B, (3) By, (3) B, (3)

Ne-C,)D,  Dj(M) A4, (27) B,,(18) B,, (18) By, (18)
Ne-"CH, DyM)  B,(16) B, (12) B, (12) 4,(24)

Ne-trans-  C,, (M) B, (15) B, (15) A4, (21) 4, (21)

1,2-C,D,H,

*The molecular symmetry analysis is only performed for the D-atom-bonded isomer.
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Table 3-3: Character table of the 7(M) molecular symmetry group for Kr-CH,.

T M) E (123) (14)(23) (1423)* (23)*
1 8 3 6 6
Equivalent Rotation R (Cethane Cpethane R” R”
A 1 1 1 1 1
Ay 1 1 1 -1 -1
E: 2 1 2 0 0
F: 3 -1 -1
Fy: 3 0 -1 -1 1
Table 3-4: Direct product table for the 7, group.
A, 4, E F, F,
A, A, 4, E F, F,
4, A, A4, E F, F,
E E E AFASE F+F, F+F,
F, F, F, F+F, AFE+FA+F,  AE+F+F,
£ F, Fy FtE AfEAFAE,  AEHEAF,

Table 3-5: Symmetry labels and spin statistical weights of energy levels of Kr-CH,

1sotopomers.

j=0 =1 =
Kr-"CH, TA{M) 4, (5) £Q3) E(2)
Kr-"CH, M) 4,(5) £, Q) EQ2)
Kr-2CD, T M) A, (15) F+F, (18) E(6)
Kr-CH,;D C, (M) A (4 E#) -
Kr-CHD, C,,(M) A+A4,(11) E(16) -
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¢ a
/O\ 1 /O\
H, H, H H,
E* (12)* E*
H, H, 12 H, H,
\O / 2 5 \O /

Figure 3-1: The effects of the four elements of the molecular symmetry group of H,O.
(12) refers to the interchange of H, and H,. £* refers to the inversion of the spatial
coordinates of all nuclei and electrons. (12)* denotes the product of the above two
operations. The a-, b-, and c-principal inertial axes of the molecule are also shown. (12),
E*, and (12)* correspond to rotations of the molecule about its b-, ¢-, and a-principal

inertial axes, respectively.
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Figure 3-2: Numbering of the identical nuclei used for the molecular symmetry group
analysis for Ne-C,H,. a, b, and c refer to the principal inertial axes of the complex, while
a’, b’, and ¢’ refer to those of the ethylene monomer. These principal inertial axes frames

also apply to Ar-C,H,.
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I\]e

(14)(23)(56) i R.,

Ne Ne

N
/

Ne
Figure 3-3: [Illustration of the equivalence of the nuclear permutation-inversion

operation (14)(23)(56)* and its corresponding equivalent rotation R, R} (out-of-plane

motion).
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a) D-atom-bonded isomer:

Figure 3-4: The two isomers of Ne-cis-D,-ethylene. The two deuterium atoms are
between carbon and Ne in the D-atom-bonded isomer (@), whereas the two hydrogen

atoms are between carbon and Ne in the H-atom-bonded isomer (b).
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Figure 3-5: Numbering of the four equivalent hydrogen nuclei in Kr-CH, for molecular

symmetry group analysis. A C;, equilibrium configuration for Kr-CH,, where Kr
approaches the face center of the CH, tetrahedron, is assumed. Such an equilibrium

geometry for Ar-CH, is obtained theoretically (/77).
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INTERNAL ROTATION OF ETHYLENE IN Rg-ETHYLENE

4.1 PREVIOUS WORK AND MOTIVATION FOR THIS STUDY

Previous spectroscopic and theoretical studies on several ethylene-containing van
der Waals complexes have shown that the ethylene subunit can undergo large amplitude
internal rotation motions within the complexes. The microwave spectrum of the
C,H,-S0O, dimer displayed tunneling doubling, arising from an internal rotation motion of
the ethylene subunit in its molecular plane, that is an internal rotation about the
c-principal inertial axis of the monomer (see figure 3-2) (60). In a following theoretical
study of this dimer at the MP2 level of theory, various possible tunneling motions were
considered (/82). The most likely occurring tunneling motion was determined to be the
rotation in the ethylene molecular plane, in agreement with the experiment. Transition
doubling was also observed in the microwave spectrum of the C,H,-C,H, van der Waals
dimer. However, in this case it was determined that the doubling is a result of an internal
rotation of ethylene about the C =C bond, i.e., its a-principal inertial axis (67). Another

scenario of internal motions involving ethylene was discovered in the C,H,-CO, and
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C,H,-N,O dimers. Both the infrared spectra and ab initio calculations indicate that the
two subunits of the dimers rotate with respect to one another about the axis connecting
the centers-of-mass (62,63). Compared to these polyatomic-polyatomic systems, the
Rg-ethylene dimers are less complex in the sense that the number of internal degrees of
freedom is reduced. This reduction facilitates more detailed investigations of the nature of
the internal motions of ethylene in complexes, both spectroscopically and theoretically.
Rg-ethylene dimers have been the subject of a number of experimental and
theoretical studies. A few vibrational predissociation spectra of the Rg-ethylene
complexes were reported, including the Ar-ethylene spectra near the v, and v;; modes of
free ethylene (183), and the Ar-, Ne-, and Kr-ethylene spectra near the v, mode of free
ethylene (/84,1835). These spectra were interpreted in terms of a hindered internal rotation
of the ethylene subunit. Estimates for the barrier to the internal rotation were made to be
12.5 and 30.0 cm™* for Ne-C,H, and Ar-C,H,, respectively (185). However, unique
determinations of the structures of the complexes were not achieved. High resolution
infrared spectra of Ar-ethylene, near the v, and v,, modes, were recorded by Miller and
co-workers (/55). These rotationally resolved spectra show transition doubling, which
was attributed to a tunneling motion of the ethylene monomer. Spectral analyses
established a T-shaped, planar structure with Ar sitting on the b-axis of ethylene. The two
possible tunneling paths, namely the in-plane motion where ethylene rotates about its
c-axis and the out-of-plane motion where ethylene rotates about its a-axis, i.e., the C=C
bond, were considered. It was concluded that only the spin statistical weights obtained

from a molecular symmetry group analysis assuming an out-of-plane motion were
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consistent with the observed intensity pattern. The barrier to this internal rotation motion
was estimated to be 76 cm™ from the observed tunneling splittings. To date, no such high
resolution spectrum is available for Ne-ethylene.

On the theoretical side, Hutson et al. constructed empirical intermolecular
potentials for Ne-ethylene and Ar-ethylene. The obtained potentials have global minima
at C,, geometries with the rare gas atoms located perpendicularly above the ethylene
plane (/86). Improved potentials for Ne-ethylene were later constructed by fitting to the
barrier height reported by Western et al. (185). The global minimum was found to be at
R=333 A, 6=35°, and ¢=90° (187,188,189). Here, R is the separation between Ne and the
center-of-mass of the ethylene monomer, €is the out-of-plane angle between the R vector
and the molecular plane of ethylene, and ¢ is the angle between the R vector and the
C =C bond axis (see figure 4-1). Ab initio potentials of Ar-ethylene were constructed at
the SCF, MP2, and MP4 levels, with the 6-31+G[2d,2p] basis set for the ethylene subunit
and the Vohralik basis set for Ar (/35). The global potential minimum was determined to
be at R=3.89 A, 8=10°, and ¢=90° at the MP4 level. The dissociation energy, D,, was
evaluated to be 174 cm™. The energy difference between the planar structure with 6=0°
and the global minimum was only 0.08 cm™. A one dimensional potential energy curve
describing the out-of-plane internal rotation motion was obtained by fixing R at the
equilibrium distance of 3.89 A. The barrier to this motion was determined to be 56 cm™.
The potential energy curve for the in-plane internal rotation motion was also computed at
the fixed equilibrium intermolecular distance. The potential becomes repulsive as

ethylene rotates, indicating that this motion requires a fair amount of radial movement.
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For this reason, the in-plane internal rotation motion is less likely to be the feasible
tunneling motion that is responsible for the observed spliﬁings. This conclusion agrees
with the one drawn from the recorded infrared spectra. No ab initio potential has been
reported for the Ne-ethylene van der Waals dimer so far.

By recording the rotational spectra of the Rg-ethylene complexes, it was hoped
that further spectroscopic evidence for the occurring tunneling motion could be obtained.
It was also expected that the nature of the internal rotation motions of ethylene in such
dimers could be deduced by constructing an ab initio potential energy surface for
Ne-C,H,. Furthermore, when the binding partner of ethylene changes from Ar to Ne, the
intermolecular potential is expected to be more isotropic as a consequence of the weaker
intermolecular interaction. This comparative study of Ar-C,H, and Ne-C,H, therefore
provides an opportunity to investigate the effect of the size and polarizability of the Rg

atom on the internal rotation motions of the ethylene monomer within the complex.

4.2 SPECTRAL SEARCH AND ASSIGNMENTS

For the Ar-ethylene isotopomers, the sample mixture contained 0.3% C,H, and
1% Ar. Enough Ne was added to maintain a total pressure of 6 atm. For Ne-ethylene, a
sample mixture of 0.5% C,H, in Ne was used. Increasing the amount of C,H, resulted in a
decrease in transition intensity, possibly due to a greater yield of larger (C,H,),
complexes. *Ne-containing isotopomers were measured in their natural abundances
(**Ne: ~10%). Isotopomers containing *C,H,, C,D,, trans-1,2-C,D,H, (trans-

D,-ethylene), and cis-1,2-C,D,H, (cis-D,-ethylene) were measured using isotopically
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enriched samples (98% C and 98% D, respectively, Merck Sharp & Dohme of Canada).
42.1 Ar-CH,

For the normal isotopomer, Ar-C,H,, the spectrum was predicted using the
rotational and centrifugal distortion constants determined from the recorded infrared
spectra (155). The two Jy x =241, transitions, one for each tunneling state, were
predicted to be between 7.6 and 7.7 GHz, with a tunneling splitting of about 60 MHz.
The first two transitions were located at 7655 MHz and 7633 MHz. The one at higher
frequency was approximately twice as intense as the other, as shown in figure 4-2. From a
molecular symmetry group analysis (see table 3-2), the K, =0, m=0 and K =0, m=1 states
were determined to have spin statistical weights of 7 and 3, respectively. Here, m is the
internal rotation quantum number. Consequently, the higher frequency transition was
assigned to the ground tunneling state, i.e., m=0, and the lower frequency transition was
assigned to the first excited tunneling state, i.e., m=1. Further spectral searches revealed a
pair of transitions with approximately the same intensity at 7523 MHz and 7515 MHz.
These transitions were assigned to be the Ji , =2,,-1,, transitions. Another pair of equally
intense transitions was easily located at frequencies almost symmetrically above the
assigned Jy o =2(,-1, transitions, and were assigned to be the Ji . =2,,-1,, transitions.
With these assignments, the following spectral search for further transitions was
relatively straightforward. Altogether, 13 transitions were measured for both the ground
and the first excited tunneling state. The K =0, m=0 transitions were the most intense. No
hyperfine structure from nuclear spin-spin and spin-rotation interactions associated with

the four /=% hydrogen nuclei was observed.
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Assuming the same separation between the Ar atom and the center-of-mass of the
ethylene monomer, frequencies of the Jg . =2 .-1,, transitions for the Ar-C,D, isotopomer
were predicted to be around 6960 MHz. Considering the heavier mass and consequently a
lower zero-point energy, a shorter effective separation was expected. This consideration
led to a search at frequencies higher than the initial prediction. In addition, a relatively
smaller tunneling splitting was expected, as a result of the larger mass of the rotating
subunit. Two transitions were located at 7029 MHz and 7024 MHz, with a splitting of
only 5 MHz. For comparison, the tunneling splitting of the same transition was 22 MHz
for Ar-C,H,. Assuming an asymmetry splitting between the K,=0 and K,=1 transitions
similar to that of Ar-C,H,, the K =1 transitions were easily located. Altogether, 12
transitions were measured for each tunneling state. The J; . =1,,-0,, transitions, predicted
to be at ~3.5 GHz, are beyond the normal operating range of the spectrometer.
Broadening of the transitions, and sometimes narrow splittings, were observed. This is
attributed to the nuclear quadrupole interactions between the deuterium nuclei and the
overall rotation of the complex. Due to the narrowness of the splittings and the
complexity of the hyperfine structure of four quadrupolar nuclei, individual hyperfine
components could not be assigned. Center frequencies were taken at the positions of
maximum intensities.

The spectral search for Ar-"C,H, transitions followed a similar procedure. 13
transitions were recorded for each tunneling state. Unlike the case of the normal
isotopomers, the K =1, m=0 transitions were the most intense in this case. This is in

agreement with the expected spin statistical weights obtained from a molecular symmetry
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group analysis assuming an out-of-plane motion (see table 3-2).

There are two isomers of the Ar-cis-D,-ethylene isotopomer: a D-atom-bonded
one in which the two deuterons are closer to Ar and an H-atom-bonded one in which the
two protons are closer to Ar (see figure 3-4). Between the two, the D-atom-bonded
isomer is more stable due to a lower zero-point energy. Considering the low temperature
achieved in the molecular beam, it was expected that transitions of the D-atom-bonded
isomer would show intensities comparable to those of the ground state transitions of other
isotopomers. Transitions of the H-atom-bonded isomer, on the other hand, were expected
to be much weaker, or even not observable, because of low populations of the energy
levels. 13 transitions, analogous to the m=0 ground tunneling state transitions of Ar-C,H,,
were recorded and assigned to the D-atom-bonded isomer. The K =1 transitions were
more intense than the X =0 transitions. This is in agreement with the spin statistical
weights of 21 and 15 for the two states. Line broadening was also observed, but the
hyperfine components could not be resolved. Spectral scans with a fair number of
averaging cycles were carried out to locate transitions of the higher energy, less populated
H-atom-bonded isomer. However, no additional transition could be assigned.

In the search for Ar-trans-D,-ethylene transitions, the K =0 transitions were easily
located. Four transitions, with J values ranging from 1 to 5, were recorded for both the
m=0 and the m=1 state. Transitions within the m=1 state were noticeably stronger than
those within the m=0 state, in agreement with the spin statistical weights of 21 and 15 for
the two states. No transition corresponding to a K =1 transition could be assigned, despite

intensive spectral searches.
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All measured transition frequencies for the five isotopomers of Ar-ethylene are
listed in tables 4-1 and 4-2, along with the quantum number assigﬁments. Watson’s
A-reduction Hamiltonian in its /" representation (/90) was used to fit spectroscopic
constants to the transition frequencies. Transitions within the two tunneling states were
fitted separately. Since only a-type transitions, i.e., transitions with AK =0, were
measured, there was not enough information to determine the 4 rotational constant. For
the normal isotopomer, the 4 rotational constant was first fixed at 29.75 GHz, the value
determined from the infrared spectra (/535). It was later varied until the best fit was
obtained. The resulting value for 4 was 29.9 GHz, only 0.5% larger than the value
determined from the infrared spectra. For the remaining minor isotopomers, the 4
rotational constant was fixed at a value scaled with the b rotational constant of the
corresponding substituted ethylene monomer. Individual b values were calculated from
the reported structure parameters of C,H, (162), assuming they do not change
significantly upon substitution. Two rotational constants, B and C, and three quartic
centrifugal distortion constants, 4,, 4, and Jd,, were determined. 4, and J; could not be
determined with only a-type transitions available, and were fixed at zero. In the analysis
of the Ar-trans-D,-ethylene spectrum, only two spectroscopic constants, namely (B+C)/2
and 4,, were determined from the fitting procedure, since only K, =0 transitions were
observed. All resulting spectroscopic constants are listed in table 4-3, along with the
standard deviations of the fits. The standard deviations obtained for the C,H,- and
*C,H -containing isotopomers are on the same order as the experimental uncertainties.

Those for the deuterated species are much larger. This is mainly a result of the unresolved
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deuterium nuclear quadrupole hyperfine structures in the spectra of these isotopomers.
422 Ne-C,H,

The weaker interaction between Ne and ethylene compared to that between Ar and
ethylene is expected to lower the barriers to internal motions. Consequently, larger
tunneling splittings compared to those of Ar-ethylene, or even a different tunneling
scenario, are possible. This makes it rather difficult to predict rotational transition
frequencies of Ne-ethylene. In addition, the dipole moment of Ne-ethylene decreases
from its Ar analog as a result of the reduced polarizability of Ne. Therefore, lower
transition intensities are expected, adding further difficulty to spectral searches for
transitions of Ne-ethylene.

Nevertheless, the initial prediction was made utilizing the structural information
obtained from the rotational spectrum of Ar-ethylene. The intermolecular separation R
was estimated from the R value of Ar-ethylene (see table 4-3) by comparing to the
corresponding distances in the Ar-cyclopropane and Ne-cyclopropane complexes (58). It
was used to calculate the rotational constants, B and C, of *Ne-C,H,, and then to predict
rotational transition frequencies. Unexpectedly, this procedure predicted the K =0, m=0
transitions rather well. These transitions were located relatively easily. They are
approximately an order of magnitude weaker than the corresponding Ar-C,H, transitions.
Three times longer microwave excitation pulses were needed to optimize the excitation,
indicating a smaller dipole moment compared to that of Ar-C,H, (see chapter 2). The
assignment of the K, =0, *Ne-C,H, transitions was confirmed by finding the Ji_, =1,,-0,,

transition, and by finding the analogous transitions of the *Ne-C,H, isotopomer.
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However, the search for K, =1, m=0, and all m=1 transitions was non-trivial. Only
after a number of transitions were recorded and carefully analyzed, was it possible to
make the final assignments.

Ten transitions, with J ranging from 0 to 4, were recorded for both the m=0 and
the m=1 state of *Ne-C,H, and **Ne-C,H,. The observed relative intensity pattern was
similar to that of Ar-C,H,. A tunneling splitting of 124 MHz of the Jr ik =101-0y, transition
was observed for *’Ne-C,H,, more than an order of magnitude larger than the value of 11
MHz for Ar-C,H,. Partially resolved hyperfine structures associated with nuclear
spin-spin and spin-rotation interactions of the four /=%: hydrogen nuclei were observed in
low J, m=1 transitions. A representative spectrum of the J; x =1,,-0,,, #=1 transition of
**Ne-C,H, is shown in figure 4-3. A tentative assignment of the individual hyperfine
components was made, but the fitting result was unsatisfactory, giving standard
deviations on the order of 10 kHz. The frequencies of the strongest components were
reported as the center frequencies with estimated accuracies of 10 kHz.

After the measurements of the Ne-C,H, isotopomers, the spectral searches for the
minor isotopomers containing C,D, and cis-D,-ethylene were relatively straightforward.
Transitions within both the ground and the excited tunneling state were measured for the
C,D,-containing isotopomers. Only transitions for the D-atom-bonded isomers were
measured for the cis-D,-ethylene-containing isotopomers, similar to the case of
Ar-cis-D,-ethylene. Transition broadening was observed, resulting mainly from the
nuclear quadrupole interactions of the deuterium nuclei with the overall rotation of the

complex.
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However, in the case of the Ne-trans-D,-ethylene isotopomers, a very different
spectral patiern was observed than for Ar-trans-D,-ethylene. Not only the two K =0
progressions were recorded, i.e., the K, =0, m=0 and K_=0, m=1 progressions, but two
additional K =1 progressions were also observed. They were assigned to be transitions
within the lower K =1, m=0 and higher K =1, m=0 states, respectively. In addition,
transitions within the K, =0, m=1 and lower K =1, m=0 states displayed irregular energy
level spacings, indicating that a Coriolis interaction may occur between these two states.
Altogether, nine m=0 transitions and three m=1 transitions were measured. Hyperfine
structure caused by the quadrupole interaction of the two deuterium nuclei was also
observed. A sample transition is shown in figure 4-4.

All measured transition frequencies of the eight Ne-ethylene isotopomers are
listed in tables 4-4 and 4-5, along with the quantum number assignments. Picketts’s
fitting program was used to fit for spectroscopic constants (/91). For the normal
isotopomer *’Ne-C,H,, the 4 rotational constant was fixed at 28.2 GHz, the value that
gave the best fit. For the remaining minor isotopomers, the 4 rotational constant was then
fixed at a value scaled with the b rotational constant of the corresponding substituted
ethylene monomer (/62). Two rotational constants, B and C, three quartic centrifugal
distortion constants, 4,, 4, and J,, and three sextic centrifugal distortion constants, @,
D, and ¢, were determined. The inclusion of the three sextic centrifugal distortion
constants reduced the standard deviation from 440 kHz to 2.1 kHz for *Ne-C,H, in the
m=() state. For the ground tunneling state of Ne-trans-D,-ethylene, all measured

transitions could still be fitted to the same set of spectroscopic constants with a standard
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deviation of 2.1 kHz, although the lower K =1 state is probably perturbed. The
perturbation is evident from the unusual centrifugal distortion constants compared to
those of other isotopomers. For the three K =0, m=1 transitions, only (B+C)/2 and 4, were
fitted. The perturbation was revealed by the huge standard deviation of the fit. All
resulting spectroscopic constants are listed in tables 4-6 and 4-7. Also included are the
standard deviations of the individual fits. A fit including a Coriolis interaction term
between the lower K =1, m=0 and K =0, m=1 states was performed for the
**Ne-trans-D,-ethylene isotopomer, but the standard deviation of the fit was on the order

of tens of MHz.

4.3 DISCUSSION OF EXPERIMENTAL RESULTS
4.3.1 Spectroscopic Constants and Structure

All measured transitions of Ar-ethylene and Ne-ethylene are a-type transitions.
This is consistent with a T-shaped, planar structure. For such a structure, the dipole
moment of the complex is along the a-principal inertial axis of the dimer. A non-planar
structure other than the configuration where the Rg atom is located on the c-axis of
ethylene, i.e., =90°, would have a non-zero dipole moment component along the
c-principal inertial axis, resulting in an observation of c-type transitions. A search for
c-type transitions was carried out, but no additional transition was recorded. On the other
hand, for a planar, but not T-shaped structure, b-type transitions are also expected. The
absence of h-type transitions confirms the T-shaped structure. Further structural

information may be obtained from the 4 rotational constant. In this study, the 4 rotational
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constant of Rg-C,H, was obtained by manually changing the value until the best fit was
obtained. It may appear that such obtained 4 values can hardly provide any valid
information about the structures of the complexes. However, the fact that the value of
29.9 GHz determined for Ar-C,H, agrees well with the value of 29.75 GHz determined
from the infrared spectra suggests that it is meaningful to some degree. For a rigid
T-shaped, planar structure, the 4 rotational constant of a Rg-C,H, dimer equals the b
rotational constant of the ethylene monomer. The determined 4 values, 29.9 GHz for
Ar-C,H, and 28.2 GHz for Ne-C,H,, are close to the b rotational constant of C,H,, 30.3
GHz (155). The small variations from the b value are attributed to the large amplitude
internal motions of the ethylene monomer within the complexes. Between the two
possible tunneling motions, the in-plane motion would lead to an increase of the 4
rotational constant from its rigid rotor value, and the out-of-plane motion would decrease
the value. The reduced 4 value thus suggests that the out-of-plane motion has a larger
contribution to the vibrationally averaged rotational constant than the in-plane motion.
With the T-shaped, planar structure established, and assuming that the monomer
structure does not change upon complex formation, only one structural parameter is
needed to describe the system: the distance R between the Rg atom and the
center-of-mass of the ethylene subunit. The rotational constant (B+C)/2, together with the
known structure of ethylene (/62), were used to determined the effective separation R,,.
The obtained values are given in tables 4-3 and 4-6. A value of 3.916 A was determined
for the ground state of Ar-C,H,. All the R, values determined for the minor isotopomers

are in line with this value, with small isotopic variations. For example, the separation in
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Ar-C,D, is shortened by AR;=0.02 A due to a lowered zero-point energy. A similar
shortening was also observed in Ar-">C,H,, but to a lesser degree, with AR,=0.002 A. The
bond distance shortening AR, upon *Ne substitution of 0.002 A is comparable to that in
2Ne-cyclopropane, where AR=0.004 A (58). The difference AR, between Ar-C,H, and
Ne-C,H, of 0.124 A is consistent with the corresponding Bond length difference in other
Rg-containing van der Waals complexes. For example, for the Ar- and Ne-cyclopropane
pair, the bond length difference AR, is 0.130 A (58).

It is often observed that the Rg atom locates closest to the site of most positive
electrostatic potential in a Rg-molecule van der Waals complex (58). Examples can be
found in the Rg-cyclopropane systems. It was determined that the Rg-cyclopropane
complexes have structures of C,, symmetry, where the Rg atoms are located above the
ring plane of the cyclopropane unit, on its C; symmetry axis (38). The T-shaped, planar
structures of the Rg-ethylene systems are equivalent to the C,, structures of
Rg-cyclopropane, in the sense that the Rg atoms are located at the sites of most positive
electrostatic potential, avoiding the 7 system of ethylene, or the pseudo- 7 system of
cyclopropane. Similarly, equivalent structures were also reported for water-ethylene and
water-cyclopropane. However, water does bond to the 7 system of ethylene, or the
pseudo- 7 system of cyclopropane in these hydrogen-bonded systems (192,193,194).
4.3.2 Relative Intensity and Tunneling Motion

Molecular syrﬁmetry group analyses were performed for the various isotopomers
of Rg-ethylene as described in 3.2.3. The out-of-plane motion was first assumed, and then

the in-plane motion. Spin statistical weights were obtained and are listed in table 3-2. In
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fhe following paragraphs, the experimentally observed relative intensities are compared to
the spin statistical weights, in order to determine which tunneling motion is responsible
for the observed transition doubling.

a. Ar-, Ne-C,H,

For the Rg-C,H, isotopomers, the same sets of spin statistical weights were
obtained for the two possible tunneling motions, i.e., the out-of-plane motion and the
in-plane motion of the ethylene subunit (see table 3-2). A schematic energy level diagram
of the Rg-C,H, isotopomers is depicted in figure 4-5, with arrows indicating the lowest
rotational transitions measured in this study. Each of the four observed states, i.e., K =0,
m=0; K =1, m=0; K, =0, m=1; and K,=1, m=1, has nuclear spin wavefunctions of a
unique symmetry associated with it. The obtained spin statistical weights are 7, 3, 3, and
3 for the above four states, respectively. Since nuclear spin conversion is a forbidden
process in the molecular beam, all four states are metastable, and transitions within all
these states are expected to be observable. Relative transition intensities are expected to
be proportional to the corresponding spin statistical weights. Experimentally, transitions
occurring within all four states were observed. The K, =0, m=0 transitions are the most
intense. The transitions within the other three states have approximately half the intensity
of the K,=0, m=0 transitions. This observation is in good agreement with the prediction
from the molecular symmetry group analyses. However, this comparison does not provide
information about the nature of the tunneling motion.

b.  Ar-, Ne-C,D,

The molecular symmetry group analyses for the Ar-, Ne-C,D, isotopomers,
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assuming the out-of-plane motion of the ethylene monomer, suggest that the same four
states, i.e., K, =0, m=0; K,=1, m=0; K,=0, m=1; and K,=1, m=1, are metastable and spin
statistical weights of 27, 18, 18, and 18, respectively, are predicted (see table 3-2). The
same results were obtained assuming the in-plane motion, similar to the case of Rg-C,H,.
The observed reiative transition intensity patterns agree with the obtained spin statistical
weights.

c. Ar-C.H,

The molecular symmetry group analysis for the Ar-C,H, isotopomer also
suggests that all four states are metastable. This is in agreement with the observation of
transitions within all four states. However, in this case, different spin statistical weights
for the individual states were obtained when different tunneling motions were assumed.
When the out-of-plane motion of the ethylene monomer is assumed, spin statistical
weights are 16, 24, 12, and 12 for the K,=0, m=0; K =1, m=0; K,=0, m=1; and K =1,
m=1 states, respectively. They are 16, 12, 12, and 24 when the in-plane motion is
assumed (see table 3-2). The difference arises because the symmetries of the nuclear spin
wavefunctions associated with the K =1, m=0 and K, =1, m=1 states are reversed for the
two motions. The out-of-plane motion would lead to an observation of more intense
K,=1, m=0 transitions compared to K,=1, m=1 transitions, since the spin statistical
weights are 24 and 12 for the two states. The opposite would occur in the case of in-plane
motion. The statistical weights in this case are 12 and 24 for the two states. Therefore, the
Ar-"C,H, isotopomer provides a possibility to distinguish between the two tunneling

motions. The observed rotational spectrum of Ar-"C,H, supports the occurrence of the
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out-of-plane motion, since the recorded K,=1, m=0 transitions are approximately 1.5-2
times stronger than the K =1, m=1 transitions.
d. Ar-, Ne-cis-D,-ethylene

Between the two isomers, namely D- and H-atom-bonded, of the
Rg-cis-D,-ethylene isotopomers, the population of the D-atom-bonded isomer is greatly
enriched as a consequence of a lower zero-point energy. This enrichment is achieved
through the repeated dissociation and reassociation processes during the initial phase of
the molecular expansion. For this reason, the measured transitions were assigned to the
D-atom-bonded isomer. For comparison purpose, a molecular symmetry group analysis
was also performed for the D-atom-bonded isomer of Rg-cis-D,-ethylene. According to
the analysis, the two observed states, namely K =0 and K =1, are metastable. Nuclear spin
statistical weights for the two states are 15 and 21, respectively. Therefore, transitions
within the K =1 state are expected to be stronger than those within the K, =0 state. This
agrees with the observation of more intense K, =1 transitions compared to the K,=0
transitions.
e. Ar-, Ne-trans-D,-ethylene

The above considerations regarding the Ar-"*C,H, isotopomer suggested that the
out-of-plane motion is the occurring tunneling motion. This conclusion came from the
relative intensities of the K, =1, m=0 and K,=1, m=1 transitions. In the following, it is
shown that the rotational spectra of the isotopomers containing trans-D,-ethylene provide
an even more convincing proof of the occurrence of the out-of-plane motion.

