University of Alberta

Carbonyl éulﬁde-doped and cyanoacetylene-doped hydrogen clusters studied
with rotational spectroscopy

by

Julie Michelle Michaud @

A thesis submitted to the Faculty of Graduate Studies and Research
in partial fulfillment of the requirements for the degree of

Doctor of Philosophy

Department of Chemistry

Edmonton, Alberta
Spring 2008



Bibliotheque et
Archives Canada

I*l Library and
Archives Canada

Direction du

Patrimoine de I'édition

Published Heritage
Branch

395 Wellington Street
Ottawa ON K1A ON4

395, rue Wellington
Ottawa ON K1A ON4

Canada Canada
Your file Votre référence
ISBN: 978-0-494-45568-5
Qur file  Notre référence
ISBN: 978-0-494-45568-5
NOTICE: AVIS:

L'auteur a accordé une licence non exclusive
permettant a la Bibliothéque et Archives
Canada de reproduire, publier, archiver,
sauvegarder, conserver, transmettre au public
par télécommunication ou par l'Internet, préter,
distribuer et vendre des théses partout dans

le monde, a des fins commerciales ou autres,
sur support microforme, papier, électronique
et/ou autres formats.

The author has granted a non-
exclusive license allowing Library
and Archives Canada to reproduce,
publish, archive, preserve, conserve,
communicate to the public by
telecommunication or on the Internet,
loan, distribute and sell theses
worldwide, for commercial or non-
commercial purposes, in microform,
paper, electronic and/or any other
formats.

L'auteur conserve la propriété du droit d'auteur
et des droits moraux qui protége cette thése.
Ni la thése ni des extraits substantiels de
celle-ci ne doivent étre imprimés ou autrement
reproduits sans son autorisation.

The author retains copyright
ownership and moral rights in
this thesis. Neither the thesis
nor substantial extracts from it
may be printed or otherwise
reproduced without the author's
permission.

In compliance with the Canadian
Privacy Act some supporting
forms may have been removed
from this thesis.

While these forms may be included
in the document page count,

their removal does not represent
any loss of content from the

thesis.

Canad;

Conformément a la loi canadienne
sur la protection de la vie privée,
quelques formulaires secondaires
ont été enlevés de cette thése.

Bien que ces formulaires
aient inclus dans la pagination,
il n'y aura aucun contenu manquant.



Abstract

The weakly bound (Hz)y— OCS (N=1-7) and (Hy)y— HCCCN (N =1 - 6)
clusters were measured using a Fourier transform microwave spectrometer. Complexes
and clusters containing both spin isomers of hydrogen (para-hydrogen and ortho-
hydrogen) were observed. The nuclear quadrupole hyperfine patterns were observed for
clusters containing "N (I=1), D (I=1) and **S (I = 3/2) nuclei. The spin-spin hyperfine
patterns due to ortho-hydrogen molecules were measured and assigned.

For the orthoH, —OCS and orthoH, — HCCCN complexes, both a- and b-type
transitions were observed and assigned to a distortable rotor model. For the paraH; —
OCS and paraH, — HCCCN complexes, only a-type transitions were observed. Both
dimers are floppy and near T-shaped. An ab initio intermolecular potential energy
surface was calculated using the coupled cluster method for the H, — HCCCN system and
three extreme orientations of the hydrogen molecule were considered. Bound-state
rotational energy levels supported by the potential were obtained for the parallel
orientations (orthoH; — HCCCN) as well as for the averaged potential (paraH; —
HCCCN). Both potentials were scaled and the agreement with the experimental
transition frequencies improved.

For most larger clusters (V= 2-7), only one rotational transition was observed.
The spectra clusters with N > 2 were fit to a near prolate symmetric top model. Larger
clusters can be pure paraH; clusters, pure orthoH, clusters, or mixed clusters with a
coxﬁbination of both spin isomers. Mixed clusters were observed and assigned based
partly on the evolving hyperfine pattern due to the spin-spin coupling of the orthoH,

molecules. Additionally, structural isomers of some mixed clusters were observed and



assigned. The rotational constant of the clusters decreases as the size of the cluster
increases. These studies provide a stepping stone for the study of larger doped hydrogen

clusters and for the observation of possible onset of superfluidity.
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Chapter 1

Introduction

Spectroscopy is the study of the interaction between light and matter. Various
motions in molecules, complexes and clusters can be studied through their interactions
with light at different frequencies. It is best to describe the interactions in molecules by
the minimum energy necessary to excite motions.! The lower energy radio frequency
region (3 MHz — 3 GHz) induces nuqlear spin flipping (nuclear magnetic resonance
(NMR)) in magnetic fields of a few Tesla. The next in energy, and most important region
for the work in this thesis, is the microwave region (3 — 3000 GHz) with enefgies
sufficient for excitation of rotational transitions in molecules and also for electron spin
flips (electron spin resonance (ESR)). Infrared light (100 — 13,000 cm™ =3 x 10° - 3.9 x
10°> GHz) excites the vibrational motions in molecules. The valence electron transitions
in molecules are accessed by use of visible and ultrairiolet (UV) radiation (10,000 — 100
A =3 x10°-3 x 10’ GHz). High energy x-ray wavelengths (100 - 0.1 A =3 x 10’ -3 x
10'° GHz) are responsible for transitions of core electrons. The boundaries are not clear
and definite for which molecular motions are accessible by each frequency region. Since
energy boundaries indicate the minimum energy required for exbitation, higher energy
radiation excites many motions simultaneously. For example, in ro-vibrational
spectroscopy, infrared radiation excites the vibrational as well as the rotational motions.

There are some requirements of molecules to be able to observe the rotational

motions and obtain a rotational spectrum. The main prerequisite is the presence of a



permanent dipole moment. Microwave radiation exerts a torque on a molecule with a
dipole moment which causes it to rotate.’> In the complexes and clusters of interest in
this thesis, the predominant rotation is the end-over-end rotation. The frequency at which
the molecule rotates is related to its moment of inertia and, in general, lighter molecules
rotate at a higher frequency than heavier molecules. Since the moment of inertia is
related to the geometry of the molecule or complex studied, microwave spectroscopy is
commonly used to determine molecular structure to a high precision in comparison to
other methods of structural determination.®’

High resolution microwave and infrared spectroscopy have been used to study
van der Waals clusters containing helium atoms.** Helium clusters are the most weakly
bound of the rare gas atom containing clusters and show very interesting behavior,
including the manifestation of superfluidity in a finite system. Superfluidity is a phase of
matter and is characterized by many interesting properties including an absence of
viscosity.”® Bulk helium is a superfluid when its temperature is dropped below 2.17 K
(its A-temperature, the transition temperature between normal fluid and superfluid “He).
Above the A-temperature, liquid helium acts as an ordinary fluid, named the He I phase.’
When liquid helium is cooled to below its A-temperature, it undergoes a phase transition
to a superfluid (He II phase), which is unlike a classical fluid.” To explain the properties
of superfluid helium a two-fluid model was proposed.'®'? Briefly, the model suggests
that He II phase consists of two fluids, a superfluid Bose-Einstein condensate and a
normal fluid, both simultaneously present and interlocked. Duec to the bosonic nature,

atoms in a Bose-Einstein condensate occupy the lowest energy state and are described by



a single wavefunction. Superfluidity is a manifestation of quantum behavior in a bulk
system.

A demonstration of the two-fluid nature of a He superfluid is the Andronikashvili
experiment.”® In the experiment, a vessel of liquid helium containing a stack of thin
plates was rotated and the effective moment of inertia of the; vessel was measured. This
experiment was repeated at various temperatures. When the liquid helium was cooled
below 2.17 K, the effective moment of inertia decreased. Such an observation indicates
increasing fractions of helium density were becoming frictionless and decoupling from
the rotating vessel. 13

Helium nanodroplets have provided one of the first observations of superfluidity
outside of bulk helium. Nanodroplets contain ~1,000 - ~100,000 helium atoms and are
confined in a skimmed molecular beam. Helium droplets alone cannot be studied via
vibrational or rotational spectroscopy. The chemistry within a nanodroplet is probed by
doping the droplet with a chromophore molecule on which spectroscopy is performed.
Some of the chromophores investigated include, but are not exclusive to: 0Cs,* co,'®
CO,," "2 HCN,>'"* HCCCN,?*** and N,0." The spectra obtained from infrared studies
of chromophores such as with OCS in “He nanodroplets can show sharp, rotationally
resolved spectral features like those expected in gas-phase spectroscopic studies."* Sharp
spectral features suggest near free rotation of the OCS dopant within the droplet, which
has been atiributed to the superfluid nature of the nanodroplets. The effective moment of
inertia of an OCS molecule embedded in a *He droplet is higher than that of the freé
molecule by a factor of 2.7."* Grebenev et al. proposed that the two-fluid nature of a

superfluid could explain the experimental results. The superfluid density allowed the



OCS molecule to rotate &eely, while the normal He II fraction was dragged by the rotor
increasing its effective moment of inertia. The experiment was termed by the authors as
the “microscopic Andronikashvili experiment.”"* The superfluid nature of *He
nanodroplets has been supported by the observation of broader transitions in *He
nanodroplets. The temperature of the *He droplets is not low enough to have superfluid
behavior, since the A-temperature of *He is 2.6 mK, significantly lower than in *He (2.17
K)."® Studies were then carried out to determine if a specific number of “He atoms
around a chromophore in a larger *He nanodroplet was needed to show these
characteristic sharp spectral features. Sharp gas phase-like spectral features appeared for
~ 60 *He atoms around an OCS molecule in a *He nanodroplet.® Thus, the authors
suggested that a minimum of 60 *He atoms are required for superfluidity.

A different approach to understanding doped helium clusters is the solvation of a
molecule one helium atom at a time.*** Such studies can be achieved in high resolution
infrared and microwave, pulsed-jet spectroscopic experiments. Both techniques utilize a
pulsed nozzle, which creates a near collision-free molecular expansion into a vacuum
chamber. As a result, van der Waals clusters are stabilized and can be studied. The study
of sequential solvation is aided by the fact that the distribution of the number of helium
atoms around a chromophore can be controlled by sample pressure, chromophore
concentration and nozzle temperatur.e.5 428 Tn these studies, the trends of spectroscopic
constants, for example, the rotational constants of the clusters, with increasing number of
helium atoms is followed. The rotational constant of a cluster is inversely proportional to
its moment of inertia. When the cluster increases in size with the addition of a helium

atom, the moment of inertia should increase in a classical picture and cotrespondingly the



rotational constant should decrease. When a helium cluster shows superfluid behavior,
the lack of viscosity of a superfluid causes some helium density to decouple from the
rotation of the chromophore molecule. This decoupling is seen by a decrease in the
moment of inertia and, therefore, an increase in the rotational constant with the addition
of mass. Such a turn-around in the rotational constant is interpreted to be the onset of
‘microscopic’ superfluidity and has been observed for several helium clusters via infrared
and/or microwave spectroscopy (Hey— OCS,***>*?° Hey— CO,,** Hey— HCCCN,>!
Hey— CO,32'3 7 and Hey — N,0O° 84%. |

This discussion will focus on two particular doped helium cluster systems: Hey —
OCS and Hey — HCCCN. Both systems have been extensively studied via rotational
spectroscopy.”®*! The main requirements for suitable chromophores in clusters are large
dipole moments, well known monomer spectra, and expected rotational transitions of the
clusters in the operating range of the microwave spectrometer (3-26 GHz). Both
chromophores, carbonyl sulfide (OCS) and cyanoacetylene (HCCCN), have been
. investigated in nanodroplet studies and infrared gas-phase studies exist for Hey -
0CS. 41417232829 Eyen though the chromophores have many similarities, they have one
important difference: the length of the rotor. The cyanoacetylene rotor (4.83 A) is nearly
twice as long as the carbonyl sulfide rotor (2.72 A).

The studies of Hey — OCS clusters studied via microwave® and infrared*
spectroscopy show the feasibility of studying helium clusters by successive solvation one
helium atom at a time. Larger clusters are generated by mélecular collisions in the nozzle
and then stabilized in the jet expansion into the cavity of the spectrometer. The size

distribution of the clusters is controlled by the pressure and temperature at the nozzle and



chromophore concentration in the gas sample. The small clusters (N = 2-8) behaved
classically where the addition of a helium atom increased the moment of inertia. The
vibrational shifts obtained from the infrared study” and the isotope shifts obtained in the
microwave study® indicated that the first five helium atoms formed a ring around the
OCS molecule. The sixth and seventh helium atoms were located near the oxygen end of
the OCS molecule, while the eighth atom was located nearer the sulfur end.
Spectroscopic constants, including rotational constants, for each cluster were determined.
Interestingly, the observed rotational constant of the Heg — OCS cluster was below the
one obtained in the nanodréplet studies with OCS." To eventually reach the nanodroplet
limit at larger cluster sizes, a turn-around in the rotational constant would be necessary.
The turn-around was not observed in the initial microwave™® or infrared®® studies due to
experimental challenges in studying clusters larger than N> 8.

In subsequent experiments, the resolution of the pulsed-jet infrared spectrometer
was significantly improved through the introduction of a skimmed jet. Spectra of Hey -
OCS clusters with up to N = 70 helium atoms were resolved.”””® Complementary to this

“study, rotational spectra of Hey — OCS clusters up to N = 39 were measured.””*® The
study was enabled by using high sample pressures and very low nozzle temperatures to
generate the larger clusters: The trend in the rotational constants for the small-to-medium
sized clusters show that the onset of superfluidity occurs at N=9. Additionally, broad
oscillations in the rotational constant show possible shell structures and variations in
superfluid fractions as more helium atoms are added.””*®

The Hey-molecule cluster studies were extended to other dopants to observe the

onset of superfluidity as the molecules are solvated with helium atoms. Cyanoacetylene



(HCCCN) was studied as a dopant in nanodroplets, 2442

and was a promising dopant
for microwave studies. An additional motivation for studying Hey — HCCCN clusters
was to study the effect of a longer rotor on the onset of superfluidity. A first effect of the
longer rotor was the observation of six helium atoms forming the ring around the dopant
instead of the five atoms observed with OCS.> The study of cyanoacetylene bdoped

| helium clusters show that the onset of superfluidity occurs at N = 10.° The length of the
rotor delayed the onset of superfluidity in the cluster compared to the Hey — OCS
clusters.

Several groups have studied rotational and rovibrational properties of small to
medium sized Hey — molecule clusters theoretically using different Quantum Monte
Carlo (QMC) methods. Examples include Hey — OCS, " Hey — N;0,%*8 Hey — CO,,*°
and Hey — HCCCN.®> The accuracy of these. computational results depends on both the
choice of QMC method and the potential energy surfaces (PESs) used for the He-
molecule and He-He interactions. The difficulty in reproducing experimental results can
be seen in the studies done by K. B. Whaley ef al. with Hey— OCS. The first studies®™"
show that the rotational constants of growing clusters decrease smoothly to the
nanodroplet rotational constant and reach the value at N = 5. Following the experimental
studies of Hey — OCS (N = 2-8),*%*® where the rotational constant of the clusters dipped
below the nanodroplet value, Whaley et al. revisited their potential energy surface and

44,52

calculations. Their new theoretical results™ >~ were able to reproduce the experimental

data for N = 2-8 and predicted the rotational constants for larger clusters (up to N = 20).
They predicted a single turn-around at N = 6, following which the rotational constants

would increase asymptotically to the experimental nanodroplet value. The theoretical



studies by Whaley and co-workers failed to predict the experimental results where broad
oscillations in the rotational constants were observed.

Although theoretical studies of doped helium clusters are challenging, some
groups have been able to produce results that agree nicely with experiments.>*** For
example, the theoretical studies of cyanoacetylene doped helium clusters by Moroni ef al.
(Hey — HCCCN; N = 1-31) reproduce the experimentally observed turn-around in the
rotational constants, as well as the broad oscillations for the larger clusters.’
Impressively, this theoretical study captured small features .in the trend of the rotational
constants, which were observed in the experiments.

(Helium becomes a superfluid because of several factors including the low atomic
mass, very weak interatomic interactions, and the bosonic character.”” Hydrogen
molecules (H,) are bosons with a mass half that of helium atoms which contributes to the
possibility of seeing similar superfluid behavior in hydrogen molecules. Conversely,
hydrogen molecules have van der Waals interactions which are twelve times stronger
than within helium atoms and, in bulk, hydrogen solidifies at 13.8 K. Many attempts
have been made to supercool bulk hydrogen to produce a superfluid, *>*’ but all attempts
have been unsuccessful. Gas-phase studies, where solidification may not be an issue,
could show potentially the onset of superfluidity in doped hydrogen clusters. Hydrogen
atoms have a nuclear spin of %2 and the combination of two hydrogen atoms to form the
hydrogen molecule gives rise to two spin isomers: para-hydrogen (Ziora = Q) and ortho-
hydrogen (/i = 1). Para-hydrogen corresponds to a nuclear singlet state and is a
spinless boson like the “He atom. Some studies have suggested that para-hydrogen

would be the best candidate for superfluidity.”®*® The A-temperature for para-hydrogen



has been estimated from the Bose-Einstein condensation temperature to be ~6 K.° All
other forms of the hydrogen molecule (orthoH,, paraD,, orthoD,) are expected to have
the transition occur at lower temperatures because of the degeneracy of their lowest

1.° Therefore, para-hydrogen clusters are good candidates to show superfluid

energy leve
behavior in hydrogen molecules.

Grebenev et al. investigated (paraH,)y — OCS clusters (N = 1-8, 14-16)°* in *He
and mixed “He/*He nanodroplets. For the iarger N=14-16 clusters, the spectrum showed
a disappearance of the Q-branch feature (AJ = 0) when the temperature was dropped from
0.38 K (in pure “He nanodroplets) to 0.15 K (in mixed “He/*He nanodroplets). The
disappearance of the Q-branch feature is associated with dvanishing of the angular
momentum around the symmetry axis. When the transition to a superfluid oc;:urs, both
the effective moment of inertia and the angular momentum vanish.*® The disappearance
of the Q-branch in (paraH;)14.16 — OCS has been attributed to the onset of superfluidity in
paraH,. In smaller clusters (N = 5-6), the disappearance of the Q-branch was attributed
to the high symmetry permutation of the clusters causing the allowed energy levels to be
too high in energy to be populated in the low temperature of the helium nanodroplet.”

To remove any matrix effects, it is best to study the doped hydrogen clusters in
molecular expansioﬁs where the clusters are so-called ‘bare’, that is without any
surrounding helium droplet. Infrared gas-phase studies have been done for the H, — OCS
dimer?® and larger (H,)y — OCS (N = 2-7) bare clusters.®* The vibrational band origin of
the clusters shifts to the red (to lower wavenumbers) with increasing cluster size and a

change in slope in the vibrational shifts at N =5-7. This change of slope corresponds to

the sixth and seventh hydrogen molecules occupying a different position (near the O end)



c;)mpared to the ring formed by the first five hydrogen molecules about the waist of the
OCS molecule. This is consistent with the results of Hey — OCS. For N= 1-7, the
infrared study provided rotational constants to guide the spectral search for (Hz)y — OCS
clusters in the microwave range. It also has shown the feasibility of gas-phase studies of
doped hydrogen clusters by successive solvation as was done for doped helium clusters.
In two recent reports, Klemperer and coworkers have investigated the main OCS
isotopologue of the hydrogen — OCS van der Waals dimer in the microwave region.%
In the first report, they measured the a-type rotational transitions of five hydrogen — OCS
(orthoH,, paraH,, orthoD,, paraD, and HD) complexes.®® Nuclear hyperfine structure
was observed for all complexes except paraH,; — OCS, where I(paraHz)wowm = 0 and no
nuclear hyperfine structure is expected. To complete this study, the microwave spectra of
the minor OCS isotopologues of paraH, — OCS and orthoH, — OCS were investigated as
a part of this thesis. The study of the minor isotopologues was motivated by the
possibility to obtain better structural parameters for the complex. Additionally, the sfudy
would provide a means to test and improve PESs for the H; — OCS system. The
observation of the hydrogen — OCS dimer in the microwave region, as well as the

262 encouraged studies of larger

previously mentioned gas-phase infrared studies,
hydrogen — OCS clusters as a part of this thesis.
Studies of hydrogen molecule clusters could show the onset of superfluidity in the
similar way as the helium clusters, ‘but such an observation is expected to occur at larger
cluster sizes due to the stronger van der Waals interactions in hydrogén molecules. The

‘ observation of a turn-around in rotational constant as N increases would constitute a

direct observation of superfluidity involving para-hydrogen molecules. In this thesis, I
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report the study of (Hy)y — OCS (N = 2-7) clusters containing orthoH; and paraH,
molecules. This is the first microwave study of hydrogen molecule clusters (larger than
N=1) seeded with a chromophore. Several isotopologues for OCS were measured for
many cluster sizes. Mixed clusters containing both orthoH; and pdraHz molecules, some
of which were also detected in the infrared study, were observed and have aided the
assignment of the pure orthoH, or pure paraH; clusters. Microwave spectra are less
spectrally crowded than infrared spectra and the mixed clusters do not overlap spectrally.
The rotational constants from the current study agree very well with those from the
infrared study.5

Theoretical investigations of H, — molecule systems, such as H, — OCS, are
complicated by the spin isomers of the hydrogen molecules and the dependence on the
orientation of the orthoH, molecule with respect to the molecule. Potential energy
surface calculations have been performed for the H, — OCS system where three extreme
orientations of the hydrogen molecule with OCS have been investigated.*>®® The
orientations are defined by the relative position of the molecular axes of the hydrogen and
the OCS molecule when the dimer is in the T-shéped configuration. They are defined as
parallel, perpendicular and out-of-plane. Bound state rotational energy levels supported
by the potential have been determined for orthoH; — OCS and paraH; — OCS dimers.
The frequency for rotational transitions can be obtained by calculating the difference
between the states of interest. Preliminary results show reasonable agreement with
experimental transition frequencies.®>°
QMC studies have also been performed on the (paraH;)y — OCS system by

Whaley and co-workers.S””' The rotational constants obtained in the studies show a
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smooth decrease as more hydrogen molecules are added up to N=28."' These results
agree with the rotational constants obtained from the infrared results up to N =7.° For
larger clusters (up to N =20)," the vibrational shifts were calculated and showed
reasonable agreement with infrared results up to N=7.% The theoretical values were
slightly above the experimental values for N=6 and 7. From the chemical potentials of
the (pH,)y — OCS clusters, thrée cluster sizes, namely N = 8, 11, and 14, were considered
“magic” number clusters since their chemical potentials were minima. The authors did
not present the rotational constants for clusters larger than N = 8, therefore it can not be
known whether a tlmlrn-around was predicted. Diffusion Monte Carlo (DMC) calculations
of (pHz)w — OCS clusters (up to N = 30) have been performed by Piccarreta and
Gianturco to determine the structural parameters of the clusters.”” The first five
molecules formed a ring around the OCS molecule. Further molecules added to either
side of the dopant species.”> The DMC calculations did not provide rotational constants
for comparison. |

The rotor length effects observed in the helium cluster studies encouraged the
investigations of the (Ha)y — HCCCN system. No previous experimental or theoretical
results were available for the (H,)y — HCCCN system and this thesis presents the
rotational spectra of clusters up to N = 6. Potential energy surface calculations of three
orientations of the H molecule with respect to the HCCCN molecule are presented with
the supported bound state rotational energy levels.

‘This thesis contains a brief background of the theory and the experimental set-up
used in these studies in Chapter 2. The rotational spectra of minor isotopologues of

hydrogen molecule — carbonyl sulfide dimers are presented in Chapter 3. The
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experimental study and the potential energy surface study of H, — HCCCN is presented in
Chapter 4. Chapter 5 focuses on the results of the study of carbonyl sulfide (OCS) doped
hydrogen clusters. The cyanoacetylene (HCCCN) doped hydrogen cluster results are
presented in Chapter 6 A chapter summarizing the general findings of these doped
hydrogen clusters studied via rotational spectroscopy with brief mention of future
directions for similar studies concludes this thesis. The tables of single point energies for
the H, - HCCCN potential energy surface are given in Appendix A found at the ¢nd of
the thesis. Appendix B contains the bound state rotational energy levels supported by the
potential energy surfaces. Due to the large number of tables generated by the analysis of
the spectra in this thesis, the tables and figures are located at the end of the chapters for
chapters dealing with spectral analysis. Bibliographies for chapters are independent énd

found at the end of each chapter.
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Chapter 2

Basic theory and experimental techniques of rotational
spectroscopy

This chapter summarizes the basic theory of microwave spectroscopy that is
applicable to this thesis as well as the description of the experimental set-up. This
chapter is presented to familiarize the reader with the notation that will be used in the
following chapters. The theory has not been developed as a part of this thesis and has
been explained in greater detail in several textbooks.'? The experimental set-up for the
Fourier transform microwave spectrometer was not developed during the course of this
study. A brief description will be given to familiarize the reader with the set-up. A para-
hydrogen converter was built as a part of this work and will be described in further detail
within this chapter.

As a first part of this chapter, the theory relevant to the assignment and analysis of
the pure rotational spectra of symmetric a;md asymmetric tops will be discussed. The
theory discussion here will be as follows:

a. The rigid rotors;

b. Selection rules for asymmetric tops;
c. Centrifugal distortion;

d. Hyperfine structures;

e. Geometry determination.
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As a second part to this chapter, pulsed excitation experiments will be described
theoretically followed by a description of the microwave spectrometer used for the
studies. The chapter will end with a description of the design of the para-hydrogen
converter built and used for some studies.

2.1 Molecular rotational spectroscopy

The Born-Oppenheimer approximation states that the electrons can be considered
to respond instantaneously to changes in nuclear position because of the large mass

difference between the nucleus and the electrons.” The approximation allows for the

electronic and nuclear components of the total Hamiltonian of the molecule, H,,, tobe

total »
separated. In addition, for these studies, interactions between the rotational and the
various other motions in the Hamiltonian are neglected. The total Hamiltonian tunneling
motions, all effects of nuclear and electronic spins, and all effects of external fields have

also been neglected. With all these assumptions, the total Hamiltonian of the molecule is
given by:

A ~

Htotal = H

trans

~

+ ﬁelec + Hvib + E[rot [2 1]
where the components correspond to the translational, electronic, vibrational, and
rotational components, respectively. The separation of the total Hamiltonian permits the

simplification of the eigenfunctions, v , and eigenvalues, E, written as:

lpA'otal = w transw eIecw w‘btp rot [2’2]
and:
‘ Etotal = Etram' + Eelec + Evib + Erol . [2’3]

Of interest for this work is the rotational Hamiltonian and, thus, the discussion will be

limited to it. The clusters and complexes studied in this work are subject to centrifugal
20



distortion and, for some nuclei, nuclear spin interactions which lead to hyperfine
structures in the rotational transitions need to be considered. The Hamiltonian, in these

cases, becomes:

A

+ thperﬁne

A ~ A~
H = H rot + H distortion

[2.4]

where H

istortion A0 A nperfine OT€ the centrifugal distortion and hyperfine Hamiltonians,
respectively, and will be discussed in more detail below. The Hamiltonian is used to
determine the interaction energies and to fit spectroscopic parameters of the model
Hamiltonian to the measured transition frequencies.

2.2 The rigid rotor

A starting point for obtaining approximate rotational energy levels is the
assumption that molecules are rigid rotors. In this approximation, molecules are point

masses connected by massless rigid rods. In general form, the rigid rotor Hamiltonian is

given by:
A, =BJ*+B,J+BJ’ [2.5]

where J . and By are the rotational angular momentum operators and the rotational
constants, respectively, along the g- principal inertial axes (q, b, or c). The rotational
constants, B, =4, B, = B, and B, = C, are givenby B, = h2/21 . » Where I; are the
moments of inertia along the principal inertial axes. By convention, the principal inertial
axes are chosen so that the rotational constants follow: 4 > B > C.

Molecules can be classified according to the relative values of the rotational
constants. In a symmetric top, two of the rotational constants are equal. When 4 = B >

C, the molecule is classified as a symmetric oblate top; when 4 > B = C, the molecule is a
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symmetric prolate top. The rotational Hamiltonian can be solved analytically in both of
these cases. In the prolate case, which will be used in this discussion, the wave functions
are designated |JK ) where J and K are the quantum numbers associated with the total
rotational angular momentum and its component along the principal inertial a-axis,

- respectively. The values that these quantum numbers can take are J=0, 1,2, ... and K =
0,+1,42, ..., +J.

The non-zero elements of the Hamiltonian matrix are given by:

(JK|H,, |JK) = AK® + B ;C[J(J+ 1)-K? [2.6]
and:
R =20, |7K) = BZE (0 + 1) - K (K = )] [0 +1) - (R < 1)K = 2)] [2.7]

where A4, B, and C are the rotational constant; of the molecule as described earlier. The
rotationél energy levels of the prolate symmetric top are given by:
E=BJ(J+1)+(A-B)K". [2.8]
The symmetric top wavefunctions form complete sets and can be used as basis sets for
the treatment of asymmetric top molecules, where 4 > B > C. For asyrhmetric top
molecules like many doped hydrogen molecule complexes, K is no longer a good
quantum number and Jx.x. labels the energy levels where K, and K. are the prolate and
oblate limits for the value of X, respectively.
2.3 Selection rules for asymmetric top molecules

The selection rules governing the allowed transitions for asymmetric top
molecules are given in this section. The selection rules have been developed |

previously,'” therefore only the main results will be presented here. The probability of a
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rotational transition occurring between energy levels m (=J°, K.i’, Ki’) and n (5 J, Ky,

K,) is given by:

Proon = P(Viuoon)Booe [2.9]
where p(v,,,,) is the density of the radiation at the transition frequency v,, ., and B,, .,
is a “rate constant,” known as the Einstein B coefficient. B, _,, is given by:

B, . = 2’; Zl(nl,up|m)|2 . [2.10]

where the ur are the space-fixed F = X, Y, Z components of the molecular electric dipole
moment. In a molecule, the dipole moment is given in the principél axis system (g = a, b,
¢). The principal axis system dipole moment is related to the space-fixed axis system
since the radiation used in the experiments is defined in the space-fixed axis system. The
coordinates of the molecular dipole moment in the principal axis system can be changed

to the space-fixed axis system by:

(nltm) = 31t ko, m) 2.11]

where g = a, b, c are the principal inertial axes of the molecule and @, are the direction

cosines between the spaced-fixed axes F and the principal axes g.

Since plane polarized radiation is used in microwave experiments, the molecular
dipole will interact with only one space fixed axis defined here as the Z-axis. The
direction cosines give rise to the selection rule AJ =0, +1. The selection rules for K, and
K. can be reasoned using group theory. The wavefunctions of asymmetric rotors can be
classified according to the irreducible representation D,, the character table for which is

given in Table 2.1.
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Table 2.1: Character table for the D, point group

E ¢ ¢ ¢ |k K O,

The allowed transitions are those for which {n|u,|m) =0 and which are symmetric with
respect to all operations of D,. Since p, can be separated as:
(nluy|m) = p, (n|®,,|m) + p, (n|®@,,|m) + p (n|®, |m), [2.12]

transitions can occur when g, is non-zero and when (n|®,,|m) is totally symmetric.

Table 2.2 summarizes the allowed fransitions.

Table 2.2: Selection rules for rotational transitions

AK, AK,
a-type; u, =0 | even; 0,£2, ... | odd; £1, £3, ...
b-type; u, =0 odd; 1, £3, ... | odd; %1, 43, ...
c-type; u =0 odd; £1,+3,... | even; 0,+2, ...

For the studies in this thesis, the largest dipole moment component is along the g-axis and
a-type transitions are the most prominent in the doped hydrogen clusters.

2.4 Centrifugal distortion: The distortable rotor

The rigid rotor approximation gives a general description of the molecular

rotational energy levels. This approximation neglects that bonds are flexible and spring-
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like. This flexibility results in distortions due to centrifugal force as the molecule rotates.
The distortions change the moments of inertia and, consequently, the rotational constants.
This is accounted for by the addition of centrifugal distortion terms into the rotational
energy Hamiltonian in equation [2.1], as shown in equation [2.4]. The most common
description of a semi-rigid molecule, and the one used lin this thesis, is given by the

Watson’s A-reduction:’

H, =B"J;+BYI + BYJ? [2.13]
i = =B, " = 8, P07 =82 =28, 12(32 - J2) - 8, [ 32(32 - J2) + (32 - T2) 2]+ .

[2.14]
A less rigidly bound system, such as a weakly bound van der Waals complex, requires
several centrifugal distortion constants to be fully described, even some higher order
constants not explicitly given in equation [2.14].

2.5 Nuclear hyperfine interactions

The nuclear hyperfine interaction Hamiltonian used in some of the present studies

can be expressed as:

~ A

H = quadrupole + H + H

hyperfine spin—spin spin-rotation

A

[2.15]

where the nuclear quadrupolar component expresses the interaction of a nuclear electric
quadrupole moment with the electric field gradient at the nucleus, the spin-spin
Hamiltonian represents the interaction between two nuclear magnetic dipoles, and the
spin-rotation component describes the interaction of a nuclear magnetic moment with the
magnetic field produced by the rotating nuclei and electrons of the molecule. Thé
components of the nuclear hyperfine Hamiltonian are only included in the total

Hamiltonian when a nucleus (or nuclei) is present which can exhibit that type of
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interaction. For some complexes, all three hyperfine interactions will be present, while
other complexes will have no hyperfine interactions.

Although each interaction will be discussed in more detail in turn, some
considerations can be given in general. When a molecule contains at least one nucleus
with a non-zero nuclear spin, the associated angular momentum can couple with the
rotational angular momentum via the spin-rotation hyperfine interaction. The angular
momentum coupling scheme when two (or more) nuclei are involved, such as in orthoH;
—HCCCN (the orthoH, spin-spin interaction and the "N nuclear quadrupole coupling
interaction) or (0H;),-OCS (the spin-spin interaction of each of the two orthoH;
molecules), can be expressed in two manners:

1 The ‘parallel’ scheme is most appropriate when the molecule has two
equivalent coupling nuclei and is expressed as: I1 + L =L I+ J=TF;
ii. The ‘series’ coupling scheme is used for molecules which contain two non-
equivalent coupling nuclei and is expresséd as: 1 +J=F; L +F =F.
Here, I, I, are the spin angular momenta of the corresponding nuclei. A combination of
parallel and series schemes can be applied for systems with more than two coupling
nuclei. All spectroscopic fits for this thesis were done with the exact fitting program,
SPFIT,® which utilises a complete diagonalisation procedure and, therefore, produces
identical fits regardless of the coupling scheme used. The coupling schemes used in the
analysis of the various complexes and clusters will be outlined in the appropriate

chapters.
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2.5.1 Nuclear electric quadrupole interaction

A quadrupolar nucleus with spin quantum number, /, greater than Y% has a
nonspherical distribution of nuclear charge vgiving rise to a non-zero nuclear electric
quadrupole moment, eQJ. The nuclear electric quadrupole moment produces a
nonspherical électric charge distribution around the nucleus and a resulting electric field
gradient. The quadrupolar nucleus will try to orient itself in the electric field gradient. In
gases, the field gradients at the nucleus are dependent on the rotational state of the
molecule. For an external field free molecule, the nuclear spin, Z, is coupled to the
molecular rotation angular momentum, J, to produce the total angular momentum, F.
Transitions between the hyperfine levels are governed by the additional selection rule of
AF =0, +1.

The theory explaining nuclear electric quadrupole coupling has been developed in
detail by several scientists including Zare,” Edmonds,® Gordy and Cook,' Cook and de
Lucia,’ and Slichter.'” The important results will be given in this section.

The Hamiltonian can be expressed as the product of two second-rank spherical

tensors:

A

Hy,=V-Q [2.16]

where ¥ is the electric field gradient tensor at the location of the nucleus and Q is the
nuclear quadrupole tensor of the coupling nucleus. These tensor operators are irreducible
which means they transform under rotation like spherical harmonics.'”

The nuclear quadrupole coupling constants, ezQ(q',,q ; ), are in the space-fixed

axis system and can be expressed in terms of the elements in the principal inertial axis

system by the following equation:
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C0fa0) 20| T )= (85 (03 o + (B + 2Bt

2<q)Zaq)Zc>Xac + 2<(I)qu)lc>Xbc 1

[2.17]

where <<I) %P g.> are the expectation values of the product of the direction cosines and the

2
x . =€0 g x - are the nuclear quadrupole coupling constants in the principal inertial axis

88 dgag

system. These X, constants are obtained directly from our spectroscopic data through

the diagonalization prograin, SPFIT.® The off-diagonal quadrupole coupling interactions
are negligible in all the complexes and clusters in this study. The nuclear quadrupole
coupling constant is a tensor. The experiments do not contain information about the off-
diagonal components.

For the complexes studied in this thesis, the chromophore molecule contains the
nucleus with the electric quadrupole moment. The nuclear quadrupole coupling constants
obtained for the hydrogen molecule complexes and clusters with the dopaﬁt molecule can
be compared to the constants obtained for the bare chromophore. The weak van der
Waals interaction holding the complexes together negligibly changes the electric field
gradients at the chromophore molecule. Deviations in the nuclear quadrupole coupling
constants between the monomer and the complex values can be attributed to the tilting of
the inertial axis system, thus changing the projection of the space-fixed quadrupole
interactions onto the inertial axis system. The van der Waals complexes studied in this
thesis are non-rigid and have large amplitude motions which affect the quadrupole
interaction. The average angle between the molecular axis of the chromophore and the a-

inertial axis can be obtained by solving:

28



o = _;. Xo{3c0526, -1) [2.18]
and:

L.
Kos =5 Xo( 351076, ~1) [2.19]

where Y, is the quadrupole coupling constant of the isolated chromophore molecule.
The angle, 8,, obtained from this analysis is the average over the large amplitude motions
in the complex. The nuclear quadrupole coupling interaction is normally the largest of

the three hyperfine interactions presented here.
2.5.2 Nuclear magnetic spin-spin interaction

As mentioned in Chapter 1, hydrogen molecules exist as two spin isomer forms:
para-hydrogen (Iy, = 0; nuclear singlet state) and ortho-hydrogen (/r, = 1; nuclear triplet
state). Atroom temperature and in equilibrium, a hydrogen gas sample consists of 75%
ortho-hydrogen molecules and 25% para-hydrogen molecules. In spectroscopy,
especially in the microwave region, complexes and clusters containing ortho-hydrogen
molecules can be differentiated from those containing only para-hydrogen by the nuclear
triplet state of the orthoH; molecule. Nuclear spin-spin interactions in ortho-hydrogen
molecules give rise to the additional structure observed in the spectrum.

Nuclear spin-spin interaction occurs between two nuclei which both have a non-
zero nuclear spin and an associated magnetic moment. This interaction has both a scalar
and a tensor component. The scalar term is usually small (especially for light atoms) and
no effect due to this term could be observed in the spectra analysed in this work.
Therefore the scalar term has been neglected. The tensor component has two
contributions: a direct and an indirect part. The direct contribution is the magnetic
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interaction between two dipoles k and / separated by a distance ;. The indirect part
describes the indirect electron coupled interaction. The indirect term arises through the
mechanism of each nucleus interacting with its own electron spin and the electron spins
of the two nuclei interacting with each other. In general, the magnetic interaction of one
nucleus with the electron of its atom causes the electron to align itself antiparallel to the
nuclear spin. Sincé two electron spins in a triplet state (like in an ortho-hydrogen
molecule) must be parallel to one another, the electron of the second atom will align itself
antiparallel to the nﬁclear spin of the first nucleus. However, the second electron also
interacts magnetically with its own nuclear spin. This combination of interactions thus
gives rise an interaction between the magnetic dipoles of the two nuclei. In the case of
light atoms, this interaction is normally negligible.''* The indirect spin-spin constant
has been neglected for all the complexes and clusters studied in this thesis.

The direct spin-spin interaction energy is given by:"*

20, ¢ ‘
E . =" IKK o1y F 2.20
spin—spin J(J+ 1) f( ) [ ]
where:
2 2
@ . =:—%-‘:—t§’—g—’l{a2<J,f>+[32<J3>+y2<J3>——J—(i]§—+—1)} [2.21]
Ik

and f (I,J F ) is the Casimir function, ry is the distance between the "™ and k* nuclei
involved in the interaction, u, is the nuclear magneton and gy is the nuclear g factor of
the protons. The o, 8, and y terms in equation [2.21] are the cosines of the angles

between the H-H axis and the inertial a-, b-, and c-axes, respectively. (J 2 > , (J 2 ), and

(J f) are the expectation values of the squares of the components of the rotational angular
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momentum operators along the principal inertial axes. In these studies, the tensor spin-
spin coupling constant along the a-inertial axis can be estimated from the geometry of the

orthoH; molecule and by assuming o? =1 and =¥’ =0, giving S, from S,, =

2 2

=3 . .
a, = N8N The tensor spin-spin coupling constants can then be fit to the

ss 3

r
spectroscopic data allowing for non-zero £* and y* terms corresponding to Sy and S,
respectively.

2.5.3 Nuclear magnetic spin-rotation interaction

Nuclear magnetic spin-rotation interaction occurs when there is an interaction
between the magnetic moment of a nucleus and the magnetic field generated by the
rotation of the molecule. The magnetic field components along the nuclear rotational
angular momentum, J, originate from two mechanisms: the rotation of the molecule as a
rigid charge distribution and less directly, but more importantly, the electrons not
* following the molecular frame creating rotationally dependent magnetic fields.'” The

Hamiltonian describing this interaction is given by:
H spin-rotation = CJ KK, IJ [222]
where C, ; . is the rotational state dependent spin-rotation coupling constant. The spin-

rotation coupling constant that is independent of the rotational state (Cg) is given by:
ng = _gluNhgg [2‘23]
where g, is the nuclear g-factor and A, is the component of the effective magnetic field
along the g principal inertial axis.

Attempts have been made to relate the magnetic coupling constant to the

electronic structure of the molecule.> Unfortunately, because the interaction between the
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electronic and the end-over-end rotation is a second-order effect, it is, in most cases, not
possible to extract meaningful information from the nuclear spin-rotation coupling

constant.!
2.6 Molecular structure

The spectroscopically obtained rotational constants are inversely proportional to
the principal moments of inertia, I, and can be related to the inertial defect of the
molecule. The moments of inertia can be used to determine the structural parameters of
the complex.

For the asymmetric top complexes studied in this thesis, all three rbtational
constants can in principle be obtained for a given isotopologue. For some isotopologues,
the data set obtained was insufficient to determine all three rotational constants. For all
complexes and clusters, the structural parameters of interest are the van der Waals bond
length and the angle formed by the molecular axis of the dopant and each hydrogen
molecule. In the dimer case, there are two structural parameters to determine: one bond
length and one angle. In all cases, the structure of the chromophore molecule is assumed
to not change upon complex formation since the van der Waals interaction is weak.
Furthermore, the hydrogen molecule is considered as a point mass since no information
about the orientation of the hydrogen molecule could be determined from the
spectroscopic data. From the spectra and rotational constants for an isotopologue, one

can calculate the two structural parameters needed:">’

M, +M 1 1 }}é
: - [2.24]
(57)

chromophore

R= {505379[

H, chromophore
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[2.25]

b[A-BV
ils-5]

sinf =—
=

where M, is the mass of the H, molecule, is the mass of the chromophore, 4

chromophore
-and B are the rotational constants (in MHz) of the H, — molecule complex and b is the
rotational constant of the chromophore monomer. Additionally, isotopic data allow us to
obtain the absolute positions of the atoms in the molecule (7, structure). The treatment
assumes that the bond lengths are unchanged by the isotopic substitution and that the
changes in the moments of inertia are due to the changes in molecular mass.'® An
iterative program, MWSTR1, was used in this thesis to obtain the 7, structure of the
complexes.'*?°

In the analysis of the moments of inertia to yield structural parameters, it is
necessary to establish the effects of zero-point vibrations. The effective moments of
inertia have different vibrational effects which are dependent on the principal axes. This
is shown by:?

Ao=I"~1° -1 [2.26]
where Ay is the inertial defect and Iao, Ibo, and .’ are the moments of inertia along the a-,
b-, and c-axes, respectively. In-plane and out-of-plane vibrations affect the sign and
magnitude of the inertial defect. A rigid and planar molecule in its equilibrium structure
would have an inertial defect of zero. A non-rigid and non-planar molecule has a
nonzero inertial defect. A larger value for the inertial _defect is evidence for a less rigidly
bound complex and/or non-planarity of the complex.

Larger clusters (N> 2) contain more structural parameters to be determined and in

general it is more difficult to extract the desired information. Isotopic substitution can
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provide general information from the moments of inertia regarding the positions of the
hydrogen molecules with respect to the chromophore molecule. This was done in the
study of doped helium clusters with OCS to determine the ring structure of five atoms as

well as for relative positions of the sixth, seventh, and eighth helium atoms.?'
2.7 Theoretical description of microwave spectroscopy

The interaction of an ensemble of molecular dipoles with a microwave pulse and
the transient effects of such a pulse on the system will be discussed in this section. When
a sample is irradiated with a microwave pulse of correct strength and duration, the
microwave radiation induces a torque on the molecular dipole. Since many molecules are
involved, a macroscopic dipole moment is induced. The macroscopic dipole moment
oscillates in time with the microwave radiation. When the microwave pulse is removed,
the macroscopic dipole moment is monitored as a function of time. A Fourier transform
of the time domain signal provides the frequency domain signal.”>**

These phenomena of coherence transfer from the radiation to the sample and the
decay of the coherence when the radiation is removed are best described using “optical
Bloch equations” equivalent to those used in NMR.> Detailed derivations have been
given by Flygare,”***?® Shoemaker,”” and Dreizler.®* In this section I will provide
some derivations and important results. As a first assumption, relaxation effects of the
ensemble on the time frame of our experiment will be neglected in this treatment. To
derive the Bloch equations, the time-dependent Schrédinger theory in a density matrix

formalism is an appropriate description. The time-dependent Hamiltonian is:***

H@p)=H, + HO@) | [2.27]
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where H Y, = H,,, the time-independent rotational Hamiltonian and H® @) isa

rof 3
perturbation Hamiltonian. In this case, the perturbation is the interaction of the system

with an external time-dependent electric field and is given by:

HY(f) = ~fiE, cos ot [2.28]
where fi is the dipole moment operator and E, cosw! expresses the time-dependent
electric field. w is the angular frequency and not necessarily resonant with the rotational
transition frequency. The space (¢) and time (f) dependent wave functions for a two-level
system are:

W(g,t) = C, (W, (@) +Co O (@) [2.29]
where C,(¢) and C,(¢) are time-dependent coefficients. The functions v,(g) and ¥, (g)
are solutions of:

Ay, (@) =Ey,(q). [2.30]
The rotational transition between these levels occurs at w, =(E, — E,)/h. The matrix
elements for the full Hamiltonian are:

H,=FE, H,,=E,and H,, = H, =-uE_coswt [2.31]
with p= f Y jp,dv. The elements of the density matrix p(f) for the same system are

given by:
| A
P = OO mn=12 [2.32]

where N is the number of molecules in the ensemble and equation {2.32] can be separated

into the amplitude and phase factors:

Oy = {}IVZ'C G (t)l}-{j\l,—gexp[i(y,,(t) - mt))]}. [2.33]
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The density matrix is diagonal at thermal equilibrium because the phase relation between
particles is random. The population distributions of the stationary states are expressed by
the diagonal elements. When external coherent radiation interacts with the system, a
phase coherence develops between the wave functions of the individual particles and the
off-diagonal elements may be nonzero.

The mean expectation value of the dipole moment operator [, (u) , can be
calculated in terms of the density matrix using the following equation:
(1) =Tr{u- o} = o[ s () + 0,0(1)] [2.34]
where T is the trace of the matrix. The macroscopic polarization, P, of the entire

ensemble of N molecules is given by:
P=N'Tr{H'P}=N':uab[pab(t)+Pba(t)]- [2.35]
The necessary time-dependent density matrix elements, p,,(#) and p, (¢), can be

obtained from the following relationship:

ih§£=[ﬁ,p]= I:Ip—pfl

o _
i 9 _ ( ~Hos(Pra = Pas )£, cOS(001) “Pu(Ey = E,) = (P = Paa )2, OS(000)
3 \Poa(Ep = Es) = Hes(Pas = Py JE, cOS(000) ~Has (Pas = Poa )£, COS(008)
[2.36]

where H is the matrix representation of the Hamiltonian (equation [2.27]) in the y,(q)
basis. The Rabi frequency is defined as x = E,u/#. The (E, - E,)/h can be simplified

as w, and the matrix elements can be simplified by recognizing that p,, = p,,:

ap =( iX( Py, = Py ) COS(E) ~iP @, + Xy, = P, )COS(E) (237

ot \=ip,w, ~ix(py, = p,,)cos(@r) ~ix(Py, = Py )COS(0E)
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The Rabi frequency describes the strength of the interaction between the transition dipole
moment of the molecular ensemble and the external radiation applied to the system. The
density matrix elements can be transformed into a rotating coordinate system which

rotates with the angular frequency w:

Poa = Paa

-~

Prs = P
pab = pabe—wx

~ iowt
pba = pbae

[2.38]

Some real variables connected with equation [2.38] are now introduced:

U= P, + P4
V=14, ~ Poy)
W=P,, =0y .
5= P + Py

[2.39]

Here, u and v describe the coherence set up by the microwave radiation. The coherence
is proportional to the real and imaginary macroscopic polarization of the ensemble. The
w and s variables are the difference and sum, respectively, of the populations of the two
energy levels.

The experiment will be separated into the excitation and observation periods.
Initially, the polarization is zero, so that u(z,) = v(,) = 0, the population difference is

w(,) = AN, . It is assumed, that a near-resonant, strong, short excitation pulse is used,

such that x))Aw. In this case, Aw can be neglected to give:

dujot = 0
wjdt = —xw. [2.40]
wlat = xw '

The solutions to the differential equations are:
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wir) = u(t,)=0
v(t) = -AN,sin(xt). [2.41]
w(t) = AN, cos(xt)

These show an oscillation of v(¢) and w(¢) between AN, and -AN, with the Rabi

frequency. The polarization reaches a maximum when the external radiation has a pulse

length of xt = % = and describes the condition for a so-called 7 » buise. The

E ut
/)
population difference is ‘transferred’ into polarization.
For the discussion of the observation period, it will be assumed that a % pulse
was applied to the system. When the pulse is switched off, the observation period begins.