For the trans-D,-ethylene-containing isotopomers, molecular symmetry group
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analyses for the case of the in-plane motion and the case of the out-of-plane motion give
significantly different results. This is illustrated in figures 4-6 and 4-7. Schematic energy
level diagrams for the Rg-trans-D,-ethylene isotopomers are plotted, one for the case of

the in-plane motion (figure 4-6), the other for the case of the out-of-plane motion (figure
4-7).

The case of the in-plane motion is considered first. The results from the molecular
symmetry group analysis suggest that the K,=0, m=0 and K =1, m=0 states are associated
with nuclear spin wavefunctions of the same symmetry. Consequently, the higher energy
K,=1, m=0 state is no longer metastable. Considering the low temperature achieved in the
molecular beam, this state is not expected to be well populated. Complexes initially in
this state would relax down to the lower energy K =0, m=0 state. The situation in the
excited tunneling state is similar. The K =1, m=1state is not metastable. However, since
the symmetry of nuclear spin wavefunctions associated with the K,=0, m=1 state is
different from that of the K, =0, m=0 state, the K =0, m=1 state is still metastable. This
implies that the in-plane motion would lead to an observation of two K, =0 progressions,
one from each tunneling state. Transitions within the ground tunneling state are expected
to be weaker, since spin statistical weights are 15 and 21 for the K,=0, m=0 and K =0,
m=1 states.

When the case of the out-of-plane motion is considered, the situation gets more
complicated. The molecular symmetry group analysis shows that the K =0, m=0 and
K,=1, m=1 states are associated with nuclear spin wavefunctions of the same symmetry.

The K =1, m=0 and K,=0, m=1 pair has also the same symmetry, but a different one other
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than that of the other pair. Consequently, the K =1, m=1 state is not metastable. On the
other hand, it depends on the relative energy of the K =1, m=0 and K,=0, m=1 states to
determine which one is metastable. There are three possibilities. First of all, if the K =0,
m=1 state is much higher in energy than the K,=1, m=0 state, the latter is metastable.
Rotational spectra similar to those of the D-atom-bonded isomers of Rg-cis-D,-ethylene
would be expected, with an observation of X, =0 and K =1 transitions within the ground
tunneling state. Spin statistical weights of 15 and 21 are obtained for these two states.
Secondly, if the opposite is true, the K,=0, m=1 state becomes metastable. Transitions
within the K,=0, m=0 and K,=0, m=1 states are expected, similar to the case of the
in-plane motion. Even the spin statistical weights are the same as for the case of the
in-plane motion, i.e., 15 for the K,=0, m=0 state and 21 for the K =0, m=1 state. Finally,
there is a possibility that the two involved states have similar energies. As a result, the
two states would have similar populations. Observation of transitions within both states
can then be expected.

The results obtained from molecular symmetry group analyses can now be
compared to the experimental observations. The recorded Ar-trans-D,-ethylene rotational
spectrum included two K, =0 progressions. No K =1 transitions could be assigned.
Between the two sets of K =0 transitions, the one within the m=1 state was more intense.
For the Ne-trans-D,-ethylene isotopomers, two K =1 progressions were also measured in
addition to the two K,=0 progressions. The observation of these X =1 transitions
undoubtedly excludes the possibility of the in-plane motion being the tunneling motion

responsible for the observed transition doubling and therefore confirms the occurrence of
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the out-of-plane motion. The K,=0, m=0 transitions are slightly weaker than the K ,=0,
m=1 transitions, in agreement with the spin statistical weights of 15 and 21 for the two
states. The K,=1, m=0 transitions have similar intensities as the K,=0, m=0 transitions
and are weaker than the K =0, m=1 transitions, suggesting that the K =1, m=0 state is
slightly above the K =0, m=1 state. This is the situation depicted in figure 4-7. The
arrows in the figure represent the lowest J transitions observed for the
Ne-trans-D,-ethylene isotopomers.

The difference in the observed rotational spectra of Ar-trans-D,-ethylene and
Ne-trans-D,-ethylene is discussed in the following section.
4.3.3 Coriolis Interaction and Barrier to Internal Rotation Motion

The above relative transition intensity considerations established that the
out-of-plane motion is responsible for the observed transition doubling in the spectra of
the Rg-ethylene van der Waals systems. However, one question remains: why are the
observed rotational spectra of Ar-trans-D,-ethylene and Ne-trans-D,-ethylene so
different? In the case of Ar-trans-D,-ethylene, only two sets of K =0 transitions were
observed. In the case of Ne-trans-D,-ethylene, besides the two K =0 progressions, K =1
transitions within the ground tunneling state were also observed. In addition, a Coriolis
interaction was detected to occur between the lower K =1, m=0 state and the K =0, m=1
state. It is likely that the difference in the spectra is caused by different barriers to the
internal rotation motion of ethylene within the Ar-trans-D,-ethylene and
Ne-trans-D,-ethylene systems.

The energy difference between the K, =0, m=0 and the K, =0, m=1 state is very
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sensitive to the barrier height. If a high barrier is experienced during the tunneling
motion, this energy difference is small. In the extreme case of an infinitely high barrier,
these two states become degenerate. On the other hand, a low barrier results in a large
energy difference. In the zero-barrier, i.e., free rotor, limit, the ground tunneling state
correlates to the ground state of free ethylene, and the first excited tunneling state
correlates to the first excited rotational state of free ethylene, which is approximately 2
cm’ above the ground state (162).

For the Ar-trans-D,-ethylene isotopomer, only two K,=0 progressions were
observed. From the molecular symmetry group analysis for the out-of-plane motion, it
was determined that the K =1, m=0 state is associated with nuclear spin wavefunctions of
the same symmetry as the K,=0, m=1 state. The failure to observe K, =1, m=0 transitions
indicates that this state lies considerably above the K, =0, m=1 state. When the binding
partner of ethylene changes from Ar to Ne, the barrier to the tunneling motion is expected
to decrease. The consequence of the lowered barrier is to move the K =0, m=1 state
upwards relative to the K,=0, m=0 state, increasing the energy difference between the two
states. This is indirectly reflected in the observed spectra through a larger tunneling
splitting for Ne-C,H,. The splitting between the two Ji . =1,,-0,, transitions is 11 MHz
for Ar-C,H, and 125 MHz for **Ne-C,H,. At the same time, the K,=1, m=0 state moves in
the opposite direction, i.e., the separation between the K,=1, m=0 and the K,=0, m=0
state decreases. This separation is approximately 4-B. The obtained spectroscopic
constants give 4-B=28 GHz for Ar-C,H, and 25.2 GHz for ®Ne-C,H,. The overall effect

is that the K,=1, m=0 and the K =0, m=1 state are moving closer to each other when
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going from Ar to Ne as the binding partner. This is confirmed by the observation of the
K_=1, m=0 transitions of Ne-trans-D,-ethylene.

It is difficult to infer information about the barrier to the tunneling motion directly
from the tunneling splittings in the rotational spectra. The observed splittings reflect the
difference in rotational energy level spacings within each of the two tunneling states.
However, by comparing the observed relative intensities and the degree of perturbation of
the transition patterns, information about the energy level ordering between the K,=1,
m=0 and K,=0, m=1 states can be obtained. Careful intensity comparisons between the
same J, K =1, m=0 and K,=0, m=1 transitions were performed for Ne-trans-D,-ethylene.
The K,=0, m=1 transitions were slightly stronger than the K,=1, m=0 transitions. This
suggests that the K,=0, m=1 state is slightly lower in energy. A more convincing
indication came from the observed transition patterns. Irregular transition patterns were
observed, arising from a Coriolis interaction occurring between the K, =0, m=1 and the
lower K,=1, m=0 state. When fitted separately to (B+C)/2 and 4, constants, the K,=0,
m=1 transitions gave a large, positive value for the centrifugal distortion constant 4,
while the lower K,=1, m=0 transitions gave a negative 4, value. This suggests that the
K,=0, m=1 state is lower in energy between the two perturbed states, such that the energy
levels within this state are ‘compressed’ by the Coriolis interaction. On the other hand,
the energy levels within the higher energy K, =1, m=0 state are ‘stretched out’.

A comparison of the difference between the (8+C)/2 values of the two tunneling
states among the isotopomers further corroborates this finding. The difference of the

rotational constants of the two tunneling states (B+C)/2, A(B+(C)/2, can be considered an
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indirect measure of the energy difference between the two states. It is expected to
decrease with increasing mass of the rotating subunit. The values are 6 MHZ, 2 MHz, and
1 MHz for Ar-C,H,, Ar-trans-D,-ethylene, and Ar-C,D,, respectively. The corresponding
values are 62 MHz, -10 MHz, and 37 MHz for *Ne-C,H,, **Ne-trans-D,-ethylene, and
Ne-C,D,, respectively. It is evident from this comparison that the values for
®Ne-ethylene do not follow the expected trend. The reduced magnitude of A(B+C)/2 for
the Ne-trans-D,-ethylene isotopomer suggests that the effect of the perturbation is to
reduce the energy difference between the two K, =0 states. This supports that the K, =0,
m=1 state is indeed lower in energy than the K =1, m=0 state as depicted in figure 4-7.

The above consideration of the ordeﬁng of the two perturbed states suggests that
the maximum energy gap between the K, =0, m=0 and K,=0, m=1 states is approximately
A-B=0.84 cm’', the difference between the K =0, m=0 and K,=1, m=0 states. This
information is used to obtain the minimum barrier height of the out-of-plane internal
rotation motion.

The one dimensional flexible model for intramolecular motion developed by
Meyer (195) was used to fit the energy difference between the m=0 and m=1 tunneling
states to the barrier height. The case of Ar-C,H, was first considered. From the infrared
spectrum, the energy difference between the two tunneling states was determined to be
0.1033 e (153). A simple V,cos(26) potential is assumed as the potential for the
out-of-plane internal rotation (/55). @is the out-of-plane angle between the R vector and
the ethylene molecular plane. Complete separation of van der Waals stretching and

bending modes is assumed. The intermolecular separation R is fixed at the determined

79

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



effective bond distance of 3.916 A. The barrier height -2¥, was adjusted to fit the energy
difference, yielding a value of 76 cm™'. This value is the same as the one reported in ref.
155. Encouraged by this, the case of Ne-C,H, is considered next. To fit an energy
difference of 0.84 cm’™', a barrier height of -2V,=30.7 cm™ resulted. In general, the energy
difference deceases with an increase in the barrier to the tunneling motion. The fitting
result suggests that a barrier of at least 30.7 cm™ is experienced when ethylene undergoes

the out-of-plane internal rotation motion in the Ne-C,H, van der Waals dimer.

44 POTENTIAL ENERGY SURFACES OF Ne-C,H,

From the recorded rotational spectra, it was determined that the out-of-plane
motion is responsible for the tunneling splitting. Information about the barrier to the
tunneling motion was also obtained. It is desirable to compare the experimental results to
the features of the corresponding potential energy surfaces. For this purpose, ab initio
potential energy surfaces for Ne-C,H, were constructed. One dimensional potential
energy curves of the two possible tunneling motions were subsequently mapped out, and
the results were compared with the experimental results.

Computational details are given in 3.1.3 (a). The potential energy surface was first
constructed with ¢ fixed at 90°, corresponding to configurations where the R vector is
perpendicular to the C =C bond. The intermolecular separation R and the angle between R
and the ethylene molecular plane 8 were varied (see figure 4-1). =0° corresponds to a
planar, T-shaped geometry, with the Ne atom sitting on the b-axis of the monomer; #=90°

corresponds to a geometry where the Ne atom is sitting above the ethylene molecular
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plane, on the c-axis of the monomer. 114 points were calculated using basis set 1, with R
ranging from 3.5 A to 4.0 A in intervals of 0.1 A, and angle @from 0° to 90° in intervals
of 5°. 110 points were calculated using basis set 2, with R ranging from 3.5 At0 4.5 A in
intervals of 0.1 A, and angle @ from 0° to 90° in intervals of 10°. Points with ¢ values
other than 90° were later calculated with & fixed at 0°.

The obtained intermolecular energies are given in tables 4-8 and 4-9. With basis
set 1, the global minimum was located at R =3.7 A, 8=0°, and ¢=90°. The resulting
equilibrium separation R, is in agreement with the experimentally determined effective
separation R, of 3.791 A. The difference is attributed to zero-point vibrational averaging.
For comparison, the ab initio value of R, is 3.89 A for Ar-C,H,, only 0.02 A shorter than
the effective separation R, of 3.916 A from the spectral analysis (155). This is an
indication of a weaker anisotropy in the radial coordinate when the binding partner
changes from Ar to Ne. The dissociation energy, D,, is calculated to be 51.7 cm™ for
Ne-ethylene, less than 1/3 of the value of Ar-ethylene, 174 cm™ (155). The obtained
dissociation energy is comparable to similar systems such as Ne-acetylene (52.3 cm™)
(196), Ne-HCN (57 cm™) (197) and Ne-N, (44 cm™) (198).

One dimensional potential energy curves describing the two possible tunneling
motions were first constructed by fixing R at the equilibrium value of 3.7 A, as described
inref. 155. The resulting curves are plotted in figure 4-8. The two-fold barrier to the
out-of-plane motion was determined to be 31 cm™. It was determined to be 56 cm™ for
Ar-C,H, (155). At the equilibrium bond distance, the potential is mainly repulsive along

the ¢ coordinator. A four-fold barrier of 369 cm™ was determined for the
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in-plane-motion, more than an order of magnitude higher than the barrier to the
out-of-plane motion. The repulsive energies are a clear indication that the in-plane
rotation requires large radial movements in order to overcome the steric hindrance
resulting from the hydrogens.

Minimum energy paths were then constructed to examine the movement along the
radial coordinate involved with the two motions. They were constructed by allowing R to
vary at each fixed 8, ¢ combination in order to locate the lowest energy (figure 4-9). The
resulting barrier heights are similar for the two motions, about 25 cm™. When the radial
coordinate is examined, it is apparent that the in-plane rotation requires a much larger
amount of radial movement. To follow the minimum energy path, R changes from 3.7 to
4.5 A in the in-plane motion, and from 3.7 to 4.0 A in the out-of-plane motion. This
confirms that the out-of-plane motion is the kinetically preferred motion.

It is doubtful that the small basis set 1 is sufficient to recover the dispersion
energy of this weakly bound system accurately. The basis set effect was examined by
using the larger basis set 2 to reconstruct the potential energy surface. The overall
topology of the potential energy surface obtained with basis set 2 is very similar to the
previous one. The global minimum was located at a shorter bond distance of 3.6 A, and
the depth of the well is lowered to 80.4 cm™. Potential energy paths were extracted from
the potential energy surface. When fixing R at the equilibrium value of 3.6 A, barrier
heights of 37 cm™ and 509 cm™ were determined for the out-of-plane and in-plane
motions, respectively. When the minimum energy paths were constructed, the resulting

barrier heights and R ranges are 33.5 cm™ and 3.6-3.8 A for the out-of-plane motion, and
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41.6 cm™ and 3.6-4.4 A for the in-plane motion. The barrier to the in-plane internal
rotation is slightly higher than that of the out-of-plane motion. The R variation associated
with the out-of-plane motion is again much smaller than that associated with the in-plane
motion.

Clearly, the theoretical results also support that the out-of-plane motion is the
tunneling motion occurring in the Ne-ethylene system, in good agreement with the
experimental results. In addition, these results suggest that the out-of-plane motion is the

- preferred tunneling motion mainly because it involves a smaller amount of radial
movement.

The ab initio barrier height for the out-of-plane internal rotation motion can be
compared to the fitted values using the flexible model (see 4.3.3). The case where the van
der Waals stretching and bending modes are assumed to be separated is first considered.
For Ar-C,H,, a barrier of 56 cm™ was obtained from ab initio calculations using a
relatively small basis set (155), which only accounts for 74% of the value of 76 cm™
determined from the fitting procedure. This suggests that the small basis set tends to
underestimate the barrier. In the case of Ne-C,H,, the basis set 1 is comparable to the one
used for Ar-C,H, (155). Therefore, the obtained ab initio barrier of 31 cm™ is expected to
be underestimated. This is consistent with the result from the fitting procedure, where a
minimum barrier height of 30.7 cm™ was determined. This is further supported by the
increased barrier height of 37 cm™ when the larger basis set 2 is used.

The ab initio points were fitted to a cos(n8) series, including even terms up to n=4

(155):
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V=1V, ¥ V, cos(28) + V, cos(46).

The resulting parametrized potential was used to obtain the energy difference between the
m=0 and m=1 states, again using the flexible model fitting procedure (/95). The obtained
energy difference AE is 0.82 cm™ using basis set 1 and 0.61 cm™ using basis set 2. These
values are in agreement with the maximum energy difference AE,,, of 0.84 cm™ obtained
from the analysis of the rotational spectrum.

However, the ab initio calculations show that the variation in the radial coordinate
may not be neglected, indicating that the van der Waals stretching and bending modes can
not be treated as uncoupled. Even for the out-of-plane internal rotation, the
intermolecular separation R has to change from 3.7 A to 4.0 A using basis set 1 and from
3.6 A to 3.8 A using basis set 2 to follow the minimum energy path. In order to examine
the effect of the coupling between the van der Waals stretching and bending modes on the
energy difference of the two lowest tunneling states, a fitting procedure was performed
with the R constraint removed. The intermolecular separation R is allowed to vary as a
function of 8. Using the ab initio minimum energy path, the energy difference AE was
determined to be 0.47 cm™" using basis set 1 and 0.50 cm™ using basis set 2. These values
are again in agreement with the conclusion from the experimental observations that the

K =0, m=1 state is lower in energy compared to the K =1, m=0 state.

45 SUMMARY
Rotational spectra of various isotopomers of the Ar-C,H, and Ne-C,H, van der

Waals complexes were recorded. The observed spectra are in accord with planer,
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T-shaped structures for the Rg-ethylene dimers, in agreement with the determination from
the infrared spectrum of Ar-ethylene (/55). Each transition was observed as a doublet as a
result of an internal tunneling motion of the ethylene monomer. Relative intensity
patterns agree with spin statistical weights ﬁom molecular symmetry group analyses
assuming the out-of-plane internal rotation motion. The observation of K =1, m=0
transitions of Ne-trans-D,-ethylene further supports that the out-of-plane motion is
responsible for the tunneling splitting. A Coriolis interaction between the lower K =1,
m=0 and K =0, m=1 states is evident in the spectra of Ne-trans-D,-ethylene. It is inferred
that the K =1, m=0 state lies slightly above the K =0, m=1 state. This provides an upper
bound for the energy difference between the two tunneling states. This information was
used to obtain the lower limit of the barrier height for the out-of-plane motion. 4b initio
potential energy surfaces were obtained at the MP4 level of theory. The theoretical results
also support that the out-of-plane motion is the tunneling motion that occurs in the
Ne-C,H, system. Furthermore, the ab initio calculations suggest that the out-of-plane
rotation is the preferred tunneling motion mainly because the radial movement associated
with this motion is much smaller than that associated with the in-plane internal rotation
motion. The energy difference between the m=0 and m=1 states was obtained using the ab
initio one dimensional potential energy curve for the out—of-plane motion. The resulting
values show that the K, =0, m=1 state is lower in energy compared to the K, =1, m=0 state,

in agreement with the observed rotational spectrum.
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Table 4-1: Measured transition frequencies (in MHz) of Ar-ethylene isotopomers (7=0).

Lo ki, Vibs AV Vs Av Vs Av
Ar-C,H, Ar-C,D, Ar-"C.H,
14,-0go 3828.3480 1.6 3683.2439 2.4
20715 7655.6566  -04  7029.3339 -1.2 7365.5068 -1.2
2715 7786.3736 0.7 71724351 -14.8  7492.5158 1.5
271y 7523.1257  -1.6  6886.1755 11,5 7236.9232 -1.0
305202 11480.8957 -1.4  10541.0230 0.8 11045.8001 -1.1
321 11677.7502  -0.5 10757.0550 73 11237.0914 -0.4
3520 11283.0627 04 10327.7790 -6.1 10853.8734 0.9
4,4-303 15303.0352 0.8 14049.1350 -2.6  14723.1461 1.4
4,,-3, 15566.9577 0.2 14339.7002 9.0 14979.6532 0.3
4,,-35 15041.0467 1.6 13767.6540 -3.8  14469.0080 1.5
Sos4o04 19121.0406 0.1 17552.5041 2.1 18396.5612 0.5
51444 19453.2684  -0.9 17919.7176 -5.6  18719.5238 -0.6
55444 187964276  -0.1 17205.2090 2.1  18081.7236 -13

Ar-cis-D,-ethylene  Ar-trans-D,-ethylene
(D-atom-bonded)

14;-040 3772.9588 15.0
201y 7544.6961 5.6 73245271 4.0
241y 7687.1434 9.5
214 7401.4384 -4.5
30520 11314.0831 -6.5 10984.0672 -1.8
324 11528.8737 -5.9
3,524, 11100.5206 1.4
40,-303 15079.9226 -3.6  14640.3544 -2.2
4,53, 15368.4391 1.1
4,,-355 14797.6326 7.8
Sos4o4 18841.0422 6.0 18292.3009 1.3
51445 19205.0761 -1.1
557444 18492.1036 -5.4
FAv=y, -V, in kHz.
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Table 4-2: Measured transition frequencies (in MHz) of Ar-ethylene isotopomers (m=1).

Sk Ar-CH, Ar-C,D, Ar-PC,H, Ar-trans-D,-
T ethylene
Vibs AV Vs Av Vos Av Vs Av
19;-0,0 38172018 2.8 3673.3252 0.3

21y 76334734 2.0 70249629 -06 73457658 -1.6  7309.4841 -1.0
2-1, 77503453 -1.0  7165.6133 -34 74604158 2.2
2,-1;,  7515.0978 02 6884.1861 10.5  7229.8204 1.4
3552, 114479061 -1.2 10534.5521 -22 110164441 -14 10961.6412 0.3
3,2, 11623.8401 -0.1 10746.8483 -8.6 11189.0509 -1.4
3,2, 11271.0980 -03 10324.8215 -5.4 108432858 -1.1
4,35 152595761 13 14040.6816 1.9 146844812 0.8 14610.6941 0.8
4,-3, 154953202 1.7 143262304 163 149158111 0.7
4,3, 150252431 0.5 13763.7522 -43 14455.0265 1.2
Ses-dys  19067.5593 -0.1 17542.1909 0.0 18348.9930 0.8 18255.6090 -0.4
5,45 187769131 -0.3 17903.0443 -6.5 18640.0567 -0.6
5.4, 19364.1089 -0.9 172004012 2.5 18064.4619 -0.9

"Av=v, v, in kHz.

calc
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Table 4-3: Derived spectroscopic constants for Ar-ethylene isotopomers.?

ethylene® ethylene®

Rotational constants (in MHz):
A (fixed) 29900 21800 28400 25200
B 1980.0561(4) 1829.261(3) 1905.5863(4) 1957.962(2)
C 1848.3856(4) 1686.074(3) 1777.7473(4) 1815.070(2)
(B+O)2 1914.2209(4) 1757.668(3) 1841.6668(4) 1886.516(2) 1831.4928(7)

Quartic centrifugal distortion constants (in kHz):

4, 23.809(3) 17.75(2) 21.809(4) 22.05(2) 45.26(2)
Ay 342.8(1) 198.7(8) 312.5(1) 267.5(7)
g, 1.491(4) 1.36(3) 1.374(5) 1.45(3)
Standard deviation of the fit (in kHz):
o 1.2 9.2 1.6 8.6 3.6
Effective separation (in A):
R, 3.916 3.896 3.913 3.907 3.905
m=1 Ar-C,H, Ar-C,D, Ar-BC,H, Ar-trans-D,-
ethylene®

Rotational constants (in MHz):
A (fixed) 29900 21800 28400
B 1967.4752(5) 1826.942(3) 1894.3701(4)
C 1849.8160(5) 1686.187(3) 1779.0395(4)

(B+C)2 1908.6456(5) 1756.564(3)  1836.7048(4) 1827.7158(2)
Quartic centrifugal distortion constants (in kHz):
4, 23.048(4) 17.33(2) 21.183(4) 43.097(5)
A, 280.7(1) 202.1(8) 256.3(1)
o) 1.085(5) 1.07(3) 1.043(5)

Standard deviation of the fit (in kHz):
o 1.6 9.0 1.5 1.0

Effective separation (in A):

R, 3.922 3.898 3.919 3.909

*Watson’s 4-reduction Hamiltonian in its /7 representation was used ({90).
®For the D-atom-bonded isomer only.