The system is no longer interacting with the applied field, therefore x = E, =0, and the

equations become:

dufdt =-Aw-v
/ot =Aw- u [2.42]
w/ot=0

With maximum polarization transfer from the % pulse, u(n/2x) = 0, v(rn/2x) = -AN,, and

w(/2x)=0, the solutions are:

u(t') = -AN_ cos(Awt)
v(t') = =AN,sin(Awr) [2.43]
w(t') = 0

where ¢’ = ¢ - 7t/2x, the time after the excitation pulse.
The induced macroscopic dipole moment, P, is related to u and v by the following
relationship which can be derived from equations {2.37] and [2.39]:

P = Nu,, [u(t) cos(wt) - v(#) sin(wt) | [2.44]
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where from equation [2.44] it can be seen that u is the real part of P and is in-phase with

the microwave perturbation and v is the imaginary part of P and is 90° out-of-phase.
The solutions of equations [2.43] are inserted into equation [2.44] to determine

the polarization:

P =AN, u,, sin(xt')sin(w,,f). [2.45]

The polarization oscillates with the rotational transition frequency w,,; it is proportional

to u and the initial population difference AN,. To increase the polarization of an

ensemble, the dipole moment can be increased by changing the molecule investigated, or
the initial population difference can be increased. There are methods available to
increase the initial population difference, such as using the cooling properties of the
molecular expansion.

2.8 General description of the Fourier transform microwave

spectrometer

The experiments performed for the studies in this thesis were done using a Balle-
Flygare type pulsed-jet Fourier transform microwave spectrometer.”® A schematic
diagram of this instrument is shown in Figure 2.1. The details of the spectrometer have
been descriBed elsewhere,*'? but will be given in brief here. Our spectrometer follows
the design by Balle and Flygare.”® The sample cell consists of a Fabry-Pérot microwave
resonator contained in a vacuum chamber. The vacuum is maintained by a diffusion
pump with a pumping speed of 2000 I s which is backed by a rotary fore pump. The
resonator consists of two spherical aluminum mirrors (26 cm in diameter; radius of

curvature of 38 cm) separated by an adjustable distance of 20 to 40 cm. The distance
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between the mirrors is adjusted to tune the cavity into resonance with the external
microwave frequency for each experiment.

In the centre of each mirror is a wire hook antenna which is used to couple the
microwave radiation into and out of the resonator. The antenna on the stationary mirror
is used to send the microwave pulses into the cavity, as well as to receive molecular
emission signals from the sample. The antenna on the movable mirror is used to tune the
cavity in order to create a standing wave pattern and to maximize the microwave power
in the cavity. The length of the antennas can be varied for better frequency region
coverage. The resonator is designed for optimal performance in the frequency range of
3-26 GHz.

Samples used in these studies contained trace concentrations (<0.03 %) of the
chromophore molecule (OCS or HCCCN) with ~1-5% hydrogen or enriched para-
hydrogen gas in helium backing gas. For the study of some ortho-hydrogen — molecule
dimers, neon was used as a backing gas and an increase in signal intensity was observed
consistent with the results of Klemperer ez al.'>'® A neon expansion has a higher
translational temperature than a helium expansion. Higher temperatures in the expansion
allow for additional population of more energetic energy levels.”> In a neon expansion,
signals due to para-H; containing complexes were no longer measurable due to a larger
binding energy between neon and OCS as observed in References 15 and 16. The
supersonic jet is generated with a General Valve Series 9 pulsed nozzle, mounted in the
stationary mirror and connected to the gas supply. The molecular expansion is
introduced into the sample cell maintained at low pressure. Weakly bound complexes

and clusters are formed through collisions at the beginning of the expansion. As the
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density of atoms in the jet decreases, the expansion provides a collision-free environment
where the clusters are free from interference with other species.>® Specific sample
pressures and concentrations used to study the complexes of interest will be discussed in
the appropriate chapters.

The near collision-free property of the molecular expansion must be maintained
by evacuating the cell completely after each pulse of gas. The vacuum chamber was
pumped to < 1 mtorr by a diffusion pump backed by a rotary pump. The collisions in the
throat of the nozzle convert rotational and vibrational energies (particularly the former)
into translational energy, resulting in a cooling of the internal degrees of freedom.>**
Resulting rotational temperatures in the jet are ~2-3 K, with the vibrational temperatures
being higher (~200 K). This very low rotational temperature ensures that only the lowest
rotational energy levels are populated. The supersonic expansion reduces the
translational temperature, resulting in a very narrow velocity range for the molecules and
atoms in the jet.

In the setup used for these experiments, the molecular expansion and the direction
of microwave propagation are coaxial. This arrangement optimizes the resolution and
sensitivity of the spectrometer, but has the drawback of Doppler doubling for each
transition line. This doubling occurs because the molecules emit radiation both forwards
and backwards with respect to the direction of the jet. The antenna detects the splitting in
the frequency due to the Doppler effect. The Doppler splitting increases as the transition
frequency increases. The rest frequency of the transition is the‘average of the frequencies
of the two Doppler components. The bandwidth of our spectrometer is ~1 MHz with the

line widths in helium expansion being ~ 21 kHz full width at half maximum.
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A heterodyne detection scheme was used to downconvert the molecular signal
and aid with the digitization. Additionally, we use a 10 MHz clock to maintain thé phase
coherence of the experiments allowing for signal-averaging. We have a background
signal and a sample signal for each averaging cycle.

2.9 Microwave-microwave decoherence double resonance experiments

To confirm spectroscopic assignments and to aid the search of further transitions,
microwave — microwave double resonance (DR) experiments were used. A particular
type of double resonance experiment, the so-called decoherence experiment,®'** was used
for the studies described in this thesis. The pumping scheme used for the decoherence
DR experiments is shown in Figure 2.2. The microwave radiation in the set-up is from a
continuous source, which is broadcast into the cavity perpendicular to the molecular
expansion. The molecular ensemble interacts with the second frequency after the

ensemble has been prepared in a superposition state of the two energy levels (|a) and |b))

from a n/2 pulse. A high power DR source (> ~300 uW), like the powers used in our
experiments, will cause decoherence of the emission signal.z"‘40 This is illustrated for a
connected a-type and a b-type transitions of orthoH; — HCCCN dimer in Figure 2.3(a)
and (b), respectively. The difference between the transitions is the dipole moment along
the inertial axes associated with the pumped transition. The a-type transition, shown in
Figure 2.3(a), requires much less pump power to achieve full decoherence as seen by the
complete destruction of the signal for all frequencies near the connected transition. The
b-type transition in Figure 2.3(b) on the other hand requires much stronger pump powers
to achieve measurable decoherence. When the correct pump power is used, as in Figure

2.3(b), the decoherence effect is sharp. The observation of a decoherence effect between
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two transitions confirms their connectivity. The main advantage of the decoherence DR
set-up is the ability to scan the pump frequency to find the frequency of an unknown
transition while monitoring a strong transition.

2.10 Construction of the para-hydrogen converter

Although molecular hydrogen at room temperature and in equilibrium is only
25% para-hydrogen, a converter can easily be used to convert ortho-hydrogen to para-
hydrogen. The lowest energy configuration is para-hydrogen and in the liquid and solid
phases it is the preferred spin isomer. The conversion under normal conditions is
theoretically forbidden since a singlet-triplet mixing would be necessary.*’ To induce the
singlet-triplet mixing, a catalyst is used. The catalyst, chromium oxide on alumina,
possesses an inhomogeneous magnetic field while hydrogen is liquefied and eventually
solidified.

The converter containing the catalyst must be able to be put into a liquid helium
dewar to achieye the temperature for liquefaction and solidification. The design of the
converter was modeled from the para-hydrogen converter at the National Research
Council (NRC) of Canada.** The measurements for the length and width of the converter
were specific for the helium dewar which was to be used. After some initial tests with
the converter, some changes were made to the design. Figure 2.4 shows the final design
of the converter. The main change compared to the design at NRC made was the
addition of a solid brass guide to the top of the copper cylinder. The guide was added to
help with the safe and quick removal of the converter from the helium dewar and has no

effect on the efficiency of the conversion.
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2.11 Figures
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Figure 2.1: A simplified schematic illustration of the setup of the Fourier transform
microwave spectrometer used in our laboratory.
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Figure 2.2: Illustration of the destructive MW-MW double resonance (DR) scheme used
in this work. The coherent emission MW signal at the transition frequency ((Ep-E,)/h) is
destroyed when the pump radiation corresponds to the transition frequency of a
connected transition ((E.-Ep)/h).
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Figure 2.3: A representative spectrum of the effect of destructive MW-MW DR
experiment. The emission signal of the F=2-1 nuclear hyperfine component of the
orthoHy — HCCCPN Jxuxe = log — 0o rotational transition was destroyed when the
frequencies of two connected transitions were pumped. (a) The pump radiation was
swept through the frequency region where Jxax. = 292 — 1¢; transition was predicted. (b)
The pump radiation was swept through the frequency region where the Jxax. = 111 — 000
transition was predicted.
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Figure 2.4: A schematic diagram showing the design of the para-hydrogen converter
built for some studies in this thesis. The design was modeled from the converter at the
National Research Council (NRC) of Canada.
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Chapter 3

Study of H, — OCS dimer: Minor isotopologues of OCS

This chapter details the rotational spectroscopic study of the hydrogen — carbonyl
sulfide dimers with the minor isotopologues of OCS. These further experimental
spectroscopic characterizations of the orthoH, — OCS and paraH, — OCS dimers will lay
the foundation for the study of larger (H;)y — OCS clusters and can help in the assignment
of N, the number of hydrogen atoms in these clusters. Furthermore, the spectroscopic
study of complexes of minor isotopologues of OCS with hydrogen molecules can be used
to test and improve ab iritio potential energy surfaces (PESs). A good quality PES is
particularly important for quantum Monte Carlo calculations of quantities related to
larger doped hydrogen clusters.

3.1 Experimental details

The spectra were collected using a Balle-Flygare type' pulsed-jet Fourier
transform microwave spectrometer and a microwave-microwave double resonance
spectrometer™” both described in Chapter 2. Our gas samples were composed of low
concentrations of OCS, generally in the 0.05-0.2% range and 1-5% of hydrogen gas or
enriched para-hydrogen gas. The backing gas used for the generation ortho-hydrogen
dimers with OCS was neon or helium, while studies of para-hydrogen dimers with OCS

required helium as backing gas. The use of ncon as a carrier gas increased the signal

* A version of this chapter has been published: Michaud, J. M.; Liao, K.; Jiger, W. Mol. Phys. 106,23
(2007).
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intensity of some higher energy transitions. This is consistent with the order of binding
energies of dimers with OCS (He < paraH, < Ne < orthoH, < HD < orthoD, < paraD,)
that was reported by Yu ef al.* The enriched para-hydrogen was obtained using a home-
built converter, details of which were described in Section 2.10. Although it is not
possible to determine the conversion efficiency with our spectrometer, because of the
different binding energies of orthoH; — OCS and paraH; - OCS, we see a large increase
in the signal intensity of paraH, — OCS transitions and we estimate the enrichment to be
> ~97% para-hydrogen. This estimate is conservative compared to the 99% conversion
obtained for another similar catalytic converter measured using Raman spectroscopy.>*
Rotational transitions of H, — OCS complexes with singly substituted

isotopologues (0"*CS, OC*S, and OC*’S) were visible using a non-enriched sample of
OCS. Transitions of complexes with doubly substituted isotopologues, 0> C**S and
0’3, were observed using an enriched O"*CS sample (Cambridge Isotopes, 99% '*C).
The enriched O'*CS sample was also used to resolve the hyperfine pattern of strong

- transitions and to measure weaker transitions of H; — 0"cs.

A microwave-microwave double resonance technique was used to search for
weaker, higher J transitions and to confirm the connectivity between rotational
transitions.”> We used a destructive coherence double resonance technique where the
microwave horn antenna is positioned outside the microwave resonator, as described in

more detail in Section 2.9. This technique was also used to indirectly determine the

frequency of a weaker b-type transition that falls outside the nominal operating range of

our spectrometer (3 to 26 GHz).
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3.2 Experimental results and spectroscopic analyses

Frequencies for the experimental searches for the H, - OCS dimer transitions of
minor 1sotopologues of carbonyl suiﬁde were predicted based on the calculated change in
moments of inertia from the main isotopologue, H; — 15012C328.% For the Jxax: = o1 — Ogo
a-type transition, these predictions were within + 20 MHz of the subsequently measured
transition frequencies. The measurement of the Jx.x. = lo1 - Ogo transition for each
isotopologue allowed for the determination of (B+C)/2. A decoherence double
resonance experiment was then used to locate the frequency for the Jxax: = 110 — 101 b-
type transition for orthoH; — O™CS. The exact transition frequency was subsequently
measured in a single resonance experiment. The quantum number assignments of all
measured orthoH; — O"CS transitions are substantiated by the presence of a closed loop
among the measured transitions. From the assignments of some b-type transitions, it was
possible to prediét where the Jg,x. = 1)1 — Ogo transition was located. Although this
transition lies outside the frequency range of our sbéctrometer, we could use the double
resonance technique to indirectly measure its frequency within + 5 kHz. Unfortunately,
the low signal intensity of the b-type transitions made it infeasible to observe them for
dimers containing **S and *S.

The efficiency of decoherence double resonance technique depends mainly on the
available pump power. High pump power is especially important for low dipole moment
pump transitions, such as the b-type transitions in this work. Since the dipole moment
along the b-inertial axis is smaller for the paraH,; — OCS complexes than the
corresponding orthoH; — OCS complexes, the b-type transitions could not be observed

for paraH, — obcs despite extensive double resonance searches.
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The measured transition frequencies and the quantum number assignments of all
the isotopically substituted dimers are listed in Tables 3.1, 3.2, 3.3, and 3.4. The spin
angular momenta of the two equivalent protons (spin angular momentum quantum
number I; = I, = %) in orthoH; containing complexes are accounted for using the

coupling scheme Iy + I =L, I + J = F; where I, + I, = 1 for orthoH; molecules. For the

complexes containing both orthoH; and 3 3S, the coupliﬁg scheme I33g +J=F; ; + LI, =
LI+ F;=F was used. Data fof each isotopologue were fit separately using Pickett’s
glbbal least squares fitting program SPFIT’ to obtain rotational constants and quartic and
sextic centrifugal distortion constants using Watson’s 4-reduction Hamiltonian.® The
spectral fits for orthoH, containing dimers also included contributions from the tensor
proton-proton spin-spin coupling constants along the inertial a- and b- axes, S,, and Sps,
and two sets of equal spin-rotation coupling constants, again along the inertial a- and b-
axes, (one for each proton), Cu(1), Caa(2), Cos(1) and Cps(2), where the numerical
designation denotes the hydrogen atom in question. For the OC?’S containing species, a
33S (I'=3/2) nuclear quadrupole coupling constant, Xad’ 3S), was determined. We were
also able to resolve the **S nuclear quadrupole hyperfine structure of the Jxax. = o1 — Ooo
transitions of paraH, — OC>*S and paraH, — 0"*C*S, and could determine the
corresponding 33$ nuclear quadrupole coupling constants, Xaa(>S). This allows for a
direct comparison of the field gradient at the **S nucleus in the orthoH, — and paraH, —
OCS dimers. The **S nuclear quadrupole coupling constants obtained are listed in Tables
3.2 and 3.4. All other spectroscopic constants obtained for the orthoH, — and paraH, —

QCS dimers are listed in Tables 3.5 and 3.6.
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Because of the limited data set available for analysis, some centrifugal distortion
constants needed to be fixed at the values of the main isotopologues,* as indicated in
Tables 3.5 and 3.6. The 4 rotational constants for some of the isotopologues were fixed
at the reduced mass scaled values of the 4 constant of the main isotopologue.” This
method of obtaining an approximate value for the 4 rotational constant yielded the
orthoH; — O"*CS value to within 0.035% of that obtained from the spectroscopic
analysis. The limited data set for paraH, — O'*CS did not allow us to determine the 4
rotational constant; therefore it was varied within 0.1% of the reduced mass scaled 4
rotational constant of paraH, — OCS (Reference 4) to optimize the fit. The inertial _
defects, Ag = L%~ 10~ I,° as described in Section 2.6, are also included in Tables 3.5 and
3.6.

Spectra showing the different hyperfine patterns in the Jx,x: = 1ot — Ogo transitions
of orthoH, and paraH; containing complexes are shown in Figure 3.1. The hyperfine
pattern of the orthoH; — OCS transition is well resolved. The paraH, — OC**S spectrum
was obtained using an enriched paraH, sample to achieve a sufficient signal to noise
ratio. Figure 3.2 shows the b-type Jxaxe = 110 — o1 transition of orthoH; - OBCS. The
signal intensity of this transition is much lower than that of the a-type Jxax: = 202 — 1ot
transition because of the smaller dipole moment along the b- than the g-axis. The b-type
transitions in the H, — OCS complexes are weaker than the corresponding transitions in
He — OCS (Reference 9) even though analogous a-type transitions have comparable or
greater signal strengths. This is a result of the smaller mass of the H; molecule compared
to the helium atom, resulting in the a-inertial axis to almost coincide with the OCS

molecular axis in H, — OCS. Figure 3.3 shows the Jg.x. = 101 - Ogo transition of the
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paraH, — 0PCS dimer. The larger splitting is the **S nuclear quadrupole hyperfine

structure.
3.3 Discussion

Both proton-proton spin-spin and proton spin-rotation interactions were included
in the fitting procedures to account for the hyperfine structure introduced by the presence
of the hydrogen molecule in orthoH; — OCS, In this thesis, the expression used for the
spin-spin interaction energy of two equivalent nuclei with spin angular momentum
quantum number / is given in equations [2.20] and [2.21].!1° The sign of the spin-spin
~ coupling constant is chosen such that it is negative for homodiatomic molecules.'"' The
measured [K] = 1 transitions required the inclusion of the Sps Spin-spin coupling constant,
in addition to S, in the fitting procedure. For the orthoH, — OPCS isotopologue, values
of Sai(orthoH; — OCS) = -121.6 kHz and Ss5(12)(orthoH, — O*CS) = -9.5 kHz were
obtained. The spin-spin coupling constants obtained for different isotopologues of OCS
(see Tables 3.2 and 3.5) agree well; this is expected since the isotopologues of OCS
should not have a significant effect on the geometry of the H, moiety. In Reference 12,
Ramsey’s nuclear hyperfine Hamiltonian'* was used to fit the spin-spin hyperfine
splittings. The value obtained in that work corresponds to negative one-fifth of the
conventionally used spin-spin coupling constant in microwave spectroscopy, i.e.
-5Dg4(ref. 12) = S,, =-106 kHz. The constants obtained from both analyses differ by \
12.8%; a possible reason is that the value in Reference 12 was obtained from a-type
transitions in the K'= 0 stack only. Comparing the spin-spin coupling constants in the
orthoH, — OCS dimers to that of free orthoH; (-5D, = -288.4 kHz)14 shows that the

values are of the same order of magnitude although slightly smaller for orthoH, - OCS
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complexes. The spin-spin coupling constant is determined mainly by the distance
between the spins in question, which would be relatively unchanged by thé van der Waals
bond with OCS. One consideration for the difference in the values between the complex
and the free orthoH; molecule is the orientation dependence of the tensor spin-spin
coupling constant, that is the necessity to include S, in the spectroscopic fit.

The spin-rotation coupling constants obtained here [C,q(orthoH, — OPCS) =
389.3 kHz; Cyy(orthoH, — 0"*CS) = -2.26 kHz] are significantly different from the values
obtained in Reference 12 (C,, = -4.0 kHz). The discrepancy between the values from this
- study and Reference 12 is most likely a result of the additional transitions which were
included in our fitting procedure. The values of the spin-rotation coupling constants
obtained for different isotopologues are all of the same magnitude. Some hyperfine
components of weaker isotopologues could not be resolved, which may be the cause for
slight variations in value. The spin-rotation coupling constant obtained for free orthoH,
is C,, = 113.8 kHz (Reference 14) is in marginal agreement with the values obtained for
orthoH; — OCS in this report, but in better agreement than With the values from
Reference 12.

The **S nuclear quadrupole coupling constants obtained for the orthoH, —
O"BC38 and paraH, — 0*C3S complexes are very similar to the value of the ’OC3 ’S
monomer (x(**S) =-29.1184(12) MHz)."”” This is consistent with the result obtained for
orthoH; — OC™®S in Reference 12. The x.,(*’S) values obtained for paraH, — OC*S and
orthoH, — OC**S indicate only small differences in electric field gradients between the
complexes. The similarities between the x,.(*S) obtained for the van der Waals dimers

and the OC**S monomer indicate that the OCS molecular axis is nearly parallel with the
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a-axis of the inertial frame. This can be shown by assuming that the electric field
gradient of the free OCS is unchanged upon complex formation with an H; molecule.
The average angle 8, between the OCS molecular axis and the a-inertial axis is given in
equation [2.19]. The nuclear quadrupole coupling constant, yo, of the isolated OC>S is -
29.1184(12) MHz. Values for 6, of 6.3° and 7.2° are obtained for orthoH, — OC>S and
paraH, — OC®S, respectively. The angles obtained from the x.,(*>S) analysis can be
compared to the ones from the structural analysis of the moments of inertia discussed in
more detail below. The structural analysis provides the coordinates in the principal axis
system from which the angle 8, can be calculated. ’Values for 8, 0f 9.0° and 5.9° are
obtained for orthoH, — OCS and paraH, — OCS, respectively. The values from both
analyses are in reasonable agreement and corroborate that the OCS molecular axis is
nearly parallel with the a-inertial axis. The remaining discrepancies between the values
are due to the different averaged functions on which the respective spectroscopic
observables depend and to the uncertainties in the determined coupling constants and
coordinates.

The centrifugal distortion constant A; of the orthoH, — O"*CS dimer (4, = -34.4
kHz) is within the error limits of the value for the main isotopologue obtained in
Reference 4 (A;=-34.8 kHz). The values for A; of the minor isotopologues (OC**S or
0BC*'S) are also of similar magnitude. The negative value of the centrifugal distortion
constant Ay is consistent with a Coriolis coupling with a low-lying excited state, as was
suggested in Reference 4. The centrifugal distortion constant A; for paraH, — O'3CS (4,

= 53.9 kHz) is quite similar to the value obtained for paraH, — OCS in Reference 4 (4, =
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56.3 kHz). The large values for the A; constant are consistent with large amplitude radial
mbtions being present in the paraH; — OCS complex.

The inertial defects for the dimers containing minor OCS isotopologues are given
in Tables 3.5 and 3.6 [Ad(orthoH; — 0PCS) = 0.169 amu A%; Aa(paraﬁz ~0"BCS)=2.94
amu A?] and are of the same order of magnitude as the inertial defects of the dimers
containing the main OCS isotopologue® [A,, core (0rthoH; — OCS) = 0.283 amu A% A,, corr
(paraH, — OCS) =3.137 amu A?]. The values A,, cor in Reference 4 are corrected for the
contributions from the second moment, or plaﬁar moment, about the c-axis, while the
values in this report do not. For comparison purposes, the planar moment of the c-axis
can be removed from the values of Reference 4 to give Ay(orthoH; — OCS) = 0.165 amu
A? and A (paraH, — OCS) = 2.94 amu A” which agree very well with our values. The
non-zero planar moments of orthoH, — OCS and paraH, — OCS are mainly a result of the
out-of-plane motion of the H, molecule and should therefore not change significantly
with isotopic substitution of OCS. The inertial defects show that the orthoH,; — OCS V
dimers are more rigid than the corresponding paraH, — OCS dimers. This is consistent
with the results obtained in Reference 4.

As discussed in Section 2.6, it is possible to calculate average geometries of the
orthoH; — OCS and paraH; — OCS van der Waals complexes from the experimental
rotational constants. Figure 3.4 shows the definition of the structural parameters being
determined. In particular, the isotopic data available allow us to obtain the absolute
positions of the atoms in the molecule (7, structure). It is assumed in this treatment thét
the bond lengths and angles are unchanged by the isotopic substitution and that the

changes in rotational constants are solely due to the changes in molecular mass.'®!” The
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complete 7, structure is obtained when isotopic substitution is done for each atomic

1819 allows for the

position.17 An iterative program, MWSTR1, developed by Typke
fitting of isotopologues with multiple substitutions (i.e. orthoH, - 0">C**S) and was used
in this report. The structural parameter, R, is defined as the distance between the centre
of mass of the OCS and the centre of mass of the hydrogen molecule; @ is the obtuse
angle between the OCS intermolecular axis and the R vector. The geometries obtained
for orthoH, — OCS and paraH; — OCS are shown in Table 3.7 along with the values
obtained from Reference 4 and He — OCS.” The r, geometry obtained in this study and
the structural parameters obtained in Reference 4 are in good agreement. The
discrepancy between the values is larger for paraH; — OCS than for orthoH; — OCS
which could be attributed to the more floppy nature of the paraH, — OCS complex as
seen with the large inertial defects and centrifugal distortion constants. A complete 7,
structure could not be obtained in this study as no oxygen isotopologue was studied. The
shorter bond lengths in the H, — OCS complexes compared to the He — OCS complex” is
consistent with larger binding energies of the former. The calculated angle between the
H> molecule and the OCS intermolecular axis depends sensitively on the 4 rotational
constant of the complex. The A rotational constant could spectroscopically be
determined only in the orthoH; — O'>CS dimer case. Therefore, the angle obtained in the
rs structure of the paraH,; — OCS dimer should be considered less accurate than the

orthoH, — 0"3CS value.