“Only K =0 transitions fitted.
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Table 4-4: Measured transition frequencies (in MHz) of Ne-ethylene isotopomers (m=0).

o »Ne-C,H, *Ne-C,D, *Ne-cis-D,- *Ne-trans-D,-
S ek ethylene ethylene
(D-atom-bonded)
Vips AV Vs Av Vibs Av Vips Av

10:-0ge 56373926 3.5 5321.3814 22.7 5583.5392 29 5486.7120 -4.2
251 11267.4144 0.8 10634.2483 -8.0 11157.7648 -2.9 10965.6413 4.2
2,4-1,, 11591.6624 -2.1 10994.5672 -7.5 11502.4071 -0.1 11302.3527 -0.1
2,,-1,, 10884.1223 -2.1 102543998 -7.2 10775.6159 0.0 10362.9639 0.0
30520, 16882.6984 -3.3 15930.2500 -7.1 16713.1987 1.2 16429.0188 -1.7
3572, 173731656 2.4 16479.2050 8.4 17237.4953 0.1 16940.3245 -0.1
352, 163155555 2.4 15371.2340 8.5 16146.0731 0.0 155839825 0.0
404305 22475.8704 1.3 21201.0018 3.7 222399748 -0.2 21869.0618 0.3
4,5-3,, 231373470 -0.7 21948.4992 -2.5 229524742 0.0 22562.4041 0.1
4,,-3,; 21734.1092 -0.8 20475.6618 -2.8 21495.6952 0.0

2Ne-C,H, *Ne-C,D, 2Ne-cis-D,- 2Ne-trans-D,-
ethylene ethylene
(D-atom-bonded)

1o-0pe  5361.3046 1.0 5054.2296 -7.7 5309.0446 -2.8 5213.7817 -3.0
20715, 10716.1688 0.2 10101.3814 11.6 10610.0061 0.7 10420.8970 2.9
2,:-1, 11010.7624 -0.6 10425.8876 -1.9 10921.2543 1.1 10725.1480 0.1
2,71, 103771309 -0.6 9759.7941 -2.1 10267.1465 1.0 9859.6013 0.0
305725, 16058.1480 -0.9 15134.2881 -7.8 15894.6210 1.2 15614.7092 -1.2
3,72, 165033982 0.6 15627.8414 2.1 16367.4608 -1.2 16076.1071 -0.1
35-2, 15556.1330 0.7 14630.6093 2.4 15385.0584 -1.2 14832.5201 0.0
4,-30; 21380.7861 0.3 201459300 2.0 211543108 -0.5 20788.5482 0.2
4,53, 21980.6297 -0.2 20816.5234 -0.6 21795.9468 0.4 21413.0992 0.0
4,-3,; 207235544 -0.2 19490.4570 -0.8 20483.9026 0.4

FAv=y,

bs~ Voare 10 kKHZ.
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Table 4-5: Measured transition frequencies (in MHz) of Ne-ethylene isotopomers (m=1).

Sk g Ne-C,H, *Ne-C,D, *Ne-trans-D,-
ethylene
Vobs AV Vs Av Vabs Av
1917040 5512.6646  27.0 52477323 99 5503.3756 2186
200-14; 11021.0529 102 10489.8380 2.8 10973.7104 -1749
2,150 11150.9530 -18.7 10763.6770 3.6
2,71 10853.3770  -18.6  10211.7446 3.5
30520 16520.8182 -31.0 15720.6022 3.9 163963294 437
3,24 16717.3478 212 16136.7816  -4.1
3521, 16264.3442 214  15308.7194 4.1
404303 22007.4298 11.4 209342908 -1.8
4,5-3,, 222724706  -6.5 21499.348 1.2
4,735 21656.0776  -6.8  20394.9795 1.3
2Ne-C,H, 2Ne-C,D, #Ne-trans-D,-
ethylene
191040 5254.5125 24.6  4990.9100 -4.2 5245.0491 2528
2014, 10505.0768 8.0  9976.9056 4.0 10455.5780 -2022
2710 10625.7340 -16.3  10225.7354 0.1
2,71, 10346.4691 -163  9723.6906 0.1
30520 15747.7031 -26.7 14953.0053 -1.6  15618.2990 506
3524 159299409 18.5 15330.6473 -0.1
3521 15505.6959  18.7 14577.5985 -0.1
4047303 20978.2517 9.9 19914.2234 0.2
4,5-3,, 212234740  -5.7  20425.8856 0.0
4,345 20647.7776  -59 19421.9610 0.0
Av=v, v, inkHz

90

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



‘uoissiwgad 1noypum pauqiyosd uononpolidas Jayung “Jaumo 1ybuAdoo ayy Jo uoissiwiad yum pasonpoldey
16

Table 4-6: Derived spectroscopic constants of Ne-ethylene isotopomers (m=0).

“Ne-C,H, Ne-C,D, ¥Ne-cis-D,- Ne-trans-D,- Ne-C,H,  *Ne-C,D, #Ne-cis-D,- *Ne-trans-D,-
ethylene® ethylene ethylene® ethylene

Rotational constants (in MHz):

A(fixed) 28200 20900 24000 24000 28200 20900 24000 24000
B 2996.377(1) 2846.250(1) 2973.645(1) 2985.504(1) 2839.773(1) 2694.110(1) 2818.237(1) 2830.849(1)
C 2641.620(1) 2475.578(1) 2610.659(1) 2501.135(1) 2522.109(1) 2360.555(1) 2491.528(1) 2382.879(1)

Quartic centrifugal distortion constants (in MHz):
4, 0.15170(4) 0.11728(4) 0.19156(4) -0.02322(5) 0.14454(4) 0.10672(4) 0.17912(4) -0.07800(5)
A, 8.1762(3) 3.7264(3) 5.5771(3)  37.7588(5)  6.2196(3) 3.1645(3) 4.6587(3)  36.6124(5)
9, 0.03095(5) 0.01830(5) -0.01383(5) 0.46808(7) 0.02658(5) 0.01603(5) -0.01088(5) 0.48422(7)

Sextic centrifugal distortion constants (in kHz):
D, -0.069(1) -0.019(1) -0.170(1) -1.913(2) -0.064(1) -0.039(1) -0.154(1) -1.880(2)
Dy -16.40(1) -15.71(1) -35.08(1) 314.71(3) -9.41(1) -12.65(1) -29.15(1) 349.50(3)
@, 0.016(2) -0.013(2) -0.161(2) 1.462(3) 0.011(2) 0.023(2) -0.16(2) 1.431(3)

Standard deviation of the fit (in kHz):
o 22 9.5 1.4 2.1 0.6 5.3 1.2 1.4

Effective separation (in A):
R, 3.791 3.742 3.787 3.755 3.790 3.740 3.785 3.753

*Watson’s A-reduction Hamiltonian in its 7’ representation used.

*For the D-atom-bonded isomer only.
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Table 4-7: Derived spectroscopic constants of Ne-ethylene isotopomers (m=1).2

"Ne-C,H, PNe-C,D, PNe-trans-D,- ZNe-C,H, Ne-C,D, “Ne-trans-D,-
ethylene? ethylene®
Rotational constants (in MHz):
A(fixed) 28200 20900 28200 20900
B 2830.125(1) 2762.042(1) 2696.627(1) 2621.161(1)
C 2683.108(1) 2486.120(1) 2558.415(1) 2370.145(1)
(B+OHY/2 2756.616(1) 2624.081(1) 2752.8378(4) 2627.521(1) 2495.653(1) 2623.5476(4)
Quartic centrifugal distortion constants (in MHz):
4, 0.14850(4) 0.10488(4) 1.12162(2) 0.13841(4) 0.09797(4) 1.14345(2)
A, 4.4760(3) 1.2441(3) 4.5317(3) 1.1334(3)
é, -0.05535(5) -0.00134(5) -0.04429(5) -0.00028(5)
Sextic centrifugal distortion constants (in kHz):
@, -0.099(1) -0.031(1) -0.081(1) -0.035(1)
D,y -50.14(1) -8.68(1) -43.55(1) -7.00(1)
@, -0.02(15) 0.010(2) 0.014(2) -0.015(2)
Standard deviation of the fit (in kHz):
o 19.0 4.3 1636 16.7 1.9 1892
Effective separation (in A):
R, 3.843 3.774 3.755 3.836 3.769 3.747

®Only K,=0 transitions fitted.

*Watson’s 4-reduction Hamiltonian in its /" representation used.



Table 4-8: Ab initio interaction energies of Ne-ethylene with basis set 1 (in cm™).

R /A ¢=90°

6=0° 10° 20° 30° 40° 50° 60° 70° 80° 90°

35 -429 -421 -394 -346 -279 -202 -126 -63 22 -08

36 -499 -489 -460 -413 -352 -287 -226 -17.7 -145 -134

37 -517 -50.7 -479 -435 -382 -328 -278 -241 -216 -20.8

3.8 -505 -495 -469 -43.0 -384 -340 -30.1 -27.1 -253 -247

39 -475 -46.7 -443 -409 371 -334 -304 -28.1 -26.8 -263

40 -438 -430 -409 -380 -348 -319 -295 -27.7 -267 -264
6=5° 15° 25° 35° 45° 55° 65° 75° 85°

35 -427 -410 -373 -315 -241 -163 93 40 -12
3.6 -496 -477 -438 -384 -320 -255 -20.0 -158 -137
3.7 515 495 -458 -409 -354 -302 -25.8 -22.6 -21.0
3.8 -50.2 -484 -450 -40.7 -362 -319 -285 -26.1 -249
39 473 -457 -427 -390 -352 -31.8 -290 -273 -264
40 -436 -421 -375 -364 -333 -306 -285 -27.1 -264

R /A =0°

¢=0° _10° 20° 30° 40° 50° 60° 70° 80° 90°

3.65 1494 198.1 3126 407.1 397.1 280.0 1320 21.6 -351 -51.3
3.7 1051 1451 2390 3169 309.7 2153 955 6.5 -389 -51.7
375 699 102.6 179.6 2438 2388 1627 66.1 -53 -413 -514
3.8 422 689 1368 184.7 1813 1203 428 -142 -426 -505
3.85 206 424 938 1370 1350 862 243 -228 -43.1 -492
3.9 39 216 634 989 978 590 9.8 -258 -429 475
4 -183 68 208 444 445 -205 -101 -31.5
41 -303 -228 -49 108 115 -3.0 -212 -335
42 -358 -310 -194 92 -83 -166 -267 -33.2
43 -332 -342 -270 -204 -193 -237 -290 -31.6

4.4 -346 -30.1 -259 -248 -268 -290 -294
4.5 -305 279 270 -275 277
4.6 294 278 270 -26.6 -25.8
4.7 -26.6  -258 -25.0
4.8 -23.6  -24.1
4.9 -22.0
93
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Table 4-9: Ab initio interaction energies of Ne-ethylene with basis set 2 (in cm™).

R/A ¢=90°

6=0° 10° 20° 30° 40° 50° 60° 70° 80° 90°

3.5 -798 -788 -75.6 -704 -633 -555 -48.1 -41.8 -37.7 -36.3
36 -804 -793 -762 -713 -652 -588 -52.8 -48.0 -449 -438
37 771 761 -73.2 -688 -63.6 -584 -53.7 -50.0 -47.6 -46.8
3.8 -71.7 -70.8 -682 -644 -60.0 -558 -52.1 -493 -475 -46.9
39 -653 -645 -622 -590 -554 -52.0 -49.1 -469 -456 -45.1
40 -587 -58.0 -560 -533 -503 -476 -454 -438 -42.7 -424
41 -523 -51.7 -50.0 -47.7 -453 -43.1 -414 -40.1 -394 -39.1
42 -463 -458 -444 -424 -404 -387 -373 -364 -358 -35.6
43 -408 -404 -392 -37.6 -359 -345 -334 327 -323 -322
44 -358 -355 -345 -332 -31.8 -30.7 -298 -29.2 -289 -289
45 315 -312 -304 -293 -28.1 -272 -265 -26.1 -25.8 -25.8

R/A 6=0°

¢=0° 10° 20° 30° 40° 50° 60° 70° 80° 90°

3.5 265.7 3483 5434 706.5 6903 488.0 233.0 445 -523 -79.8
3.6 1289 185.1 3173 4285 4204 2888 1221 -0.6 -629 -804
37 436 815 1707 2464 2433 1586 500 -272 -663 -77.1
3.8 7.8 177 776 1289 1288 752 73 -416 -653 -71.7
39 -369 -199 202 548 561 232 -188 -482 -61.8 -653
40 -519 -405 -13.9 93 114 -82 -331 -50.0 -57.1 -58.7
41 -579 -504 -329 -173 -150 -260 -40.1 -488 -51.8 -523
42 -585 -53.6 -42.1 -31.7 -29.5 -351 -423 -46.0 -465 -463
43 -560 -529 -455 -38.6 -365 -38.7 -41.7 -423 -414 -408
44 -519 -500 -45.2 -40.7 -388 -391 -395 -384 -363 -358
45 -47.0 -459 -43.0 -400 -383 -37.6 -36.5 -345 -324 -31.5
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Figure 4-1: (R 0 ¢) coordinates used to describe the geometry of Rg-C,H,. R is the
distance between the Rg atom and the center-of-mass of the ethylene subunit. &is the
out-of-plane angle between the R vector and the ethylene molecular plane. ¢ is the angle
between the R vector and the C=C bond. The global minimum was determined to be at

R=3.89 A, 6=10°, and ¢=90° for Ar-C,H, (155).
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Figure 4-2: Observed transition doubling of the J; x =2,.-1,, transition of the Ar-C,H,
isotopomer. The spectrum is a composite spectrum obtained from two individual
measurements, each taken with 20 nsec sampling interval and 20 averaging cycles. m is
the internal rotation quantum number. Only the two lowest tunneling states, namely the
m=0 and m=1 states, are populated in the molecular beam. A tunneling splitting of 22
MHz was observed. The m=0 transition is approximately twice as intense as the m=1

transition, in agreement with the spin statistical weight ratio of 7/3.
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Figure 4-3: A representative spectrum of the Jy , =1,,-0,,, m=1 transition of *’Ne-C,H,,
recorded with 120 nsec sampling interval and 4000 averaging cycles. Hyperfine structure
caused by the nuclear spin-spin and spin-rotation interactions was observed. Individual

hyperfine components were tentatively assigned, but the ﬁtting result was unsatisfactory.

The frequency of the strongest component was recorded as the transition frequency.
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Figure 4-4: A spectrum of the Ji ;. =1,,-0,,, m=0 transition of *’Ne-trans-D,-ethylene.
The spectrum was recorded with 120 nsec sampling interval and 4000 averaging cycles.
The observed hyperfine structure was caused by the nuclear quadrupole interaction of the
two spin /=1 deuterons with the overall rotation of the complex. Individual hyperfine

components could not be assigned and the frequency of the strongest component was

recorded as the centre frequency.
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Figure 4-5: Schematic energy level diagram for Rg-C,H,. Each energy level is symmetry
labeled with the symmetry of the respective nuclear spin wavefunctions. Each of the four
observed states is associated with a nuclear spin wavefunction of a unique symmetry. As
a result, all four states are metastable. Spin statistical weights obtained from molecular
symmetry group analyses are given in parentheses. The analyses for the out-of-plane
motion and the in-plane motion gave the same results. Arrows denote some of the

measured rotational transitions.
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Figure 4-6: Schematic energy level diagram for Rg-trans-D,-ethylene for the case of the
in-plane motion. Spin statistical weights are given in parentheses. Only the K =0, m=0
and K =0, m=1 states are metastable, so that only transitions within these two K, =0 states
are expected, represented by dashed arrows. No transition within the K =1 states is

expected to be observable due to low populations of these levels in the molecular beam.
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Figure 4-7: Schematic energy level diagram of Rg-trans-D,-ethylene for the case of the
out-of-plane motion. Depicted is the situation where the K =1, m=0 and K, =0, m=1 states
have similar energies, such that transitions within both states are expected. This is what
was observed for Ne-trans-D,-ethylene. The observed lowest J rotational transitions for
this isotopomer are represented by arrows. The observation of the K =1 transitions
excludes the possibility of the in-plane motion being the tunneling motion responsible for

the observed transition doubling.
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Figure 4-8: One dimensional ab initio potential energy curves for Ne-ethylene,
calculated at the MP4 level, using basis set 1. R is fixed at the equilibrium value of 3.7 A.
The top trace was constructed by fixing ¢ at 90° and varying 6, which gives a barrier to
the out-of-plane motion of 31 ¢cm™. The bottom trace was constructed by fixing &at 0°
and varying ¢, and gives a barrier to the in-plane motion of 369 cm™. The repulsive
energies of such a constructed in-plane motion potential energy curve suggest that the

in-plane internal rotation motion requires a significant amount of radial movement.

102

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



-15

Y
W

Energy (cm™)
W)
(¥}

45
"33 50 130 770 360
6(°)
400
300
§ 200
>
oo
£ 100
L
O 4
-1005 50 130 770 360
é(°)
103

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



Figure 4-9: Minimum energy paths for Ne-ethylene, calculated at the MP4 level and
using basis set 1. R is allowed to vary to obtained the lowest energy at each 6, ¢
combination. The top trace is the path for the out-of-plane motion, where ¢ is fixed at
90°. The bottom trace is the path for the in-plane motion, where is fixed at 0°. The
resulting barrier height and R variation are 25 cm™ and 3.7-4.0 A for the out-of-plane

motion, and 25 cm™ and 3.7-4.5 A for the in-plane motion, respectively.
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MICROWAVE AND 4B INITIO STUDIES OF Ar-, Ne-ACETYLENE

The earliest studies of acetylene-containing van der Waals complexes seemed to
suggest that acetylene does not form H-bonds, contrary to its isoelectronic cousin, HCN.
The van der Waals bonds in a number dimers were found to form between the = electron
cloud of acetylene and the other moiety, for example, in the HCN-acetylene (/99) and
CO,-acetylene (200) dimers. Later, it was found that acetylene does form H-bonds. In the
case of the NH;-acetylene (201) and N,-acetylene (202) dimers, NH; and N, were
determined to bind to one of the hydrogen atoms of acetylene. Interestingly, in the case of
HCl-acetylene, both the m-bonded and the H-bonded isomers were observed (203,204).
One aspect of this study is to examine the binding properties of acetylene in complexes
where the electrostatic term of the attractive force is missing and the dispersion term
dominates.

The earliest studies on weakly bound systems focused on rare gas-diatomic
molecule systems such as Ar-HCl (205,206). The nature of the corresponding interaction

potential energy surfaces is relatively well understood. Compared to HCl, acetylene is
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spatially extended. Investigations of acetylene-containing systems therefore provide
information about the distribution of intermolecular interactions over different parts of
spatially extended species. Understanding the rules for such distribution is of relevance to
extending the methods for determining the intermolecular potential energy surfaces of
small molecules to larger systems.

Intermolecular interactions between acetylene and rare gas atoms have been
extensively investigated using high resolution spectroscopy (71,72,73,74,75,76,196 ),
scattering techniques (207,208,209,210), and ab initio methods
(196,211,212,213,214,215,216,217). In this chapter, spectroscopic and theoretical results
of the Ar-C,H, and Ne-C,H, van der Waals dimers are presented separately in two

subsections, with more focus on the Ne-C,H, system.

5.1 ISOTOPIC STUDY OF THE INTERNAL DYNAMICS OF Ar-C,H,’
5.1.1 Previous Work

The Ar-acetylene van der Waals dimer has been the subject of extensive high
resolution spectroscopic and theoretical studies since the early 1980s. It was first studied
by Del.eon and Muenter, using the molecular beam electric resonance technique (77).
The Jy « =1,,-1,, transition was measured for both Ar-HCCH and Ar-DCCD. A T-shaped
structure was established based on the observed hyperfine structure and Stark effect

measurements. An R value of 3.25 A was determined. R is the distance from the Ar atom

'A version of this section has been published. Y. Liu and W. Jiger, J. Mol. Spectrosc.
205, 177 (2001). Copyright © 2001 by Academic Press.
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to the center-of-mass of the acetylene monomer (see figure 5-1). Based on the deuterium
nuclear quadrupole coupling constant of Ar-DCCD, a @ value of 72° was determined. &is
the average angle between R and the molecular axis of the acetylene subunit (see figure
5-1). The determined & value indicates the presence of a large amplitude zero-point
angular motion. Later, this complex was studied by Endo and co-workers, using a pulsed
nozzle Fourier transform microwave spectrometer (72). Eight a-type, i.e., AK =0, pure
rotational transitions were measured for the normal isotopomer, Ar-HCCH. The T-shaped
structure was confirmed, but R was determined to be 4.04 A, 0.8 A larger than the
previously reported value (71). From an analysis of the centrifugal distortion constants, an
extremely low van der Waals bending frequency of ~9 cm™ was estimated. Two different
groups carried out infrared studies in the region of the v; C-H asymmetric stretching
mode (73) and in the region of the v, bending mode (74), respectively. In the analyses of
these infrared studies, the van der Waals bending motion was treated as a hindered
internal rotation of the C,H, monomer within the complex. Further high resolution
infrared spectra included a combination band associated with the low frequency bending
mode of both Ar-HCCH and Ar-DCCH (735,76).

On the theoretical side, the first empirical potential energy surface for the
Ar-acetylene complex was constructed by Thornley and Hutson in 1992 (218). Three
potential energy surfaces were proposed, utilizing the microwave (72) and the infrared
(73) data. It was confirmed that the hindered internal rotor model could describe the
system more adequately than a rigid rotor model. Two years later, a semi-empirical

potential energy surface was reported by Bemish ef al. (75). Ab initio calculations were
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used together with the infrared data from the combination band (75) and the microwave
data (72). However, it was later shown that all these potential energy surfaces could not
reproduce the reported scattering data (270). An improved potential energy surface was
then constructed by simultaneously fitting the scattering and the spectroscopic data (210).

Besides the abovementioned empirical and semi-empirical potentials, a number of

ab initio studies also appeared in literature (213,215,216,217). An ab initio potential was

- constructed at the MP4 level with a large basis set containing bond functions by Tao et al.
(215). Another potential was constructed by Yang er al. at the CCSD(T) level with the
aug-cc—pVTZ basis set (216). Both potentials gave very small energy differences between
the T-shaped and collinear geometries. More recently, Hasse ef al. examined the
interaction energies using symmetry adapted perturbation theory (SAPT) (277). The
resulting potential energy surface was found to be very weakly anisotropic, in agreement
with the previous ab initio studies (215,216). The global minimum was located at a skew
T-shaped configuration with R=4.0 A, #=60°, and an energy of -118.2 cm™. A second
minimum occurs at the linear configuration with R=4.68 A, #=0°, and an energy of -115.1
cm’, only 3.1 cm™ above the global minimum.

In recording the rotational spectra of various isotopomers of Ar-ethylene, it is
hoped that further spectroscopic evidence of the large amplitude angular motion and
further information about the internal dynamics of this weakly bound system can be
obtained.

5.1.2 Spectral Assignments and Analyses

The complex was generated using a gas mixture containing 0.5% HCCH and 1%
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Ar. Enough Ne was used as backing gas to maintain a pressure of ~ 4-5 atm. H*C"”CH
and DCCD-containing isotopomers were measured using enriched samples (99% "C and
99% D, respectively, Cambridge Isotope Laboratories). DCCH was synthesized using
calcium carbide and a 1:1 H,0/D,0 mixture. CaC, was added to the H,0/D,0 mixture at
liquid-nitrogen temperature. After pumping off the residual air in the reaction container,
the mixture was allowed to warm up to produce a mixture of HCCH, DCCD, and DCCH.
The mixture of acetylene isotopomers was kept at liquid-nitrogen temperature and was
introduced into the sample system of the spectrometer without further purification by
slowly warming the container from liquid-nitrogen temperature. The isotopomer
containing H”C"CH was measured in its natural abundance (~2%).

For the normal isotopomer, Ar-HCCH, the spectrum was predicted using the
rotational and centrifugal distortion constants from ref. 72. Altogether, eight additional
transitions were recorded within 25 MHz of the predictions. In order to keep
measurement uncertainties the same for all transitions, the eight transitions previously
reported in ref. 72 were remeasured. The new measurements all agree with the previous
data within their experimental uncertainties. The K =1 transitions were more intense than
the K =0 transitions. This is in agreement with the spin statistical weights of 1 and 3 for
the K,=even and K,=odd levels, respectively. The relative intensity comparison of the
K70 and K =1 transitions is shown in figure 5-2. No extra splittings due to the two spin
I="2 hydrogen nuclei were observed.

Using a pseudodiatomic approach with scaled reduced masses, frequencies of the

Jxx. 30520, transitions of the Ar-DCCD and Ar-HC"CH isotopomers were predicted to
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be at around 11.28 GHz. A transition was soon found for Ar-H®C"”CH at 11294 MHz.
The slightly higher than predicted frequency is consistent with the usual isotopic effect
that substitution with heavier isotopes tends to shorten the van der Waals bond distance in
such dimers. Using the same argument, one expects the corresponding transition
frequency for Ar-DCCD to be even higher. However, this transition was located at 11261
MHz after some search. The lower than expected transition frequency indicates a larger
than expected R value for this heavier isotopomer.

Fourteen and fifteen transitions were measured for Ar-DCCD and Ar-H*C"CH,
respectively. Lines of Ar-DCCD were broadened due to the quadrupole interaction of the
two spin /=1 deuterium nuclei with the overall rotation of the complex. From a nuclear
spin statistical analysis of Ar-DCCD, the K,=0 levels are associated with nuclear spin
wavefunctions having total spins 0 and 2, while the K =1 levels are associated with total
nuclear spin of 1. The Jy , =1,,-0, transition was expected to show four hyperfine
components. However, the narrow splittings were on the edge of the resolving power of
the spectrometer, and the low signal-to-noise ratio achieved at 3.7 GHz further hampered
the efforts to resolve the hyperfine structure. The highest point of the broadened peak was
recorded as the transition frequency with an estimated accuracy of 10 kHz. For both
isotopomers the observed intensity ratio between the K,=0 and K =1 transitions agreed
well with the spin statistical weights, 6 and 3 for Ar-DCCD, and 10 and 6 for
Ar-HPCPCH, respectively.

For the Ar-DCCH and Ar-H®C"CH isotopomers, the substitution of one H with

D or one "*C with C breaks the C,, symmetry, so that the K =1 states are no longer
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metastable. As a result, levels in the K =1 state are much less populated than those in the
K =0 state. The former is more than 1 cm™ higher in energy than the latter, as estimated
from the rotational constants of Ar-HCCH. Furthermore, transitions of Ar-DCCH were
measured using a sample that contained a mixture of HCCH, DCCD, and DCCH, while
Ar-HPC"CH was studied in its natural abundance of 2%. These factors further reduced
the intensities of the observed transitions. Only the K =0 transitions could be measured.
Five and four K,=0 transitions were measured for Ar-DCCH and Ar-H”C"*CH,
respectively. Lines of Ar-DCCH were broadened by nuclear quadrupole interaction of the
D nucleus, but the hyperfine components could not be resolved. A spectrum of the

Ji k= 101-04 transition of Ar-DCCH is shown in figure 5-3.

All observed transition frequencies of the five isotopomers are listed in table 5-1.
Watson's S-reduction Hamiltonian in its /" representation (/90) was used to fit
spectroscopic constants to the transition frequencies. Since only a-type transitions were
measured, the 4 rotational constant could not be obtained. It was fixed at the value
determined in ref. 73 (47550 MHz) for the normal isotopomer, and at values scaled with
the b rotational constants of the corresponding substituted monomers for the remaining
minor isotopomers. Two rotational constants, B and C, three quartic centrifugal distortion
constants, D, D, and d,, and three sextic centrifugal distortion constants, H,, H 2 and
h,, were determined for the symmetric isotopomers. For the asymmetric isotopomers,
Ar-HPC"CH and Ar-DCCH, only (B+C)/2, D,, and H, were obtained from the fitting
procedure. All resulting spectroscopic constants are listed in table 5-2, along with the

standard deviations of the fits.
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5.1.3 Results and Discussion

It is noted that the standard deviations of the fits are considerably larger than the
corresponding experimental uncertainties. For example, for the three isotopomers of C,,
symmetry, the standard deviations are on the order of 40-60 kHz, even though several
sextic centrifugal distortion constants were included in the fits. A fit without the sextic
centrifugal distortion constants gave a standard deviation larger than 3 MHz for
Ar-HCCH, although only transitions with ./ quantum numbers up to 6 were measured.
This is an indication that the system is very flexible, and that the semi-rigid rotor model
can not adequately describe the complex.

From the obtained rotational constants, one can in principle derive structural
information about the dimer. For a planar molecule such as Ar-HCCH, only two
structural parameters are needed, namely R and 6 as described in figure 5-1, under the
assumption that the acetylene monomer structure is unaffected by complex formation. It
was pointed out by Fraser ef al. that the C rotational constant is least affected by the large
amplitude intermolecular motions such as van der Waals in-plane bending vibration
(219). The effective separation R was thus derived from the C rotational constant using
the expression R = [ (K¢ ) (1/C - 1/b) | Here u is the reduced mass of the complex in
atomic mass units, b is the rotational constant of the acetylene monomer in MHz, and & is
a conversion factor, 505379 MHz amu A?. The obtained R value is 4.046 A (table 5-2), in
agreement with the values of 4.04 A and 4.045 A reported in refs. 72 and 73, respectively.