3.4 Conclusions

Rotational spectra of several OCS isotopologues of the orthoH; — OCS and

. paraH; — OCS van der Waals complexes were observed. The high resolution capability
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of our spectrometer allowed us to determine rotational and centrifugal distortion
constants, as well as the spin-spin (S, Sss) and spin-rotation (Caa, Cps) coupling
constants of the orthoH, — OCS’ species. The spin-spin coupling constants were
compared to previous results and to the values obtained for the free orthoH; molecule.
The **S nuclear quadrlipole coupling constants (x,,) were determined for both orthoH; —
OC™S and paraH, — OC**S complexes. An average angle between the OCS molecular
axis and the a-inertial éxis was obtained from the **S quadrupole coupling constants and
compared to the angle obtained from the 7, substitution structure. The derived 7,
structures of the complexes also indicate that the large amplitude vibrational bending
motions in the paraH, — OCS complex are greater than in orthoH, — OCS. The 7,
structures and the rotational constants obtained for several isotopologues can be used to

test and improve potential energy surfaces of H, — OCS.
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3.5 Figures

JCVL\__ LV

9896 Frequency/ MHz 904 1400 Frequency/MHz 103498

Figure 3.1: Experimental spectra of the Jx.x. = 191 — Ogo transition of (a) orthoH; —
0OC*'S (50 averaging cycles) and (b) paraH, — OC*S (100 averaging cycles). Spectrum
(b) was obtained using an enriched paraH; sample. The time domain signals were
recorded at 10 ns sampling interval to obtain 8k data points. The data set was
supplemented with 8k zeros before Fourier transformation. The difference in hyperfine
patterns in the spectra is caused by the presence of proton-proton spin-spin and proton
spin-rotation coupling in the orthoH, — OCS system.
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Figure 3.2: Experimental spectrum of the Jiax. = 110 — lo; transition of orthoH; — OP°CS,
obtained with 2500 averaging cycles. The time domain signals were recorded at 10 ns
sampling interval to obtain 8k data points. The data set was supplemented with 8k zeros
before Fourier transformation. The lower intensity of this spectrum compared to the
spectrum in Figure 3.1 (a) is the result of the smaller dipole moment along the b-
compared to the a- axis in orthoH, — OCS. Because of the low intensity, only one
Doppler component was resolved and used in the fitting procedure. '
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Figure 3.3: Ex?erimental composite spectrum of the Jx.x. = 1o1 — Ogo transition of
paraH, — 0PC»S, obtained with 500 averaging cycles. An enriched sample of 0°CS
was used to obtain these spectra. The inset shows an enlarged view of the strongest
component of the hyperfine pattern. The time domain signals were recorded at 10 ns
sampling interval to obtain 8k data points. The data set was supplemented with 8k zeros
before Fourier transformation. The larger hyperfine splitting observed in this spectrum is
the **S nuclear quadrupole hyperfine structure.
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ab

Figure 3.4: The T-shaped geometry of the hydrogen-OCS complex with the determined
structural parameters marked. R is the van der Waals bond distance, 8 is the angle
between the OCS molecular axis and the R vector. The hydrogen moiety is considered a
point mass in this study. The angle between the a-inertial axis and the OCS molecular
axis is given by 6, (not specifically shown in figure).
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3.6 Tables

Table 3.1
Measured transition frequencies (in MHz) and quantum number assignments of
isotopologues of the orthoH, — OCS dimer.

Transiton F-F  oH,~OPCS A" oH,—-0OC?S 4v  oH,-0PC¥s Av

(P kake — (kHz) (kHz) (kHz)
T kake)
1ot - Ogo 1-1  10194.4766 43 9990.0419 33 9964.1133 74
2-1 101945345  -6.5  9990.0994 49  9964.1594 -12.1
0-1  10194.6530 2.1 9990.2112 1.6 9964.2816 47
202- lo1 32 203385171 0.5 199339271  -0.6 19882.3843 05
1-2 203385624  -1.1 19882.4305 0.5
1-1  20338.6342 20  19934.0391 0.6
20~ 110 32 214948507  -6.7 21041.8079 0.1
1-1 214949022  -42  21041.8601 0.2
2-1  21494.9907 9.6
lio- 1oz 22 18368.2595  -1.4
211 - 202 33 19524.6031 14
212- 1y 32 192613056  11.4
1-1 192613484  -50
2-1 192614096  -6.5
141 - Ogo 2-1  27447.176° 19

:AV = Vob. — Vealc-
Frequency obtained from double resonance experiment, uncertainty of + 5 kHz.



Table 3.2

Measured transition frequencies (in MHz) with quantum number assignments and

spectroscopic constants (in MHz) for orthoH, — OC**S and orthoH, — 0PC®S dimers.

Transition  F;-F; , F-F oH,—0C’S 4"  oH,~-OPC"S 4v
(P kake ~ (kHz) (kHz)
”KaKe)
lor-0p  1.5-1.5,0.5-0.5  10095.1445 4.1 10070.3059 5.7
15-1.5,2.5-25  10095.1643 .55 10070.3333 6.2
1.5-1.5,1.5-1.5  10095.2093 0.5 10070.3510 -11.8
25-2.5,25-1.5  10102.2965 0.1  10077.4481 -10.8
2.5-2.5,35-2.5 101023358 0.5 10077.4939 03
25251505 101023570 1.8 10077.5236 109
0.5-1.5,1.5-25  10108.0469 -12  10083.2104 0.1
200- 1y 3.5-2.5,35-25  20153.9595 34
3.5-2.5,4.5-3.5  20153.9778 34
Saa(Hi-Hz) -0.1008(15)° -0.0926(15)
Spp(Hy-Hy) -0.00947° -0.00947°
C..(H) 0.38935° 0.38935°
Cos(H) -0.00226° -0.00226°
XadC>8) -28.5973(23) -28.6100(23)
Xae>S) 28.7
8.7y 6.3 6.2

] -
dv= Vob. = Veale -

® Numbers in parenthesis are one standard deviation in units of the last significant figure.

° Fixed to value obtained for oH; —
4 Reference 12.

08c¢s.

¢ Obtained from the **S nuclear quadrupole coupling constant; see the text for detail.

Table 3.3

Measured transition frequencies (in MHz) of isotopologues of the paraH, — OCS dimer.

Transiton pH,—0O"°CS 4"  pH,-0C'S dv pH, —OBCYMs v
(kHz) (kHz) (kHz)

Loz - Ooo 10569.7511 0.0 103493554  0.0°  10321.2067 0.0°

202- Lot 21056.9903  -4.5 206233895 0.0  20567.7256 0.0

21~ 1o 22488.9257 20
22- 14 19744.8145 2.5

a —
AV = Vo = Vel

bTwo parameters, (B+C)/2 and 4, were calculated from the two transition frequencies.
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Table 3.4

Measured transition frequencies gin MHz) and spectroscopic constants (in MHz) for
paraH, — OC>S and paraH, ~ 0"*C**S dimers.

Transition | I O pH, —0OC™S 4 pH,-0PC’S Av
(kHz) (kHz)
lot - Ogo 15-15  10463.1822  -1.0 10436.1671 0.9
25-15 104702921 22 10443.2831 2.0
05-15 104759753  -12 10448.9719 -1.1
2aa(>S) -28.4289(31)" -28.4548(31)
07 72 7.1

2 AV = Vop, = Vegle-
® Numbers in parenthesis are one standard deviation in units of the last significant figure.
° Obtained from the **S nuclear quadrupole coupling constant; see the text for detail.

Table 3.5

Spectroscopic constants (in MHz) of isotopologues of the orthoH, — OCS dimer.
oH, -0°CS oH, - 0C>*'S oH, - 0”C*'s

A 22921.46321(137)° 22918.17° 22906.63°

B 5661.29039(47) 5536.97486(71) 5521.74840(45)

c 4533.10401(47) 4452.95185(71) 4442 .29°

A, -0.034377(52) -0.034435(55) -0.030754(56)

A 2.923493(191) 29347 2.934¢

Ag 8.1457 8.145¢ 8.1457

o -0.00017¢ -0.00017¢ -0.00017%

Pk -0.001¢ -0.001¢ -0.001¢

3; -0.047805(213) 0.0177¢ 0.0177¢

8¢ 3.235¢ 3.235¢ 3.235¢

S.(Hi-Hy) -0.1216(11) -0.1180(79) -0.1180(91)

She(H1-Hp) -0.00947(12) -0.00947° -0.00947°

Coa(H) 0.38935(231) 0.4047(85) 0.38935°

Cop(H) -0.00226(42) -0.00226° - -0.00226°

Ag (amu A%) 0.169 0.167

#trans 7 ) 3 2

rms (kHz) 53 2.3 6.7

“Numbers in parenthesis are one standard deviation in units of the last significant figure.

® The A rotational constant was fixed to a value obtained by reduced mass scaling of the A constant of the
main isotopologue.*

° Fixed to the ratio of B/C rotational constants obtained from other isotopologues.

4 Fixed at value of main isotopologue (Reference 4).

¢ Fixed at value obtained from the orthoH, — O'*CS isotopologue.
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Table 3.6

Spectroscopic constants (in MHz) of isotopologues of the paraH, — OCS dimer.

pH, —0°CS pH, ~0C>'S pH, - 0°C**s
4 22372.961° 22378.36" 22367.14°
B 5978.19843(75)°
c 4591.76816(76)
B+C)2 5180.9507¢ 5166.8236"
Ay 0.053914(87) 3.13627 3.1098¢
A 5.352° 5.352¢ 5.352°
Ax 9.161° 9.161° 9.161°
o 0.000022° 0.000022° 0.000022°
o 0.00198° 0.00198° 0.00198¢
8 0.0177° 0.0177° 0.0177¢
8¢ 3452° 3.452° 3.452°
Ao (amu A% 2.94
fitrans 4 2 2

rms (kHz) 2.8

“ A rotational constant fixed to the value producing the best fit; see the text for details.
5 The 4 rotational constant was fixed to a value obtained by reduced mass scaling of the A constant of the
main isot;opologue.4
¢ Numbers in parenthesis are one standard deviation in units of the last significant figure.
d L >
Two parameters, (B+C)/2 and 4, were calculated from the two transition frequencies.
“Fixed at value of the main isotopologue (Reference 4).

Table 3.7

Experimental structural parameters for orthoH, — OCS, paraH, — OCS, and He — OCS
van der Waals complexes.

R(A) 6°)"

pH,-0CS" 3587 105.3
pH; - OCS* 3.69 103.0
oH, - 0CSs? 3.804 113.7
oH, - OCS* 3.78 113.0
He - OCS? 3.82 109.2

“ Angle defined as the obtuse angle between the molecular axis of OCS and the R vector (s(sulfur atom —~
centre of mass of OCS - R vector)).

b 1, geometry obtained from all isotopologues studied, including the main isotopologue from Reference 4.
¢ Structural parameters from Reference 4.

? Reference 9.
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Chapter 4

Spectroscopic and theoretical study of the
weakly bound H, - HCCCN dimer

Previous studies of the He — HCCCN complex motivated the extension to H -
HCCCN complexes. The He — HCCCN dimer was studied using rotational spectroscopy
and ab initio calculations.! Cyanoacetylene (HCCCN) has desirable qualities for a
chromophore for these studies, such as the large dipole moment and the linear geometry
of the rotor.

In this thesis, the weakly bound H, — HCCCN complex was studied by high-
resolution microwave spectroscopy and by calculations of intermolecular potential
energy surfaces. Thg rotational spectra of H, — HCCCN were observed with the pulsed-
nozzle Foﬁrier transform microwave spectrometer described in Chapter 2. Spectra of
isotopologues of cyanoacetylene were measured (HCCCN, DCCCN and various ">C
containing isotopologues) in complexes with the two spin isomers of the H, molecule
(paraH, and orthoH;). Transitions of complexes with HCCCN isotopologues coniaining
1N and D nuclei were split by nuclear quadrupole hyperfine interactions, which were
measured and analyzed. The orthoH; molecule containing complexes showed additional
hyperfine structures due to nuclear magnetic spin-spin coupling of the hydrogen nuclei in
the H; molecule, as was observed in H, — OCS dimers.>? For orthoH, — HCCCN, both
strong a- and weaker b-type transitions were measured and analyzed using a semi-rigid

asymmetric rotor model. For the paraH, — HCCCN complex, only a-type transitions
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with K = 0 were measured and analyzed. The dimer complexes are floppy and have a
near T-shaped structure.

The intermolecular potential energy surfaces were calculated using the coupled-
cluster method with single and double excitations and noniterative inclusion of triple
excitations [CCSD(T)]. Three orientations of the hydrogen molecule with respect to the
HCCCN molecular axis were considered. Bound-state rotational energy levels supported
by the surfaces were determined for the different orientations as well as for an averaged
surface. The quality of a potential energy surface can be assessed by comparing the
experimentally measured transition frequencies with the transitions between the bound-
state energy levels supported by the potential. Simple scaling of the surfaces improved
the agreement with the experimental results.

4.1 Experimental details

The experimental details for the spectroscopic study of H, — HCCCN are quite
similar to those of the H — OCS studies.>* There are some differences that will be
discussed in more detail. F irstly, the synthesis of cyanoacetylene will be presented; it
was performed independently by a former Ph.D. student in our laboratory."” Secondly, a
discussion about the backconversion of paraH, enrichment observed with HCCCN with a
traditional gas mixture preparation will be presented. The new sample preparation
method to limit backconversion will be presented. The spectrometer details are given in
Chapter 2.

4.1.1 Synthesis of cyanoacetylene

Due to the reactive and poisonous nature of cyanoacetylene (HCCCN), it is no

longer commercially available in North America. Cyanoacetylene has its boiling point at
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5°C and polymerizes quickly at room temperature. The synthesis used in our laboratory
follows the method of Moreau and Bongrand,® as modified by Miller and Lemmon.” The
synthesis presented here is a summary of the total reaction scheme which has been
presented in another thesis from our group.” In the first of the two steps, propiolamide is
formed by adding methyl propiolate (Sigma-Aldrich Co.) to liquefied ammonia. The
excess ammonia and alcohol side products were removed in vacuo. The propiolamide
was then mixed with phosphorus oxide and sand (used for heat transfer) and heated to
200°C for a minimum of two hours. A liquid N; cooled cold trap was used to collect the
resulting cyanoacetylene. Overall, the reaction scheme is:
H-cac-coocya—”ﬂﬂ@—eH-'cECONHZ—‘°&A—>H—CEC-CEN. [4.1]
The HCCCN, once trapped, can be stored for over two years at -35 "C without observable
degradation.

The synthesis of isotopologues of cyanoacetylene can be done conveniently with
the above reaction scheme. The deuterated cyanoacetylene (DCCCN) can be synthesized
by modifying the reaction scheme [4.1] as reported by Mallinson and Fayt.* The
propiolamide was dissolved in 25 mL of 99.77% D,0 (Columbia Organic Chemicals, Co.
Inc.) and stiqed for three days. After pumping off the D,0O, a second aliquot of 25 mL of
D,0 was added and the mixture was stirred for an additional three days. After pumping
off the D,0 again, the reaction proceeded as in [4.1]. The modified scheme produced
highly pure DCCCN free of residual D,0.

The "’N enriched cyanoacetylene (HCCC'’N) utilized the reaction scheme [4.1]

while using isotopically enriched NH3 (10% 'NH,, Cambridge Isotope Laboratories,
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Inc.). Through this method, a sample of cyanoacetylene enriched to 10% HCCC'*N was
obtained.

4.1.2 ParaH, enrichment

Initially, paraH, enriched samples were prepared using the same procedure as in
the H, — OCS studies. The gas sample was prepared by adding the chromophore gas to
the sample cylinder followed by enriched paraH; gas taken directly from the converter.
The sample container was closed while the converter was emptied of remaining hydrogen
through the forepump. The gas sample was then completed by the addition of helium gas
to the desired pressure (3 — 8 atm). During this process, the paraH, enriched gas
interacted with the chromophore gas for several minutes (up to >10 minutes) prior to
being diluted by helium. When this procedure was done with the HCCCN chromopﬁore,
the signal enhancement seen for the paraH; — HCCCN transition was not as strong as
expected from the OCS studies.”® Even after preparing an enriched sample several times
in hopes that the poor signal intensity was due to impurities in the sample system, the
signal of the paraH,; — HCCCN transition did not increase as substantially as expected.
The difference in the signal enhancement observed for both chromophores could be due
to the nuclear spins of the main isotopologues and the interaction of the nuclear spin with
the hydrogen molecules. The main isotopologue of carbonyl sulfide, "0"2C*S (93.7%
naturally abundant), has no nucleus with a non-zero nuclear spin, while the main
isotopologue of "H2CCC'N (96.5% naturally abundant) contains a N nucleus with
a non-zero nuclear spin, /(**N) = 1. The non-zero nuclear spin produces an
inhomogeneous magnetic field which could backconvert the enriched paraH, to orthoH,

molecules.” Previous studies have been performed with chromophores with nuclear spins
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in the infrared region.'™!! These studies used a high pressure sample containing the trace
amount of chromophore gas in helium which was then added to a sample cylinder
containing enriched paraH; gas. An important aspect to this sample preparation method
is that the chromophore and the enriched paraH, gas are also in presence of an excess of
helium. In thev H; — HCCCN studies, substantial signal enhancement was achieved when
a sample of trace HCCCN in high pressure helium was added to a gas cylinder containing
the enriched paraH; gas. Dilution with helium limits the interaction between the
enriched paraH; and HCCCN gases. Another experiment was required to confirm that
the helium dilution helped maintain the enrichment from the catalytic converter. A
sample of enriched paraH, gas diluted in helium (10% enriched paraH, in 90% helium)
was added to a sample cylinder with the appropriate concentration of HCCCN. The gas
sample was then quickly diluted with additional helium to the desired final pressure.
This produces a signal enhancement comparable to that seen with Hy ~ OCS dimers.
Cyanoacetylene has a "*N nucleus with a nuclear spin of 1, which creates an
inhomogeneous magnetic field around the molecule. The interaction of HCCCN with
paraH; molecule induces the backconversion to orthoH; through this inhomogeneous
magnetic field. This is supported by the necessity that a catalyst used for the low
temperature conversion of orthoH, to paraH, be paramagnetic and therefore produces a
magnetic field gradient. 1214 This is necessary to promote the singlet-triplet mixing which

is required for conversion. Additionally, a collision with a paramagnetic molecule such
as O, is efficient for the conversion between orthoH; and paraH,.’ The interaction of a
magnetic field gradient with a spin isomer has been shown to induce spin conversion and

collisions can have a major effect on the conversion rate.'>
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For all studies with enriched paraH, samples with cyanoacetylene, a sample of
~10 % enriched paraH; in helium (up to ~50 atm) was prepared. The gas mixture was
prepared by adding the cyanoacetylene into an empty cylinder, adding the appropriate
amount of diluted paraHz/helium and filling to the final pressure quickly with high
pressure helium. The samples of 10% paraH; gas in helium were kept in a sealed
stainless steel container for up to a week without significant backconversion as measured

by the signal of the paraH, — HCCCN transitions.
4.2 Experimental results and analyses

The gas mixture for initial searches contained low concentrations (< 0.3 %) of
HCCCN, DCCCN or a 10% HCCC*N/90% HCCCN mixture with 1-3% H; gas in a
helium expansion. Since no previous studies provided predictions for rotational constants
of H, — HCCCN, a prediction was obtained by calculating the fractional changes for the
Jxake= lo1 — Ogo transitions of He — OCS (Ref. 18) and H, — OCS (Ref. 2) complexes and
assuming this change is approximately the same for HCCCN complexes. Within 20
MHz, a transition was measured which had additional hyperfine structure consistent with
spin-spin coupling due to a orthoH; molecule and it was assigned to be the Jxax: = loi -
0go transition. The spectrum of the Jxaxe = 1o1 — Ooo transition is shown in Figure 4.1. DR
decoherence experiments'® as described in Chapter 2 were used to obtain the frequencies
of connected a- and b-type transitions.

The b-type transitions for orthoH, — HCCCN and orthoH, — HCCCYN were
observed first using DR decoherence experiments'” as described in Chapter 2. The Jxax.
= 1ot — Ogo transition was monitored while the frequency of the pump microwave

radiation was swept through the region where the Jx.x. = 111 — 0o transition was
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expected. A weak DR effect was observed, even though the DR effect observed for the
a-type transition was quite strong when monitoring the same transition. This is consistent
with the DR effect being dependent on the transition dipole moment of the pump
transition and in this complex, the a-axis dipole moment is much stronger than the b-axis
one. The transition frequency for the Jx.x. = 110 — lo1 transition was also determined with
a decoherence DR experiment. The b-type transitions were measured with much longer
microwave excitation pulse widths (~ 3 ps as opposed to 0.4 ps for the Jx.x: = Lo — 0o
transitibn). Longer pulse widths in the experiment indicate a smaller dipole moment for
the transition. Additionally, an amplifier was used in the experiment to increase the
power of the radiation coupled into the‘cavity. Amplifiers are necessary for studying
transitions associated with low dipole moments. The Jgx. = 111 — Ogp transition of
orthoH% —HCCCN is shown in Figure 4.2. The weaker intensity of the signal, as well as
the difference in the '*N nuclear quadrupole hyperfine structure when compared to Figure
4.1, substantiates the assignment.

The |K] = 1 energy levels for orthoH, — HCCCN complexes are high in energy
(~ 25-30 GHz higher than the ground state) and may only be sparsely populated in our
molecular expansion where rotational temperatures can be on the order of a few Kelvin.*®
The use of lower sample pressures can facilitate the observation of transitions from these
stacks since the temperature of the expansion is slightly higher thus increasing the
populations of higher lying energy levels. Many efforts were made with a helium
expansion to observe either of the Jgaxe = 212 — 111 and Jgaxe = 211 — 10 transitions, but
without success. A final attempt was made with a low pressure sample containing neon

as backing gas. Inthe H; — OCS dimer studies,” a neon expansion produced stronger
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signals for orthoH,; — OCS transitions. As explained in Reference 4, the binding energy
of neon with OCS is larger than that of paraH, with OCS. Therefore, the paraH, — OCS
signals are destroyed in a neon expansion. A sample consisting of neon (3-5 atm) with
1.5% H, gas and < 0.2 % HCCCN was used and the transitions were successfully
measured. The spectrum of the Jx.x. = 212 — 111 transition is shown in Figure 4.3. The
predictions for the transitions were obtained from bound-state calculations using the non-
scaled potential energy surface. The energy difference between the K stacks was
calculated from the potential and the prediction was within 180 MHz. Discussions in
more detail regarding the potential energy surfaces will be presented later in this chapter.
DR expeﬁments were used to determine the frequencies of the connected J=3 —2
transitions for the |K] = 1 stacks and the transitions were subsequently measured in single
resonance experiments. To substantiate the assignment of the measured transitions, one
can measure transitions that form closed-loops with other measured transitions. In the
orthoH, —~ HCCCN complex, despite experimental attempts at measuring closed-loop
transitions (i.e. Jxak: = 211 — 202), no such transitions were measured. The inability to
measure these transitions could be due to the very weak intensity of b-type transitions in
the complex as well as the expected low population of the energy levels in the molecular
expansion. The transition frequencies and quantum number assignments for orthoH; —
HCCCN are tabulated in Table 4.1. Transition frequencies of minor isotopologues of
orthoH, — HCCCN were predicted by calculating the changes in moments of inertia with
the change of an atom. The measured transition frequencies are in Tables 4.2, 4.3 and 4.4
for all minor isotopologues studied (HCCC"N; DCCCN; and H*CCCN, HC"CCN,

HCCCN, respectively).
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In searches with a non-enriched H, sample, a transition ~1 80 MHz higher than the
Jxake = lo1 — Ogo of orthoH, — HCCCN was measured which showed hyperfine patterns
consistent with nuclear quadrupole coupling of a "N nucleus. It was therefore assigned
to be the Jkake = lo1 — Ogo transition of paraH, — HCCCN. The signal intensity of the
transition was consistent with the 25% content of paraH, molecules in a non-enriched
hydrogen gas sample. The presence of paraH, was confirmed when the new preparation
method was used to prepare the gas sample with enriched paraH; and significant signal
enhancement was observed. DR experiments were used to obtain the frequencies of
connected a-type transitions in the |[K] = 0 stack. DR experiments were also attempted in
hopes of locating b-type transitions of the complex. Despite repeated searches over a
large frequency region where both Jyx. = 111 — Ogo and 1,0 — 1oy transitions are predicted
(over 10 GHz), no DR effect was observed and no b-type transitions for paraH, —
HCCCN were measured. This is consistent with the experimental findings in the H, —
OCS study where the b-type transitions could not be located for the paraH, — 0"CS
complex due to a small dipole moment along the b-axis. Transition frequencies of minor
isotopologues of paraH, — HCCCN were predicted by calculating the changes in
moments of inertia and were measured with an enriched paraH, sample. The Jxux: = 101
— Ogo transition of paraH,; — HCCCN is shown in Figure 4.4 and the additional hyperfine
structure due to the orthoH, molecule can be seen when compared to Figure 4.1. The '
transition frequencies of paraH; — HCCCN and minor isotopologues are presented in
Tables 4.5 and 4.6, respectively.