R is considerably larger than the sum of the van der Waals radii for C and Ar, as noted

before in ref. 72. Assuming that the van der Waals radii for C and Ar are 1.5 A and 1.88 A
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(220), respectively, this distance R is more than 0.6 A larger than the sum. The difference
is much smaller in other similar systems such as Ar-CO, (219), where the difference is
only about 0.1 A. This can be explained in terms of the fairly large amplitude in-plane
vibrational motion of acetylene and a strong coupling between the radial and angular
intermolecular coordinates. When the acetylene subunit moves away from the T-shaped
structure toward the linear configuration, the distance between Ar and the center-of-mass
of acetylene has to increase to reduce the developing steric hindrance. Since the ground
state wavefunction samples not only the T-shaped configuration but also the linear
configuration substantially, an anomalously large separation results. Evidence for the low
angular anisotropy of the Ar-acetylene interaction was found in refs. 7/ and 73, where
expectation values for the angle 8of 72° and 60° were derived from a D nuclear
quadrupole hyperfine analysis and from the 4 rotational constant, respectively. The
corresponding values for Ar-CO, (221), a relatively rigid system, are 84° and 82°. The
value from a "*N nuclear quadrupole hyperfine analysis for the isoelectronic Ar-HCN
(64), a highly nonrigid system with linear equilibrium geometry, is 59°.

The obtained R values are 4.046 A for Ar-DCCD and 4.041 A for Ar-H”CPCH
(table 5-2) using R =[ (k/u) (1/C - 1/b) " It is interesting to note that the value for
Ar-DCCD is basically the same as that for Ar-HCCH. From a consideration of the isotope
effect, one would expect a smaller R value for Ar-DCCD. A result of the D substitution is
a lowering of the zero-point energy level, which in turn reduces the amplitude of the van
der Waals bending motion because of the narrower potential. The complex geometry is

therefore expected to stay closer to the T-shaped configuration, corresponding to a lower
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R value. For the two asymmetric isotopomers, Ar-DCCH and Ar-H®C"CH, only the
rotational constant (B+C)/2 is available, and R values were calculated using the
pseudodiatomic expression R = [ ( &/u) ( 2/(B+C)) 1. The symmetric isotopomers were
also reanalyzed with the same equation for comparison. The values thus obtained are also
given in table 5-2. Also in this model, Ar-DCCD has a larger than expected R value.

It is instructive to treat the different K-stacks of Ar-HCCH as individual states to
gain more insight into the causes for the anomalies observed in the spectra. For this
purpose, it is more appropriate to use a free-rotor labeling of the energy levels with J, j,
K, and p quantum numbers. Here, J is the total angular momentum quantum number, ; is
the internal rotation quantum number of the acetylene monomer, X is the projection of j
onto the van der Waals bond, and p is the parity (635). In the free rotor limit, each j level
is (2/+1)-fold degenerate. In the hindered rotor case, this degeneracy is lifted due to the
barrier to the internal rotation of the acetylene subunit. Each j level is split according to
the projection K onto the van der Waals bond. These levels can be labeled as 2, I, A, ...,
corresponding to K values of 0, 1, 2, .... For Ar-acetylene, the K =0, lower K,=1, and
upper K =1 states in the semi-rigid rotor labeling scheme are labeled Z,, II¢, and 1T},
respectively. The subscript is the j quantum number, and the superscript is the parity of
the state, with e denoting p=-+(-1)’ and fdenoting p=-(-1)’ (65). The two II, states are
nearly degenerate. This approximate degeneracy can be lifted by a Coriolis interaction
with a nearby X, state. The interaction can only occur between states with the same parity,
such as the II; and X, states. The correlation between the free rotor and rigid rotor energy

levels is schematically plotted in figure 5-4. The %, state, 1.e., the first excited van der
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Waals bending state, was not observed in this study. It was experimentally determined to
be 6.22 cm above the %, ground state for the normal isotopomer (75). Each of the three
observed states was fitted separately to the linear rotor expression

E, =BJJ+D+DIJ+1)+HP(J+1) (222). The fitting results are listed in table 5-3.

From table 5-3, one can see that the standard deviations for the fits are now in the
same order as the corresponding experimental uncertainties, and significantly lower than
in the previous semi-rigid rotor fits. With closer examination, it is noted that the standard
deviations for the IT; state are larger than those for the %, and II states in Ar-HCCH and
Ar-HPC"CH. A possible reason is that the II¢ state is being Coriolis perturbed by the
higher energy X, state. In addition, the slightly larger standard deviation from the fit of the
II; state of Ar-H">C"CH, 3.8 kHz, as compared to that of Ar-HCCH, 1.1 kHz, may be an
indication for a somewhat larger perturbation in the Ar-H®C"CH isotopomer. Prompted
by this, the energy gap between the IIS state and the I, state was examined. The bending
frequency, i.e., the energy difference between the £, and the X, state, was calculated to
drop by 0.23 em™ upon the substitution of '*C with "°C, using a harmonic force field
calculation. At the same time, the II state also moves downward relative to the X, state.
This scales approximately with the b constant of the acetylene monomer and results in a
drop of 0.06 cm™. Overall, the energy gap between the II¢ state and the X, state is reduced
in the Ar-H”C"CH isotopomer. Therefore, the Coriolis interaction is more pronounced.
A drop in bending frequency upon substitution with heavier isotopomers was

experimentally observed. The bending frequencies for the normal and the heavier

Ar-DCCH isotopomer were determined to be 6.22 cm™ (75) and 5.47 cm™ (76). A similar
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Coriolis perturbation, though more severe, was reported for the isoelectronic Ar-HCN van
der Waals dimer (65). It was theoretically determined that the energy difference between
the X, and the 11, state reduces to 0.22 cm™ in Ar-DCN from 0.57 em™ in Ar-HCN (70).
For Ar-DCCD, the standard deviations are all on the order of 6 to 26 kHz, mainly
because of the unresolved deuterium nuclear quadrupole hyperfine structure. It is
therefore difficult to use the standard deviations as indicators for the presence of a
perturbation, as was done above for the Ar-HCCH and Ar-H"*C"*CH isotopomers.
However, such Coriolis perturbation does exist in Ar-DCCD as can be found by closer
inspection of the B, values in table 5-3. There is a relatively consistent increase in the
values of B, for all isotopomers when going from the %, state to the unperturbed I/ state.
The increases are 1.9% for Ar-DCCD, 1.7% for Ar-H’C"CH, and 1.7% for Ar-HCCH.
However, there is a much larger drop in the B, constant of Ar-DCCD when going from
the X state to the perturbed IIf state than for the other two isotopomers. The values are
5.0% for Ar-DCCD, 3.8% for Ar-H*CCH, and 3.9% for Ar-HCCH. This is because the
energy gap between the II state and the X, state, estimated with the same procedure as for
Ar-HPCYCH, is the smallest for Ar-DCCD, leading to the most severe Coriolis

perturbation.

5.2 ROTATIONAL SPECTRUM AND POTENTIAL ENERGY SURFACE OF
Ne-C,H,
5.2.1 Metivation

Before now, spectroscopic studies of Rg-acetylene complexes mainly focused on

117

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



Ar-acetylene (see S.1.1). From the extensive spectroscopic investigations, it appears that
despite the weak interaction between Ar and acetylene, the spectra of the dimer could be
reasonably well described by a semi-rigid rotor type Hamiltonian for a T-shaped
configuration. The weak anisotropy of the potential energy surface associated with the
complex is only revealed when the spectroscopic results are carefully analyzed.

Rg-acetylene complexes have also been the subjects of a number of ab initio
investigations. Besides the studies on Ar-acetylene (see 5.1.1), there are also a few ab
initio intermolecular potentials reported for the He-acetylene system. Slee ef al.
constructed a potential energy surface at the MP2 level (212), which failed to explain the
recorded infrared spectrum (223). More recently, a SAPT potential energy surface for
He-HCCH was constructed by Moszynski ef al. (214). It shows that acetylene behaves as
an essentially free internal rotor. The computed infrared spectrum based on the SAPT
potential was in qualitative agreement with the experimental spectrum (223). However,
despite the information from the computed spectrum, a definite assignment of the
experimental spectrum was not achieved.

Previous investigations of the Ne-acetylene system are not as extensive as those of
its Ar and He analogs. To date, there is only one combined spectroscopic and ab initio
study reported for this complex. Miller and co-workers recorded rotationally resolved
near-infrared spectra of Ne-HCCH and Ne-DCCH, in the region of the v, C-H
asymmetric stretching mode (/96). These spectra appeared to be quite irregular and could
not be assigned in the same way as for Ar-acetylene. A SAPT interaction potential was

constructed, which displayed two nonequivalent potential minima. The global minimum
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was located at a skew configuration, R=3.81 A, 6=53.1°, and a well depth of -52.310 cm™
(see figure 5-1 for the definitions for R and 6). The local minimum is located at the linear
configuration, R=4.36 A, 6=0°, and a slightly higher energy of -50.542 ¢m™. Dynamical
calculations were carried out to compute the near-infrared spectra of Ne-HCCH and
Ne-DCCH, utilizing the SAPT potential. The recorded spectrum of Ne-DCCH was better
resolved and could be assigned by comparing with the computed spectrum. The recorded
spectrum of Ne-HCCH, on the other hand, could still not be definitely assigned, due to
the fact that the Ne-HCCH transitions were broadened by a Fermi .resonance between the
v; vibration and a combination of the C-C stretching mode with some low frequency
bending vibration. It was concluded from this study that the acetylene monomer behaves
as an only slightly hindered internal rotor in the Ne-acetylene complex. Furthermore, the
fact that the calculated spectrum agrees so well with the experimental spectrum of
Ne-DCCH illustrates the high quality of the SAPT potential.

By measuring the rotational spectrum of the Ne-acetylene complex, it is hoped
that the quality of the SAPT potential could be further tested by comparing the
experimentally determined transition frequencies with those obtained from the calculated
energies reported in ref. 196. Furthermore, by comparing the recorded spectrum with that
of Ar-acetylene, information about the effects of a lighter and less polarizable binding
partner on the features of the potential energy surfaces and the internal dynamics of van
der Waals dimers may be deduced.

5.2.2 Observed Spectra and Assignments

The sample mixture consisted of 1% acetylene in Ne at a backing pressure about 5

119

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



atm. Isotopomers containing the *Ne isotope were measured in their natural abundances
(~10%). Isotopomers containing H”C"CH and DCCD were measured using isotopically
enriched samples (99% C and 99% D, respectively, Cambridge Isotope Laboratories).
DCCH was synthesized using two methods. It was first produced in the same way as
described in 5.1.2. Later, trimethylsilyl-acetylene (TMF-acetylene, 98%, (CH;),SiC=CH,
F. W. 98.22), tetrabutylammonium fluoride (TBAF, 1.0 M solution in tetrahydrofuran, F.
W. 261.47), and D,0O were used, in order to increase the yield of DCCH (224).
Tetrahydrofuran (THF) was used as a solyent. D,0, THF, TMF-acetylene were mixed,
frozen, and degassed at liquid-nitrogen temperature. TBAF was quickly added to the
frozen mixture. After resealing the reaction container and pumping off the residual gas,
the mixture was allowed to warm up to produce DCCH. The same procedure as described
for the first method was used to introduce DCCH into the sample system of the
spectrometer. Between the two syntheses, better signal-to-noise ratio was obtained with
the latter, due to a greater yield of DCCH.

Assuming a T-shaped structure similar to that of Ar-HCCH, the Jy_x =21,
transition of *Ne-HCCH was predicted to be at ~11.2 GHz. The approximate separation
between Ne and the center-of-mass of acetylene was estimated from comparison of the
corresponding distances in the Ar-cyclopropane and Ne-cyclopropane complexes (38). A
scan between 11.0 and 11.4 GHz located two transitions, one at 11094 MHz, the other at
11115 MHz. The one at higher frequency was approximately two to three times stronger
than the other. Symmetry considerations of a T-shaped structure give total nuclear spins

of 1,=0 and [,=1 for the K, =0 and K =1 states, respectively, so that K =1 transitions are
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expected to be three times as intense as K, =0 transitions. Therefore, the transition at
11115 MHz was assigned to be the J; . =2,,-1,, transition and the other one was assigned
to be the Ji , =2,-1,, transition. Using a pseudodiatomic approach with scaled reduced
masses, the corresponding transitions of *Ne-HCCH were predicted and easily located.
For the K =0 transition, other./ transitions, ranging from J=0 to 4, were also recorded,
together with the corresponding transitions of *Ne-HCCH. A normal spectral pattern was
observed from this set of transitions, with all transitions approximately equally spaced.
However, this was not the case for the assigned K =1 transition. The next higher J
transition, namely the Ji . =3,,-2,, transition, was predicted to be at ~16672 MHz,
approximately 1.5 times of the Jy_, =2,,-1,, transition frequency. It was found to be at
16468 MHz, more than 200 MHz below the prediction. This frequency drop seemed to be
too large to arise from centrifugal distortion effects. It was therefore attributed to a
Coriolis interaction with the nearby first excited van der Waals bending state, analogous
to the X,-1I, interaction observed in Ar-HCCH (see 5.1.3). Another set of K =1 transitions
was expected to occur within the unperturbed II, state. However, the search for these
transitions, for example, the Ji , =2, -1,, transition, revealed no additional transition. At
the same time, an additional transition was measured at 5707 MHz, approximately 150
MHz above the J;  =1,-0y, transition. It appeared that the three transitions at 5707 MHz,
11115 MHz, and 16468 MHz, form a set of transitions that is analogous to the assigned
set of K, =0 transitions, with the lowest ./ quantum number being 0. The lowest J quantum
number for a K =1 state is 1. This suggests that the abovementioned three transitions

occur within a K,=0 state. Therefore, they were reassigned to occur within the first
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excited van der Waals bending state. The intensities of the observed transitions also agree
with the expected spin statistical weights of 3 and 1 for the first excited bending state and
the ground state, respectively. Following the labeling scheme used for Ar-HCCH
discussed in 5.1.3, it was designated as X, state. To be consistent, the ground state was
designated as X, state. Using this labeling scheme, the K, and K quantum numbers could
be omitted and only the J quantum number was used to label the rotational energy levels.

Using the observed spectra of the Ne-HCCH isotopomers as a guide, analogous
transitions of Ne-H"’C">CH were measured. Contrary to the case of Ne-HCCH, the I,
transitions were weaker than the X, ground state transitions. This observation agrees with
the spin statistical weights of 6 and 10 for the X, and X, states, respectively.

The corresponding ground state transitions of the Ne-DCCD isotopomers were
also measured. However, for the perturbed set of transitions, only two transitions, with
J=2-1 and 3-2, were observed. No J=1-0 transition could be assigned. The absence of the
J=1-0 transition suggests that the observed two transitions occur within a II, state instead
of the X, state. Therefore, the observed transitions were assigned to be II, transitions.
These transitions were weaker than the Z, transitions, again in accord with the spin
statistical weights of 3 and 6 for the two states, respectively. Nuclear quadrupole
hyperfine structures arising from the two deuterium nuclei were observed and partially
resolved for the J=1-0, %, transitions. A representative spectrum of the J/=1-0, Z,
transition of *’Ne-DCCD is shown in figure 5-5 (top trace). Broadening was observed in
higher J transitions, but the hyperfine components could not be assigned. The highest

point of the broadened peaks were recorded as the transition frequencies with estimated
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accuracies of 10 kHz.

For the isotopomers containing DCCH, only transitions within the ground state
were observed. Nuclear quadrupole hyperfine structures due to the D nucleus were also
observed and resolved for the J=1-0 transitions, as shown in figure 5-5 for *Ne-DCCH
(bottom trace). The partial deuterium substitution breaks the C,, symmetry of the dimer
so that the excited van der Waals bending state is no longer metastable. Nonetheless, a
spectral search for the excited state transitions was performed. No further transition could
be assigned.

All measured transition frequencies are listed in tables 5-4 and 5-5. The ground
state spectroscopic constants were obtained by fitting the X, transitions to the linear rotor
Hamiltonian (222):

H=BJJ+1) - D [JJ+D*+ H[JJ+D], (5-1)
where B is the rotational constant, D and H are quartic and sextic centrifugal distortion
constants, respectively. In the analyses of the Ne-DCCH and Ne-DCCD isotopomers, one
more term, H,(D), was added to represent the deuterium nuclear quadrupole interaction.
The assigned hyperfine components were first fitted using a first order quadrupole fit. The
obtained hypothetical center frequencies were then used to fit rotational and centrifugal
distortion constants. All obtained spectroscopic constants are listed in table 5-6, including
the nuclear quadrupole coupling constants y,, for Ne-DCCH and Ne-DCCD. For the X,
transitions, since the perturbing state was not observed in this study, no Coriolis terms
could be fitted to account for the perturbation. The fitting procedure was not performed.

5.2.3 Discussion of Spectroscopic Results
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a. 2 state

Even though three parameters were used to fit four observed transitions, the
resulting standard deviations are still considerably larger than the corresponding
experimental uncertainties, especially for the isotopomers containing deuterium. These
large deviations indicate that the Ne-acetylene van der Waals dimer is rather floppy. The
inclusion of the sextic distortion constant H is necessary. A fit without H produced a
standard deviation of larger than 0.3 MHz for *’Ne-HCCH. Larger standard deviations for
species containing deuterium are due to the fact that nuclear quadrupole hyperfine
structures in the higher J transitions were not resolved.

There is a significant increase, by almost a factor of 10, in the centrifugal
distortion constant when the binding partner of acetylene changes from Ar to Ne. The
determined D value was 0.5823 MHz for *Ne-HCCH and was only 0.063568 MHz (table
5-3) for Ar-HCCH. This large increase is a result of a reduced anisotropy in the radial
coordinate of the corresponding intermolecular potential. The value was also compared
with that of the isoelectronic Ne-HCN dimer, which is characterized as a highly nonrigid
molecule. The value for Ne-HCN is 1.280 MHz (66).

The quartic centrifugal distortion constant can be related to the van der Waals
stretching frequency, v, of the dimer and its corresponding stretching force constant, £,
through the pseudodiatomic expressions (1 74):

v.= (4 B>/ D)*

k=47 v p (5-2)

The obtained values for *Ne-HCCH are v, = 12.8 cm™ and &, = 0.11 Nm™. For
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comparison, the values are v, =23.1 cm™ and k, = 0.50 Nm™ for Ar-HCCH (values
calculated using the constants in table 5-3 for the X, state), and v, = 8.6 cm™ and k, = 0.05
Nm' for Ne-HCN (values calculated using the constants reported in ref. 66). The
smaller v, and £ values for Ne-acetylene compared to those for Ar-acetylene are a
consequence of the weaker interaction between Ne and acetylene.

The ground state spectroscopic constants were used to determine the
intermolecular separation R, using the pseudodiatomic approximation:

R=[(k/ p) / B1'?, (5-3)
as done for the Ar-acetylene isotopomers. The obtained values are included in table 5-6. It
was determined to be 4.012 A for the main isotopomer. The values for the isotopomers
containing *Ne and "C are in line with this value, with small isotopic variations. The
magnitude of the isotopic variations is comparable to that of Ne-HCN. For example,
AR=0.002 A for the Ne-H">C"*N/*Ne-H">C*N pair, AR=0.004 A for
2Ne-H"C"N/*Ne-H"”C"N (values calculated from the rotational constants reported in
ref. 66), which are similar to the values AR=0.002 A for *Ne-H'>’C'>CH/*Ne-H"C"*CH,
AR=0.004 A for *Ne-H">’C2CH/**Ne-H">C'*CH. One would also expect to see smaller R
values for the Ne-DCCD and Ne-DCCH isotopomers, compared to the normal
isotopomer. These isotopic variations are, in fact, expected to be larger because of the
larger percentage mass increase. However, longer bond lengths were determined for
Ne-DCCD and Ne-DCCH. The values are 4.028 A for 2°Ne-DCCD and 4.019 A for
**Ne-DCCH. This is similar to the observed trends in the Ar-DCCD and Ne-DCN

systems. For Ar-DCCD, R increases by 0.003 A compared to that of Ar-HCCH (table
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5-2). For Ne-DCN, this effect is much larger. The D substitution expands the dimer by
0.04 A (calculated from the rotational constants reported in ref. 66). This unusual
observation is a strong indication of a strong coupling between the large amplitude
angular and radial motions. On substitution of H with D, the large amplitude internal
motions are slightly attenuated, leading to a different vibrational averaging of the
effective R. It is also noticed that larger distortion constants were determined for the
heavier D-containing isotopomers, in contrast to what is normally observed. Similarly,
these unusually large distortion constants can be attributed to effects of a different
vibrational averaging.

The R value of 4.012 A is very close to the R value of 4.039 A for Ar-HCCH
(table 5-2), with a difference of less than 0.03 A.In similar systems, substitution of Ar
with Ne causes a much larger bond distance shortening. For example, in the case of
Rg-cyclopropane, a difference of 0.13 A was determined (3.803 A for Ar-cyclopropane,
3.672 A for Ne-cyclopropane) (58). This relatively small bond length shortening arises
from a large decrease in the anisotropy of the corresponding potential energy surface. In
the Ne-HCCH dimer, the ground state wavefunction is very much delocalized, and
contains a significant contribution from the linear configuration, where the separation
between Ne and the center-of-mass of acetylene is the largest. In the case of Ar-acetylene,
as a consequence of a stronger anisotropy, the ground state wavefunction is more
localized to the skew T-shaped equilibrium configuration (217), where R is relatively
shorter.

In the study of weakly bound van der Waals dimers, nuclear quadrupole hyperfine
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structures are often used to deduce angular information, or average dynamics, of the
dimer. In this study, such information was extracted from the nuclear quadrupole
hyperfine structures caused by the nuclear quadrupole interactions of deuterium nuclei
with the overall rotation of the complex. It is assumed that the interaction is cylindrically
symmetric about the D-C bond and that the nuclear quadrupole coupling tensor of free
acetylene is not affected by the formation of the dimer. The determined nuclear
quadrupole coupling constants of the dimer y,, can be related to the coupling constant y,
of free DCCD or DCCH by projecting the monomer coupling constant onto the
a-principal inertial axis of the dimer, using (64)

Koo = Ko {Po(c0s0)). (5-4)
Here, 01is the angle between the acetylene axis and the a-axis of the dimer, and the
brackets indicate averaging over large amplitude motions. ¥, of free DCCD and DCCH
were previously determined to be 204.4 (10) kHz (77) and 200 (10) kHz (225),
respectively. (P,(cos8)) values thus obtained are 0.096 for *Ne-DCCH, 0.097 for
*Ne-DCCH, 0.079 for *Ne-DCCD, and 0.110 for *Ne-DCCD. The value of {P,(cos8)) is
determined by both the geometry of the complex and the large amplitude motions. It is
difficult to separate the contributions of these two factors to {(P,(cos8)). Taking
“Ne-DCCH as an example, the experimentally determined value, 0.096, is close to the
value of 0.041 determined for a rigid equilibrium structure with the theoretical value of
6=53.1° (196). However, the value is close to zero, the value for the free rotor limit,
especially when compared with extreme values of -0.5 at #=90° (minimum) and 1 at 8=0°

(maximum). This suggests that the large amplitude internal motion is the determining
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factor, and that the agreement with the rigid theoretically predicted equilibrium structure
is just a coincidence. For comparison, the {P,(cos8)) value for Ar-DCCD was determined
to be 0.355 (71). The free rotor character, as reflected from (P,(cos)), is more
pronounced in Ne-acetylene, as a consequence of the weaker binding. Also for
comparison, the (P,(cos®)) value for the isoelectronic Ne-HCN is 0.203, approximately
twice as large (66).
b.  Coriolis perturbed state

For the Ne-HCCH and Ne-H"”C"CH isotopomers, the lowest ./ transition of the
perturbed sets of transitions was located within 250 MHz of the ground state J=1-0
transition. It was therefore assigned to be the J=1-0 transition within the X, state. The
transition pattern of the I, transitions can be compared to that of the X, transitions. The
transitions of *’Ne-HCCH will be used as examples. The J=1-0, X, transition is 150 MHz
above the corresponding %, transition. The difference decreases in the J=2-1 transitions.
The J=2-1, X, transition is only 21 MHz above the one within the X, state. For the J=3-2
transition, the one within the Z; state becomes higher in frequency, i.e., 136 MHz above
the X, transition. This compressed energy level pattern of the Z, transitions is attributed to
a Coriolis interaction with a nearby, higher energy II, state that has the same parity. This
1s analogous to the Coriolis interactions observed in the Ar-HCN dimer (65). The energy
level correlation diagram for Ar-HCCH in figure 5-4 can also be used for Ne-HCCH,
except that the energy ordering of the £, and II, states has to be reversed.

In the case of Ne-DCCD, no J=1-0 transition could be assigned. Therefore the

observed transitions were assigned to occur within a II, state. A compressed energy level
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pattern is also evident from the two observed transition frequencies, suggesting that this
state is Coriolis perturbed by a higher energy X, state. Figure 5-4 can thus be used for the
Ne-DCCD isotopomers, with the same energy ordering of the X, and I, states as
depicted. This indicates that a reversal in energy level ordering occurs upon deuterium
substitution.

Upon close examination of the measured transition frequencies, it is noticed that
the X, levels are more severely Coriolis perturbed in the Ne-H*C"”CH isotopomers,
compared to those of Ne-HCCH. For example, the J=2-1 transition of *’Ne-H”C"CH is
350 MHz below twice the frequency of the J=1-0 transition. The difference is 300 MHz
in *Ne-HCCH. This more pronounced perturbation suggests that the energy difference
between the two perturbed states decreases upon substitution. A similar comparison of
the frequency change between the J=2-1 and J=3-2 transitions shows that this
perturbation is even more pronounced in Ne-DCCD, implying the energy gap further
reduces in Ne-DCCD. This trend is similar to those in the Ar-acetylene and Ar-HCN
dimers. In the case of the Ar-HCN complex, the substitution of H with D reduces the
energy gap between the 2, and I, states from 0.57 cm™ to 0.22 cm™ (70).

A further example of a reversal of the energy level ordering upon substitution can,
in fact, be found in the Ar-HCCH/*’Ne-HCCH systems. It is evident from the recorded
rotational spectra of the two dimers that the energy ordering of the X, and II, states is
reversed. For Ar-HCCH, the K =1 transitions were recorded, suggesting that the II, state
is below the %, state. In the case of *’Ne-HCCH, transitions within the Z, state were

recorded instead, implying this state is below the II, state. A similar phenomenon was
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also found in the Ar-HCN/Ne-HCN systems. Recent high level theoretical calculations
discovered that the X, state is above the II, state in Ne-HCN (/97,226), opposite to the
ordering in the Ar-HCN dimer (70).
c. Comparison with the calculated spectrum

The recorded rotational spectra of *’Ne-HCCH and *Ne-DCCH can be compared
with those calculated from the reported energy values in ref. 196. The (Jj [) notation was
employed to label the energy levels in the theoretical study (196), where Jj I correspond
to the quantum numbers for the total angular momentum, the internal rotation angular
momentum of the acetylene monomer, and the end-over-end rotation angular momentum
of the complex, respectively. It was pointed out by Klemperer that in the free rotor limit,
J and [ are “good” quantum numbers, such that the j quantum number establishes the
pattern of “bending vibrational” levels, and the / quantum number establishes the pattern
of rotational levels. When the system moves away from the free rotor limit, j and / serve
as approximate labels (68). Based on this, the measured Z, rotational transition
frequencies were compared to those calculated from the computed (/ 0 /) energy levels.
The measured X, rotational transitions were compared to those calculated from the
computed (/+1 1 /) energy levels, since the lowest allowed / quantum number is zero in
the (/+1 1) state. The computed /=1-0 transition in this state corresponds to the observed
J=1-0, 2, transition. The comparison is tabulated in table 5-7.