The spectra of the orthoH, — HCCCN complex contained "*N nuclear quadrupole

and magpetic nuclear spin-spin hyperfine structures which needed to be accounted for in
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the spectral fitting procedure. The coupling scheme used was: J + Iisn = Fy, Ing) + Ing)
=, Fy + I = F where Inq) + Inq) = 1 for orthoH; molecules. The global least-squares
fitting program, SPFIT,* was used to obtain rotational constants and quartic aﬁd sextic
centrifugal distortion constants using Watson’s 4-reduction Hamiltonian.> The
isotopologues were all fit sgpérately. The contributions of both the nuclear quadrupole
coupling constant and magnetic nuclear spin-spin coupling constant along both the a- and
b-inertial axes were fit. Additionally, a magnetic spin-rotation contribution along the a-
inertial axis for the orthoH, molecule was fit. From the limited’ data of the various 1*C
containing complexes, only the (B+C)/2 rotational constant, the "*N nuclear quadrupole
coupling constants, and the spin-spin coupling constant of orthoH; could be obtained.
The analysis of orthoH, —- HCCC'N is simplified since 5N has no nuclear quadrupole
interaction (/('’N) = %). The coupling scheme is thus Inq) + Ing) = I, J + I = F and again
Ingy + In@) = 1 for orthoH, molecules. Deuterated cyanoacetylene complexes have an
additional quadrupolar nucleus (/(D) = 1) and the resulting coupling scheme is J + Iy =
Fi, F1 +Ip =Fy, Inqy + Ing =L, F2 + I =F, where, again, Ina) + Ine) = 1 for orthoH,
molecules. The data set for the deuterated complex is smaller and the deuterium nuclear
quadrupole coupling constant only along the a-inertial axis could be obtained. In
addition, the spin-spin coupling constant for orthoH, was fixed to the value obtained in
the main isotopologue. Due to the experimentél difficulty in resolving all components of

the hyperfine patterns in the deuterated complexes, the error in the deuterium nuclear

quadrupole coupling constant may be larger than that indicated by the fitting results. The
spectroscopic constants from the minor isotopologues with orthoH, are given in Tables

4.2,4.3, and 4.4, respectively.
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For paraH,; — HCCCN complex, no information about the 4 rotational constant
could be obtained from the measufed transitions. In the spectral analysis, the A4 rotational
constant was fixed at the value obtained from the bound-state energy levels supported by
the potential. This will be discussed in further detail in Section 4.5. The analysis of
paraH, — HCCCN complexes is simplified since transitions are split only by the '*N
nuclear quadrupole interaction. Since only |K] = 0 transitions were measured, only the
nuclear quadrupole coupling constant along the a-inertial axis could be determined. The
coupling scheme used was J + Iyyv=F. The same coupling scheme was used for the °C
containing isotopologues. Spectra of the °N containing complex show no hyperfine
splittings. The paraH, - DCCCN complex has the additional nuclear quadrupole
interaction of the deuterium nucleus and the coupling scheme used is J + Iygn = Fy, F1 +
Ip = F. Again, only the g-inertial axis component of the deuterium quadrupole coupling
constant could be determined due to the limited data set. The spectroscopic constants for
paréHz —~ HCCCN and the minor isotopologues are provided in Tables 4.7 and 4.8,
respectively.

4.3 Discussion of experimental results

The nuclear quadrupole coupling constants along the a- and b-inertial axes were
determined for "N and D containing complexes. For orthoH; — HCCCN, the "N nuclear
quadrupole coupling constant along the a-inertial axis ()uq('*N) = -4.28682 MHz) is
similar to the value of paraH,; — HCCCN (xaa(MN) = -4.30299 MHz). The deuterium
nuclear quadrupole coupling constants for orthoH; ~ DCCCN ()(D) = 0.27764 MHz)
and paraH,; - DCCCN (),4(D) = 0.1893 MHz) are also in marginal agreement.

Deviations between the values could be due to the limited data set for paraH, — DCCCN
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gompared to orthoH, — DCCCN. This agreement between the complex with different
spin isomers of hydrogen is expected from previous H; — OC™S studies® because of the
weak nature of the van der Waals interaction and that the interaction comparing the
different spin isomers of hydrogen should be fairly similar. From the data set measured
for the orthoH; — HCCCN complex, the nuclear quadrupole coupling constant could be
determined along the b-inertial axis, y5(**N) =2.11299 MHz. The N nuclear
quadrupole coupling constants of the hydrogen complexes are in reasonable agreement
with the values obtained for the He — HCCCN complex (xaq(**N) = -4.2409 MHz;
s5(1N) = 2.0747 MHz)." Similar agreement is seen for the D nuclear quadrupole
coupling constants in orthoH, — DCCCN (u.(D) = 0.2764 MHz) and He ~ DCCCN
(xaa(D) = 0.209 MHz).! The small discrepancies could be due to the limited data set for
Hz —DCCCN complexes compared to He — DCCCN where both )., and )z could be
resolved. The "N nuclear quadrupole coupling constants of isolated HCCCN and
DCCCN molecules are x,('*N) =-4.31924(1) MHz (Ref. 23) and x,(**N) =-4.316(3)
MHz (Ref. 24), respectively, which are in moderate agreement with the x,, values of the
H; — HCCCN and H; - DCCCN complexes. The D nuclear coupling constant of an
isolated DCCCN molecule is x,(D) = 0.2288(55) MHz (Reference 24) which is in decent
agreement with the H, — HCCCN complex. The remaining discrepancies between the
nuclear quadrupole coupling constants are assumed to be due to a tilting of the

cyanoacetylene molecular axis thus changing the projection onto the inertial axes as

discussed in Chapter 2. From the "N nuclear quadrupole coupling constants (), and
x»p) and equations [2.18] and [2.19], we can calculate an average angle 6, between the a-
inertial axis and the molecular axis of HCCCN. For orthoH, — HCCCN, the 6, values
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obtained from X, and ;s are 3.9° and 5.1°, respectively. For orthoH,; — DCCCN, the 6,
value obtained from the X, coupling constant is 5.7°. For paraH; — HCCCN, the 6,
value obtained from x,,is 2.9°. For paraH, — DCCCN, the angle, 6,, is 2.9°. The values
from analyses of both hydrogen complexes are in reasonable agreement and corroborate
that the HCCCN molecular axis is nearly parallel with the g-inertial axis. The difference
between the angles obtained from the '*N and D coupling constants is due to the floppy
nature of the complex and due to the larger error in determining the» constants in the
DCCCN complexes. The larger experimental uncertainties in D nuclear quadrupole
coupling constants make it a poor choice for determining the angle (i.e. O,(orthoH; —
DCCCN) = 15.8° and 8,(paraH, ~ DCCCN) = 18.0°). The angles obtained from the
same analysis in He — HCCCN are slightly larger (~6°) (Ref. 1) than the angles obtained
for H, - HCCCN complexes which is consisteﬁt with the larger mass of helium causing
the cyanoacetylene molecular axis to tilt further from the a-inertial axis.

Both proton-proton spin-spin and proton spin-rotation interactions were included
in the fitting procedures to account for the hyperfine structure introduced by the presence
of the hydrogen molecule in orthoH,; — HCCCN. In this thesis, the expression used for
the spin-spin interaction energy of two equivalent nuclei with spin angular momentum
quantum number [/ is given in equations [2.20] and ‘[2.21].25 Again, the sign of the spin-
spin coupling constant is chosen such that it is negative for homodiatomic molecules.?
The measured |K] = 1 transitions required the inclusion of the Sp, spin-spin coupling
constant, in addition to S,,, in the fitting procedure. For the main orthoH; — HCCCN
isotopologue, values of S, (orthoH, - HCCCN) = -45.6 kHz and S(orthoH; — HCCCN)

= 10.8 kHz were obtained. The spin-spin coupling constants obtained for different
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isotopologues of HCCCN (see Tables 4.2, 4.3, 4.4 and 4.5) agree well; this is expected
since the isotopologues of HCCCN should not have a significant effect on the geometry
of the H, moiety. In the study of the free orthoH,; molecule, Ramsey’s nuclear hyperfine
Hamiltonian was used to fit the spin-spin hyperfine splittings.?” The value obtained in
that work corresponds to negative one-fifth of the conventionally used spin-spin coupling
constant in microwave spectroscopy.”® A comparison of the spin-spin coupling constants
of the orthoH, — HCCCN dimers with that of free orthoH, (-5D, = -288.4 kHz)* shows
that the values are slightly smaller for the orthoH; — HCCCN complexes. The spin-spin
coupling constant is determined mainly by the distance between the spins in question;
which would be relatively unchanged by the van der Waals bond with HCCCN. One
consideration for the difference in the values between the complex and the free orthoH;
molecule is the orientation dependence of the tensor spin-spin coupling constant, as is
shown by the necessity to include Sy in the spectroscopic fit.

The spin-spin coupling constant of orthoH, molecule containing dimers can be
compared as well. The constants of the orthoH,; — OPCS isotopologues [Sa(orthoH; —
0"*CS) =-121.6 kHz and S;(12)(orthoH; — 0*CS) = -9.5 kHz]* have slightly larger
values than the constants obtained for the orthoH; — HCCCN complex. The discrepancy
between the values could be due to a slightly different orientation of the or{hon
molecule in complexes with different dopant molecules. The Sps spin-spin coupling
constant is of opposite sign in the orthoH,; — HCCCN dimer compared to orthoH; —
0'CS. The differences in the spin-spin coupling constants along the b-axis could also be

due to a different orientation of the orthoH, molecule in the complex.
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The values of the spin-rotation coupling constants obtained for different
isotopologues are all of the same magnitude (C,.,(orthoH, — HCCCN) = -44.5 kHz). The
limited data set of less abundant isotopologues may be the cause for slight variations in
value. The spin-rotation coupling constant obtained for free orthoH; is Cge = 113.8
kHz,* in marginal agreement with the values obtained for orthoH, — HCCCN in this
report. As mentioned in Chapter 2, it is difficult to extract information about the
electronic structure of the complex from the spin-rotation coupling constant because it is
a second order interaction. 2

The floppy nature of the orthoH; - HCCCN complex is demonstrated by the need
to use six centrifugal distortion constants to fit the spectrum. The centrifugal distortion
constants are of similar magnitude for the various isotopologues. The discrepancies are
difficult to interpret due to the limited data sets for the minor isotopologues, as well as
there being a mass-dependence of the centrifugal distortion constants.’® The remainder
of the discussion of centrifugal distortion constants will focus on the main HCCCN
isotopologues. In orthoH, — HCCCN, of particular note is the negative sign of the A;
centrifugal distortion constant (A; (orthoH; — HCCCN) = -0.1688 MHz); this could be the
result of a Coriolis interaction with a low-lying excited state, similar to what was
observed in the study of the orthoH,; — OCS complex.’® The magnitude of the A,
constant in the orthoH; — HCCCN complex cannot be easily interpreted because of the
Coriolis effect. On the other hand, the centrifugal distortion constant A, for paraH; —
HCCCN (4,=1.749 MHé) is quite large and is consistently large for all paraH, -

- HCCCN isotopologues. The centrifugal distortion constant is obtained from an

asymmetric semi-rigid rotor analysis of the spectrum by fixing the 4 rotational constant
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to the value obtained from the analysis of the bound-states supported by the potential
energy surface. The large values for the A; constant are consistent with large amplitude
radial motions being present in the paraH, — HCCCN complex. It is expected that the
large amplitude radial motions are also present in orthoH, — HCCCN complexes, but this
cannot be illustrated from the observed centrifugal distortion constant due to the Coriolis
coupling which causes the negative A; constant.

Another parameter that indicates the rigidity of a complex is the inertial defect, Ao
=12~ 191 as described in Section 2.6, which is also included in Tables 4.6 and 4.7.
The non-zero planar moments of orthoH, ~ HCCCN are mainly a result of the out-of-
plane distribution of the H, molecule and large amplitude out-of-plane zero-point
vibrational motions.**® This is consistent with the analysis of the inertia defects
determined from the analysis of the H, — OCS complexes.>” Since the planar moments
are primarily due to the hydrogen molecules, they should therefore not change
significantly with isotopic substitution of HCCCN which can be seen by the reasonable
agreement of the values from orthoH,; — HCCCN (Aq = 4.69 amu A%) and orthoH, -
HCCC"N (A¢ =4.72 amu A?). Any discrepancy could be a result of the limited data set
of orthoH, — HCCC'*N where no |K] = 1 a-type transitions were measured. The inertial
defect for paraH, -HCCCN cannot be determined for the experimental data since it is
limited to a-type transitions in the [K] = 0 stack and only (B+C)/2 rotational constant
could be resolved. The measurement of more transitions for the paraH, - HCCCN
complex would resolve more rotational constants and allow for a determination of the
inertial defect. The relative rigidity of the complexes should follow the result of the H, —

OCS study (Ao(orthoH; - OCS) = 0.165 amu A%, Ag(paraH, — OCS) = 2.94 amu A%).>
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Comparing the results of orthoH; complexes with different chromophore molecules, the
HCCCN complexes are less rigid than the OCS complexes. This is again consistent with
the results from the He — molecule studies.' The inertial defects in H, — HCCCN are
much smaller than the values for He — HCCCN ((Ao = 14.41 amu A?) (Reference 1)
indicating that the hydrogen complexes are more rigidly bound than the He complexes.
In fact, the hydrogen inertial defects are closer to those of the heavier rare gas atom
dimers with HCCCN (Aq(Ne - HCCCN)*! = 5.62 amu A%; Ao(Ar - HCCCN)*? = 3.66 amu
A%).

As discussed in Section 2.6, it is possible to calculate average geometries of the
orthoH; — HCCCN and paraH; — HCCCN van der Waals complexes from the
experimental rotational constants. Figure 4.5 shows the definition of the structural
parameters being detérmined. As described in Chapter 3, from the isotopic data we can
obtain a 7, structure. The iterative program, MWSTRI1, developed by Typke®~** was
used in this report. The geometries obtained for orthoH; — HCCCN and paraH; —
HCCCN are shown in Table 4.10 along with the values obtained for He — HCCCN.! The
shorter bond lengths in the H, — HCCCN complexes compared to the He - HCCCN
complex are consistent with larger binding energies of the former. The calculated angle
between the H; molecule and the HCCCN intermolecular axis depeﬁds sensitively on the
A rotational constant of the complex. The 4 rotational constant could spectroscopically
be determined only in the orthoH; — HCCCN and orthoH; — HCCC'°N dimers. In the
structure determination of the pavaH; — HCCCN complex, the 4 rotational constant was

taken from the analysis of the bound-state rotational energy levels supported by the
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calculated potential. Therefore, the angle obtained in the 7, structure of the paraH, —

HCCCN dimer should be considered less accurate than the orthoH, — HCCCN value.
4.4 Construction of potential energy surfaces

The construction of the potential energy surfaces follows the method successfully
used with He — molecule complexes, such as He — HCCCN,! as well as with the H; —
OCS complex.”® The calculations were done on the CCSD(T)* level of theory with large
basis seté and bond functions.” This is an established technique for the detérmination of
the interaction energies of weakly bound systems.>**° Following the He —- HCCCN
potential energy calculations' and previous success by Dunning and co-workers, the
augmented correlation-consistent (aug-cc)* basis sets were used. In this case, as in the
He ~ HCCCN potentials, I used 3s53p2d1/1g bond functions with a coefficients (sp 0.9,
03,0.1;40.3,0.2; fg 0.3)37’39 for the computation of the H, — HCCCN surfaces. These
coefficients were chosen from the ab initio studies of the He - HCCCN' and Ne- and Ar-
cyclopropane dimers, which resulted in potentials with microwave accuracy.”'

The bond functions were located midway between the centres-of-mass of the
hydrogen molecule and the HCCCN molecule. To be consistent with the He - HCCCN
potential energy surface calculations,’ the HCCCN structure was frozen at the
equilibrium values from the calculation (CCSD(T), aug-cc-pVQZ) (r(H-C) = 1.0736 A,
HC=C) = 1.2094 A, H(C-C) = 1.3810 A, and HC=N) = 1.1637 A).! The discrepancy
between the equilibrium values and the ground-state effective structure of HCCCN* is on
the order of 0.6% over the entire length. The discrepancy is insignificant compared to the
frozen geometry approximation. The bond length of the hydrogen molecule was frozen

at its ground state value, n(H-H) = 0.7414 A.® This is consistent with the procedure in
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the CCSD(T) potential energy calculations of the H, — OCS dimer.> The supermolecule,
single-point interaction energies were calculated using the MOLPRO 2002.6 package.**
The basis set superposition error was corrected using the full counterpoise correction
technique of Boys and Bernardi.*’

In the related He — HCCCN complex,' the helium atom is spherical and a planar
complex is obtained. The orientation of the hydrogen molecule, on the other hand, is
described by two angles, a, and ¢, with respect to the HCCCN molecule. The position of
the hydrogen molecule is described by two parameters: the distance (R) between the
centre of mass of the hydrogen and the HCCCN molecule and the angle () between the
HCCCN molecular axis and the vector R. Since the experimental orientation of the
hydrogen subunit is unknown in the complexes, three potential energy surfaces with
various orientations of the hydrogen molecule were calculated to help estimate any
rotation of the H, subunit. The orientations and the description of the angles are shown
in Figure 4.6. The orientations are described when the complex is T-shaped (6= 90°)
and are named parallel, perpendicular, and out-of-plane orientations, following the study
of Hy - OCS.*>* The parallel orientation corresponds to ¢ = 0° and o = 90°. The
perpendicular orientation is at ¢ = 0° and a= 0°. The out-of-plane orientation is when ¢
=90° and a=90°. Single-point energies of the H, — HCCCN complex were calculated
on a grid of points describing the relative positions of the hydrogen molecule and the
HCCCN molecule. Calculations were done on three different grids (one for each
hydrogen molecule orientation). The van der Waals bond between the centres-of-mass of
the hydrogen moiety and the cyanoacetylene molecule was varied between 2.5 and 13 A.

The step size was varied between 0.25 and 1 A depending on the steepness of the
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potential. Near the minima, a smaller step size was used, while long range effects were
captured by 1 A steps. The angle between the vector R and the HCCCN molecular axis
(6) ranged between 2° and 167°, in 11° steps. An angle of 0° corresponds to a linear
configuration with the hydrogen molecule located at the N end of the cyanoacetylene
molecule. In total, the potential energy surfaces corresponding to the three hydrogen
orientations of Hy — HCCCN were each composed of 400 single energy points.

Rotational spectroscopy experiments of the dimer complex probe portions of the potential
near the global minimum. The dense grid of the calculated potential allows for the
possible determination of properties of larger (H;)y — HCCCN clusters since clusters can
probe other regions of the potential energy surface.

The energies of the surfaces could not be calculated at points located at shorter
distances and near linear configurations (2°, 13°, 167°) because of the overlap of the
hydrogen and the HCCCN molecules. It was ensured that the first point calculated was
on the repulsive wall of the potential energy surface, above 0 cm™. For the configuration
with 8= 178°, it was not possible to calculate a first point on the repulsive wall without
having a problem of convergence in the calculation, therefore the points on the potential
energy surface end at 167°. All single point energies for the parallel, perpendicular and
out-of-plane orientations are given in Appendix A.1 — A.3, respectively. Additionally, an
averaged potential, where each orientation is given equal weight is tabulated in Appendix
A4

Table 4.11 summarizes the main topological features of the potential energy
surfaces calculated as a part of this thesis. The three orientations have varying features.

The potential for the parallel orientation has a global minimum (E = -156.94 cm? atR=
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3.30 A and 6= 76.3°) occurring at an approximately T-shaped configuration with a
secondary minimum (E = -125.57 cm™ at R = 5.45 A and 6 = 167°) corresponding to a
near linear Hy —~ HCCCN configuration separated by a lower saddle point (E = -125.57
cm at R =4.65 A and 6= 131.3°) and an upper saddle point (E =-11.39 cm™ at R = 5.56
A and 6= 2°). The potential for the out-of-plane orientation has a global minimum (E = -
147.92 cm™ at R = 5.38 A and = 167°) at a near linear configuration with a secondary
minimum (E =-110.52 cm™ at R = 3.37 A and 6= 88.2°) separated by a lower saddle
point (E =-69.77 cm™ at R=3.95 A and 6= 119.3°) and an upper saddle point (E = -
11.31 cm™ at R =5.57 A and 6= 2°). The potential for the perpendicular orientation has
a global minimum (E =-188.78 cm™ at R = 5.09 A and 8= 2°) at a near linear geometry
with its secondary minimum (E =-110.83 cm™ at R =4.21 A and 8= 128.5°) at a near T-
shaped configuration connected by a first saddle point (E =-76.35 cm™ at R = 3.81 A and
6=72.6°) and a second saddle point (E =-3.07 cm™ at R = 5.67 A and 6= 159.7°). The
averaged potential has a global minimum (E = -112.56 cm™ at R = 3.41 A and 6= 87.3°)
at a near T-shaped configuration with a broad secondary minimum (E = -72.56 cm™ at R
=5.56 A and 8= 167°) at a near linear configuration separated by a lower saddle point (E
=-68.32 cm™” at R=4.14 A and = 121.2°) and an upper saddle point (E = -60.50 cm™ at
R=5.31A and 8=2°). The observed spectra for both complexes are consistent with an
asymmetric top molecule in a near T-shaped configuration.

The energies of bound-state levels supported by the three orientations and the
averaged potential energy surfaces were determined using the program JACOBL*
Radial basis sets of 150 tridiagonal Morse functions and angular basis sets of 150

Legendre polynomials were sufficient for convergence to within 0.0002 cm™ for all
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calculated rotational energy levels. The eigenvalues and eigenvectors of the Hamiltonian
matrix were obtained using 3000 Lanczos iterations. The ceilin\g of the potential in the
program was set at 5000000 cm™. The details of the JACOBI program were reported in
Ref. 47. Appendix B.1 shows the energies of the rotational energy levels, up to J = 3, for
the ground vibrational state of orthoH, — HCCCN. The transition frequencies are
obtained by calculating the difference between the rotational energy levels of interest.
The energies of the rotational energy levels, up to J =3, for the ground vibrational state

of paraH, — HCCCN are given in Appendix B.3.

4.5 Properties and accuracy of the H, —- HCCCN potential energy

surfaces

The bound-state energies supported by the potentials were obtained from the
JACOBI program®’ and compared to the experimental transition frequencies. First, this
procedure was performed on the potential energy surface for each orientation separately.
The transition frequencies obtained from the parallel orientation potential corresponds to
the spectral pattern of an asymmetric top molecule as was observed experimentally. The
patterns obtained from both the out-of-plane and perpendicular orientations were of linear
type molecules with very high frequency J=1 - 0 b-type transitivon (~550 GHz). The
transition frequencies obtained from the averaged potential energy surface were
consistent with the spectral pattern of an asymmetric top molecule. In the H, — OCS

MP4 calculations, an averaged potential was used to describe the paraH, —~ OCS system
while the potential for the parallel orientation was able to reproduce the orthoH; — OCS

experimental results.*® The same analysis was followed in this thesis.
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The transition frequencies obtained from the bound-state energy levels were in
moderate agreement (|%Av,,| = 4.8%) with the experimental frequencies. The agreement
between theoretical and experimental frequencies of b-type transitions was much less
accurate (l%Ava,,| =8.2 — 10.3%) compared to a-type transitions (|%Av,| =1.4 — 3.0%).
Simple scaling techniques were épplied to the potential energysurfaces to improve the
agreement of calculated and experimental rotational transition frequencies. Following
the He — HCCCN potential energy surfaces studies,’ a simple scaling of the potential to
deepen the well slightly was tried, but the results did not improve the agreement with
experiment. When the parallel potential was made shallower by 3%, the agreement
between transition frequencies of a-type transitions was virtually unchanged while the
agreement with b-type transitions was improved by only 0.2%. By making the parallel
potential shallower by 10%, the agreement between the experimental and theoretical
transitions frequencies of b-type transitions was imprdved by only an additional 0.4%.
This scaling method was not feasible to achieve good agreement with experimental
results. Other scaling procedures to reproduce the experimentally determined van der
Waals bond length by shifting the potential to longer bond lengths yielded better
agreement of the transitions frequencies with the measured frequencies. The agreemént
for b-type transition frequencies improved substantially (|%Ava| = 0.8 —2.5%) with the
scaling pfocedure. The results of the various scaled and the un-scaled potentials for
orthoH; — HCCCN are shown in Table 4.12 and compared to the unsplit, that is where the
hyperfine splittings have been removed, experimental line frequencies.

The scaling procedure to reproduce the experimental results of paraH; - HCCCN

involved shortening the van der Waals bond length. For paraH, — HCCCN, the averaged
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potential energy surface was scaled by shortening the van der Waals bond by 0.15 A
without any variation in the depth of the well. The transition frequencies from this scaled
potential are shown in Table 4.13 and are compared to the unsplit experimental line
frequencies.