The computed frequencies are in exceptionally good agreement with the
experimentally determined ones, all within 1%. This is a further verification of the high

quality of the ab initio potential energy surface used for the dynamical calculations, in
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addition to the good agreement between the measured and computed infrared spectra
(196).

However, careful examination of the computed j=1 energy levels raises a number
of questions. First of all, it was noted that the transition frequencies obtained from the
calculated (/-1 1 /) energy levels form a rather unusual pattern. The /=2-1, 3-2, and 4-3
transition frequencies of *’Ne-HCCH are 15210 MHz, 16050 MHz, and 21480 MHz,
respectively (calculated from the values listed in TABLE I1I in ref. 96). Note that / is the
quantum number for the end-over-end rotation of the dimer. One would expect these
rotational transitions to be approximately equally spaced. It is very unlikely that the
difference between consecutive / transitions suddenly jumps from less than 1 GHz to
more than 5 GHz. The /=2-1 transition frequency appears to be abnormally high. It is
expected to be in the neighborhood of 11 GHz, close to the /=2-1 transition frequencies
from all other states. The values are 10.92 GHz within the (/ 0 /) state, 11.01 GHz within
the (I+1 1 /) state, and 11.40 GHz within the (/ 1 /) state. A similar unusual pattern was
also found in the computed *Ne-DCCH spectrum. Fortunately, for the *Ne-DCCH
isotopomer, the infrared spectrum was assigned and the transition frequencies were
available (196). The energy spacings between the j=1 levels in the excited vibrational
state could be calculated from combination differences, utilizing the reported infrared
transition frequencies (/96) and the determined ground state pure rotational transition
frequencies from this study. The energy spacing between the (J; [)=(011) and (112) levels
thus obtained was 10.99 GHz from the P(1), P(2) infrared frequencies, 3337.5 136 cm™

and 3337.51739 cm’', respectively (values obtained from TABLE IV in ref. /96), and the
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J=2-1, Z, rotational transition frequency, 10874 MHz. This value appears to be much
more reasonable. It is then assumed that these energy spacings do not change significantly
upon intramolecular vibrational excitation. This assumption can be justified by the fact
that except for the (Jj /)=(112)-(011) transition mentioned above, all the other transition
frequencies obtained using the computed ground vibrational state energies were within
3% of those calculated from the infrared and microwave combination differences. In
particular, the frequencies obtained for other / transitions within the (/-1 1 /) state were in
very good agreement. For example, the computed (Jj [)=(213)-(112) and (314)-(213)
transition frequencies, 15720 MHz and 21090 MHz (calculated from the values listed in
TABLE Il in ref. 196), were very close to the values, 15662 MHz and 21070 MHz,
determined from the infrared and microwave combination differences. An energy level
diagram of *Ne-DCCH is schematically depicted in figure 5-6. The listed frequencies
within the (/ 0 /) state were those obtained from this microwave study. Those within the
J=1 state were obtained from the infrared and microwave combination differences. The
same procedure can be applied to *’Ne-HCCH.

With the abnormality in the (/-1 1 /) state removed, a further discrepancy between
the calculated and the measured rotational spectrum exists. It concerns the relative
energies of the three j=1 states. The energy of the lowest rotational energy level within a
state is considered the energy of the certain state. Therefore, the energies of the (/+1 1 /),
(I 11]), and (I-1 1) states are the energies of the (J;j )=(110), (111), and (011) levels,
respectively. According to the computed spectrum, the (/+1 1 /) state has the lowest

energy. The other two states are only slightly above this state. For example, according to
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the values reported in TABLE HI in ref. 196, the (I 1 [) state lies only 10200 MHz above
the (/+1 1 /) state for the Ne-HCCH isotopomer. This suggests that the two higher energy
states, namely the (/-1 1 /) and (/ 1 /) states, should also be significantly populated.
Assuming a beam temperature of 0.5 K, the lowest energy level in the (/ 1 /) state, the (Jj
D=(111) level, should have a population of 40% of that of the lowest level in the (I+1 1 ])
state. Experimentally, even though the J=2 level in the Z, state is approximately 17 GHz
(obtained from the determined rotational constant) above the J=0 level, the J=3-2
transition was still observed with a reasonable intensity. The /=2-1 transitions in the (/-1 1
[) and (/ 1 ]) states are then expected to have intensities comparable to, if not stronger
than, that of the J/=3-2, X, transition. The entire spectral region from 9 GHz to 12 GHz
was carefully scanned and rescanned with a fair amount of averaging cycles. The
corresponding regions were also searched for the Ne-DCCD and Ne-H"C"”CH
isotopomers. Despite the intensive searches, no further transition could be assigned.

For the Ne-DCCH isotopomer, the relative energies of the three states could again
be obtained from infrared and microwave combination differences. It was found that the
computed energy gap between the (/+1 1 /) and (/ 1 /) states, 11190 MHz, was almost
twice as large as the value, 5984 MHz, determined from the infrared and microwave
combination differences. On the one hand, the computed energy level spacings within a
state are within 3% of those determined experimentally. On the other hand, the energy
differences between states are off by 50%. This suggests that the dynamical calculations,
especially those for the energies of the j=1 levels, need to be carefully checked.

Still, the energy differences determined from the infrared and microwave
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combination differences, 2830 MHz between the (/+1 1 /)/(l-1 1 ]) states and 5984 MHz
between the (/+1 1 /)/(I 1 ]) states, strongly suggest that all three j=1 states should be
appreciably populated and that there should be no problem to detect transitions within all
the states. This is clearly different from what was observed. Further spectroscopic
measurements involving energy levels in these excited van der Waals bending states, such
as direct millimeterwave absorption, may help to solve this puzzle.

5.24 Potential Energy Surfaces of Ne-C,H,

Recent investigations of the convergence of higher order Meller-Plesset
perturbation theory made it clear that its convergence behavior depends significantly on
the specific chemical system and on the choice of basis sets (/43,227,228). A recent MP4
study of the Ne-HCN system (229) gave consistent results with the previously reported
SAPT (226) and CCSD(T) (197) potentials, implying that the cheaper MP4 approach is
suitable for the Ne-HCN complex. It would be interesting to see if this also applies to the
isoelectronic Ne-acetylene system. Two potential energy surfaces were constructed for
Ne-C,H,, one at the MP4 level and the other at the CCSD(T) level. Features of the two
potentials were compared. They were also compared to the SAPT potential (/96), which
is believed to be highly accurate.

Computational details are given in 3.1.3(5). The intermolecular energies were
calculated at various distances ranging from 3.5 to 5.0 A and angles from 0 to 90°. A total
of 163 ab initio points were determined. Calculated MP4 interaction energies are listed in
table 5-8. Those calculated with the CCSD(T) level of theory are listed in table 5-9.

The two potentials have very similar overall topologies. The MP4 potential is
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characterized by two minima. The global minimum is located at a skew T-shaped
configuration with R=3.8 A, #=54.5°, and a well depth of -49.76 cm'. The local
minimum occurs at the linear configuration with R=4.4 A, 8=0°, and well depth= -47 45
cm™. Similarly, two minima are also located in the CCSD(T) potential. The global
minimum is at R=3.9 A, 6=50.0°, and well depth= -47.68 cm™, and the local minimum is
at R=4.4 A, 6=0°, and well depth= -46.59 cm™’. Both potentials are in good agreement
with the SAPT potential, which has a global minimum at R=3.8 A, 8=53.1°, and well
depth=-52.31 cm™, and a local minimum at R=4.4 A, 8=0°, and well depth= -50.54 cm™
(196). Small differences do exist. Using the CCSD(T) energies as standard, the MP4 and
SAPT methods overestimated the interaction energy by 4.4% and 9.7% at the global
minimum, respectively. The energy difference between the global minimum and the local
minimum is also overestimated by 112% (MP4) and 62.4% (SAPT).

The angular dependence of the minimum interaction energy is plotted in figure
5-7. Shown is the minimum energy path, meaning that the radial coordinate was allowed
to relax to obtain the minimum energy at each angle. It shows that the Ne-HCCH
potential is rather isotropic along the angular coordinate, with a barrier of less than 5 cm™
to sample the entire range of the angular coordinate. This further supports that the
acetylene subunit undergoes large amplitude angular motion, in agreement with the
observations from the rotational spectrum. Both potentials show strong radial-angular
coupling, similar to the case of Ne-HCN (66). For the CCSD(T) potential, the bond
distance has its maximum, 4.4 A, at the linear configuration. It decreases to 3.9 A in going

to the global minimum, and further decreases to 3.7 A at the T-shaped configuration with
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6=90°. This is also similar to Ar-HCCH, where a strong coupling between the van der
Waals radial and angular coordinates leads to an unusually large intermolecular

separation (see 5.1.3).

53 SUMMARY

The rotational spectra of four minor isotopomers of Ar-acetylene, namely
Ar-DCCD, Ar-H”H"H, Ar-DCCH, and Ar-H"’C">CH, as well as eight additional
transitions of the normal isotopomer, Ar-HCCH, were recorded. The measured transition
frequencies were first analyzed using a semi-rigid rotor model. Unusually long bond
distances were obtained, arising from the large amplitude angular motion of the acetylene
monomer and a strong radial-angular coupling. Separate fits of transitions within the
individual K-stacks were carried out. A possible Coriolis perturbation between the II and
X, states is inferred.

Rotational spectra of various Ne-acetylene isotopomers were measured.
Transitions within both the X, ground state and the X, state, i.e., the first excited van der
Waals bending state, were measured for the isotopomers containing HCCH and
HPC"CH. For the Ne-DCCD isotopomers, besides the ground state transitions, those
within the I, state were recorded. In the case of the Ne-DCCH isotopomers only the
ground state transitions were measured, since the excited state is no longer metastable. A
reversal in the energy level ordering of the Z, and the TI, state is proposed to account for
the absence of the J=1-0 transition of the DCCD-containing isotopomers. Good

agreement was found when comparing the computed transition frequencies based on the
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ab initio SAPT potential (/96) with those obtained from this spectroscopic study,
demonstrating the high quality of the ab initio potential. However, the computed (110
transition frequencies showed an abnormal pattern. In addition, the computed relative
energies of the three j=1 states are in disagreement with the experimental observations. It
is believed that the dynamical calculations of the energy levels need further checking.
MP4 and CCSD(T) intermolecular potentials were constructed for the Ne-HCCH
complex. The resulting MP4 potential is consistent with the CCSD(T) and the SAPT
potential (/96), indicating that this method is suitable for the Ne-HCCH complex, similar
to the case of its isoelectronic species Ne-HCN (229). The potentials are very weakly
anisotropic along the angular coordinate, further supporting that acetylene undergoes
large amplitude angular motion within the dimer. In addition, a large variation in the
radial coordinate accompanying the angular motion was revealed. This indicates that the
radial and angular motions are strongly coupled in this dimer.

From this comparative spectroscopic study of the Ar-, Ne-acetylene systems, it is
evident that the anisotropy of the potential energy surface greatly affects the appearance
of the spectrum. The observed rotational spectra of the two dimers are drastically
different. The Ar-HCCH spectrum contains K, =0 and K =1 transitions within the ground
van der Waals bending vibrational state. Despite the large amplitude internal motions, it
could still be qualitatively described with a semi-rigid rotor Hamiltonian for a T-shaped
structure. In the case of Ne-HCCH, only K =0 transitions within the ground state were
observed. In addition, K, =0 transitions within the first excited van der Waals bending

state were observed.
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Table 5-1: Rotational transition frequencies (in MHz) of Ar-acetylene isotopomers.

S xS Kok Vs AV Vs Av Vibs Av
Ar-HCCH Ar-DCCD Ar-H®C“CH

Lo1=0g0 3931.8894  42.8 3755.8541 -3.2  3766.4355 17.1
20-10 7862.2518  56.8 7510.1432 574 7531.466 23.7
247150 7995.5668 -37.0 7656.8656 -59.1 7657.9048  -49.7
2,71 7559.0727 -36.0 7131.7726 -63.1 72445874 -10.5
305724, 11789.5515  24.7 11261.049 -2.4 11293.6798 11.8
3524 11990.1002 -18.0 11482.254 84 11483.878 1.0
315724, 11334.3499 -19.0 10695.3853 6.6 10863.0879 -6.7
404303 15712.2436  -38.0 15007.0844 -20.6 15051.656 -15.1
4,5-3,, 15980.7153 19.6 15303.9234 56.0 15306.2583 55.8
4,355 15104.452 20.0 14256.1821 66.7 14476.9703 3.4
Sos4os 19628.7591 -74.0 18746.5338 -31.2 18803.9554 -33.9
517455 19966.0749  39.6 19120.6434 -26.2 19123.8192 -253
515414 18867.5348  41.6 17813.1472  -32.2 18084.6305 27.7
646-505 23537.5041  48.9 22477.709 22.4 22549.1199 21.7
6,554 23944.8174 -25.0

6.6-545 22621.6542 -27.0 21684.252 -13.9

Ar-DCCH Ar-H"”C"*CH

1;-040 3844.558 -52 3846.4783 -0.8

20-14; 7687.5795 3.2 7691.4966 0.8

30320 11527.4839 0.8 11533.5799 -0.3

404303 15362.7142 -1.3 15371.2472 0.1

Ses=4o 19191.6881 0.3

"Av=v, v, in kHz
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Table 5-2: Spectroscopic constants of Ar-acetylene isotopomers.”

Ar-HCCH Ar-DCCD __ Ar-HPCPCH __ Ar-DCCH! _ Ar-HPC™CH®

Rotational constants (in MHz):
A 47550(fixed)® 34160(fixed)® 45140(fixed)"
B 2074.98(2) 2009.31(4) 1986.51(2)
C 1856.99(2) 1746.55(4) 1780.02(2)
(B+C)2  1965.98(2)  1877.93(4) 1883.26(2)  1922.411(1) 1923.3613(5)

Quartic centrifugal distortion constants (in kHz):

D, 29.7(4) 1.1(7) 27.2(4) 64.5(1) 60.85(6)
Dy 21204(9) 29100(1) 20049(7)
d, -8.1(5) 6.6(9) -5.7(5)
Sextic centrifugal distortion constants (in kHz):
H, -0.002(6) 0.04(1) 0.009(6) -0.008(2) -0.011(2)
H -25.2(2) -28.9(3) -22.3(2)
h, 0.014(7) 0.01(2) 0.032(8)

Standard deviation of the fit (in kHz):
o 54.5 60.7 38.2 4.5 1.2

Effective separation (in A):
R 4.046 4.046 4.041
R 4.039 4.042 4.036 4.038 4.037

*Watson’s S-reduction Hamiltonian in its /" representation was used (190).
*Rotational constant 4 fixed at the value from ref. 73.

‘Fixed A4 value at the rotational constant of the acetylene monomer, scaled using 8=60°
from ref. 73.

40nly K =0 transitions observed; a fit in the symmetric top limit was used.

®Calculated using R = [ (&/u) ( 1/C - 1/b) 1, where 4 is the rotational constant of the
acetylene monomer.

'Calculated using R = [ ( &/ ) (2/(B+C)) 1%
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Table 5-3: Spectroscopic constants of Ar-acetylene isotopomers from fits of individual

K-stacks.
Ar-HCCH
p I In; Iy
B ;(MHz) 1966.07190(8) 1890.3317(3) 1999.32410(5)
D (kHz) 63.568(4) 70.25(2) 53.988(2)
H (Hz) -9.25(6) -34.6(2) -9.06(3)
d(kHz) 0.3 1.1 0.2
Ar-HBCPBCH
Z IIj e
B, ;(MHz) 1883.33480(8) 1811.651(2) 1914.87250(3)
D (kHz) 58.495(5) 62.8(1) 49.481(2)
H (Hz) -7.6(1) -25(2) -8.70(4)
d (kHz) 0.2 3.8 0.1
Ar-DCCD
Z IT§ o
B (MHz) 1878.08(1) 1783.245(2) 1914.624(4)
D (kHz) 69.0(7) 37.4(2) 50.7(3)
H(Hz) 10(14) -31(3) -12(5)
0 (kHz) 25.6 5.8 99

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



Table 5-4: Measured transition frequencies (in MHz) of Ne-acetylene isotopomers.

J-J7 X, state
Vi AV Vi Av Vipe Av Vs Av
'Ne-HCCH 2Ne-HCCH ®Ne-H*CPCH 2Ne-H*C3CH

1-0 5554.0305 2.8 5277.9042 2.5 5385.1240 2.8 5108.5464 2.1
2-1 110939134 -2.8 105429582 -2.5 10756.4696 -2.8 10204.6163 -2.1
3-2 16604913 1.2 15781.8184 1.1 16099.6528 1.2 15275.2250 0.9
4-3 22071.0421 -0.2 20980.0901 -0.2 213989913 -0.2

*Ne-DCCH ?Ne-DCCH *Ne-DCCD *Ne-DCCD

1-0 54449197 6.0 51693425 4.1 5337.3698 12.1 5062.1 9.1
2-1 10873.5415 -6.0 103239676 -4.1 10656.3906 -12.1 10107.5 -9.1
3-2 162685642 2.6 15448.3391 1.8 15937.2516 5.2 15118.7 3.9
4-3 216104965 -0.4 20525.1563 -0.3 21156.8489 -0.9 20074.9 0.7

X, state

*Ne-HCCH “Ne-HCCH YNe-HPC”CH “Ne-H"C'*CH
1-0  5706.8491 5467.8554 5571.1998 5337.9305
2-1 11114.6902 10583.1322 10789.4935 10259.8574
3-2 16467.8034 15662.7397 15973.9506 15168.9051

*Ne-DCCH “Ne-DCCH *“Ne-DCCD *Ne-DCCD
2-1 10999.2 10501.7
3-2 16015.8 15233.2

Av=vy v in kHz.

Table 5-5: Frequencies (in MHz) of the deuterium nuclear quadrupole hyperfine
components of the J=1-0, X, transitions.

Fr- Vs AV Vs Av F°I'- \%
Fﬁ} IJJ F!l IJ!

Av v

obs

*Ne-DCCH “Ne-DCCH *Ne-DCCD “Ne-DCCD

11-11 5444.9246 0.1 51693476 0.3 22-22 53373752 -0.2 5062.0626 -0.4
21-11 54449186 -0.2 51693410 -0.6 10-00 53373752 0.5 5062.0626 0.7
01-11 54449102 0.1 5169.3332 0.2 32-22 53373675 -0.6 5062.0518 -0.5

12-22 5337.3595 0.3 5062.0394 0.2

*Av=v, -v,. in kHz.

O

141

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



Table 5-6: Spectroscopic constants of Ne-acetylene isotopomers (Z, state).

Ne-HCCH Ne-HCCH  ®Ne-HPCPCH  “Ne-HPCPCH
B(MHz)  2778.1822(16)  2640.0013(14)  2693.6975(19)  2555.3026(14)
D (MHz) 0.5823(2) 0.5295(2) 0.5667(2) 0.5137(2)
H (kHz) -0.849(6) -0.713(5) -0.878(7) -0.733(5)
o (kHz) 3.6 3.1 42 3.0
RA) 4.012 4.008 4.010 4.007
WNe-DCCD 2Ne-DCCD 2Ne-DCCH 2Ne-DCCH
B (MHz) 2670.179(8) 2532.380(6) 2723.796(4) 2585.880(3)
D (MHz) 0.7455(9) 0.6749(4) 0.6666(5) 0.6032(3)
H (kHz) 2.1903) -1.81(2) -1.47(1) -1.19(1)
o (kHz) 18.0 13.5 8.9 6.1
%, (MHz) 0.0161(8) 0.0236(8) 0.0192(4) 0.0194(8)
R (A) 4.028 4.025 4.019 4.015

Table 5-7: Comparison of the experimental and calculated transition frequencies of

Ne-acetylene.

J-J 2, state ({1 0 ) %, state ([+1 1))
Cal® Exp.” Cal. Exp.

"Ne-HCCH

1-0 5580 5554.0305 5700 5706.8491

2-1 11110 11093.9134 11160 11114.6902

3-2 16620 16604.9130 16530 16467.8034

4-3 22080 22071.0421
Ne-DCCH

1-0 5460 5444.9197 5730

2-1 10920 10873.5415 11010

3-2 16350 16268.5642 16290

4-3 21720 21610.4965

*Transition frequencies obtained using the computed energies in ref. 196.

®Measured rotational transition frequencies.
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Table 5-8: Ab initio MP4 interaction energies of Ne-HCCH (in cm™).

R/IA  6=0° 10° 20° 30° 40° 50° 60° 70° 80° 90°
MP4

3.5 4540 2004 535 -10.6 332 398 -41.1 413
3.6 2550 952 48 -326 -441 -462 -458 -455
3.7 2419 1280 29.7 -239 -441 -486 -48.1 -46.8 -46.2
3.8 1526 1184 490 95 -395 -489 -493 -472 455 -448
39 61.0 425 1.6 -31.6 -468 -49.6 -475 -447 -429 -421
4.0 75 27 -256 -42.8 -489 -479 -446 -415 -385 -38.9
41 -230 -279 -397 -471 -478 -447 -409 -37.8 -359 -353
42 -389 -408 -457 -474 -450 -41.0 -37.0 -341 -323 -31.8
43 -459 -46.0 -468 -454 -414 -37.1 -332 -304 -289 -284
44 -475 -46.7 -452 -42.1 -375 -332 -296 -27.1 257 -252
45 -159 -448 423 -382 -337 -295 -262 -240 -227 -223
46 -426 -415 -385 -343 -299 -261 -232 -212
4.7 387 -376 -346 -306 -265 -23.0 -204 -18.7
48 -357 -336 -308 -27.0 -233 -203 -18.0 -16.5
49 -308 -298 -272 -238 -205 -17.8 -158 -14.5
50 -273 -263 -239 -21.0 -18.0 -16.7 -13.9 -12.8

6=52.5° 53° 53.5° 54° 545° 55°
38 495 -49.6 -49.7 -49.7 -498 -49.7
39 -493 -492 -491 -490 -489 -488

¢=2.5° 5° 7.5° 82.5° 85° 875°
44 -46.5 -46.2 -46.0
3.7 -43.7 -435 -434
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Table 5-9: Ab initio CCSD(T) interaction energies of Ne-HCCH (in cm™).

R/A  @=0° 10° 20° 30° 40° 50° 60° 70° 80° 90°
MP4

3.5 457.6 2033 567 -6.8 -29.1 -355 -369 -37.1
3.6 2578 979 76 293 -405 -426 -423 -42.1
3.7 2447 1303 319 -21.5 -412 -456 -451 -439 -434
3.8 1526 1206 509 -7.6 -374 -465 -46.7 -447 -43.0 -424
39 628 442 3.1 299 449 475 -454 426 -408 -40.1
4.0 90 -12 -242 -413 -472 -460 -427 -396 -378 -37.2
41 217 267 -384 -458 -463 -43.1 -393 -362 -344 -339
42 379 -397 -446 -462 -43.7 v-39.6 -35.6 -32.7 -31.1 -305
43 450 451 -459 -443 -403 -358 -32.0 -293 -278 -273
44 -466 -458 -444 -41.1 -365 -32.1 -285 -26.1 -247 -243
45 -451 -440 -414 -373 -32.7 -285 -253 -231 -219 -215
46 -418 -408 -377 -335 -29.0 -252 -223 -204
47 -38.0 -369 -339 -298 -257 -223 -19.7 -18.0
48 -340 -33.0 -30.1 -264 -226 -196 -174 -159
49 -302 -292 -266 -232 -199 -172 -153 -140
50 267 -257 -234 -204 -17.5 -152 -135 -123

6=52.5° 53° 53.5° 54° 545° 55°
38 470 -47.0 -471 -47.1 -472 -47.1
39 472 -47.1 -470 -469 -46.8 -46.7

g=2.5° 5° 7.5° 82.5° 85° 87.5°
44 -465 -462 -46.0
3.7 -43.77 435 -434
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Figure 5-1: Structural parameters used to describe the Rg-acetylene van der Waals
dimers. R is the distance from Ar atom to the center-of-mass of the acetylene monomer,

and Gis the angle between the acetylene axis and the R vector.
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Figure 5-2: Observed transition intensities of the K, =0 and K,=1 transitions of Ar-C,H,.
Shown are the Jy , =2,,-1,;, 29-1,, and 2,;-1,, transitions. The two K =1 transitions are

stronger than the K =0 transition. This is in agreement with the spin statistical weights of

3 and 1 for the K, =1 and K =0 levels.
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Figure 5-3: A spectrum of the J_, =1,,-0,, transition of Ar-DCCH. Excitation
frequency: 3844.570 MHz; sampling interval: 120 ns; number of averaging cycles: 5000.
The rather low signal-to-noise ratio achieved is due to a combination of a very low
transition frequency that is outside the normal operating range of the spectrometer, and

the relatively small fraction of DCCH in the mixture of acetylene isotopomers.
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Figure 5-4: The correlation between the free rotor and rigid rotor energy levels for the
Ar-HCCH van der Waals dimer. In the free rotor limit, the acetylene internal rotation
quantum number j is a good quantum number, and each j level is (2j+1)-fold degenerate.
As the anisotropy increases, the degeneracy is lifted. In the case of the j=1 state, it splits
into a X, and two II, states. The Greek letters X and II denote the projection K of j onto
the van der Waals bond, with K=0 and 1, respectively. The Z, and I, states correlate with
the K =0 state in the first excited van der Waals bending state and the K =1 states in the

ground state in the rigid rotor limit, respectively.
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Figure 5-5: Representative spectra of the J=1-0, I, transitions of “’Ne-DCCD (top trace)
and *Ne-DCCH (bottom trace). Sampling interval: 120 nsec; number of averaging cycles:
2000. The %, state of Ne-DCCD corresponds to total deuterium spins of ;=0 and 2. The
nuclear quadrupole hyperfine structure caused by the two equivalent deuterons was
partially resolved and assigned. The assignments are also shown in the figure. For
“Ne-DCCH, the nuclear quadrupole hyperfine structure due to the deuterium nucleus was
also assigned. A sample containing a mixture of the HCCH, DCCD, and DCCH

isotopomers was used, resulting in a relatively low signal-to-noise ratio.
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Figure 5-6: Schematic energy level diagram for *’Ne-DCCH. The measured rotational
transitions are represented by arrows. The energy spacings in the (/ 0 /) state are
determined from this study. Those in the (/+1 1 /), (/ 1 [}, and (-1 1 ]) states are obtained
using the infrared data (/96) and the microwave data. These values are, in fact, the energy
spacings in the vibrationally excited state. They are used for the ground vibrational state

assuming that they do not change significantly upon intramolecular vibrational excitation.
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Figure 5-7: The angular dependence of the minimum interaction energy of Ne-HCCH.
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SPECTROSCOPIC AND THEORETICAL STUDIES OF
METHANE-CONTAINING VAN DER WAALS SYSTEMS

6.1 PREVIOUS STUDIES ON CH,-CONTAINING VAN DER WAALS DIMERS

Methane occurs naturally in enormous quantities on earth (230). It not only exists
in natural gas, it is also an active constituent of the earth atmosphere. Therefore, the
interaction of methane with other simple molecules in the gas phase is relevant to how
impurities in natural gas affect its properties and is also of interest in atmospheric
chemistry.

In the microwave region, a series of investigations of the rotational spectra of the
CH,-HX (X=CN, Cl, Br, and HF) systems was carried out by Legon and co-workers,
using the method of Fourier transform microwave spectroscopy (231,232,233,234). The
observed spectra were complicated by the internal motions of the methane monomer.
Different spectral patterns were observed for different dimers, providing information
about the anisotropy of the associated potential energy surfaces. In the case of CH,-HCN,
each (J+1)-J transition consisted of four components, two of the K=0 type and two of the

K=1 type. They were assigned to occur within the 4, K=0; F, K=0; F, K=1; and E, K=1
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states, respectively (237,232). As shown in table 3-5, 4, F, and E are the symmetries of
the associated nuclear spin wavefunctions of the j=0, 1, and 2 internal rotor states,
respectively. The subscripts in table 3-5 are omitted here (235). X is the projection of the
monomer angular momentum j onto the van der Waals bond. These states can be
correlated with the j=0, 1, and 2 rotational states of free methane. An energy level
correlation diagram for CH,-HCN is schematically depicted in figure 6-1 (45). Since
nuclear-spin-conversion is a forbidden process in the beam, the lowest energy state of
each of the three symmetry species is metastable, leading to the observation of all 4, F,
and E transitions. In addition, due to a low anisotropy, the energy gap between the K=0
and K=1 states of F' symmetry is small, leading to the observation of additional weak
transitions within the ¥, K=1 state. In the case of the CH,-HCl and CH,-HBr systems, two
K=0 and one X=1 components were observed, corresponding to the three lowest energy
states of different symmetry (233,234,235). Due to an increased anisotropy and thus an
increased energy gap between the F, K=0 and F, K=1 states, no F, K=1 transitions were
measured. The observed spectrum of CH,-HF is rather different. Only a single k=0
progression was observed (233). It was concluded that the internal rotation of CH, in the
CH,-HF dimer is quenched because of a stronger anisotropy. As a result, the spectrum
follows more closely that of a conventional semi-rigid rotor. There are a number of other
spectroscopic studies on methane-containing complexes, including the microwave
spectrum of CH,-O; (236), far-infrared and microwave spectra of CH,-H,0 (237,238),
infrared spectra of CH,-paraH, (239), and infrared spectra of CH,-CO (240). The

rotational spectra of CH,-O; and CH,-H,O are further complicated by the internal motions
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of the O, and H,O subunits, respectively.

It is desirable to use Rg-methane dimers to study the nature of the internal
motions of methane within é complex, because of the reduced number of intermolecular
degrees of freedom. Despite the fast progress in the spectroscopic studies of weakly
bound van der Waals complexes, there are relatively few studies on rare gas-methane
species. The first spectra of Kr-CH,, Ar-CH,, and Ne-CH, were recorded by McKellar,
using a Fourier transform infrared spectrometer with a long path, low temperature sample
cell (32). Strong transitions correlating to the R(0) transition of the v, triply degenerate
stretching mode of the CH, monomer were measured for Kr-CH, and Ar-CH,. Only weak
features were detected for Ne-CH,. Although the spectra displayed partially resolved
rotational structures, they were not well understood and no assignments were obtained.
Spectra of Ar-CH, in the same spectral region were also recorded by Lovejoy and Nesbitt,
using a diode laser absorption spectrometer in combination with a supersonic slit
expansion (247). Predissociation broadening was observed, possibly due to a
complex-induced intramolecular coupling between the v, and v; modes of CH,. Further
low temperature spectra of Ar-CH, under molecular beam conditions were reported by
Block and Miller (242). The spectra were initially unassigned. However it was deduced
from the large spacings between the sub-bands that methane is nearly freely rotating
within the complex. The assignment of the spectrum (242) was not achieved until a few
years later, after dynamical calculations were performed using an ab initio potential
energy surface (177,178,243). The calculated spectrum agreed qualitatively with the

recorded infrared spectrum (242) and assisted in assigning most of the transitions. Further
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spectroscopic studies included spectra of Ar-CH, and Kr-CH, recorded in the methane v,
mode region by Pak ef al., with a tunable diode laser spectrometer (175,244,245). After
an initial misassignment (244), the spectra were later reassigned to the P, Q, and R
branches corresponding to the Q(0) transition of the methane monomer, utilizing the
theory developed by Brooks et al. for Ne-SiH, (175,246). A Coriolis term was explicitly
incorporated into the Hamiltonian expression to be able to fit the spectrum. In addition, a
number of nearly forbidden transitions were measured, from which ground state rotational
constants were obtained using combination differences.

Surprisingly, ab initio results for Rg-CH, complexes are very limited. Szczesniak
et al. reported a few cuts through the interaction potential of Ar-CH,, calculated at the
MP?2 level with a small basis set (176). The calculation predicted an equilibrium structure
of a face configuration, where the Rg is on one of the C, axes of CH, and approaches the
face of the CH, tetrahedron (see figure 6-2). The equilibrium intermolecular separation R,
between the Ar atom and the center-of-mass of methane was determined to be 7.5 bohr. A
well depth of -113 cm™ was obtained. However, it was proposed that the position of the
minimum may have been overestimated by 0.5 bohr, while the well depth may have been
underestimated by 25%, because of the low level of theory and the small basis set
employed. More recently, Heijmen et al. applied SAPT to compute the Ar-CH,
intermolecular potential energy surface. The minima were determined to be at face
configurations, in agreement with the previous theoretical study (/76), but R, was
determined to be 7.00 bohr, with a well depth of -144.30 cm™ (/77). The SAPT potential

was fitted to an analytical form and was used to generate rotationally inelastic scattering
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cross sections for Ar-CH,. It reproduced most of the experimentally observed features
{247). It was also used to calculate the infrared spectrum, which assisted in assigning the
observed spectra (178,243). However, it was evident from the comparison with the
experimental infrared spectra that the potential energy surface needed further
improvement. Nonetheless, the reported ground state energy levels are expected to guide
further spectroscopic studies.

In the following sections, the rotational spectra of various isotopomers of the
Kr-CH, and CO-CH, dimers are presented. The results are expected to facilitate further
infrared spectral assignments. For Kr-CH,, no infrared transition originating from the F or
the F state has been reported so far. The same situation applies to CO-CH,. There are
many unassigned features in the infrared spectrum of CO-CH,, which most likely
correspond to the £ and F states of CH, (240). This microwave investigation provides
accurate information about the £ and F levels in the ground vibrational state, which may
be used in assigning infrared transitions originating from these levels. Potential energy
surfaces were constructed for the Kr-CH, aﬁd Ar-CH, systems. In addition, dipole

moments of these two dimers were also computed and compared.

6.2 OBSERVED SPECTRA AND ANALYSES
6.2.1 Kr-CH,

The sample mixture contained 0.3% CH, and 1% Kr with enough Ne added to
maintain a total pressure of 6 atm. Transition intensities dropped quickly when the sample

mixture pressure fell below 3 atm. Five Kr isotopes were studied, all in their natural
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abundances (**Kr: 56.90%,%Kr: 17.37%, ¥Kr: 11.56%,%Kr: 11.55%, and *Kr: 2.27%,).
Isotopomers containing "CH,, CD,, CH,D, and CHD, were measured using isotopically
enriched samples ("CH,, CH,D, and CHD,: 99% "*C and 98% D, respectively,
Cambridge Isotope Laboratories, CD,: 98% D, Merck Sharp & Dohme of Canada).

Due to the extremely small cross section for nuclear-spin-relaxation, complex
energy states correlating with all three spin modifications of CH,, namely 4, E, and F, are
expected to present in the molecular beam. Due to the large rotational constant of CH,
(5.24 cm™) (179) and the low temperature of the molecular beam (< 1 K), only the few
lowest energy dimer states of each spin modification are populated. They are the j=0,
K=0 state of 4 symmetry, the j=1, K=0 and ! states of ' symmetry, and the j=2, K=1
state of £ symmetry. State density ratios for free methane are approximately 1:1:3 for
A:E:F (181, 235). Nuclear spin statistical weights for the three spin modifications are 5, 2,
and 3, respectively (see table 3-5). Therefore, the relative populations of the 4, E, and F'
Kr-CH, symmetry species are 5, 2, and 9, respectively. Here, the (Jj K) labeling scheme
is employed to label the rotational levels, where J denotes the total angular momentum of
the dimer, j denotes the angular momentum of the methane monomer, and K denotes the
projection of j onto the intermolecular axis. The energy gap between the j=1, K=0 and
the j=1, K=1 state depends on the angular anisotropy of the corresponding potential
energy surface (45,235). In the free rotor limit, these two states are degenerate. In the
rigid rotor limit, the separation between the two states is the largest. The j=1, K=1 state is
doubly degenerate. The degeneracy can be lifted by a Coriolis interaction with the j=1,

K=0 state, which couples the j=1, K=0 state to only one of components of the j=1, K=1
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state (175). The effect of the Coriolis interaction is schematically shown in figure 6-3.

The j=0, K=0 ground state transition frequencies of the main isotopomer,
$Kr-CH,, were predicted using the previously determined ground state rotational constant
from the infrared spectrum (/75). The J=2-1 transition was predicted to be at 8964 MHz,
and was located at 8960 MHz. Other J transitions and transitions containing other Kr
isotopes were located straightforwardly. The K=0 assignment was confirmed by finding
the J=1-0 transition at approximately half the frequency of the J=2-1 transition. The
frequency spacings among different isotopomers follow the ‘pattern of a pseudodiatomic
molecule where methane is considered as one moiety with a total mass of 16 amu.
Nuclear hyperfine structure arising from the spin /=9/2 ¥Kr nucleus was observed, further
confirming the assignment to a Kr-containing species. Four transitions, ranging from J=0
to J=4 were measured for the *Kr-CH,, *Kr-CH,, and ¥*Kr-CH, isotopomers,
respectively. The J=4-3 transition could not be measured for the **Kr-CH, isotopomer,
due to the low natural abundance of the *Kr isotope (2.27%). Only the two lowest J
transitions were recorded for *Kr-CH,, due to the hyperfine splittings.

The searches for the j=1 transitions were not as straightforward. No rotational
constant was available for the /=1 state in the ground vibrational state. Furthermore, it
was observed in the infrared spectrum that the j=1 rotational levels are severely perturbed
in the excited vibrational state as a result of a Coriolis interaction between the j=1, K=0
and j=1, K=1 states (/75). A similar situation is expected for the ground vibrational state,
which may give rise to irregular rotational transition patterns. The j=1 transition

frequencies were predicted using the determined j=1 rotational constant and the Coriolis
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term for the excited vibrational state (/75), assuming that the rotational structure does not
vary much upon intramolecular vibrational excitation. The J=2-1, K=0 transition was thus
predicted to be at 6457 MHz. The entire range from 6 GHz to 7 GHz was scanned, but no
additional Kr-CH, transition was observed. From the observed rotational spectrum of the
closely related Ar-SiH, dimer, it was noticed that the j=1, K=0 transitions were located at
higher frequencies compared to the ground state transitions (43). The higher frequency
range, from 9 GHz to 10 GHz, was then scanned. Still, no new Kr-CH, transition could
be located. The lower frequency range from 7 GHz upwards, were then searched. After an
extensive search, a strong transition was located at 7956 MHz, accompanied by two
weaker transitions, one below and one above. The two weaker transitions showed the
appropriate isotopic spacings for Kr binding to a unit with mass 16 amu. This set of
transitions was therefore assigned to the J=2-1, k=0 transition of different isotopomers of
Kr-CH,. The assignment was confirmed by finding a ®*Kr-CH, transition with nuclear
quadrupole hyperfine structure. The search for the other J transitions was complicated by
the Coriolis interaction with a nearby K=1 state and involved wide frequency range
scanning. A microwave-microwave double resonance technique was applied to confirm
the relateness of these perturbed j=1, K=0 transitions. The pump microwave radiation
was introduced into the microwave cavity through a horn antenna. It travels
perpendicularly to the molecular beam (/07). The molecular ensemble passes through the
pump radiation when it travels from the nozzle to the other end the microwave cavity.
During this passing-through period, the pump radiation can affect the population

distribution of the involved rotational levels if it is in resonance with a rotational
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transition. This population change can then be detected by monitoring the intensity of a
second rotational transition that involves one of the pump transition energy levels. For
example, in one experiment, the pump radiation was adjusted to be at the frequency of the
J=3-2 transition. The intensity of the probe transition, the J=2-1 transition, increased
when the pump radiation was on compared to the case when the pump radiation was off.
This is because the pump radiation effectively decreased the population of the J=2
rotational level and therefore increased the population difference between the J=1 and 2
levels. Compared to the corresponding j=0 transitions, the newly assigned j=1
transitions are only slightly more intense, in disagreement with the expected ratio of the
spin statistical weights of 9:5 for the two states. This can be partially accounted for by the
observation of narrow splittings in the j=1, K=0 transitions. One possible reason for the
splittings is spin-spin and spin-rotation interactions associated with the four spin /=1/2
hydrogen nuclei. The j=1 internal rotor state is associated with nuclear spin
wavefunctions of F' symmetry, with a total spin of /=1. Therefore, spin-spin and
spin-rotation interactions are possible in the j=1 internal rotor state. The frequency of the
most intense component was recorded as the transition frequency. An example spectrum
of the J=1-0 transition is shown in figure 6-4. Representative spectra of the J=1-0 and 2-1
transitions of *Kr-CH, showing the **Kr nuclear quadrupole hyperfine structure are given
in figure 6-5.

With no information about the j=2, K=1 state available, the search for the
transitions within this state started in the frequency range above the corresponding ground

state transitions, based on the observation of higher frequency j=2, K=1 transitions for
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Ar-SiH, (45). The search turned out be unsuccessful. At the same time, two transitions,
namely J=2-1 and 3-2, were measured by the NIST group for the *Kr-CH, and *Kr-CH,
isotopomers (248). These transitions were located below the corresponding j=0, K=0
transitions, and were relatively more intense. With the frequencies provided by the NIST
group, the J=4-3 transition was measured, as well as transitions for three other minor
isotopomers, namely **Kr-CH,, *Kr-CH,, and **Kr-CH,. These transitions follow a
regular a-type transition pattern. No J=1-0 transition was recorded, indicating that these
transitions occur within a K=1 state. Even though the relative intensities disagree with the
spin statistical weight of 2 for a j=2 state, this set of transitions was tentatively assigned
to be the /=2, K=1 transitions.

All measured transition frequencies are listed in tables 6-1 and 6-2. A
pseudodiatomic model was used to fit the transition frequencies to the rotational constant
B and the centrifugal distortion constant D (see table 6-1). Despite the Coriolis
perturbation, the j=1, K=0 transitions could be fitted to the same set of parameters. The
Coriolis interaction is clearly revealed by the negative centrifugal distortion constants and
the large standard deviations obtained from the fitting procedures. For the ®*Kr-CH,
isotopomer, a first order quadrupole fit was used to obtain the nuclear quadrupole
coupling constant y,, (see table 6-2).

A pseudodiatomic approach with scaled reduced mass was used to predicate the
locations of the transitions of the Kr-">CH, and Kr-CD, isotopomers. The measured
transition frequencies are listed in tables 6-2 to 6-5. Among the three sets of transitions,

the j=0, K=0 transitions are the weakest. The j=1, K=0 transitions are more intense, in
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agreement with the spin statistical weights of 5/5 and 9/18 (Kr-*CH,/Kr-CD,) for the two
states. However, the tentatively assigned j=2, K=1 transitions again appeared to be more
intense than expected with a spin statistical weight of 2/4 (Kr-“*CH,/Kr-CD,). No nuclear
quadrupole hyperfine structure due to the spin /=1 deuterium nuclei were resolved for the
Jj=0, K=0 transitions of Kr-CD,. Narrow splittings were also observed in the /=1, k=0
transitions, similar to the case of Kr-CH,. They are possibly due to nuclear quadrupole
interaction of the deuterium nuclei with the overall rotation of the complex, or spin-spin
and spin-rotation interactions. A similar fitting procedure as described for Kr-CH, was
applied and the resulting spectroscopic constants can be found in tables 6-2 to 6-5.

For the Kr-CH;D and Kr-CHD; isotopomers, the partial substitution breaks the
T (M) symmetry. The two isotopomers have C, (M) symmetries instead (see table 3-5).
Spin statistical weights of the j=0 and j=1 internal rotor states are 4 and 4 for Kr-CH,D
and 11 and 16 for Kr-CHD,. The j=2 internal rotor state is no longer metastable (see
3.2.3 (b)). Consequently, only transitions within the j=0, K=0 and j=1, K=0 states were
recorded. The observed relative intensities are in qualitative agreement with the spin
statistical weights. The measured transition frequencies for the Kr-CH,D and Kr-CHD,
isotopomers are listed in tables 6-5 and 6-6, along with fitted spectroscopic constants. A
spectrum of the J=1-0, j=0, K=0 transition of *Kr-CH,D is given in figure 6-6 as an
example.
6.2.2 CO-CH,

Compared to Kr-CH,, the rotational spectrum of the CO-CH, complex is expected

to be further complicated by the internal rotation of the CO moiety. However, it was

163

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



determined from the infrared spectrum that the separation between the two lowest CO
internal rotor states, namely the j.=0, K=0 and j.,=1, K=1 states, is 2.181 cm™ (240).
Energy levels in the j,=1, K=1 internal rotor state are therefore not expected to be well
populated. Spectral searches were focused on the transitions within the j,=0, K=0
internal rotor state.

The sample mixture consisted of 0.5% CH, and 0.5% CO in Ne with pressures up
to 6 atm. Isotopomers containing *CH,, CD,, CH,D, and CHD, were measured using
isotopically enriched samples ("CH,, CH,D, and CHD,: 99% "*C and 98% D,
respectively, Cambridge Isotope Laboratories, CD,: 98% D, Merck Sharp & Dohme of
Canada). Isotopomers containing *CO were investigated with a sample containing 99%
BC (Cambridge Isotopes Laboratories). It is specified to contain ~10% C'®0, and was
found to contain a trace amount of *C"7Q.

The spectral search followed closely that of Kr-CH,. For the main isotopomer
CO-CH,, the j=0, K=0 transitions were easily located following the predications by
McKellar and co-workers (240). They were all within 1 MHz of the predictions. The j=1,
K=0and j=2, K=1 transitions were straightforwardly located by comparing to the trend of
the observed transitions of Kr-CH,. The relative intensity pattern was also similar to that
of Kr-CH,. Once the rotational spectrum of the main isotopomer was recorded, the
spectra of the seven minor isotopomers, namely CO-"CH,, CO-CD,, CO-CH,D,
CO-CHD,, ®CO-CH,, *C"0-CH,, and ®C"0O-CH,, were predicted and recorded.
Nuclear hyperfine structure due to the spin /=5/2 O nucleus was observed. The

individual hyperfine components were assigned for the J=1-0 transitions of the
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BC"0-CH, isotopomer. The spectrum of the J=1-0, j=0, K=0 transition is shown in
figure 6-7. The measured transition frequencies are given in tables 6-7 and 6-8.

An extensive search for the transitions within the j.,=1, K=1 internal rotor state
was performed. Samples much richer in CO (5-10%) and CH, (5-10%) were used in
attempts to raise the rotational temperature of the beam (249). However, no additional

transition could be assigned.

6.3 DISCUSSION OF SPECTROSCOPIC RESULTS OF Kr-CH,
6.3.1 Spectroscopic Constants and Structure

The ground state B rotational constant of #Kr-CH,, 2240.27 MHz, is in very good
agreement with the previously obtained value from the infrared spectrum by Pak ez al.,
2241.39 MHz (175). The small difference is partly due to the fact that the quadratic
centrifugal distortion constant D was assumed to be the same for the ground and the
excited vibrational state in ref. 175. A value of 39.35 kHz was determined for D in the
infrared work (173), 18% smaller than the value of 47.88 kHz determined here.

The obtained spectroscopic constants were used to determine the van der Waals
bond length R, the van der Waals stretching frequency v,, and the corresponding force

constant k,, using the pseudodiatomic expressions (45):

B=h"/2uR’
A
i} 437)
vV, ~( D
6-1
k,=4rv}yp, D

where y is the pseudodiatomic reduced mass. This calculation was performed only for the
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j=0, K=0 and j=2, K=1 states, but not for the j=1, K=0 state because of the Coriolis
interaction involved. The results are listed in table 6-9. The R value is determined to be
4.097 A for the ground state of **Kr-CH,, slightly longer than the previously determined
value of 4.094 A (175), reflecting the slightly larger B rotational constant from the
infrared study. Ground state R values for the other isotopomers are in line with this value,
with small isotopic variations. The normal trend of a decrease in R upon substitution with
a heavier isotope is observed, with the magnitude of isotopic variation smallest for Kr
substitution and largest for deuterium substitution. The stretching force constant £ is
determined to be 0.828 Nm™' for #*Kr-CH,, comparable to, but smaller than, the
corresponding values for **Kr-H,O (1.06 Nm™) (82) and *Kr-NH, (1.02 Nm™) (84). The
van der Waals bond is more rigid in the Kr-CD, isotopomers. The k, value for *Kr-CD, is
0.928 Nm™', more than 10% greater than that of ¥Kr-CH,. It is noticed, however, that the
k, values for the Kr-CH,D and Kr-CHD), isotopomers are surprisingly small. For example,
the &, values are 0.686 and 0.757 Nm™ for **Kr-CH,D and **Kr-CHD,, 17% and 9%
smaller than that of *Kr-CH,, respectively. Similar trends were also observed in the
Ar-NHj (85) and Kr-NH, (84) complexes. It was found that the partially deuterated
species, Ar/Kr-NH,D and Ar/Kr-NHD,, have smaller force constants than that of
Ar/Kr-NH,. This may be a result of an increased anisotropy in the internal rotation
coordinate for the partially deuterated species, since orientations where deuteronsr are
closer to Kr are expected to be more stable in these systems. This unusual trend is an
indication of the inadequacy of the pseudodiatomic approximation applied, which

neglects the coupling between the van der Waals radial coordinate and the internal
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rotation coordinate. Compared to the ground state, the j=2, K=1 state has a slightly
longer van der Waals bond and a reduced stretching force constant.

Angular information may be obtained from the observed nuclear quadrupole
hyperfine structures that are due to the spin /=9/2 *Kr nucleus. For an isolated Kr atom,
the nuclear quadrupole coupling constant is zero because of the spherically symmetric
electric charge distribution. The determined non-zero quadrupole coupling constant
values can to a first approximation be considered measures of the distortion of the
spherical charge distribution caused by the electric field created by the methane molecule
at the site of the Kr nucleus. The Kr nuclear quadrupole coupling constant y,, can be
expressed as the product of the quadrupole moment Q of the ¥Kr nucleus and the electric

field gradient ¢ at the nuclear site (250):

eqQ
Zaa =- T’ (6“2)

where ¢ is the electron charge and /4 is the Plank’s constant. The field gradient ¢ can be
written as g = q, (1-v), where vy is the Sternheimer shielding constant, determined to be
-77.5 for ¥Kr (250). The contributions to the field gradient at the Kr site due to the
methane moiety arise from the first few non-zero electric moments of methane and can be

evaluated using (250):

P,(cos(d - 54.74))> 300 < P,(cos8) >_

(6-3)

qO = _20Q< R6 R7

0O1is the angle between the R vector and the z-axis as defined in figure 6-2. The brackets

indicate averaging over large amplitude motions of methane. Only Q and ®, the electric
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octopole and hexadecapole moments of methane, will be considered here. Because of the
tetrahedral symmetry of methane, it is possible to characterize the components of the
multipole moments by single scalar quantities (251). The values determined are Q=222

DA? and ®=4.8 DA* (251,252). Here, Q and ® correspond to the magnitude of the
components along the (x y z)=(~/2 0 1) direction, i.e., 8=54.74° and ¢=0° and the z-axis,

i.e., 8=0° and ¢=0°, respectively, using the xyz axes frame defined in figure 6-2
(251,252). The nuclear quadrupole moment of Ky Q(Kr) was determined to be 0.27 b
(253). Using R=4.097 A and y,, =-1.147 MHz as determined for the j=0, K=0 state of
¥Kr-CH,, an unphysical value was obtained for (cos@). On the other hand, using R=4.118
A and y,, = -0.842 MHz as determined for the /=2, K=1 state of ¥*Kr-CH,, values of
average () were obtained as 116.6° and 133.6°. Assuming there would be very little
changes when going from Kr to Ar, this result agrees rather well with the available
theoretical results for Ar-CH,. The contour plot of the lowest energy E symmetry
wavefunction of Ar-CH, shows that the j=2, K=1 state is rather localized near the global
minimum, i.e., at the face configuration with 6=125.26° (178). The determined values for
$Kr-CH, bracket the equilibrium & value with angular excursions of 9° in both directions.
As pointed out in 5.2.3(a), it is often difficult to separate the two contributions to
the determined nuclear quadrupole coupling constant, namely the contribution from the
geometry of the dimer and from the large amplitude internal motions. In this case,
extreme y,, values for rigid structures were calculated using equation (6-3). The
maximum and minimum values were determined to be 1.7 MHz and -1.0 MHz for

6=176.5° and 125.3°, respectively. The ground state y,, value of -1.147 MHz is beyond
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the lower limit. This explains the unphysical value obtained for cosé. For the j=2, K=1
state, the y,, value, -0.842 MHz, is relatively closer to the minimum value at the face
configuration, £=125.3°. This is in agreement with the localized nature of this state. For
the case of freely rotating CH,, values of zero for q, and y,, result. It is somewhat
surprising that the obtained ground state y,, value is not close to this free rotation value.
One possible reason for the failure of using the above equation to deduce
meaningful angular information about the ground state might be the significant
contribution of other effects to the distortion of the **Kr electron clouds, such as
dispersion interaction. Previous studies on the Kr-HX (X=CN, F, and Cl) (24,250,254)
and Kr-Ne (2535) systems have shown that these effects may not be negligible. The
determined *’Kr nuclear quadrupole coupling constants of Kr-HX series were plotted as a
function of the electric field gradients q,at the Kr nucleus, calculated from the multipole
moments of the individual binding partner. A straight line resulted, having a y,, intercept
of -0.44 MHz (24). For a electric field gradient q0=0, a nonzero value for y,, results,
which can be regarded as a contribution from other effects. This is in agreement with the
non-zero y,, value of -0.5205 MHz determined for Kr-Ne, where q, is zero using the
above equation (235). In the case of Kr-methane, where the octopole moment term is the
leading term contributing to q, in equation (6-3), one may need to take into account other
effects that contribute to q, When the value of -0.5205 MHz (255) was taken as the
contribution of other effects and was subtracted from the experimentally determined
values for *Kr-CH,, fangles of 111.1°/138.7° and 105.9°/143.1° were obtained for the

j=0, K=0 and the j=2, K=1 state, respectively.
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6.3.2 Coriolis Interaction in the j=1 State

The observed irregular transition patterns of the j=1, K=0 transitions suggest that
the involved levels are Coriolis perturbed by nearby j=1, K=1 levels. Since the perturbing
K=1 levels were not observed in this microwave study, a fitting procedure that includes a
Coriolis interaction term, as described in ref. 173, could not be applied. However,
qualitative information about the energy difference between the two perturbing states can
be obtained by comparing the severity of the perturbation in different vibrational states
and different isotopomers.

The consequence of the Coriolis interaction is to compress the energy levels in the
lower energy state, which in this case is the j=1, K=0 state, leading to a reduced effective
B rotational constant. How severe this perturbation effect is depénds on how large the
energy gap between the two interacting states is. Generally, the closer the two states are,
the more severe the perturbation is. For the Kr-CH, van der Waals complex, the energy
gap between the j=1, K=0 and the j=1, K=1 state is detc?yrmined by the angular anisotropy
of the associated potential energy surface (/75). In the free-rotor limit, the two states are
degenerate. As the anisotropy increases, the energy gap also increases. In the rigid rotor
limit, where the anisotropy is the greatest, the energy gap also reaches its maximum. It
becomes the energy difference between the K=0 and the K=1 state for a semi-rigid
symmetric top (235). Using the fitted parameters for the excited v, vibrational state (/75),
the J=2-1, j=1, K=0 transition can be predicted to be at 6457 MHz. The corresponding
transition within the ground vibrational state was located at 7956 MHz, 1.5 GHz higher

than the value within the excited vibrational state. This comparison suggests that the
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perturbation effect is more pronounced in the excited vibrational state. Therefore, one
may say that the energy difference between the j=1, K=0 and the j=1, K=1 state is larger
in the ground vibrational state than that in the excited state. It in turn suggests that the
angular anisotropy decreases upon vibrational excitation.