The scaled potentials for both orthoH, —~ HCCCN and paraH; — HCCCN
complexes have been used to predict the rotational transition frequencies for the
HCCCN and DCCCN complexes. The transition frequencies are given in Tables 4.14
and 4.15, respectively, along with the hyperfine-free experimental transition frequencies.
For the orthoH; — HCCCN complexes, the PES results predict the rotational transitions of
minor isotopologues within 2% of the experimental results. The paraH, - HCCCN
-complexes predict the minor isotopologue transitions within less than 1% of the
experimentally measured frequencies.

The rotational transition frequencies obtained from the bound-state rotational
energy levels supported by the unscaled and scaled potentials can be fit to the
spectroscopic constants using SPFIT* are shown for orthoH, — HCCCN and paraH, —
HCCCN complexes in Tables 4.12 and 4.13, respectively. The experimental rotational
constants are in better agreement with the results from the scaled potentials. The
centrifugal distortion constants are in marginal agreement with the experimental results.
For the orthoH, — HCCCN complexes, the negative A, reproduces the experimental
results. The magnitude of the value is less well reproduced, the value obtained from the
analysis of the theoretical results is over three times Sméllcr than the experimentally
determined result. The effect on the experimental spectra of the large amplitude motions

and Coriolis interactions can be difficult to cépture in the potential energy surfaces. The
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scaling of the potential does improve the agreement of some of the constants with
experimental results. For the paraH, — HCCCN complex, the agreement of the
experimental results with the results from the analysis of the theoretical energy levels is
more difficult due to the limited data set obtained experimentally. The (B+C)/2 rotational
constant is well reproduced, especially for the scaled potential. The centrifugal distortion
constants are obtained from an asymmetric rotor model using the nine transitions
obtained from the theoretical results. The centrifugal distortion constants cannot be
compared from the analyses. By fitting only the same three transitions as the
experimental results for the paraH, — HCCCN complexes, the results can be better
compared. The centrifugal distortioﬁ constant from a linear rotor analysis of the
theoretical transition frequencies (D= 1.35414 MHz) is in better agreement with the
experimental results of the paraH, — HCCCN complex (D;= 1.56990 MHz). Both
results are consistent with the paraH, —- HCCCN complex being weakly bound with large
amplitude motions.

The transition frequencies of HCCC'*N and DCCCN containing complexes were
fit using SPFIT ?! in the same manner as the previous analyses and the results are given in
Tables 4.14 and 4.15, respectively. Similar agreement with experimental results is seen
for the minor isotopologues as for the main isotopologues for both complexes with
orthoH; and paraH,. This substantiates the scaling methods as being appropriate ones to
describe both of the H, — HCCCN systems.

The analysis of the supported bound-state energy levels could determine all
rotational constants and can provide an inertia defect for comparison with the

experimentally determined one of the orthoH, — HCCCN complex. A nice illustration of
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the dependence of the inertial defect on the hydrogen molecule is the comparison
between the orthoH; — and paraH, — HCCCN complexes. The inertial defect for the
orthoH; — HCCCN complex (Ao = 2.7 amu A2) is smaller than that of paraH; —- HCCCN
(Ao = 4.0 amu A?). The larger inertial defect indicates that the paraH; —HCCCN
complex is less rigid than the orthoH; — HCCCN dimer. This is consistent with the trend
observed in the H, — OCS complexes study.® The inertial defects obtained from the
theoretical analysis of minor isotopologues are in agreement with the main isotopologues
values. An i1sotopic substitution on the HCCCN molecule should not affect the inertial

" defect since the inertial defect is mainly due to the out-of-plape motions and large
amplitude motions of the hydrogen molecule.

4.6 Conclusions

The orthoH; — HCCCN and paraH, — HCCCN complexes were investigated
using rotational spectroscopy. Three isotopologues (HCCCN, DCCCN and HCCCN)
were studied for both complexes with a-type transitions in the |K] = 0 stack measured for
each isotopologue, with more extensive study of orthoH, — HCCCN and orthoH; —
HCCCPN complexes. Additionally, the Jkax. = 101 — Ogo transition of various Be
containing isotopologues have been measured. The spectra observed for the complexes
are consistent with a T-shaped complex. The analysis of the spectra yielded the
spectroscopic parameters including many centrifugal distortion constants consistent with
~afloppy complex. An analysis of the rotational constants provided structural parameters
for both orthoH, — HCCCN (R =3.68 A; #=102.2°) and péraHz ~HCCCN (R=3.59 A;

6= 105.3°). The rotational constants were analysed and showed large inertial defects for
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the orthoH,; — HCCCN complex. The data set for the paraH, — HCCCN complex was
insufficient to determine the inertial defect for the complex.

Potential energy surface calculations were performed on the Hy — HCCCN system
using the CCSD(T) method and aug-cc-pVTZ basis sets supplemented by midbond
functions. Three orientations (parallel, perpendicular and out-of-plane) of the H,
molecule moiety were calculated on the PES. The bound-state rotational energy levels
supported by the potential energy surface were obtained and the transition frequencies
were compared to the experimental results. The orthoH, — HCCCN experimental results
were best reproduced using the potential corresponding to the parallel orientation of the
H; molecule. A simple scaling technique of léngthening the bond length by 0.15 A
improved the agreement, especially for the b-type transitions. The experimental results
of the paraH,; — HCCCN complex were best reproduced by the averaged potential where
all three orientations have equal weight. A similar scaling technique as with the previous
potential was used for improving the agreement with experimental results, but by
shortening the bond length by 0.15 A. The scaled potentials for orthoH,; - HCCCN and
parat, — HCCCN complexes were used to determine the transition frequencies for
DCCCN and HCCC'*N isotopologues. The agreement with the experimental results of

the isotopologues substantiates the scaling method.
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4.7 Figures
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Figure 4.1: A composite experimental spectrum of the Jxax: = 1o1 — Ogo transition of
orthoH, — HCCCN, obtained with 100 averaging cycles. Each '“N component is
obtained in a separate experiment due to the small bandwidth of the spectrometer. The

time domain signals were recorded at 10 ns sampling interval to obtain 8k data points.
The data set was supplemented with 8k zeros before Fourier transformation. The

Doppler pairs are shown with the quantum number assignments of each component.
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Figure 4.2: A composite experimental spectrum of the Jx.x. = 111 — Ogo transition of
orthoH,; — HCCCN, obtained with 250 averaging cycles in a neon expansion and with a
power amplifier. The time domain signals were recorded at 10 ns sampling interval to
obtain 8k data points. The data set was supplemented with 8k zeros before Fourier
transformation. The Doppler pairs are shown in the Figure along with the quantum
number assignments of each component.
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Figure 4.3: A composite experimental spectrum of the Jx.x. = 212 — 11 transition of
orthoH; — HCCCN, obtained with 100 averaging cycles. The time domain signals were
recorded at 10 ns sampling interval to obtain 8k data points. The data set was
supplemented with 8k zeros before Fourier transformation. The spectrum was obtained
in a neon expansion. The quantum number assignments for the '*N components are
shown in the figure.
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Figure 4.4: A composite experimental spectrum of the Jxax. = 1o1 — Ogo transition of
paraH, — HCCCN, obtained with 100 averaging cycles. An enriched paraH, sample was
used to obtain this spectrum. The time domain signals were recorded at 10 ns sampling
interval to obtain 8k data points. The data set was supplemented with 8k zeros before
Fourier transformation. The quantum number assignments of each component are shown
in the figure.
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Figure 4.5: The T-shaped geometry of the hydrogen-HCCCN complex with the
determined structural parameters marked. R is the van der Waals bond distance, 8 is the
angle between the HCCCN molecular axis and the R vector. The hydrogen moiety is
considered a point mass in this analysis. The angle between the g-inertial axis and the
HCCCN molecular axis is given by 6, (not specifically shown in the figure).
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Figure 4.6: The T-shaped geometry of the hydrogen-HCCCN complex used in the
potential energy surface calculations with the structural parameters marked. R is the van
der Waals bond distance, @ is the angle between the HCCCN molecular axis and the R
vector. The parallel orientation, shown in (a), corresponds to ¢ = 0° and o. = 90°. The
perpendicular orientation, shown in (b), is described by ¢ = 0° and a. = 0°. The out-of-
plane orientation, shown in (c), corresponds to ¢ = 90° and a = 90°.
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4.8 Tables

Table 4.1

Measured rotational transition frequencies (in MHz) and quantum number assignments
for the orthoH; — HCCCN dimer.

Trgnsition F,-F; F-F Vobs 4
(J Kake — (kHz)
J ake)
101 - Ooo 1-1 2-2 8116.2725 -6.0
1-2 8116.2965 -0.2
2-1 2-1 8117.5420 -7.9
3-2 8117.5716 4.2
1-0 8117.5966 6.9
0-1 1-2 8119.4937 29
210- 111 2-1 3-2 15209.0971 -21.7
2-1 15209.1293 34
1-1 15209.1441 -8.0
2-2 2-2 15209.7249 -16.6
2-1 15209.7495 10.1
3-3 15209.7675 -3.7
1-1 2-2 15210.2152 12.8
3-2 3-2 15210.4404 7.8
4-3 15210.4656 1.1
3-3 15210.4834 1.1
1-0 2-1 15211.7877 -89
1-1 15211.8041 -1.0
0-1 15211.8390 5.6
202~ 1ot 2-2 33 16194.8387 -5.7
1-0 2-1 16195.0566 -0.4
2-1 3-2 16196.1361 2.8
32 4-3 16196.2234 33
1-1 1-2 16198.2718 -13.3
lig- 1o 1-0 1-1 16669.3999 28.0
2-2 2-1 16670.6644 315
1-2 1-2 16671.3228 10.0
2-1 2-2 16671.9388 -5.3
1-0 16671.9701 -4.4
1-1 2-2 16672.5214 -44.5
1-2 16672.5687 -15.5
211 - Lo 2-1 3-2 17096.1244  -12.1
1-1 17096.1650 -2.1
2-2 2-2 17096.7713 -1.7
3-3 17096.7943 1.0
i-2 17096.8129 57
1-1 2-2 17097.1910 =33
1-2 17097.2115 -4 .4
3-2 3-2 17097.4522 72
4-3 17097.4724 -7.0
2-1 17097.4943 15.0
1-0 2-1 17098.8136 6.2
1-1 17098.8327 3.7
313-212 33 4-4 22802.8020 -8.7
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3-2

2-1
4-3
2-2
131 - Ogo 0-1
2-1
1-1

303 - 202 3-3
2-1
3-2
4-3
2-2
32-2n 3-3
3-2
2-1
2-2

3-2
4-3
2-2
3-2
5-4
3-3
1-2
3-2
2-2

4-4
3.2
2-1

3-3
3-3
4-3
3-2
33

22803.4856
22803.5086
22803.5418
22803.8749
22803.8909
22804.9601
23842.0388
238429910
23843.6249
23843.6435
24195.5996
24196.7626
24196.9876
24197.0294
24198.9010
25624.2633
25624.9463
25625.3308
25626.3882

-8.8
4.6
79
-0.1
35
1.5
-13.3
149
-3.6
20
-3.7
-0.1
4.6
1.1
23
-4.3
-5.6
52
4.8

a
dv = Vobs, ™ Veale.-
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Table 4.2

Measured rotational transition frequencies (in MHz) and quantum number assignments
for the orthoH, — HCCCPN.

Transiton ~ F-F orthoH, —~HCCCPN Av* (kHz)
(J”Knl(c - Vobs
J Kako)
Lot - Ooo 1-1 7911.6803 4.5
2-1 7911.7039 . 33
0-1 7911.7299 7.9
202 - 1ot 1-0 15788.4720 5.6
3-2 15788.5055 5.6
lio- o1 22 16718.9888 -11.4
1-2 16179.0193 3.5
2-1 16719.0328 7.8
303 - 202 4-3 23594.8218 0.0
111 - Ogo 0-1 23730.2693 2.2
2-1 23730.2875 2.2

“dv = Vobs. — Veale.-
b Small 4v since fit calculated the rotational constants and centrifugal distortion constants from the five
transitions.

Table 4.3

Measured rotational transition frequencies (in MHz), quantum number assignments, and
determined spectroscopic constants (in MHz) for various "*C dimers of orthoH; —

HCCCN.

Transition F,- F- orthoH, — orthoH; — orthoH, —
ke~ FF H"”CCCN HCCCN HCC"CN
J Kake) Vobs Vobs Vobs
1o1 - Ogo 1-1 22 7881.3438(-2.2)°  8081.6726(-3.4)  8088.5690(-2.2)
12 7881.3642(0.3) 8081.6969(0.7)  8088.5900(-4.4)
2-1  2-1  7882.6161(2.1) 8082.9441(3.2)  8089.8408(6.6)
3-2  7882.6414(-0.5)  8082.9713(-1.1)  8089.8653(-5.4)
10 7882.6598(1.6) 8082.9933(2.4)  8089.9019(5.7)
0-1 12 7884.5645(-1.3)  8084.8927(-1.8)  8091.7893(-4.4)
(B+O)2 3940.8750(2)° 4041.0399(2) 4044.4883(2)
Xae("*N) -4.28797(163) -4.28545(163)  -4.28973(163)
S,4(oH,) -0.0624(18) -0.0707(18) -0.0819(18)

“ The numbers in the parentheses are the 4v = V5 — Vear, in kHz.
® Numbers in parenthesis are one standard deviation in units of the last significant figure.



Table 4.4

Measured rotational transition frequencies (in MHz) and quantum number assignments

for the orthoH, - DCCCN dimer.

Transition F,-F,  F;-F;, F-~F orthoH, — Av* (kHz)
(3 kake ~ ' DCCCN
J K‘_I.(.E) v‘?__bs
1oz - Ogo 1-1 1-2 2-3 7575.0437 -73.0
2-2 3-3 7575.0800 -80.4
0-1 1-2 7575.1258 -101.5
2-1 1-0 2-1 7576.3210 -72.0
32 43 7576.3552 -72.7
2-1 32 7576.4072 822
0-1 1-1 22 7578.2949 -65.5
202 - Loy 222 22 3.3 15122.0745 64.1
3-3 4-4 15122.0919 61.7
1-0 2-1 32 15122.2694 33.8
1-1 22 151223221 46.4
2-1 32 43 15123.3215 237
2-1 32 15123.4401 57.0
32 4-3 5-4 15123.4980 101.8
1-1 1-0 2-1 15125.4035 5.2
22 3-3 15125.4637 28.1
1-2 3-2 15125.5033 27.6
1-1 22 15125.5183 -1.1
303 - 202 3-3 4-4 5-5 22610.7115 338
32 43 54 22612.0595 -51.8
4-3 5-4 6-5 22612.1393 254
2-2 3-3 4-4 22614.0358 1.6

a —
dv = Vobs. — Vealc.-
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Table 4.5

Measured rotational transition frequencies (m MHz) and quantum number assignments
for the parat, — HCCCN dimer and paraH, — HCCCPN.

Transition ~F -  paraH,~HCCCN 4" (kHz)  paraH, -~ HCCC N Av (kHz)

(J KaKe ~ F Vobs Vobs

J KaKc)

101 - 000 1-1 82944725 4.8 8075.8056 -84
2-1 8295.7655 6.9
0-1 8297.6989 39

200~ 101 2-2 16547.8251 52 16113.9571 6.7
1-0 16548.0354 -10.0
2-1 16549.1239 28
32 16549.2242 109
1-1 16551.2618 -10.9

303 - 202 4-3 24718.8219 3.1 24076.7297 -1.7

a —_
4v = Vobs. — Veale.
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Table 4.6

Measured rotational transition frequencies (in MHz), quantum number assignments, and
determined spectroscopic constants (in MHz) for various ’C dimers of paraH, —
HCCCN.

Transition F—-F  paraH,—HPCCCN  paraH,—HCPCCN  paraH, - HCC CN
I scaice — I caice) Vobs Vobs Vobs
Lot - Ogo 1-1 8053.5610(-2.4)° 8260.2231(0.1) 8263.6884(-0.5)
< 2-1 8054.8585(4.0) 8261.5194(0.1) 8264.9806(0.8)
0-1 8056.7896(-1.6) b, 8266.9159(-0.3)
B+O)2 4030.8167(3)° 4134.1487° 4135.8794(3)
P ) -4.30373(187) -4.321(39) -4.30311(187)

“The numbers in the parentheses are the Av = v,4; — Voa in kHz.

** The component F-F = 0-1 was unmeasurable due to accidental overlap with the F-F = 1-1 component
of paraH, ~ HCCPCN. '

“ Numbers in parenthesis are one standard deviation in units of the last significant figure.

7 Fixed at value that provides best fit due to limited data.

Table 4.7

Measured rotational transition frequencies (in MHz) and quantum number assignments
for the paraH, —~ DCCCN dimer.

Transition F,-F{ F-F  paraH,-DCCCN 4 (kHz)

(J;KBK(: - Vobs
J K_‘a‘l‘(c)
1o1 - Ogo 1-1 1-2 7735.4018 25
2-2 7735.4323 -3.6
2-1 3-2 7736.7117 -0.5
2-1 7736.7577 24
0-1 1-2 7738.6572 -0.7
202 - 1os 3-3 4-3 15441.7024 0.0°

ZAV = Vobs. — Vealc.-
Small 4v since the centrifugal distortion constant is calculated from the two transitions.
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Table 4.8

Determined spectroscopic parameters for the orthoH, — HCCCN, orthoH,; ~ HCCCPN,
and orthoH; — DCCCN dimers. All values are in MHz, unless stated otherwise.

oH, - HCCCN oH, - DCCCN oH, - HCCCPN
A 20434.84172(53)° 19947.467° 20402.48976(64)
B 4531.23799(81) 4406.07907(247)
c 3585.44274(53) 3505.01923(171)

B+O)12 3790.4995(36)

Ay -0.168862(73) 1.2045851(241) -0.150575(82)
A 21.589188(273) 21.589188¢ -21.589188¢
Ay 135.1389° 135.1389° 135.1389°
ol -0.0005214(41) -0.00052147 -0.00052147
D% 0.043841(17) 0.043841¢ 0.043841¢
ds 0.074902(59) 0.074902° 0.08146(43)
Sx 0.0000034° 0.0000034° 0.0000034°
o7 0.0005254(31) 0.0005254° 0.00052547
X aa("*N) -4.27682(63) -4.2690(71) -
xes(“*N) 2.11299(68) - -

X aa(D) - 0.27764(173) -
Sao(Hy-Hy) 0.04564(87) 0.045647 -0.0449(13)
Spp(H-Hz) 0.01080(264) - -0.0521(17)

Cu(H) -0.04453(65) - -

Cis(H) -0.003587(134) - -

Ay (amu A% 4.69 4.72
fitrans 9 3 5
rms {(kHz) 10.7 584 5.8

“ Numbers in parenthesis are one standard deviation in units of the last significant figure.

® Fixed to the value obtained from the analysis of transitions between Bound-state rotational energy levels.
¢ Fixed to the value of He - HCCCN complex (Ref. 1).

“Fixed at value of main isotopologue.

No=1L—1I,~ I
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Table 4.9

Experimental structural parameters for orthoH; ~ HCCCN, paraH, — HCCCN, and He —
HCCCN van der Waals complexes.

R(A) o)’
pH, ~-HCCCN® 3.59 105.3
oH, -HCCCN 3.68 102.2
Averaged potential® 3.68
Parallel potential® 3.49
He - HCCCN? 3.93 80.1

“ Angle defined as the angle between the molecular axis of HCCCN and the R vector (£ (nitrogen atom —
centre of mass of HCCCN — R vector)).

? Structural parameters obtained from rotational constants from analysis of bound-states supported by the
potential energy surface with the isotopic data (B+C)/2 from experiment.

¢ Obtained from the ground state radial wavefunction calculated with the JACOBI program.

4 Reference 1.

Table 4.10

Determined spectroscopic parameters for the paraH, — HCCCN, paraH, - HCCC"N,
and paraH, — DCCCN dimers. All values are in MHz, unless stated otherwise.

pH; — HCCCN pH, -DCCCN  pH, -~ HCCC'N
A 21698.80° 21677.587° 21682.649°
(B+C)2 4151.268825(198)°  3870.877232(310)  4041.04681(36)
4; 1.7485679(173) 1.311951(56) 1.5699028(241)
8, 0.0130° - -
X aal*N) -4.30299(119) -4.30053(170) -
X 2a(D) - 0.1893(43) -
#trans 3 2 3
rms (kHz) 7.2 2.1 6.3

“ Fixed to value obtained from analysis of transitions between Bound-state rotational levels.
®Numbers in parenthesis are one standard deviation in units of the last significant figure.

Table 4.11

Topographical features of various H, —~ HCCCN potential energy surfaces, calculated at a
resolution of R = 0.08 A and 6 =0.9°. Entries are given as [R(A), 6(°), E (cm™)].

Saddle point 1 Global minimum Saddle point 2 Secondary minimum
Parallel 4.65,131.3,-38.25 .3.30,76.3,-156.95 5.65,2,-11.39 5.45,167,-125.57
Perpendicular 3.81,72.6,-76.35 509,2-188.78 5.67,159.7,-3.07 4.21,128.5,-110.83
Out-of-plane 3.95,119.3,-69.77 5.38,167.-147.92 5.57,2,-11.31 3.37,88.2,-110.52

Averaged 4.14,121.2,-68.32 3.41,87.3,-112.56 5.31,2,-60.50 5.56,167,-72.56
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Table 4.12

Hypothetical unsplit centre line frequencies and spectroscopic parameters of the orthoH,
—HCCCN complex from potential energy surfaces compared with experimental values.
All values are in MHz, unless specified.

Jxake — - Experiment Parallel orientation Parallel orientation
Jkake : R=r+0.15A)
Vo_l_,éa Vpes %AV® Vpes %AV
101 — Ogo 8117.3520 8257.3 1.7 82014 1.0
212~ 1y 15210.1951 15663.3 3.0 15499.7 1.9
202 — Lot 16196.1303 16485.6 1.8 16366.5 1.1
lio— 1ot 16670.9616 18388.6 10.3 167129 25
21— 1o 17097.2104 17341.8 14 17283.1 1.1
33-212 22803.7703 23477.1 3.0 23227.3 19
111~ 0go 23843.1092 25806.7 8.2 24022.6 0.8
303 — 20 24196.9788 24655.1 1.9 24458.5 1.1
312- 21 256252174 25994.2 14 25917.6 1.1
|%Ava” 48 1.5
Rotational
parameters

A4 20434.84172(53)  22239.162(1) 20510.498(1)

B 4531.23799(81)  4548.212(2) 4546.728(2)

C 3585.44274(53)  3708.946(1) 3654.478(1)

4 -0.168862(73) -0.0482(2) -0.0499(2)

A 21.589188(273) 3.2252(6) 4.0770(6)

Ag 135.13907 135.1390¢ 135.1390¢

iy -0.0005214(41)  -0.000898(7) 0.000509(9)

D 0.043841(17) -0.00560(4) 0.11212(4)

3y 0.07490(6) 0.00112(1) 0.0919(1)

Ok 0.00000347 0.0000034¢ 0.0000034¢

¢ 0.00052543(306)  0.000097(7) 0.011421(7)

Ao’ 4.69 2.43 2.50

? Vs 1S the hyperfine free centre frequency obtained from the spectroscopic fit.
b %Av = IOOX(VpEy - vobs)/ Yobs-

€ 1%Av,,| = [Zi(%Av;)*/n]'?, where n is the number of transitions.

“ Fixed at value from He — HCCCN dimer [ref. 1].

N=1-1,- 1.
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Table 4.13

Hypothetical unsplit centre line frequencies and spectroscopic parameters of the paraH, —
HCCCN complex from potential energy surfaces compared with experimental values.
All values are in MHz, unless specified.

Jxake — Experiment Averaged potential Averaged potential
Jiake (R=1-0.154)
V@; VPES %Avb VrPES %Av"
Lot — Ogo 8295.5435 8240.0 -0.7 8294.1 -0.02
2-1n 15497.7 15637.6
1-10 16248.4 17857.8
20— 1o 16549.1211 16436.5 -0.7 16553.0 0.02
21—l 17418.2 17471.9
33-2n2 231953 234371
111 —0go 23518.9 , 25234.5
303~ 20 24718.7675 245453 -0.7 24740.8 0.09
32-21 26100.6 26186.4
[%Av,[° 0.7 0.05
Rotational
parameters
A 21698.8007 20035.226(1) 21698.800(1)
B 4604.581(1) 4605.613(2)
C 3534.9836(7) 3688.111(1)
(B+O)2 4151.268825(198) 4123.69552(36)° 4150.05628(36)°
4, 1.7485679(173) -0.1128(1) -0.0946(2)
4f v 1.8230292(241) 1.4772278(241)
A - 8.3547(6) 8.8576(6)
Vi - 135.13908 135.13908
Dy - -0.001189(8) -0.001173(9)
Dk - -0.00512(4) -0.00202(4)
d; 0.0130° 0.01294(2) 0.0130(1)
Ik - 0.0000034% 0.0000034#
& - 0.000292(6) 0.00238(7)
A 4.05 4,01

“ v is the hyperfine free centre frequency obtained from the quadrupole fit.

b 9% AV = 100x(Vpgs — Voss)! Vobs- )

€ |%Av,,| = [Z(%Av;}/n]'?, where n is the number of transitions.

“ fixed at value obtained from the analysis of the bound-states supported by the scaled potential.

¢ (B+C)/2 obtained from a fit of the three transitions experimentally determined with only 4, as centrifugal
distortion constant.

/ Centrifugal distortion constant (4,) obtained by fitting only the three transitions experimentally

determined.
¢ Fixed at value from He —~ HCCCN dimer [ref. 1].

hpho=1.-1I,— I
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Table 4.14

Hypothetical unsplit centre line frequencies and spectroscopic parameters of the orthoH,
—~DCCCN and orthoH; — HCCCN complexes from potential energy surfaces compared

with experimental values. All values are in MHz, unless specified.

oH, ~HCCCPN

oH, - DCCCN

Jxake — Experiment Parallel orientation Experiment Parallel orientation
Jxake ' (R=r+0.154) (R=r+0.15A)
Vobs VpES %AV Vobs Vpgs %AV
1ot — Ogo 7911.7137 8011.1 1.3 7576.2237 7637.6 08
22— 14 151384 14468.7
202l 15788.5040 15986.3 13 15123.3087 15244.0 0.8
lio— 1oy 16719.0075 16246.1 2.8 16386.1
21—l 16884.3 16058.3
313-21 22685.6 21684.9
111 —000 23730.2733 23384.2 -1.5 23228.0
303 -2, 23594.8201 23889.5 1.3 22612.1161 22792.1 0.8
3p-211 25303.6 24068.4
%AV of° 17 0.8
Rotational
parameters
A 20402.48123(71) 19956.146(1) 19947.467° 19947.467(1)
B 4406.05966(97)  4441.884(1) 4215.621(1)
C 3505.03635(72) 3568.9337(7) 3420.8479(7)
(B+C)2 3790.54009(36)  3820.81905(36)°
4y -0.1516116(226)  -0.0637(1) 1.2141153(241) -0.0508(1)
4f 1.2300236(241)
Ak 21.589188¢ 2.9588(6) 2.6615(6)
Ay 135.1390" 135.1390" 135.1390"
Dy -0.00052148 -0.001049(8) -0.000889(8)
D 0.043841% -0.00787(4) -0.00783(4)
oy 0.07490228 -0.00107(2 0.000125(2)
Sk 0.0000034" 0.0000034 0.0000034"
A 2.50 2.52

% vops is the hyperfine free centre frequency obtained from the fit.
b oAy = 100%(Vpgs — Vobs) Vobs-
© 1%AVA| = [Zi(%Avi)/n] 12 where n.is the number of transitions.
4 Fixed at value obtained from analysis of transitions between Bound-state rotational levels.
¢(B+C)/2 obtained from a fit of the three transitions experimentally determined with only 4, as centrifugal
distortion constant.
S Centrifugal distortion constant (4,) obtained by fitting only the three transitions experimentally

determined.

% Fixed at the values obtained from the analysis of orthoH, — HCCCN.
f‘ Fixed at value from He —HCCCN dimer [ref. 1].
No=I1—I,—1I,
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Table 4.15

Hypothetical unsplit centre line frequencies and spectroscopic parameters of the paraH, —
DCCCN and paraH, — HCCCPN complexes from potential energy surfaces compared
with experimental values. All values are in MHz, unless specified.

pH, —HCCC N pH; - DCCCN
JKaKc‘ — Experiment Averaged orientation Experiment Averaged orientation
ke ‘ (R=r+0.154) (R=r+0.154)
Volggs VPE§ %AV“ V@b VPE§ %AVa
101 — Ogo 8075.8056 8118.2 0.5 7735.5064 7734.0 -0.02
212~11 15324.5 14638.8
20~ 1o 161139571 16204.2 0.6 15441.6146 15441.7 0.001
lig— 1o 17911.6 18060.2
211—1y 17084.1 16238.5
313-2p 22969.0 21943.7
111~ 0g0 25149.8 249942
303202 24076.7297 242249 0.6 : 230959
342- 211 25606.5 24341.8
|%AV,[ 0.6 0.01
Rotational
parameters
A 21682.649" 21682.649(1) 21677.587° 21677.587(1)
B 4498.946(1) 4266.879(1)
C 3618.8737(7) 3466.7890(7)
(B+C)/2°  4041.04681(36) 4061.85585(36) 3870.877232(310)  3869.17399(67)
; 1.5699028(241) -0.0900(1) 1.311951(56) -0.0761(1)
4,/ 1.3541458(241) 1.094746(93)
Ax 8.4803(6) 7.6970(6)
dg 135.1390° 135.1390°
@D, -0.001271(8) -0.001229(8)
D -0.00181(4) -0.00137(4)
Sy -0.00797(2) 0.000690(2)
Ok 0.0000034% 0.0000034%
A 4.01 4.02

a %AV = 100><(VPE§' - vobs)/ Vobs-

b Vobs is the hyperfine free centre frequency obtained from the fit.

€ |%AV .= [Z(%Avy) /n]"2, where n is the number of transitions.

“Fixed at value obtained from analysis of bound-state levels.

¢(B+C)/2 obtained from a fit of the three transitions experimentally determined with only 4, as centrifugal

distortion constant.

4 Centrifugal distortion constant (4,) obtained by fitting only the three transitions experimentally

determined.
£ Fixed at value from He —
fAo=1,~I,—1I,

HCCCN dimer [ref. 1].
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Chapter 5

Spectroscopic investigations of (Hy)y— OCS
clusters (N = 2-7)

The study of bare hydrogen molecule clusters would remove any matrix effects
due to the surrounding helium droplet and would aid in the study of possible superfluidity
in para-hydrogen. This would be a direct observation of superfluidity in para-hydrogen
molecules. Infrared studies have been performed for the H, — OCS dimer' and larger
(Hy)w — OCS (N = 2-7) clusters.” The band origins red shift as the cluster increases in
size with a change in slope for N=5-7. This change in slope corresponds to the 6™ and
7™ hydrogen molecules taking a different location (near the O end) compared to the ring
formed by the 1% through the 5" hydrogen molecules. This is consistent with the Hey —
OCS results from the infrared and microwave studies.® For N= 1-7, the infrared study
provided rotational constants to guide the spectral searbh in the microwave study."?* It
also showed the feasibility of studying the bare hydrogen clusters using pulsed-jet
experiments much like the doped helium clusters studies.

This current study reports the (Hz)y — OCS (N = 2-7) clusters containing orthoH;
and paraH, molecules. This is the first microwave study of hydrogen molecule clusters
(larger than N = 1) seeded with a chromophore. Several isotopologues for OCS were
measured for many of the clusters. Mixed clusters, some of which were also observed in
the infrared study,” containing a combination of orthoH, and paraH, molecules were also

assigned and have supported the assignment of the pure orthoH, or pure paraH, clusters.
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Microwave spectra are less spectrally crowded than infrared spectra and the mixed
clusters do not overlap in the same way. To help simplify the notation of these molecular
formula of the clusters, paraH, will be abbreviated to pH; and similarly, orthoH; to oH,.
Outside of the molecular formulas, no abbreviations will be made.

Rotational spectra of small-sized (Hz)y — OCS clusters with N = 2-7 were
observed via rotational spectroscopy using the pulsed-jet Fourier transform microwave
spectrometer described in Chapter 2. Spectra of pure (pH,)y — OCS clusters, pure (oHz)x
— OCS clusters, and mixed orthoH, and paraH, containing clusters were measured. The
rotational lines of orthoH; molecules containing clusters show spin-spin hyperfine
structure and the pattern evolves as the number of orthoH, molecules increases. Nuclear
quadrupole hyperfine structures \'NCI‘C observed for **S (nuclear spin quantum number / =
3/2) containing isotopologues. The nuclear quadrupole coupling constants of **S are
cdmpared to the values of the OCS monomer and the Hey — OCS clusters. The
assignment of the number of solvating hydrogen molecules, N, is supported by the
analyses of the spin-spin hyperfine structures of the mixed clusters, the dependence of
line intensities on sample conditions (pressure and concentrations), and the agreement of
the (pH,)ny — OCS and (0Hz)w — OCS rotational constants with those from previous

infrared studies.”
5.1 Experimental details

The results from the current study were obtained from a Balle-Flygare pulsed

molecular beam Fourier transform microwave spectrometer.” Details of our spectrometer

have been described previously® and given in Chapter 2.
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The gas sample to study the hydrogen — OCS clusters consisted of trace amounts
(<0.5 %) of OCS and ~1-5 % hydrogen gas or enriched para-hydrogen gas in helium as a
carrier gas. The backing gas pressures varied from 8-85 atm with the higher pressures
favoring generation of larger clusters. Enriched para-hydrogen was generated using a
home-built catalytic converter (chromium oxide on alumina catalyst) which has been
described in Chapter 2.

Enriched para-hydrogen samples allowed us to study pure (pH)y — OCS clusters
and mixed clusters containing predominately para-hydrogen molecules (for example,
(rH2)4(0Hz) — OCS). Over time, we observed some back-conversion of the enriched
para-hydrogen to ortho-hydrogen. This is consistent with the results seen by McKellar ef
al. in their infrared study.” As a result, the mixed clusters containing more ortho-
hydrogen molecules gained significant signal intensity, since ortho-hydrogen molecules
bind more strongly to OCS than para-hydrogen molecules.”!!

In addition to the normal isotopologues of (Hz)y — OCS (N = 2-7), other
isotopologues were also investigated, namely those containing O"*CS, OC>S, OC**s, and
0"C*S. Spectra of complexes containing O*CS and O*C**S were obtained using an
enriched sample (Cambridge Isotopes Laboratories, 99% By.

Microwave-microwave double resonance experiments as described in Chapter 2
were done in attempts to measure the frequencies of higher J transitions.'” Pump

radiation was introduced perpendicularly to the excitation radiation using a horn antenna.

The set-up, described in more detail previously,'” used was a decoherence DR experiment

where a strong transition is monitored, while the pumped frequency is swept through the
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region where a connected transition is predicted.”® This set-up has been successfully used
with Hey — molecule clusters®'*!* and with H, — molecule dimers.'$

5.2 Results and analyses

Predictions from the infrared work on clusters with N = 2-7 (pure paraH; and
pure orthoH;) were used to search for the rotational transitions. The measured transition
frequencies of (pHz)y — OCS, (0Hz)x — OCS, and mixed clusters are given in Tables 5.1,
5.2 and 5.3, respectively. The hyperfine structure due to the proton spin-spin coupling
was resolved for many (oH,)y— OCS and for (pH;)n(0Hz)x — OCS clusters. Figure 5.1
shows the difference in the hyperfine patterns of the (0H,), — OCS and the (pH)(0Hz) —
OCS spectra. The complexity of the hyperfine pattern was oBserved to increase as the
number of orthoH, molecules increase. The frequencies of the hyperfine components in
clusters with less than five orthoH; molecules were ﬁt to obtain spin-spin coupling
constants, one for each orthoH; molecule present in the cluster. In most cases where
more than one orthoH; molecule is present in a cluster, the spin-spin coupling constants
were constrained to all being equal in the fitting procedure. This assumes that the
orthoH; molecules are all in a similar environment within a given cluster and that the
spin-spin interactions are equivalent. The spectroscopic fits were done for each
isotopologue and each cluster separately using Pickett’s global least squares fitting
program, SPFIT,"” to obtain the hyperfine coupling constants.

Some mixed clusters containing a combination of paraH, and orthoH, molecules
were observed such as (pH;)2(0H») - OCS, but not all could be resolved, in the infrared
study.” In the search procedure we assumed that the transitions of the mixed clusters

occur at equidistant frequency intervals between the pure paraH, and pure orthoH,
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molecule clusters. For example, in N = 2, the (pH;)(oH;) — OCS cluster should lie nearly
equidistant from the (pH,); — OCS and (oH3), — OCS transition frequencies. The
transition assigned to (pHz)(0Hz) — OCS (Jgake = 101 — 000) was observed within 2.5 MHz
of the expected frequency.

Despite extensive MW-MW DR experiments, no J = 2-1 transitions could be
observed for any of the clusters. Additionally, transitions observed at higher frequencies

could not be linked via DR to any J= 1-0 transition.

521N=2

All N=2 clusters with '®0'>C**S were found and initially measured without the
use of an enriched paraH, sample. The Jgak. = o1 - Ogo transitions of (pHy), — OCS,
(oH,); — OCS and (pH2)(0H2) — OCS were found and measured for OCS, O'*CS and
0OC*s, as well as for 0P3C*S of the (oH,), — OCS cluster. The signal intensity of the
clusters was sufficient to observe the Jx,x. = 101 — Ogo transition of (pH;); — OCS with 10
averaging cycles. The signal did increase correspondingly 15 fold when an enriched
paraH; sample was used, thus confirming the presence of paraH; in the cluster. The use
of enriched para-H, samples allowed us to measure the spectra of less abundant
isotopologues.

Additionally, the Jkak. = loi — Ogo transition frequencies of (0Hz), — OC**S were
measured and are given in Table 5.4. The spectrum of the Jx.x. = lo; — Ogo transition of
(oHy); — OC**S (Figure 5.2) shows additional hyperfine structure as a result of **S (/ =
3/2) nuclear quadrupolar coupling. The spectrum was fit to a >>S nuclear quadrupole

| coupling constant and two equivalent spin-spin coupling constants, one for each orthoH;

molecule in the cluster. The corresponding nuclear quadrupole coupling constant, ¥aa,
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(Table 5.4) differs by only 2.2% from that of the OCS monomer.'® This indicates that the
OCS unit lies approximately along the a-principal inertial axis of the complex; and from

equation [2.18] an average excursion angle, 8,, of 6.9° is obtained from X,.
522 N=34}5

The predicted rotational constants for the N = 3-5 clusters from the infrared study’
were quite close for both the pure paraH, and orthoH; clusters. Gas mixtures with
backing pressures of ~14-35 atm were required to produce the clusters in this size regime.
These pressures are significantly higher than those needed for the study of the helium
clusters of the same size.® Additionally, very low concentrations of OCS (< 0.2 %) and

hydrogen gas (< 0.5%) were used.
5.2.2.1 (pH,); 45— OCS clusters

The J = 1 — 0 transition of (pHa)s — OCS could be measured without an enriched
paraH, sample, but the signal intensity improved significantly when an enriched sample
was used confirming that presence of paraH, molecules in the clusters. The (pH,)s —
OCS signal was quite weak and only transitions of the normal isotopologue could be
observed. The assignment for N = 4 was solidified by the observation of all possible
mixed clusters. Transitions of the N= 15 cluster were measured using an enriched sample
but can be seen very weakly with a non-enriched sample. The J=1 - 0 transitions for
(pH,); — OCS and (pH,)s - OCS were measured for OCS, O"*CS and OC*S
isotopologues. The.J= 1— 0 transition of (pHz)s — O*C**S was also measured.
Examples of typical spectra obtained for the (pH;); — OCS and (pHz)s — OCS clusters are

- shown in Figure 5.3. The measured transition frequencies for the pure (pH)3;.s — OCS

clusters are given in Table 5.1.
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5.2.2.2 (0H3);3 45 — OCS clusters

The J =1 - 0 transitions of the (0Hy)s.s — OCS clusters were measured for OCS
and O"*CS isotopologues. Additionally, the J= 1 - 0 transitions of (0Hz)3 4 — OC**S and
(oH,)s — 01> C*S were measured. The transition frequencies for (oHy)s.s — OCS clusters
are given in Table 5.2. Hyperfine structure due to the protons in these cluéters was
observed and measured. Figure 5.4 shows the spectra of the /=1 — 0 transitions of
(0H2)3 — OCS, as well as (oH;)s — OCS for comparison. The hyperfine structure of these
transitions becomes more complex as the number of orthoH, molecules in the cluster
increases. The analysis was possible for clusters containing less than five orthon
molecules and provided spin-spin coupling constants for (0H;); — OCS and (oH,)s — OCS
clusters. Due to the complexity of the spectrum and restrictions of the SPFIT'” program,
analysis of (0Hz)s — OCS and any cluster containing five orthoH; molecules or more was
not feasible. The coupling constants that could be determined are presented in Table 5.2.
The Doppler pairs for transitions where the analysis was not possible are presented in
Table 5.2.

The J = 1 — 0 transitions for (oH,); — OC**S and (0H,)s — OC*’S were measured
and the frequencies are given in Table 5.4, together with the *’S nuclear quadrupole
coupling constants, .., obtained from the spectroscopic analysis. The )., values remain
quite close to the monomer value,'® indicating that the OCS unit lies relatively rigid along
the principal a-inertial axis. The average excursion angle, 8,, can again be obtained from
¥.a and equation [2.18]. For the (oHz); — OC>*S cluster, a value of 4.2° is obtained, while

a value of 5.6° is obtained for the (oHx)s — OC®S cluster.
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5.2.2.3 (pHy)(oH))n.« — OCS mixed clusters (V= 3,4,5)

For N=13 and 4, the spectral searches for mixed clusters were straightforward and
transitions were found quite close to the expected values. The evolution of the hyperfine
structure in the mixed clusters as a result of the changing number of orthoH; molecules is
shown in Figure 5.5 for clusters with N = 3.

For N=35, the mixed clusters were also found near the predicted frequencies with
evolving hyperfine structures. However, for the J= 1 — 0 transition of the (pH,),(oHz)3 —
OCS cluster, two transitions were found on either side of the expected frequency. Both
transitions require similar sample conditions to be observed and have hyperfine structures
consistent with multiple orthoH; molecules in the system. The transition at higher
~ frequency is stronger in intensity by at least an order of magnitude.r The proposed reason
for the observation of two transitions for this mixed cluster is the occurrence of two
structural isomers. The paraH; and orthoH; molecules can be arranged in two different
ways in the (pH»)2(0Hz); — OCS cluster and these two isomers would have slightly
different rotational constants. Figure 5.6 shows the two spectra found for the structural
isomers together with the proposed cluster geometries. The proposed geometries are
assigned based on the signal intensities of the observed transitions and the spin-spin
coupling constants obtained from the analysis. A more thorough discussion of the

proposed geometries will be provided in a later section.
523N=6,7
5.2.3.1 (pHy)s 7 — OCS clusters

The J = 1 — 0 transitions of (pHy)s — OCS and (pHy,); — OCS were observed by
using very low concentrations of OCS (<0.1%) and low concentrations of enriched
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paraH; gas (0.2-1%) in high pressures of helium backing gas (50-80 atm). The
transitions are not visible without the use of an enriched sample, which confirms the
presence of paraH, molecules in the clusters. Transitions were also measured for clusters
containing O"CS, as well as for (pH)s — OC**S. Figure 5.3 shows the spectrum of
(rHz)s — OCS'compared with (pH3); ~ OCS. The transition frequencies are given in

Table 5.1.

5.2.3.2 (0Hy)s7 — OCS clusters

The J=1 - 0 transition was measured for the main isotopologue and for (oH,)s —
O"CS. The spectrum of (0Ha)s — OCS is shown in Figure 5.4 next to the spectrum of
(oHz)s — OCS for comparison. The transition frequencies, including the Doppler pairs of
the spin-spin hyperfine components, are given in Table 5.2. The spin-spin hyperfine
patterns due to six and seveh orthoH, molecules are too complicated and a hyperfine
structure analysis was not feasible using SPFIT.'” The analysis is further complicated by
the placement of the sixth and seventh H, molecules off of the ring around the OCS
molecule, as was observed by a change in slope of the vibrational shifts.> Due to the
different placement of the hydrogen molecules, the spin-spin coupling constants of all the
hydrogen molecules can not be constrained to being equal as not all of the molecules are
in similar environments.
5.2.3.3 (pHy)n.(0H;), — OCS mixed clusters (V= 6,7)

The J=1 -0 transitions of all possible mixed clusters for N= 6 and 7 were
observed using similar conditions as for the pure clusters and assigned utilizing the
evolving hyperfine structure. The transition frequencies are given in Table 5.3, together

with the spin-spin coupling constants for clusters containing fewer than five orthoH;
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molecules. Structural isomers were found for the J= 1 — 0 transition of the (pH,)3(oH;)3
— OCS cluster, where two transitions were detected within a ~75 MHz range, similar to
the case of the structural isomers observed in the (pH)2(0H;); — OCS cluster. The
transitions require similar sample conditions and show hyperfine structures consistent
with the presence of several orthoH, molecules. Unfortunately, an analysis of the spin-
spin coupling constants was not possible for the (pH>)3(0Hz); — OCS structural isomers
since the data set was insufficient to fit the necessary number of coupling constants. The
hyperfine components of the transition corresponding to the (pHz)s(0Hz), — OCS cluster
could not be resolved. The components appeared to have collapsed and no Doppler pairs
could be assigned. The transition frequency was taken as the centre of the unresolvable
component.

For N =1, transitions corresponding to two mixed clusters, namely (pHa)2(oHz)s —
OCS and (pH;)3(0H;)4 — OCS, could not be observed despite extensive searches. As the
number of H; molecules increase in the cluster, the number of mixed clusters over which
intensity is spread also increases. It is also difficult to predict the geometry of the larger
mixed clusters, where H, molecules begin to spill off the equatorial ring to the poles.
There is no indication of whether paraH; or orthoH, molecules would prefer to be on the
ring or at the pole. For example, in (pHz)3(0Hz)4 — OCS, it is unknown which spin
isomers would assemble to make the ring. Additionally, the composition of the ring
could change as the number of paraH, and orthoH, molecules is changed in the cluster.
For example, in (pH;)s(0H,), — OCS, the ring could be expected to be comprised of five
paraH; molecules. In (pHy)x(oHs)s — OCS, the ring could be entirely orthoH; molecules.

The question becomes: “at which mixed cluster would the composition of the ring
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change?” Due to this uncertainty, the number of additional structural isomers would
increase and the signal intensity for a specific cluster size would be distributed amongst
them. This could help explain why transitions for some mixed clusters were not

observed.

5.3 Discussion

5.3.1 Cluster size assignment

The isotopic data helps to confirm assignments of individual transitions to a
cértain cluster size, but determining the actual number N of hydrogen molecules is more
difficult. In the case of Hey — OCS, extensive studies about pressure, sample
concentration, .and nozzle temperature dependence of the signal intensities gave a relative
sizing of the clusters.® Important additional information is available in the (Hy)y— OCS
studies with the observation of the mixed clusters. The evolution of the hyperfine
structure due to the number of orthoH; molecules in the mixed clusters and the relative
spacing of the clusters allows for relatively confident assignments of the absolute cluster
sizes. The assignment of the mixed clusters is substantiated by the similarity of the
hyperfine patterns of clusters with the same number of orthoH, molecules. This can be
seen in the spin—spin coupling constants being in reasonable agreement as will be
 discussed in the next section. Compa;ison with the data from the infrared study” further
substantiates the N number assignments.

5.3.2 Spin-spin hyperfine patterns from orthoH, molecules

Transitions of orthoH; molecule containing clusters show hyperfine patterns due
to the nuclear magnetic spin-spin coupling of the hydrogen nuclei. The spin-spin
interaction energy of two equivalent nuclei with spin angular momentum quantum
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number I is given by equations [2.20] and [2.21]."” In the present studies, only a-type, J
= 1 — 0 transitions were measured and only S,, constants were determined from the data.
A first estimate for the tensor spin-épin coupling constant can be obtained, as in the
previous studies, from the geometry of the orthoH; molecule. The sign of the spin-spin
coupling constant is chosen such that it is negative for homodiatomic molecules.”* One
Saa coupling constant is obtained for each ortho-hydrogen molecule in the clustef (see
Tables 5.2 and 5.3). Unless specified, the S,, coupling constants in clusters containing
more than one ortho-hydrogen molecule were constrained to be equal.

When comparing clusters which contain only one orthoH; molecule, the spin-spin
coupling constants S, are between -88.6 —-121.2 kHz. The coupling constants for the
isotopologues of a specific cluster are in better agreement, within 13 kHz. The deviation
in S,, between different cluster sizes could be due to the effect of the increasing number
of paraH, molecules in the cluster. As the cluster size increases, the motion of the

—hydrpgen molecules could perhaps be restricted. In the Hey~ OCS clusters, this
increased rigidity is observed by a decrease in the centrifugal distortion constant with the
" first five helium atoms.® The hydrogen clusters could be expected to behave similarly.
The orthoH, — OCS dimer has a spin-spin coupling constant of Sq = -5D,, = -106 kHz.'®
'Other isotopologues of OCS in the orthoH; — OCS dimer have S, = -121.6 kHz
(O'CS).'S The spin-spin coupling constants obtained for the larger mixed clusters
(pH2)n.1(0Hz) — OCS are in good agreement with the values obtained in the dimer
studies.'®'® The free orthoH; molecule has a spin-spin constant of Sy = -5D 0 = -288.4

kHz.2! The values of S,, of the mixed clusters containing one orthoH, molecule and the
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free orthoH, molecule are on the same order of magnitude, but smaller by a factor of ~2
for the clusters.