The severity of the perturbation in different isotopomers was also examined. The
difference between the J=3-2 transition frequency and 1.5 times of the J=2-1 transition
frequency was compared. The values obtained were 94.4, 75.0, 1.6, 154.4, and 2.9 MHz
for ¥Kr-CH,, #Kr-">CH,, *Kr-CD,, *Kr-CH,D, and *Kr-CHD,, respectively. The J=1-0
transition of *Kr-CD, was not measured, since it lies out of the normal operating range of
the spectrometer. Nonetheless, the comparison of the difference between the J=2-1
transition frequency and twice of the J=1-0 transition frequency for the other isotopomers
gave the same trend. This comparison implies that the Coriolis perturbation is more
pronounced in the lighter isotopomers. The smaller standard deviations of the fits for the
heavier isotopomers can also be considered indicators of less severe Coriolis
perturbations (see tables 6-1, 6-3, 6-4, and 6-6). This conclusion can be interpreted in the
following way. A heavier isotopomer experiences a slightly stronger anisotropy as a
consequence of a lower zero-point energy. This leads in turn to a slightly larger separation
between the two perturbing states and to a less pronounced perturbation. A similar effect
was very recently reported for the CN-H,/D, (j=1) van der Waals complexes by Heaven
and co-workers (256). It was observed that the impact of isotopic substitution on the
rotational constant is unusually small from their rotationally resolved electronic spectra of

CN-H, and CN-D,. It was proposed that this unusual isotope effect is caused by a more
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pronounced Coriolis interaction in the lighter CN-H, dimer based on theoretical
calculations.
6.3.3 Tentative Assignment of the j=2, K=1 State

The third, unperturbed set of transitions was tentatively assigned to be occurring
within the j=2, K=1 state, despite the fact that the relative intensity of this set of
transitions does not agree with the predicted spin statistical weights from the molecular
symmetry group analysis (see 3.2.3 (b)). Symmetry considerations suggest that these j=2
transitions of £ symmetry should be the weakest among all. However, these tentatively
assigned j=2, K=1 transitions are more intense than the j=0, K=0 transitions. At first
sight, it may appear that this set of transitions is more likely to be the unperturbed j=1,
K=1 transitions of F symmetry. In the absence of a Coriolis interaction, the j=1, K=1
state is doubly degenerate. The degeneracy is removed by the Coriolis interaction with the
nearby j=1, K=0 state. The interaction can only occur between the j=1, K=0 and j=1,
K=1" states as shown in figure 6-3. This leaves the j=1, K=1" component unperturbed.
Here the superscripts + and - are used to denote the even and odd parities of the states. It
is believed that this third set of transitions does not occur within the j=1, K=1, F
symmetry state, based on the following reasoning.

First of all, from the molecular symmetry group analyses for the isotopomers with
C,, symmetry , it is determined that the j=0 and the j=1 internal rotor states correlate
with different spin modifications of the methane monomer. However, the j=2 states are
no longer metastable (see 3.2.3 (b) and table 3-5). Consequently, they are not expected to

be appreciably populated in the cold molecular beam. If the additional set of transitions
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measured for the Kr-CH,, Kr-*CH,, and Kr-CD, isotopomers are the j=1, k=1
transitions, the same set of transitions should also be observable for the two isotopomers
with C;, symmetry. On the other hand, if this set of transition is occurring within a j=2
state, it would not be surprising that the same set of transitions is not observable for the
Kr-CH;D and Kr-CHD; isotopomers. No corresponding transitions were measured for the
Kr-CH,D and Kr-CHD, isotopomers. This strongly supports the assignment to the j=2,
K=1 state.

Secondly, this set of transitions is also too intense for the j=1, K=1 transitions.
Using 2a (a=0.338232 cm™, see ref. 175) as the energy separation between the j=1, K=1
and j=1, K=0 states in the excited vibrational state, assuming a temperature of 0.5 K and
Boltzmann distribution, the relative population of the j=1, K=1 state compared to that of
the j=1, K=0 state is 0.14. Since the energy separation is even larger in the vibrational
ground state (see previous section), the relative population is expected to be even lower
than this value. It is further reduced by the lowering of the j=1, K=0 state as a result of
the Coriolis interaction. Consequently, it is expected that the j=1, K=1 transitions have
approximately 1/10 of the intensities of the j=1, K=0 transitions. An accurate intensity
comparison is complicated by the observed splittings in the j=1, K=0 transitions.
However, by comparing higher J transitions, where the splitting is not as pronounced, it is
concluded that this third set of transitions is too intense to be the j=1, K=1 transitions.

On the other hand, the assignment to the j=2, K=1 state is qualitatively supported
by comparison with the calculated Ar-CH, energy levels (178), assuming that Kr-CH, and

Ar-CH, behave similarly. From the calculated energy levels (see TABLE IV in ref. 178),
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the J=2-1 transition frequencies of Ar-CH, were determined to be at 11010 MHz, 8940
MHz, and 10710 MHz for the j=0, K=0; j=1, K=0; and j=2, K=1 states, respectively.
This trend is very similar to that of the measured frequencies for Kr-CH,. The observed
J=2-1 transitions for the ¥Kr-CH, isotopomer are at §960 MHz, 7956 MHz, and 8869
MHz for the same three states. Also from the calculated energy levels, the unperturbed
J=2-1, j=1, K=1 transition is predicted to be at 11070 MHz, above the 11010 MHz
determined for the same transition within the j=0, K=0 state. This may be used to further
support that the observed transition at 8869 MHz is not a j=1, K=1 transition, since its
frequency is below that of the corresponding =0, K=0 transition.

The obvious enhancement of the transition intensity remains a puzzle. One
possible reason might be a relatively large effective dipole moment in this state as a result
of a different vibrational averaging. The transition intensity is directly proportional to the
vibrationally averaged dipole moment of the system (see equation 2-18 in chapter 2). For
systems such as Kr-CH,, the dipole moments are expected to be very small, so that a
small increase in dipole moment may have a large impact on transition intensity. The
notion of an increased effective dipole moment is supported by a shorter experimentally
determined optimal excitation microwave pulse length for the j=2, K=1 transitions. The
contour plots of the lowest 4 symmetry, i.e., j=0, k=0, and F symmetry, i.e., j=1, K=0,
wavefunctions for Ar-CH, (see FIG. 1 in ref. 778) were shown to be similar and very
much delocalized. On the other hand, the wavefunction of the £ symmetry, /=2, K=1
state appears to be quite localized. So, it is expected that the vibrational averaging is quite

different for the j=2, K=1 state. A similar situation is anticipated to occur in the Kr-CH,
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dimer. It was established before that there is little change in the angular motion dynamics
in Rg-molecule systems when going from Kr to Ar (82). Similar nuclear quadrupole
coupling constants were determined for the Kr/Ar-NH; (84,85), Kr/Ar-H,0 (82,257),
Ki/Ar-N, (258,259), and Kt/Ar-HCN (24,64) pairs. The close resemblance of the Kr-CH,
and Ar-CH, infrared spectra is also supportive of this view (/75). A different vibrational
averaging of the £ symmetry j=2, K=1 state is evident from the determined nuclear
quadrupole coupling constants. y,, values of -1.139 MHz, -1.237 MHz, and -0.842 MHz
were determined for the j=0; K=0, j=1; K=0, and j=2, K=1 states, respectively. The
value for the j=2, K=1 state is rather different from the ones for the other two states.

The dipole moment of Kr-CH, was computed at various configurations (see 3.1.3
(¢)). The obtained values are given in table 6-10. The angular dependence of the dipole
moment is depicted in figure 6-8. At each angle, the dipole moment was obtained with R
fixed at the value that gives the minimum interaction energy. A negative dipole moment
points from the C atom to the Kr atom. The calculated results are supportive of the above
consideration on the abnormally high intensity of the j=2, K=1 transitions. From figure
6-8, it is seen that the maximum magnitude of the dipole moment occurs at the global
minimum, i.e., #=125.26° and ¢=0° (see the following section). In a certain internal rotor
state, any averaging over the large amplitude internal motion reduces the effective dipole
moment from its maximum value at the global minimum. The more delocalized the
wavefunction, the smaller the effective dipole moment. Thus, the effective dipole
moment is expected to be the largest in the j=2, K=1 state among the three states

involved in this study, since this state is the most localized around the global minimum.
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6.4 POTENTIAL ENERGY SURFACE OF Kr-CH,

In the above discussion, it was often assumed that Kf-CH4 and Ar-CH, behave
similarly in order to make use of the previously reported theoretical results for Ar-CH,
(177). Ab initio potential energy surfaces for the two dimers were constructed at the
CCSD(T) level of theory, in order to check the validity of the assumption.

Computational details are given in 3.1.3 (¢). Interaction energies were calculated
with R ranging from 3.5 to 4.5 A, @ranging from 0 to 180°, and ¢ ranging from 0 to 90°
(see figure 6-2). Additional points at the face (Rg atom approaching the face center of the
CH, tetrahedron, £=125.26° and ¢=0°), edge (Rg atom approaching the edge of the CH,
tetrahedron, £=0° and ¢=0°), and vertex (Rg atom approaching an H atom, 6=54.74° and
¢=0°) configurations were calculated. All obtained energies are given in tables 6-11 and
6-12.

It is clear that the two interaction potentials have very similar features. Both have
the global minimum at the face configuration, a local minimum at the edge configuration,
and a saddle point between the minima at the vertex configuration. This is shown in
figure 6-9, where the angular dependence of the minimum interaction energy is plotted.
At each fangle, R is allowed to vary in order to obtain the minimum energy. For Kr-CH,,
the global minimum has a well depth of -157.85 cm™ at R=3.85 A, the local minimum has
an energy of -129.90 cm™ at R=4.05 A, and the saddle point is determined to have an
energy of -101.90 cm™ at R=4.40 A. For Ar-CH,, the corresponding values are determined
to be -135.45 cm™ at R=3.70 A (face), -110.77 cm™ at R=3.90 A (edge), and -84.88 cm™ at

R=4.25 A (vertex). The values for Ar-CH, are in very good agreement with the values
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previously reported for the SAPT potential: -135.20 cm™ at R=3.72 A (face), -110.76 cm™
at R=3.91 A (edge), and -85.00 cm™ at R=4.18 A (vertex) (177).
From this comparison, it is believed that there is little change in the angular

internal dynamics when the binding partner of CH, changes from Ar to Kzr.

6.5 DISCUSSION OF CO-CH,

The measured rotational spectrum of CO-CH, resembles closely that of Kr-CH,.
The number of states observed is the same and the relative intensity patterns are similar.
Even the perturbed spectral pattern in the j=1, K=0 state is very similar. This indicates
that CO is nearly free rotating within the complex. In that case, CO in its j,=0 state
behaves like a rare gas atom. A similar situation is thought to occur in the CO-CH,
Geo=0, Jnethane=1) and Ar-CH, (J,nne=1) pair by McKellar and co-workers (240).

On the other hand, from the j__,...=0 infrared spectrum, McKellar and
co-workers concluded that CO-CH, is very similar to the CO-rare gas complexes. This
implies that CH, moiety is also nearly free rotating in the complex and behaves like a rare
gas atom in its j=0 state. R, v,, and k, values for various isotopomers of CO-CH, are
listed in table 6-13, calculated using equation (6-1). A comparison of these values with
those of the CO-rare gas dimers is given in table 6-14. The values for the CO-rare gas
dimers were calculated using the previously reported rotational and centrifugal distortion
constants for the main isotopomers in refs. 249 and 260. Even though the mass of CH, is
closest to Ne, it appears that the properties of the CO-CH, dimer fall more in line with the

heavier CO-rare gas complexes. The force constant of the CO-CH, dimer is closer to
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those of the CO-Ar, CO-Kr, and CO-Xe complexes than to that of CO-Ne. The van der
Waals stretching frequency decreases from CO-CH, to CO-Ar, and continues to decrease
in CO-Kr and CO-Xe, as a result of an increase in reduced mass. This is an indication of a
similar level of flexibility along the radial coordinate for these four systems.

Angular information about the CO part can be obtained from the nuclear

quadrupole coupling constant of the *C'’Q-CH, isotopomer. The expression

3cos’ f- 1> (6-4)

Zaa = ZCO< 2

was used. fis the angle between the CO bond and the a-principal inertial axis of the
dimer and ., is the O nuclear quadrupole coupling constant of free >C'70. Assuming
that the y., value for ®C'0 is the same as that of *C""0O (4.43 (10) MHz (261,262)),
values of 72.4 © for the j=0 state and 72.9 © for the j=I state were obtained. The j=0
state £ value is also given in table 6-14, together with the corresponding values for the

CO-rare gas complexes. The g value for CO-CH, is close to those of CO-Ar and CO-Kr.

6.6 DISCUSSION OF Ar-CH,

Tremendous efforts have been put into the spectral searches for rotational
transitions of Ar-CH,. However, no transition could be assigned to the Ar-CH, dimer.
The J=1-0, j=0, K=0 transition was calculated to be at 5527 MHz using the spectroscopic
constants determined from the infrared spectrum (/75), in good agreement with the value
of 5520 MHz predicted from the SAPT potential (/78). The good agreement between the

Kr-CH, rotational constant determined from the rotational spectrum and the one from the
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infrared spectrum in ref. /75 is an additional indication that the values from the infrared
spectra are reliable. It is frustrating that even with the very good prediction, no rotational
spectrum was recorded for the Ar-CH, system, despite all the efforts.

One possible explanation for this unsuccessful search is that Ar-CH, may have an
effective dipole moment that is accidentally close to zero. In an attempt to qualitatively
justify this notion, the dipole moment of Ar-CH, was computed at various configurations.
The obtained values are listed in table 6-15. The angular dependence of the dipole
moment is also plotted in figure 6-8. It is noted that the dipole moment has a negative
value at the 8=0° edge configuration. When the Ar moves away from the edge of the CH,
tetrahedron, the dipole moment increases and reaches its positive maximum at the
6=54.7° vertex configuration. On going to the £=125.26° face configuration, the dipole
moment decreases and arrives at its negative minimum at the global minium. This &
change can be viewed as the internal rotations of the methane subunit. Considering that
methane is nearly free rotating within the complex, the effective dipole moment is
expected to average over a wide range of the angular coordinate. It is possible that the
positive and negative dipole moment values almost cancel out and a close to zero
effective value results.

One may argue that the j=2, K=1 state may still have a considerable effective
dipole moment, since this state is very much localized around the global minimum.
Dipole moments of -0.022 D and -0.013 D were obtained for Kr-CH, and Ar-CH, at the
face configuration, respectively. The value for Kr-CH, is almost twice as large as that for

Ar-CH,. As a result of the small dipole moment, rotational transitions of Ar-CH, are
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expected to require an extremely high microwave power to achieve the /2 condition (see

chapter 2), which may be beyond the current spectrometer setup.

6.7 SUMMARY

The first pure rotational spectrum of a Rg-methane system, namely the Kr-CH,
van der Waals complex, is presented in this chapter. Methane is nearly free rotating
within the complex, which leads to the measurements of transitions within various
in;[ernal rotor states. The relative intensities of the j=0, K=0 and j=1, K=0 transitions
agree with the respective nuclear spin statistical weights obtained from molecular
symmetry group analyses. The irregular spectral patterns of the j=1, K=0 transitions
indicate that a Coriolis interaction occur between the j=1, K=0 state and a nearby j=1,
K=1 state. It is determined that the perturbation is less pronounced in the ground
vibrational state than in the excited vibrational state, suggesting a reduced angular
anisotropy upon intramolecular vibrational excitation. The tentatively assigned j=2, K=1
transitions are more intense than expected. The enhanced intensities are attributed to a
relatively larger vibrationally averaged dipole moment than in the j=0, K=0 and j=1,
K=0 states. This is supported by the ab initio dipole moment calculations. 45 initio
potential energy surfaces were constructed for Kr-CH, and Ar-CH, at the CCSD(T) level.
It is shown that the angular internal dynamics does not change much when the binding
partner changes from Kr to Ar. The calculated CCSD(T) potential of Ar-CH, is consistent
with the previously reported SAPT potential (/77).

The rotational spectrum of the CO-CH, van der Waals complex was also
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recorded. It is very similar to that of the Kr-CH, dimer, indicating that the CO subunit in
its j,=0 internal rotor state behaves similarly to a rare gas atom. The properties of the
CO-CH, system were compared with those of the CO-rare gas complexes. It is shown that
CO-CH, resembles more closely the behavior of the heavier CO-rare gas dimers.

Ab initio dipole moment calculations suggest that an accidentally close to zero
effective dipole moment may be responsible for the unsuccessful spectral searches for

rotational transitions of Ar-CH,.
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Table 6-1: Measured transition frequencies (in MHz) of Kr-CH, isotopomers.

J-J" %Kr-CH, ¥Kr-CH, 8Kr-CH, %Kr-CH,
Vibs AV Vobs Av Vibs Av Vibs Av
j=0, K=0
- 4463.9550 03  4480.3482 -0.8 44975310 -0.8  4515.5632 -0.5
- 8926.7675 -1.0  8959.5482 -0.6 8993.9052 -0.3 9029.9610 0.4
- 13387.3016 0.9 13436.4516 1.2 134879654 13 13542.0240 -0.1
- 17844.4102 -03 17909.9042 -0.4 17978.5485 -0.4
B/MHz  2232.0724(3) 2240.2703(3) 2248.8624(3) 2257.8791(2)
D /kHz 47.534(9) 47.88(1) 48.24(1) 48.61(1)
J/kHz 1.0 1.2 1.2 0.6
- =L K=0
1-0 3944.0348 69 39556488 7.1 3967.7913 73
2-1 7931.9252 2.5 79559612 2.5 7981.1114 2.6 8007.4553 5.5
3-2 11990.6780 -7.8 120283018 -8.0 12067.6937 -8.1 12108.5943 -6.2
4-3 16126.1332 29 16178.4122 2.9 16233.1704 3.0 16290.5943 2.0
B /MHz 1973(2) 1979(2) 1985(2) 1992(2)
D /kHz -1.36(7) -1.38(8) -1.40(8) -1.40(9)
6/MHz 7.8 8.0 82 8.5
J=2, K=1
2-1 88379770 -03  8868.6752 -0.5 8900.8354 -0.2 8934.5647 0.0
- 13254.0276 0.3 13300.0568 0.6 13348.2776 0.3 13398.8524 0.0
- 17666.5509 -0.1 17727.8876 -0.2 17792.1476 -0.1
B/MHz  2209.8861(1) 2217.5633(2) 2225.606(1) 2234.0404(1)
D /kHz 48.977(4) 49.290(8) 49.602(4) 49.91 (fixed)
o /kHz 0.4 0.8 0.4 0.0

*Av=v, -V, the unit of Avis the same as of 4.
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Table 6-2: Measured transition frequencies (in MHz) of ¥*Kr-CH, and *Kr-"*CH,.

J -7 F-F j=0, k=0 j=1, k=0 J=2,K=1
Vs AV Vs Av Vs Av
83KI'CH4

1-0 35-45 44889266 0.1  3961.7625 2.0
55-45 44888794 03  3961.7078 -1.7
45-45 4488.6699 -04 39614818 -03

2-1 35-45 8976.6495 -0.6  7968.5460 1.3 8884.7048 1.7
55-45 89765487 02 79684337 -0.6  8884.6264 -1.5
45-45 8976.5487 0.2 79684337 -0.6  8884.6264 -1.5
2.5-35 8976.5363 0.1 79684216 0.6  8884.6187 0.2
6.5-55 8976.5167 0.8  7968.3982 -0.7  8884.6061 23
35-35 89763924 -1.4  7968.2634 -3.0  8884.5106 -3.1
55-55 89763392 -04 79682075 0.0  8884.4738 0.2
45-55 89763392 -04 79682075 0.0  8884.4738 0.2
45-35  8976.2937 1.5 7968.1588 2.9  8884.4404 1.9

Y. /MHz -1.139(2) -1.237(5) -0.842(6)

83Kr-13CH4

1-0 35-45 42714989  -03  3805.9531 0.0
55-45 4271.4522 0.7 3805.8984 24
45-45 4271.2412 -05 3805.6728 -2.4

2-1 3.5-45 85419082 -03 7647.0550 -04 8476.6908 2.8
55-4.5 8541.8062 -0.2 7646.9437 04 8476.6116 -04
45-45 8541.8062 0.2 7646.9437 04 8476.6116 -04
2.5-3.5 8541.7938 -03 7646.9316 1.9 8476.6016  -1.2
6.5-5.5 8541.7737 0.1  7646.9077 04 84735856  -2.0
3.5-35 8541.6526 1.6 7646.7719  -0.8  8476.4961 -0.2
5.5-55 8541.5967 0.1 76467128 -0.1 8476.4554  -0.2
4.5-55 8541.5967 0.1 7646.7128 -0.1 8476.4554 -04
45-35 8541.5479 -1.0 7646.6590 -1.6 8476.4224 2.1

2. IMHz -1.146(2) -1.257(4) -0.852(5)

PAv=y, v, iInkHz.

0
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Table 6-3: Measured transition frequencies (in MHz) of Kr-"CH, isotopomers.

J - J" K r-BCH, 84Kr—13CH4 2K r-BCH, 0K r-BCH,
Vit AV Vs Av Vs Av Vobs Av
j=0, k=0
1-0  4246.4892 -0.8 42629088 0.1 4280.1178 0.6 4298.1783 0.2
2-1 84919460 0.1 8524.7792 -0.1 8559.1907 -0.7 8595.3012 -0.2
3-2 127353420 0.5 12784.5716 0.1 12836.1678 0.3 12890.3116 0.0
4-3 169756472 -0.2 17041.2481 0.0 17110.0060 -0.1

B/MHz  2123.3301(2) 2131.5410(4) 2140.1464(2) 2149.1770(1)

D/KHz  42.944(7) 43.281(1) 43.615(6) 43.999(6)
8 /kHz 0.7 0.1 0.7 0.3

=1, K=0
1-0  3787.6845 49 3799.6516 5.1 3812.1701 5.2
2-1 76095690 1.8 7634.1757 1.9 7659.9228 1.9 7686.8942 4.0
3-2 114880116 -5.6 115262517 -5.8 11566.2843 -5.9 11608.2467 -4.6
4-3 154297150 2.1 154825512 2.1 15537.8878 2.2 155959110 1.4
B /MHz 1894(1) 1900(1) 1906(1) 1914(2)
D /kHz -1.09(5) -1.11(5) -1.13(6) -1.12(6)
5 /MHz 5.6 5.8 5.9 62

=2, k=1

2-1 8429.6150 0.2  8460.5420 0.7 84929418 0.0 8506.9253 -0.4
3-2 12641.7261 -0.2 12688.0984 -0.8 12736.6768 0.0 12787.6319 0.3
4-3 168505938 0.1 169123928 0.2 16977.1290 0.0

B/MHz  2107.7636(2) 2115.4978(3) 2123.6002(1) 2132.0986(1)
D /kHz 44.961(8) 45.27(1) 45.597(1) 45.92(fixed)
S /kHz 0.7 1.0 0.1 0.5

*AV=v, -V, the unit of Avis the same as of d.

Ol
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Table 6-4: Measured transition frequencies (in MHz) of Kr-CD, isotopomers.

J-J" ¥Kr-CD, ¥Kr-CD, 82Kr-CD, ¥Kr-CD,
Vs AV Vs Av Vs Av Vis Av
J=0, k=0
1-0 3807.6973 -1.2 3824417 -0.6 3841.9379 -1.2
2-1 7614.6376 -0.1 7648.0684 -0.7 7683.1044 -0.7 7719.8663 -0.3
3-2° 11420.0592 1 11470.1896 1.2 11522.7268 1.7 11577.8495 0.2
4-3 15223.2005 -0.4 15290.0091 -0.4 15360.0255 -0.6
B /MHz 1903.9125(3) 1912.2726(3) 1921.0340(4) 1930.2267(1)
D /kHz 31.64(1) 31.92(1) 32.21(1) 32.51(fixed)
6 /kHz 1.1 1.1 1.6 0.4
=1, K=0
2-1 7377.4985 42.5 7408.0382 44.2 7440.0243 45.8 7473.5638 47.2

3-2 11067.818

4-3 14759.7319 15.2

-48.6 11113.7005 -51
14821.0334 15.8 14885.2424 16.4 14952.5766 16.9

11161.7571 -52

11212.1490 -53.9

B /MHz 1844.19(2) 1851.82(2) 1859.80(2) 1868.18(2)
D /kHz -24.3(7) -25.4(7) -26.7(7) 28.0(8)
6 /kHz 66.4 69.0 71.5 73.6
=2, K=1
2-1 7503.1382 -0.6 75347668 -0.9 7567.9007 -0.8 7602.6524 -0.7
3-2 11252.7479 0.7 11300.1765 1.1 11349.8609 0.9 11401.9723 0.8
4-3 15000.0021 -0.2 15063.2113 -0.3 15129.4278 -0.3 15198.8801 -0.2
B /MHz 1876.0462(3) 1883.9554(4) 1892.2410(3) 1900.9310(3)
D /kHz. 32.68(1) 32.94(2) 33.20(1) 33.47(1)
0 /kHz 1.0 1.5 1.2 1.0
‘Av=v, -V, the unit of Avis the same as of &.
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Table 6-5: Measured transition frequencies (in MHz) of deuterated **Kr-CH,,

S-S F-F Vibs AV Vibs Av Vi Av
¥Kr-CD,
Jj=0, K=0 =L K=0 J=2, K=1
1-0 35-45 3833.1864 -0.2
55-45 3833.1297 2.2
45-4.5 3833.8651 -0.2
2-1 35-45 76655426 -2.1 7424.0448 1.6 7551.2908 0.4
55-45 76654172  -0.8 74238962 0.3 7551.2081 -14
45-4.5 76654172 -0.8 7423.8962 0.3 7551.2081 -14
25-35 7665.4027 0.0 74238760  -2.8 7551.1978  -1.9
6.5-5.5 76653801 2.8 7423.8525 30  7551.1888 52
3.5-3.5  7665.2264 1.2 7423.6714  -2.1 7551.0838  -2.7
55-5.5 7665.1578 02 74235935  -1.8 7551.0446 1.2
45-55 7665.1578 0.2 74235935 -1.8 7551.0446 1.2
45-35 76650978 -0.6  7423.5313 4.5 7551.0048  -0.8
X /MHz -1.420(5) -1.644(9) -0.906(8)
JS-J F-F Vibs Av -~ Av Vos Av Vibs Av
8Kr-CH,D ¥Kr-CHD,
Jj=0, k=0 J=1, K=0 j=0, K=0 j=1, k=0
1-0  3.5-4.54298.7324 0.5 3973.4830 -1.7
5.5-4.5 4298.6824 0.9 3973.4280 0.3
4.5-4.5 4298.4585 -1.4 3973.1782 14
2-1 3.5-45 8596.1295 1.0 7531.0496 2.9 79459008 1.1 7641.0080 -2.3
5.5-4.5 8596.0188 -1.7 7560.9292 -0.1 7945.7767 -0.8 7640.8758 -0.1
4.5-4.5 8596.0188 -1.7 75309292 -0.1 7945.7767 -0.8 7640.8758 -0.1
2.5-3.58596.0092 1.7 75309136 -1.6 7945.7649 2.1 7640.8592 -0.4
6.5-5.5 8595.9862 0.3 7530.5900 -1.7 7945.7382 -0.2 7640.8361 3.3
3.5-3.5 8595.8541 -2.3 7530.7485 -2.3 7945.5918 0.0 7640.6739 2.5
5.5-5.5 8595.7987 -0.2 7530.6888 0.6 7945.5259 -0.8 7640.5994 -0.4
4.5-5.5 8595.7987 -0.2 7530.6888 0.6 7945.5259 -0.8 7640.5994 -0.4
4.5-3.5 8595.7517 3.2 7530.6354 1.9 7945.4700 0.3 7640.5348 -2.2
K, MHz -1.209(5) -1.315(6) -1.368(3) -1.506(6)
AV=V- vy, in kHz.
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Table 6-6: Measured transition frequencies (in MHz) of Kr-CH;D and Kr-CHD,,.

Av

J-J" Vibs AV Vibs Av Vs Av Vs
Jj=0, k=0
*Kr-CH,D ¥Kr-CH,D ¥Kr-CH,D ¥Kr-CH,D
1-0 42735953  -14 4290.0946 -0.8 4307.3852 -2.5 43255301 -3.1
2-1 85459210 -0.6 85789082 -1.1 8613.4835 0.0 8649.7639 0.0
3-2 12815.7047 1.8 12865.1623  1.812916.9972 1.8 129713915 2.2
4-3 17081.6682 -0.6 17147.5668 -0.617216.6310 -0.7 17289.1060 -0.9
B/MHz  2136.9043(4) 2145.1545(4) 2153.8015(5) 2162.8752(7)
D /kHz 52.99(2) 53.39(2) 53.82(2) 54.27(3)
6/kHz 1.7 1.7 2.2 2.8
Kr-CHD, ¥Kr-CHD, “Kr-CHD, %Kr-CHD,
1-0 3948.0881 -0.1 3964.7482 -0.1 3982.2076 -0.2 4000.5298 0.0
2-1 78951812 04 79284924 0.2 7963.4038 1.0 8000.0370 -0.1
3-2 11840.2828 -0.1 11890.2283 -0.111942.5739 -0.4 11997.4996 0.1
4-3 157823862 -0.4 158489507 -0.215918.7018  -1.0 15991.8957 0.2
B/MHz  1974.1272(9) 1982.4579(6) 1991.1887(2) 2000.3500(4)
D /kHz 41.490(4) 41.844(2) 42.22(1) 42.595(2)
6 /kHz 0.4 1.0 0.2 0.2
j=1, K=0
%Kr-CH,D #*Kr-CH,D ¥Kr-CH,D ¥Kr-CH,D
1-0  3709.7500 16.0 3720.6656 16.4 3732.0750 16.8
2-1 74955545 5.1 7518.8443 5.2 7543.2077 53 7568.7236 11.9
3-2 11390.7409 -17.2 11428.1502 -17.611467.3197 -18.1 11508.3799 -13.6
4-3 15387.0890 6.4 15439.8671  6.515495.1570 6.7 15553.1466 4.3
B /MHz 1859(4) 1864(4) 1870(4) 1879(5)
D /kHz -2.0(2) -2.1(2) -2.1(2) -2.1(2)
J0/MHz 17.6 18.1 18.5 18.6
%Kr-CHD; ¥Kr-CHD, “Kr-CHD, %Kr-CHD,
1-0 37969715 77.7 3812.0072 84.0 3827.7469 96.9
2-1 75951130 39.9 76252322 39.1 7656.7778 35.9 7689.8554 74.6
3-2 113954671 -101.1 11440.7340 -104.7 11488.1462 -110.3 11537.8655 -85.3
4-3 151987064 36.5 15259.2160 38.015322.5960 40.5 15389.0659 26.7
B /MHz 1898.44(2) 1905.95(2) 1913.83(3) 1922.10(3)
D /kHz -43.9(9) -45(1) -47(1) -48(1)
o /kHz 97.9 102.5 110.6 116.4

Av=y,

bs~ Vaaier the unit of Avis the same as of 6.
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Table 6-7: Measured transition frequencies (in MHz) of '>C'0-CH, isotopomers.

J-J" Vs AV Vs Av Vibs
=0, K=0 =1, K=0 =2, K=1"
CO-"*CH,
1-0 6216.0218 1.7 5760.1048 0.7
2-1 12428.3284 -1.4  11540.5304 -0.5 12255.2698
3-2 18633.1900 0.3 17355.8302 0.1 18375.2154
B /MHz 3108.3218(8) 2878.9(3) 3064.8427
D /MHz 0.15500(5) -0.77(2) 0.12816
0 23 kHz 0.9 MHz
CO-"CH,
1-0 5994.2462 14 5580.9546 0.5
2-1 11985.0714 -1.1 11178.3304 -0.4 11842.9057
3-2 17969.0426 0.3 16804.2064 0.1 17757.1462
B /MHz 2997.4092(7) 2789.5(2) 2961.6881
D /MHz 0.14271(4) -0.62(2) 0.12021
o 1.9 kHz 0.7 MHz
CO-"CD,
-0 5587.0901 1.1 5439.3448 -5.4
2-1 11171.6486 -0.9 10877.8090 4.7 10931.1952
3-2 16751.1348 0.2 16314.8090 -1.2 16391.5339
B /MHz 2793.7568(5) 2719.736(3) 2733.4999
D /MHz 0.10561(3) 0.0334(2) 0.08764
J 1.4 kHz 7.6 kHz
CO-CH.D
1-0 6040.4148 1.7  5637.8714 0.9
2-1 12076.8787 -1.4  11297.5776 -0.7
3-2 18105.4262 03 16993.7506 0.2
B (MHz) 3020.5379(8) 2817.7(4)
D (MHz) 0.16482 (5) -0.81(3)
o 2.3 kHz 1.1 MHz
CO-CHD,

1-0 5726.9039 0.3
2-1 11450.5987 -0.2
3-2 17167.8728 0.1

5530.9869 204
11061.8680  -16.4
16592.3682 4.1

B (MHz) 2863.7196(1) 2765.517(9)
D (MHz) 0.133747(9) 0.0068(6)
o 0.4 kHz 26.1 kHz
*Av=v, -V, the unit of Avis the same as of 6.

obs™

*Two measured transitions were used to calculate B and D.
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Table 6-8: Measured transition frequencies (in MHz) of *CO-CH, isotopomers.

J - J" =0, K=0 =1, K=0 =2, K=1"
Vobs Av (k}IZ)a . Vobs Av (MHZ) vobs
13cl60_12CH4
1-0 6141.9033 1.6 5706.8423 0.6
2-1 12280.1945 -1.3 11431.8927 -0.5 12119.5274
3-2 18411.2481 0.3 17188.3131 0.1 18171.7977
B (MHz) 3071.2538(7) 2852.3(3) 3030.881
D (MHz) 0.15069(5) -0.69(2) 0.12489
7] 2.1 kHz 0.8 MHz
13018()_12(:}_14
1-0 6001.2046 2.3 5593.9594 0.5
2-1 11998.8410 -1.8 11203.4736 -0.4 11851.5268
3-2 17989.3216 0.5 16839.9930 0.1 17769.9076
B (MHz) 3000.901(1) 2796.0(2) 2963.866
D (MHz) 0.14894(7) 0.59(2) 0.12304
é 3.0kHz 0.6 MHz
FF” BCYQ.2CH, (J=1-0)
2.5-2.5 6068.8892 0.7 5648.4330 0.5
3.5-25 6069.2245 2.2 5648.7757 -1.8
1.5-2.5 6069.3732 1.6 5648.9267 1.3
4 /MHz -1.61(1) -1.64(1)
*AV=1, V... the unit of Avis the same as of &.

®Two measured transitions were used to calculate B and D.
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Table 6-9: Bond length, stretching frequency, and force constant of Kr-methane

isotopomers.
j=0, K=0 state
%Kr-CH, %Kr-CH, 2K1-CH, %Kr-CH,
R(A) 4.097 4.097 4.097 4.097
v, (cm™) 3225 32.31 32.37 32.44
k, (Nm™) 0.828 0.828 0.828 0.828
86K1‘—13CH4 84Kr-13CH4 szKr—13CH4 z;oKr_mCH4
R(A) 4.095 4.095 4.095 4.095
v, (cm™) 31.48 31.54 31.61 31.67
k, (Nm™) 0.830 0.830 0.830 0.830
®Kr-CD, ¥Kr-CD, ®Kr-CD, ®K1-CD,
R(A) 4.045 4.045 4.045 4.045
v, (cm™) 31.14 31.2 31.28 31.36
k, (Nm™) 0.929 0.928 0.928 0.929
%Kr-CH,D $Kr-CH,D 22Kr-CH,D ®Kr-CH,D
RA) 4.082 4.082 4.082 4.082
v, (cm™) 28.61 28.67 28.73 28.78
k, (Nm™) 0.686 0.686 0.686 0.685
%Kr-CHD, ¥Kr-CHD, ¥Kr-CHD, ®Kr-CHD,
R (A) 4.056 4.056 4.056 4.057
v, (cm™) 28.71 28.77 28.83 28.9
k, (Nm™) 0.757 0.757 0.757 0.757
=2, K=1 state
$%Kr-CH, ¥Kr-CH, ®Kr-CH, %K r-CH,
R(A) 4.117 4.118 4.118 4.119
v, (cm™) 31.29 31.36 31.43 31.53
k, (Nm™) 0.780 0.780 0.781 0.781
86Kr-13CH4 84Kr—13CH4 SZKI-IBCI‘L} SOKI-UCH4
R (A) 4110 4.111 4.111 4.112
v, (cm™) 30.43 30.49 30.55 30.63
k, (Nm™) 0.776 0.776 0.776 0.776
®Kr-CD, ¥Kr-CD, %Kr-CD, ®Kr-CD,
R (A) 4.075 4.075 4.076 4.076
v, (cm™) 29.97 30.04 30.12 30.2
k, (Nm™) 0.860 0.860 0.861 0.861
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Table 6-10: Computed dipole moment values (in D) for Kr-CH, (¢=0°).

30°

R /A 6=0° 60° 90° 120° 150°
35 -0.0317 0.0447 0.1115 0.0062 -0.0393 -0.0971
3.6 -0.0259 0.0361 0.0900 0.0048 -0.0327 -0.0294
3.7 -0.0211 0.0294 0.0730 0.0037 -0.0274 -0.0244
3.8 -0.0173 0.0240 0.0595 0.0030 -0.0230 -0.0203
3.9 -0.0142 0.0198 0.0488 0.0024 -0.0195 -0.0169
4.0 -0.0117 0.0165 0.0402 0.0020 -0.0166 -0.0142
4.1 -0.0096 0.0138 0.0334 0.0017 -0.0142 -0.0120
42 -0.0080 0.0117 0.0280 0.0014 -0.0123 -0.0103
43 -0.0067 0.0100 0.0236 0.0012 -0.0107 -0.0088
4.4 -0.0056 0.0086 0.0201 0.0011 -0.009%4 -0.0076
4.5 -0.0047 0.0075 0.0172 0.0010 -0.0082 -0.0066

Edge: 6=0° Vertex: 6=54.7° Face: 6-125.26°
R=4.05 -0.0106 R=4.2 0.0290 R=3.7 0.0277
4.15 -0.0086 4.25 0.0266 3.75 -0.0254
4.3 0.0244 3.8 -0.0233
4.35 0.0225 3.85 -0.0214
4.4 0.0208 3.9 -0.0197
4.45 0.0192 3.95 -0.0182
4.5 0.0178 4.0 -0.0168
4.55 0.0165 4.05 -0.0156
4.6 0.0154 4.1 -0.0144
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Table 6-11: Interaction energies (in em™) of Kr-CH,.

R/A 6=0° 30° 60° 90° 120° . 150°
. ‘ ¢=00

35 1218 510.0 830.0 270.6 -66.1 15.4
3.6 10.8 280.0 501.9 114.5 -117.6 -61.9
3.7  -58.6 125.5 277.3 12.8 -144.5 -107.3
3.8 993 243 126.6 51.0 -155.2 -131.0
3.9  -120.6 -39.6 27.9 -88.6 -155.6 -140.5
40 -129.0 777 -34.3 -108.4 -149.7 -140.8
4.1 -1292 982 -71.5 -116.5 -140.1 -135.5
42  -1243 -107.1 91.7 -116.9 -128.8 -127.0
43  -116.6 -108.4 -100.5 -112.7 -116.9 -116.9
44 -107.3 -105.0 -102.1 -105.8 -105.2 -106.9
45 976 -98.9 -99.1 975 -94.0 95.6
Edge: 6=0° Vertex: 6=54.7° Face: £=125.26°

R=4.05 -129.9 R=4.2 -90.7 R=3.7 -147.3

4.15 -127.2 4.25 -96.6 3.75 -153.7

43 -100.0 3.8 -157.0

435 -101.7 3.85 -157.8

4.4 -101.9 3.9 -156.7

4.45 -100.9 3.95 -154.1

4.5 -99.1 4.0 -150.3

4.55 -96.6 4.05 -145.7

4.6 -93.6 4.1 -140.5

$=30°
3.5 363.0 484.8 158.3 54.2 117.3
3.6 178.3 262.6 36.2 35.1 8.4
3.7 56.0 113.6 41.1 -89.0 -59.6
3.8 222 16.4 -87.4 -118.8 -99.4
3.9 -70.0 -44.7 -112.7 -132.6 -120.1
4.0 -96.9 -80.8 -123.9 -135.9 -128.2
4.1 -109.8 -100.0 -126.1 -132.6 -128.3
4.2 -113.4 -108.0 -122.5 -125.4 -123.3
43 -111.4 -108.8 -115.6 -116.2 -115.5
4.4 -105.8 -105.0 -107.0 -106.1 -106.3
4.5 -98.3 -98.7 97.6 95.9 -96.6
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Table 6-11: (continued)

R/A &=0° 30° 60° 90° 120° 150°
¢=60°
3.5 117.3 54.2 -158.3 484.8 363.0
3.6 8.4 -35.1 -36.2 262.2 178.3
3.7 -59.6 -89.0 -41.1 113.6 56.0
3.8 -99.4 -118.8 -87.4 16.4 -22.2
3.9 -120.2 -132.6 -112.7 -44.7 -70.0
4.0 -128.2 -135.9 -123.9 -80.8 -96.9
4.1 -128.3 -132.6 -126.1 -100.1 -109.8
4.2 -123.3 -125.5 -122.5 -108.0 -113.4
4.3 -115.5 -116.2 -115.6 -108.8 -111.4
4.4 -106.3 -106.1 -107.0 -106.1 -105.8
4.5 -96.6 -95.9 -97.6 -98.8 -98.3
¢&=90°
3.5 15.4 -66.1 270.6 830.0 510.0
3.6 -61.9 -117.6 114.5 501.9 280.0
3.7 -107.3 -144.5 12.8 2773 125.5
3.8 -131.0 -155.2 -51.0 126.6 242
3.9 -140.5 -155.6 -88.6 279 -39.6
4.0 -140.8 -149.7 -108.4 -34.3 -77.7
4.1 -135.5 -140.1 -116.5 -71.5 -98.2
4.2 -127.0 -128.8 -116.9 -91.7 -107.0
4.3 -116.8 -116.9 -112.7 -100.5 -108.4
4.4 -106.2 -105.2 -105.8 -102.0 -105.0
4.5 -95.6 -94.0 -97.5 -99.1 -98.9
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Table 6-12: Interaction energies (in cm™) of Ar-CH, (¢=0°).

R/A 6=0° 30° 60° 90° 120° 150°
3.5 -10.3 222.0 417.8 80.6 -1113 -67.7
3.6 -63.2 92.7 2243 -1.8 -128.9 -100.6
37 927 9.8 96.9 -51.9 -134.1 -116.3
3.8 -106.7 -41.0 15.2 803 -131.5 -120.9
39 -110.8 -70.3 -35.0 -94.2 -124.4 -118.6
40 -108.7 -85.1 -64.0 -98.7 -115.0 -112.3
4.1  -103.0 -90.5 -78.8 -97.4 -104.6 -103.9
4.2 -95.3 -90.1 -84.6 -92.6 -94.0 -94.6
43 -86.8 -86.1 -84.5 -86.0 -83.9 -85.2
4.4 -78.3 -80.3 -81.0 -78.5 -74.4 -76.1
4.5 -70.0 -73.5 -75.7 -70.9 -64.8 -67.7

Edge: 6=0° Vertex: 6=54.7° Face: 6=125.26°
R=3.85 -109.7 R=39 -32.9 R=35 -114.6
3.95 -110.3 3.95 -50.0 3.55 -124.7
4.0 -62.7 3.6 -131.1
4.05 -71.8 3.65 -134.4
4.1 -78.1 3.7 -135.4
4.15 -82.1 3.75 -134.6
4.2 -84.2 3.8 -132.3
4.25 -84.9 3.85 -129.0
4.3 -84.4 3.9 -124.9
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Table 6-13: Bond length, stretching frequency, and force constant of CO-methane
isotopomers.

CO-CH, CO-CH, CO-CD, “CO-CH, “C"0-CH, CO--CH,D CO-CHD,

j=0, K=0 state
R(A) 3.996 3.992 3.938 3.995 3.995 3.977 3.949
v,(em’) 29.35 28.96 30.29 29.23 28.4 27.26 27.94
k,(Nm™) 0518 0.524 0.632 0.520 0.502 0.464 0.522
j=2, K=1 state
R(A) 4.024 4.016 3.981 4.021 4.020

v(em") 316 3099  32.19  31.48 30.67
k,(Nm') 0.600 0560 0713  0.603 0.586

Table 6-14: Comparison of CO-CH, with CO-rare gas complexes.?

CO-CH, (7=0)  CO-Ne CO-Ar CO-Kr CO-Xe
R(A) 3.996 3.645 3.849 3.976 4.194
v, (e 29.4 20.0 25.5 23.4 21.6
k, (Nm™) 0.52 0.27 0.63 0.68 0.63
B(°) 72.4 58.5 68.9 71.5

*Values for the CO-rare gas complexes calculated with constants reported in refs. 249 and
260.
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Table 6-15: Computed dipole moment values (in D) of Ar-CH, (#=0°).

R/A 6-0° 30° 60° 90° 120° 150°
3.5 -0.0055 0.0513 0.1016 0.0213 -0.0149 -0.0011
3.6 -0.0056 0.0399 0.0799 0.0159 -0.0135 -0.0099
3.7 -0.0055 0.0310 0.0629 0.0117 -0.0122 -0.0092
3.8 -0.0053 0.0242 0.0497 0.0086 -0.0111 -0.0085
3.9 -0.0051 0.0189 0.0395 0.0062 -0.0101 -0.0078
4.0 -0.0048 0.0149 0.0315 0.0044 -0.0092 -0.0071
4.1 -0.0044 0.0117 0.0253 0.0031 -0.0083 -0.0065
4.2 -0.0041 0.0093 0.0205 0.0022 -0.0076 -0.0060
43 -0.0038 0.0075 0.0167 0.0015 -0.0069 -0.0054
4.4 -0.0034 0.0061 0.0138 0.0009 -0.0062 -0.0049
4.5 -0.0031 0.0050 0.0115 0.0006 -0.0057 -0.0045

Edge: 6=0° Vertex: ¢=54.7° Face: =125.26°

R=3.85 -0.0052 =3.9 0.0407 R=3.5 -0.0015
3.95 -0.0049 3.95 0.0303 3.55 -0.0146
4.0 0.0325 3.6 -0.0139

4.05 0.0291 3.65 -0.0132

4.1 0.0261 3.7 -0.0126

4.15 0.0235 3.75 -0.0120

42 0.0211 38 -0.0114

4.25 0.0191 3.85 -0.0108

4.3 0.0173 3.9 -0.0103
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(E+F) >F, K=1

E, K=0

E, K=1

S Pk

......................... — £ k=0

7= A, K=0
(4) BT

free CH, CH,-HCN dimer

Figure 6-1: Energy level correlation diagram for CH,-HCN. To the left are the rotational
levels of free CH,. To the right are the internal rotor states of the complex. Only the few
lowest energy states of each spin modification are shown. j is the internal rotor quantum
number. K is the projection of j onto the van der Waals bond. In the molecular beam, the
A4, K=0; F, K=0; and F, K=1 states are all metastable and well populated. Intensities of
transitions within these states are proportional to the corresponding spin statistical

weights, 5, 9, and 2 for j=0, 1, and 2 states, respectively (see table 3-5).

197

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



Figure 6-2: Structural parameters used to describe the Rg-methane van der Waals
complexes. The molecule-fixed axes frame of methane is defined such that the two
hydrogens with positive z values are in the xz-plane, and those with negative z values are
in the yz-plane. The position of the Rg atom in the complex can then be described by
spherical coordinates (R, 8, ¢). R is the distance from the Rg atom to the C atom, i.e., the
center-of-mass of the methane monomer, @ is the angle between the R vector and the
z-axis, and ¢ is the azimuthal angle. When the azimuthal angle ¢ is 0°, 8=0° corresponds
to Rg binding to a H-H midpoint configuration (edge), €=54.7° corresponds to a linear
C-H--Kr configuration (vertex), and §=125.7° corresponds to Rg binding to a three H

face center configuration (face).
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Energy

free CH, Kr-CH,

Figure 6-3: The Coriolis interaction between the j=1, K=0 and j=1, K=1 states. To the
left is the j=1 rotational state of free CH,. To the right are the j=1, K=0 and j=1, K=1
states of the Kr-CH, dimer. The j=1, K=1 state is doubly degenerated. The degeneracy
can be resolved by a Coriolis interaction between the j=1, K=0 and j=1, K=1 states, since
it occurs between the j=1, K=0 state and only one of components of the j=1, K=1 state.
The superscripts + and - are used to denote the even and odd parities of the states (175).

The perturbation pushes down the j=1, K=0 state and raises the j=1, K=1" state.

199

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



Intensity

3955.75

.395 5.55 F requen.cy /MHz

Figure 6-4: Rotational spectrum of the J=1-0 transition of *Kr-CH, (j=1, K=0). The
spectrum was taken with 60 nsec sampling interval and 500 averaging cycles. Narrow
splittings, possibly due to spin-spin and spin-rotation interactions, were observed. The
j=1 internal rotor state is associated with nuclear spin wavefunctions of F' symmetry,

corresponding to a total spin of /=1.
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Figure 6-5: Representative spectra of the J=1-0 (a) and 2-1 (b) transitions of ¥*Kr-CH,
(j=1, K=0), recorded with 60 nsec sampling interval. Both spectra are composite spectra
obtained from two individual measurements. The spectrum (a) and (b) were obtained
using 3000 and 2000 averaging cycles, respectively. The hyperfine structure arising from

the spin /=9/2 ¥Kr nucleus is assigned.
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Figure 6-6: Spectrum of the J=1-0 rotational transition of *Kr-CH,D ( j=0, K=0 state).
The observed hyperfine structure is due to the ®*Kr nucleus (7=9/2) and was fitted to give
a y,, value of -1.209 MHz. No additional hyperfine splitting arising from the deuterium
nucleus was resolved. Shown is a composite spectrum obtained from two individual

measurements. Each individual spectrum was obtained with 2000 averaging cycles and 60

nsec sampling interval.
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Figure 6-7: Representative spectrum of the J=1-0 transition of PC"”O-CH, (j=0, K=0).
The hyperfine structure is due to the spin /=5/2 'O nucleus. Shown is a composite
spectrum obtained from three individual measurements. Each individual spectrum was
obtained with 2000 averaging cycles and 20 nsec sampling interval. The low

signal-to-noise ratio is a result of the trace concentration of *C"O in the sample.
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Figure 6-8: The angular dependence of the dipole moments of Kr-CH, and Ar-CH, (¢
fixed at 0°).
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Figure 6-9: The angular dependence of the interaction energies of Kr-CH, and Ar-CH,

(¢ fixed at 0°).
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CONCLUSIONS

Many conclusions can be drawn based on the results presented in chapters 4 to 6.
A number of them have been summarized in the corresponding chapters. Here, a few
general comments are made.

First of all, the work presented further shows that the method of Fourier transform
microwave spectroscopy is indeed an advanced technique to study weakly bound systems
in general. Utilizing the high sensitivity and high resolution of this method, detailed
information about several weakly bound molecular systems, namely Rg-ethylene,
Rg-acetylene, Rg-methane, and CO-methane, was obtained. From the recorded rotational
and rovibrational spectra, not only structural information was deduced utilizing the
obtained spectroscopic constants such as rotational, centrifugal distortion, and nuclear
quadrupole coupling constants, but also detailed information about the features of the
corresponding potential energy surfaces and the internal dynamics of these systems was
inferred. In the case of the Rg-ethylene systems, a T-shaped, planar structure, where the

Rg atom is located on the b-principal inertial axis of ethylene, was determined from the
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spectra. Transition doubling was observed, which is attributed to an internal rotation
motion of the ethylene monomer. The tunneling motion responsible for the observed
transition doubling was unambiguously determined to be the internal rotation of ethylene
about the C=C bond from the spectra of the isotopomers containing trans-D,-ethylene. In
addition, information about the energy level ordering of the K, =1, m=0 and K =0, m=1
states and the barrier to the internal rotation motion was obtained. In the case of the
Rg-acetylene dimers, the presence of strongly coupled, large amplitude angular and radial
internal motions was evident from an analysis of the obtained spectroscopic constants.
Information about the energy gap between the X, and II, states was obtained from the
perturbed spectral pattern of the transitions within these states. The rotational spectra of
the Kr-CH, and CO-CH, dimers provided evidence for nearly free internal rotation of the
methane subunit from the observation of transitions within various internal rotor states.
The close resemblance of the CO-methane and Kr-methane spectra indicates that CO is
also nearly freely rotating within the complex. By the comparative studies of a molecular
subunit binding to different Rg atoms, namely Ar and Ne, the effect of the size and
polarizability of the Rg atom on the features of the potential energy surface and the
internal dynamics were observed. Examples include the spectra of the Ar/Ne-trans-D,-
ethylene dimers and the spectra of the Ar/Ne-acetylene systems. In the case of the
Ar/Ne-trans-D,-ethylene pair, a reduced angular anisotropy for Ne-trans-D,-ethylene
compared to that of the Ar analog led to the observation of the additional K =1, m=0
transitions and the Coriolis interaction between the lower K =1, m=0 and K =0, m=1

states. In the case of the Ar/Ne-HCCH pair, transitions within the X and II, states were
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observed for Ar-HCCH, whereas transitions within the %, and X, states were observed for
Ne-HCCH instead. This is an indication of a £ /I, energy level reordering upon the
substitution of Ar with Ne.

Secondly, it can be also concluded from this work that ab initio methods are
indeed powerful tools to provide complementary information about the nature of potential
energy surfaces and internal dynamics of weakly bound complexes. In addition to the
information obtained from the spectroscopic measurements, i.e., the rotational and
rovibrational spectra using the Fourier transform microwave method, the theoretical
results contribute to an in-depth understanding of the systems of interests. For the
Ne-ethylene system, ab initio minimum energy paths for the two possible tunneling
motions predict that the in-plane motion is less likely to be responsible for the observed
tunneling splitting, mainly because it involves a large variation in the radial coordinate.
For the Ne-acetylene van der Waals dimer, the strong radial-angular coupling is evident
from the constructed MP4 and CCSD(T) potential energy surfaces. For the Rg-methane
systems, the ab initio potential energy surfaces of Kr-CH, and Ar-CH, indicate that the
angular dynamics does not change significantly when the binding partner of methane
changes from Kr to Ar. The ab initio dipole moment calculations provide qualitative
explanations for the intensity enhancement of the j=2, K=1 transitions of Kr-CH, and for
the unsuccessful spectral searches for rotational transitions of Ar-CH,.

Through the intimate interplay between the spectroscopic and ab initio methods
shown in this thesis, qualitative information was obtained from the computed ab initio

potential energy surfaces and helped to understand the weakly bound systems studied. A
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further step would be to extract quantitative information and to compare it with the
accurate spectroscopic measurements. To this end, analytical representations of these ab
initio potential energy surfaces and subsequent quantum treatments of nuclear dynamics
are needed to obtain energies of bound rovibrational levels. The spectroscopic and ab
initio results presented in this thesis are expected to contribute to accurate representations
of the associated potential energy surfaces. Accurate intermolecular dimer potentials can
be used to, for example, study the non-additive effects in larger clusters, such as the
three-body effects in ternary systems.

The present work can be regarded as a starting point of a systematic work into
larger clusters containing organic species, and eventually, a better understanding of the
solvation processes involving these species. By gradually increasing the number of Rg
atoms, fundamental aspects of solvation processes, such as the size dependence of the
structural and dynamical properties of clusters, may be studied as they change from the

behavior of small molecular associations to that of bulk phases (263).
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