In most cases, When a cluster contained two orthoH; molecules, two §,, constants
were fit and they were constrained to being equal. The spin-spin coupling constants for
(oHz)2 — OCS and the minor isotopologues of OCS are S,, = -185 kHz. The mixed
clusters containing two orthoH, molecules ((pH;)n2(0Hz), — OCS) are in good agreement
with the (0H;)2 — OCS results with the lai'gest deviation being 22% for (pH;),(oHs), —
OC**S where only two components were resolved. For the main isotopologue, the largest
deviation is 15.5% or 29.4 kHz for (pH)3(0oHy), - OCS. |

For clusters containing three orthoH; molecules, three S,, constants were fit and
were constrained to being equal. The spin-spin coupling constants obtained for the
(oH3); — OCS clusters are in agreement for the main isotopologue (Sq, = -152.3 kHz) and
0"CS (Saa =-159.8 kHz). The transition corresponding to (0Hz); — OC**S was not as
resolved due to the lower signal intensity and the spin-spin coupling constant is less in
agreement (S,, =-182.2 kHz). The mixed clusters which wefe analysed with three
equivalent spin-spin coupling constants are in agreement with the main isotopologue (Sa,
=-141.3 ~-158.6 kHz). Some of the minor isotopologues have spin-spin coupling
constants which do not agree as well (S22 =-113.3 — -179.7 kHz) which could be due to
some hyperfine components not being resolved.

The analysis of clusters containing four orthoH; molecules included four equal
spin-spin coupling constants. For the (0H;)s — OCS clusters, ali the spin-spin coupling
constants are in good agreement with the maximum deviation of 5.4% frpm the main

isotopologﬁe value (Sqq =-214.2 kHz). The mixed clusters with four orthoH, molecules
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were analysed in the same manner, but the agreement with (oHz)4 — OCS clusters is fair
at best. The spin-spin coupling constants of the (pHy)(0H;)4 — OCS clusters (S,,(OCS) =
-151.2 kHz; S,(O"CS) = -167.9 kHz) are in better agreement with the values obtained
for (pHa)2(0Ha)s — OCS clusters (Su(OCS) = -162.4 kHz; S,(0CS) =-151.0 kHz). The
assignment of the mixed clusters containing four orthoH, molecules is substantiated by
the transition frequency compared to the other clusters of the same N number. The
agreement between the spin-spin coupling constants of the mixed clusters suggests that
the paraH, molecule(s) in the cluster have a similar effect on the spin-spin coupling of
the orthoH; molecules in both clusters. |

Clusters containing five or more orthoH, molecules were not analyzed for spin-
spin coupling constants, but do show a complex hyperfine pattern. The pattern continues
to evolve as the number of orthoH; molecules increases in the cluster. Although the
analysis was not done in this study, it can be seen from the transition frequencies that the
hyperfine pattern is collapsing as more orthoH; molecules are added. This is expected
since the spin-spin coupling constant of the orthoH; molecule is quite small and the
splittings of the hyperfine components would no longer be resolved within the linewidths
in a helium expansion (FWHM = ~21 kHz).

The analysis of the structural isomers of (pHz)2(0Hz); — OCS allowed for non-
equal spin-spin coupling constants for the three orthoH; molecules. Due to the symmetry
of both structural isomers as seen in Figure 5.6, two of the spin-spin coupling constants
were constrained to be equal. The spin-spin coupling constants for structural isomer 1
are: Syo(1) =-174.3 kHz; S,4(2) = Saa(3) =-147.1 kHz. In the structural isomer 1, all

three orthoH; molecules are next to each other on the ring. The centre orthoH; molecule
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has two neighbouring orthoH, molecules, such as in (oH;); — OCS with S, =-152.3 kHz.
The other two orthoH, molecules only have one neighbouring orthoH, molecule, similar
to (oHy); — OCS with S,, =-189.4 kHz. The spin-spin coupling constants agree fairly
well with the expected values from the geometry. The spin-spin coupling constants for
structural isomer 2 are: Sy(1) =-130.0 kHz; S5(2) = Sus(3) =-196.2 kHz. Structural
isomer 2 has an isolated orthoH, molecule which is surrounded by paraH, molecules,
such as (pH)4(0H;) — OCS with Sz, =-110.7 kHz. The other two orthoH, molecules
have only one neighbouring orthoH, molecule, again similar to (0H3); — OCS with Sz, =
-189.4 kHz. The decent agreement between the expected values by comparison to similar
clusters and the determined spin-spin coupling constants solidifies the assignment of the
structural isomers, as well as the proposed geometries given in Figure 5.4.

5.3.3 >’S nuclear quadrupole hyperfine pattern

The **S nuclear quadrupole coupling constants of the (0Hy)y — OC>S (N = 2-4)
clusters are similar to the value of the OC**S monomer (xo(*>S) = -29.1184(12) MHz)."®
The values are also comparable to the corresponding coupling constants in Hen-OCS
clusters of the same size.® The similarity between all these values is consistent with the
OCS molecular axis being nearly coincident with the a-inertial axis. An effective angle
6, between the a-inertial axis and the OCS molecular axis'® can be obtained from
Equation [2.18]. The values for 6, obtained are given in Table 4, and are at most 6.9°bfor
the (oHy), — OCS cluster.

5.3.4 Trend in rotational constant with increasing cluster size

In the helium cluster studies, the onset of superfluidity has been observed by

examining the trend in the rotational constant as the cluster size increases.>*!*?22¢ In

134



Hey — OCS, the rotational constant B, decreases®'** from N=1 to 9 and an inbrease in B,
is observed between N =9 and 10. For the hydrogen clusters, it is interesting to look at
similar trends in the rotational constant with increased cluster size. Figures 5.7 and 5.8
show the plots of rotational constants (B,) from the current studies versus the size of the
clusters (N) for (pHz)y — OCS and (oH;)y — OCS, respectively. For comparison, the plots
also show the rotational constants obtained from the infrared studies.!? For the (PH)N —
OCS clusters, the theoretical rotational constants obtained by Whaley et al. are also
shown for comparison.” The rotational constants steadily decrease with the addition of
hydrogen molecules, similar to the trend in the Hey — OCS clusters.>!*** The rotational
constants obtained in this study agree quite well with the values from the infrared
studies.” The theoretically obtained rotational constants® predict the correct trend of the
rotational constants, but are consistently lower than the experimental values.

The rotational constants from Ihicrowave and infrared results for the orthoH,
molecule agree within 3.6% until N = 6, where the infrared study ended.> The agreement
is also quite good (1.8%) for the paraH, molecule cluster case until N=6. At N=7,
there is a difference of 11.5% between the microwave and the infrared values. This is a
result of a larger error in B, for N=7 in the infrared study, where only two transitions
(P(1) and R(0)) of (pH,)7 — OCS were measured.’

It is difficult to compare the microwave results with those of the helium

nanodroplet experiments**

since the helium atoms in the droplet appears to affect
structure and energetics of the (pHy)y — OCS cluster. The nanodroplet geometry shows
six paraH, molecules forming a ring around the OCS molecule,”*” but the infrared

results predict only five paraH, molecules on a ring in the bare hydrogen clusters.> There
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is insufficient microwave data to determine the geometry of the clusters. The agreement
between the rotational constant of the infrared” and microwave studies suggests that the

vibrational shifts suggesting five molecules on the ring is accurate.

5.4 Summary

The pure rotational transitions of (pH,)»— OCS and (oH,), - OCS for N=21t0 7
were investigated by microwave spectroscopy. Additionally, mixed clusters were
investigated and showed the evolving hyperfine patterns consistent with an increasing
number of orthoH, molecules. While the OCS and O”CS isotopologues were primarily
investigated, the J = 1 — 0 rotational transitions of some OC**S, 0**C**S, and OC®S
isotopologues were also measured. Unfortunately, only J = 1 — 0 transitions were measured
for all clusters despite extensive MW-MW DR studies, therefore the rotational constant (B)
corresponds to ¥ the J = 1 - 0 transition frequency. The rotational constants obtained from
this study agree well with the rotational constants obtained from the infrared study of (H,)y
- OCS clusters.> The theoretical rotational constants by Whaley et al.>’ show similar
agreement, although the values consistently underestimate the rotational constant observed.
The spin-spin hyperfine constants for orthoH, molecules were obtained for clusters
containing less than five orthoH, molecules. The evolving hyperfine pattern in mixed
clusters was analysed and the spin-spin coupling constants obtained. The analysis of the
hyperfine patterns of the structural isomers of (pH,),(0H,); - OCS provided spin-spin
coupling constants which were compared to the values obtained for orthoH, molecules in
similar environments. This analysis solidified the assignment and proposed geometries of

 the structural isomers. Clusters with OC¥S were also analysed for the S nuclear
quadrupole coupling constant. The evolution of B with N for (H,), - OCS clusters shows
an increase in the moment of inertia as the number of solvating hydrogen molecules
increases. This is consistent with a classical physics picture for these smaller doped

hydrogen clusters. Manifestations of quantum effects in hydrogen molecule clusters are
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expected to occur at larger cluster sizes than in He, — molecule clusters due to increased
intermolecular interactions between hydrogen molecules as compared to helium atoms.
The feasibility of studying small doped hydrogen clusters with rotational spectroscopy has

been shown by this study.
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5.5 Figures
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Figure 5.1: Jy.x. = Lo1 — Ogo transitions of (a) (oHy), — OCS, 8k data points at 10 ns interval, 10
averaging cycles, the data set was supplemented with 8k zeros before Fourier transformation. (b)
(pH)(oH;) — OCS, 8k data points at 10 ns interval, 100 averaging cycles, the data set was
supplemented with 8k zeros before Fourier transformation. The differences in the hyperfine
structures of the two transitions are due to the additional oH, molecule in (a).
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Figure 5.2: Jiux: = lo; — Ogo transition of (oH,), — OC®S, 8k data points at 10 ns interval, 5000
averaging cycles, the data set was supplemented with 8k zeros before Fourier transformation.
This spectrum is a composite of three separate experiments due to the small bandwidth of our
spectrometer. The larger hyperfine splitting in this spectrum is due nuclear quadrupole coupling
interactions with the **S quadrupolar nucleus (/(*’S) = 3/2).

139



1 ) {

OO o) T 50 gl 54

Figure 5.3: J=1 — 0 transitions of (a) (pH,); — OCS, 8k data points at 10 ns interval, 100
averaging cycles, the data set was supplemented with 8k zeros before Fourier transformation with
a non-enriched paraH, sample, and (b) (pHz)s — OCS, 8k data points at 10 ns interval, 10
averaging cycles, the data set was supplemented with 8k zeros before Fourier transformation with
an enriched paraH, sample.
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Figure 5.4: J= 1 — 0 transitions of (a) (oH,); — OCS, 8k data points at 10 ns interval, 250
averaging cycles, the data set was supplemented with 8k zeros before Fourier transformation, and
(b) (oH,)s — OCS, 8k data points at 10 ns interval, 100 averaging cycles, the data set was
supplemented with 8k zeros before Fourier transformation. The hyperfine structure in each of
these transitions is dependent on the number of orthoH, molecules in the cluster. The hyperfine
can aid in the assignment of the relative cluster size.
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Figure 5.5: /=1 — 0 transitions of the mixed clusters found for N =3, (a) (pH;)2(6H;) — OCS,
100 averaging cycles taken at 8k points and 16k points Fourier transform, and (b) (pHy)(eHy), —
OCS, 150 averaging cycles taken at 8k points and 16k points Fourier transform with an enriched
paraH; sample. The evolution of the hyperfine structure, comparing with Figures 3(a) and 4(a)
also, is due to the change in the number of orthoH, molecules in the clusters.
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Figure 5.6: J = 1 — 0 transitions of the structural isomers of (pHy),(0H,); — OCS, (a) Isomer 1, 8k
data points at 10 ns interval, 50 averaging cycles, the data set was supplemented with 8k zeros
before Fourier transformation, and (b) Isomer 2, 8k data points at 10 ns interval, 300 averaging
cycles, the data set was supplemented with 8k zeros before Fourier transformation. Below each

transition is the proposed geometry of the structural isomer with simple balls representing the H;
molecules (green = paraHy; blue = orthoH,).
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Figure 5.7: Plot of rotational constants (B,) in MHz versus the cluster size N for (pHa)v— OCS
clusters. The microwave data is compared to the B, values obtained in the infrared study
[Reference 2] and to a theoretical study [Reference 25].
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Figure 5.8: Plot of rotational constants (B,) in MHz versus the cluster size N for (oHy)y— OCS
clusters. The microwave data is compared to the B, values obtained in the infrared study.2
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5.6 Tables

Table 5.1
Measured frequencies ‘(MHz) of the J= 1-0 rotational transitions of (pH,)y— OCS
clusters.
Size 16012CSZS 16012C34S 16013C3ZS 16013C34S

(pH,). 9190.2949  8993.6855 9173.1871

(rHy); 8279.8940  8117.5594  8268.5515

(PHy)s  7354.8633

{pHy)s 6727.0838  6598.7433 6722.3586 6594.4960

(pHy)s 55454195  5441.0913 5543.7664

(vHy), 4693 .7457 4693.4178
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Table 5.2

Rotational transition frequencies (in MHz) of (oH,)y — OCS clusters.

Size IGOIZCSZS 16012C34S 16013C32S 16013C34S
(oHy),
1-0 8669.9163
8669.9682
8670.1364 8495.6329 8655.2902 8479.2038
8670.2149 8495.7064 8655.3606 8479.2746
8670.3465 8495.8442 8655.4950 8479.4103
S (0Hp)*  -0.1894(11)  -0.1860(25) -0.1805(25) -0.1821(25)
(oHy);
1-0 7572.7344 7433.0685 7563.1689
7572.8041 7433.1589 7563.2638
7572.8317 7563.2836
7572.9171 74332753 7563.3658
7572.9878 7563.4453
S, (oH)*  -0.1523(15)  -0.1822(23) -0.1598(15)
(oHy)4 '
1-0 6638.6794 6632.6792
6638.7557 6527.2553 6632.7495
6638.8706 65273653 6632.8807 65202137
6639.0037 6527.4873 6633.0053 6520.3416
6639.0337 6527.5176 6633.0360
S (0H)*  -02142(12)  -0.2026(19) -0.2177(14) -0.2095(45)
(oHy)s
1-0 5780.1202° 5776.5431°
5780.1965 5776.6505
5780.2677 5776.6989
5780.3470 5776.8334
5780.4224
(oH3)s
1-0 4796.5800" 4795.9955°
4796.6046 4796.0237
4796.6471 4796.1163
4796.7479
(oHz),
1-0 3739.9990°
3740.0583
3740.1413

@ Spectrum fit with one spin-spin coupling constant for each orthoH, molecule in the cluster, the coupling
constants were constrained to be equal.

® Hyperfine components not fit due to the complexity of the spectrum associated with five or more orthoH,
molecules in the cluster.
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Table 5.3

Rotational transition frequencies and orthoH; spin-spin coupling constants (in MHz) of

the mixed (pH»),(0H)x.. — OCS clusters.

Size ROl BolCYs Bols BoUcHS
N=2
(pH,)(oHs)
1-0 8932.6979 8747.1300 8916.7211
89032.7554 8747.1907 8916.7794
8932.8681 8916.8803
S, (oHy) 0.1144(19)  -0.1012(47)  -0.1067(19)
N=3
(pHz)(oHa),
1-0 7789.8536 7641.7682 7779.4686
77899119 7641.8326 7779.5353
7790.0608 7779.6694
Sa(0Hy)" -0.1860(25) -0.2147(94) -0.1776(25)
(pHa)a(oHy)
1-0 80032117 78413836 7994.0753
8003.2742 78414293  7994.1369
8003.3826 7841.5455  7994.2557
S,.(oH,) 0.1144(19)  -0.1096(19)  -0.1212(19)
N=4
(pH2)(0Ha)s
1-0 6823.5705 6685.3639 6820.9808 6683.0490
6823.6453 6685.4029 6821.1212 6683.0715
6823.6773 6685.4516 6821.2006
6823.7619 6685.5371 6821.2784
S,.(oH,)" 0.1586(23)  -0.1509(23)  -0.1797(17)  -0.1133(67)
(PH2)2(0H2)2
1-0 7034.6088 6908.2016 7028.8329
7034.6759 6908.2709 7028.9092
7034.8133 7029.0439
S, (oH,)" 0.1811(25)  -02310(28)  -0.1850(25)
(pH)3(oHy)
1-0 7229.7444 7223.2965
7229.8085 7223.3543
7229.8786 7223.4460
S.(oH;) --0.0886 (19) -0.0998(19)
N=5
(pH2)(0H2)4
1-0 5965.8446 5961.7676
5965.9146 5961.8381
5966.0153 5961.9568
S, (cH,)" -0.1512(25) -0.1679(25)

(pH2)2(0Hy); (isomer 1)
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1-0 6168.4700 6165.0797
6168.5033 6165.1102
6168.5735
S,.(0H,(1)) -0.1743(68) -0.166(73)
S,.(0Hx(2) -0.1471(27) -0.1482(27)
S..(0H,(3)) -0.1471% -0.1482°
(pHz)2(0H,); (isomer 2)
1-0 6154.1590 6149.5451
6154.2045 6149.6163
6154.2748
S,.(oH,(1)) -0.1300(47) -0.1396(47)
S (0H,(2)) -0.1962(92) -0.177(18)
S, (0H,(3)) -0.1962° -0.177
(pH2)3(0Hy)
1-0 6345.8499
6345.9384 6342.1233
6346.0383 6342.2306
S,.(oH,) -0.1600(25) -0.1324(35)
(PH2)4(oHy)
1-0 6577.5778 6573.2301
6577.6322 6573.2941
6577.7424 6573.4074
S,(oH) -0.1107 (19) -0.1188 (19)
N=6
(PHz)(oHy)s
1-0 4876.9441° 4876.2976°
4877.0292 4876.3402
4877.0688 4876.4380
(pHz)2(0Hz)4
1-0 5013.585 5013.0563
5013.6935 5013.1572
5013.7697 5013.2280
S, (0H,)* -0.1624(23) -0.1510(25)
(PHa2)3(0Hy)s (isomer 1)
1-0 5121.0575¢ 5120.4256¢
5121.1426 5120.4610
5120.5191
(pH.)s(oH,); (isomer 2)
1-0 5197.1136¢ 5196.49947
5197.2131 5196.5325
5197.2377 5196.5668
5196.5932
(pH2)a(oH2),
1-0 5380.0006°
(PH;)s(oHz)
1-0 5453.1773 5451.6124
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5453.2356 5451.6836
5453.3484 5451.7992
S, (oH,) -0.1150(19) -0.1248(19)
N=7
(pHz)(oHa)s
1-0 3820.2597°
3820.3387
3820.4616
(pH2)4(oH,)s
1-0 4283.7599
4283.8272
| 4283.9823
S, .(oH,)* -0.1413(18)
(pH2)s(oHy),
1-0 4487.0463
4487.1286
4487.2539
S, ()" -0.1802(25)
(pHa)s(0Ha) :
1-0 4637.3855 4637.0496
4637.4375 4637.1074
4637.5382 4637.1933
Sg(on) -0.1026(19) -0.0957(19)

“ One spin-spin coupling constant is included in the fit for each orthoH, molecule and they are constrained

to be equal.

b §..(0H,(3)) constrained to being equal to S,,(0H,(2)), since two orthoH, molecules are in the same
environment (due to the symmetry of the cluster) and should have the same spin-spin coupling constant.
¢ Hyperfine components not fit due to the complexity of the spectrum associated with five or more orthoH,

molecules in the cluster.

4 Hyperfine components not analysed since the data set is insufficient to resolve the three spin-spin

coupling constants necessary.

¢ Hyperfine components could not be resolved for this cluster, hyperfine pattern appeared to be collapsed.
Transition frequency obtained by determining the centre frequency of the measured component as no
Doppler pairs could be assigned.
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Table 5.4

Rotational transition frequencies of the nuclear quadrupole hyperfine components (MHz)
of the J= 1-0 transitions and nuclear quadrupole coupling constants (in MHz) of the
(oHy)y — OC**S clusters.

Size “0"*Cs
F-F Vobs AV
N=2 (OHz)z
1.5-1.5 8574.8446 0.01
8574.8629 2.5
8574.9409 34
25-15 8581.9656 24
8582.0282 -4.7
0.5-1.5 8587.7079 1.3
S(0H,) -0.1297(31)
X..(3S) -28.4861(47)
6, 6.9°
%2(S) in He, - OC®S -26.9344(32)°
N=3 (0H2)3
1.5-1.5 7495.4509 6.9
7495.4661 122
2.5-1.5 75025742 -109
7502.6413  -16.7
7502.6741  -152
05-15 7508.4350 23.8
S,.{oH,) -0.0857(23)
%.3S) -28.8819(56)
0, 42°
XaaS) in He; — OC»S -27.9036(36)°
N=4 (oHz)4
15-1.5 6575.8964°
6575.9409
6575.9782
25-15 6583.0660
6583.1049
6583.1423
0.5-1.5 6588.8526
%a(S) -28.6955(63)
0, 5.6°
%.(*S) in He, — OC*S -28.2449(33)
S,.(0H,) in 0H, - OCS -0.1064
S,.(oH,) in oH, - O®CS -0.121°

Xa(>S) in oc®s

-29.1184(12Y

1AV = Vobs, — Vedic.. ® Reference 6. Spin-spin coupling constant could not be fit, the average of the orthoH,
component was fit to the 338 nuclear quadrupole coupling constant. 4 Reference 10, Sy =-5D,.
¢ Reference 16.” Reference 18.
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Chapter 6

Spectroscopic investigation of (H;)y — HCCCN clusters

Previous studies of Hey — HCCCN clusters (N = 2-17, 26-31)" and of the H, ~
HCCCN dimer motivated the extension to larger (Hy)y — HCCCN clusters. The onset of
superfluidity in the Hey — HCCCN clusters occurred at N = 10,' a cluster size one helium
atom larger than the Hey— OCS clusters.>® The doped hydrogen clusters studies are
partly motivated by the possibility of observing superfluidity in para-hydrogen, the study
of (pHz)y — HCCCN clusters would provide another system for comparison with the
(pH2)x — OCS clusters.

This chapter describes the microwave rotational spectroscopic study of (Ha)v—
HCCCN clusters (N = 2-6). The experimental setup and conditions used for the
investigation of larger clusters will be discussed in Section 6.2. A discussion of the
experimental results and spectroscopic analyses will follow in Section 6.3. The
assignment of N, the number of solvating hydrogen molecules, will be detailed in Section

6.4.
6.1 Experimental details

In this thesis, the (H)y — HCCCN clusters were studied by high resolution
microwave spectroscopy. The pulsed-jet Fourier transform microwave spectrometer
described in Chapter 2 was used to observe the rotational spectra of (Hy)y — HCCCN.

The experimental details for the study of (H,)y — HCCCN are quite similar to the
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previous studies of H, — HCCCN and (H,)y ~ OCS. Briefly, the sample mixtures
contained low concentrations (< 0.3 % HCCCN) with 1-3 % H; or enriched paraH, gas
in helium. The pressures used for the studies of larger clusters depend on the specific
cluster size that is desired. The range of pressures used for the (Hz)y— HCCCN studies
was between 10-90 atm. All studies using enriched paraH, sample were performed with
a diluted paraH; (10%) in helium gas sample added to a cylinder containing the
appropriate amount of HCCCN gas. The cyanoacetylene gas was synthesized as
described in Chapter 4. The enriched paraH, gas was obtained from a catalytic converter
whose details have been presented in Chapter 2.

Microwave-microwave double resonance (DR) experiments were performed to
determine the frequencies of transitions with higher J values. Details of the double
resonance experiments are outlined in Chapter 2. The decoherence DR experiment
scheme was successful with some (H,)y — HCCCN clusters. The coherence DR
experiment scheme was attempted, but did not lead to the same success as obtained in

Hey — molecule studies.'*
6.2 Results and analyses

Since no previous studies provided predictions for rotational constants of (Hz)y —
HCCCN clusters, fractional changes were compared for Hey — OCS (Reference 4) and
(Hy)y— OCS and I assumed that the HCCCN clusters would follow approximately the
same treﬁd. This is the same procedure as used for predictions of the Jxax: = lo1 — Ooo
transition of the H, — HCCCN dimer. Transitions of minor isotopologues of
cyanoacetylene (HCCC!’N and DCCCN) were measured for some clusters. The clusters

were measured as pure paraH, molecule clusters, pure orthoH; molecule clusters, as well
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as mixed clusters containing a combination of paraH, and orthoH, molecules. Spectra
corresponding to clusters containing any number of orthoH, molecules show spin-spin
hyperfine patterns. As with the study of (H;)y — OCS clusters, the mixed clusters show
evolving hyperfine patterns as the number of orthoH; molecules increase. Nuclear
electric quadrupole hyperfine patterns were observed and analysed for N [I(**N) =
1]and D [I(D) = 1] containing isotopologues. The coupling scheme used in the fitting
procedure to account for the nuclear quadrupole coupling interaction for applicable nuclei
was: J + Iiaxy = Fy, Fy + Ip =F. For clusters with spin-spin interactions due to orthoH;
molecules, a spin-spin coupling constant for each orthoH; molecule was included in the
fit. As in the (H;)x — OCS analysis, the spin-spin coupling constants were constrained to
be equal.

6.21N=2

The gas mixture for the initial searches for N = 2 clusters contained < 0.3 %
HCCCN with 1-3 % H, gas or enriched paraH; gas in 10-12 atm of He. Three
transitions, corresponding to the three possible H, spin modifications, with the
appropriate hyperfine patterns and spaciﬁg for N =2 clusters were found and measured.
The overall autoscan spectrum showing the three Jxax. = lo1 - Ogo transitions is shown in
Figure 6.1. Decoherence DR experiments were successfully performed and the Jx,x. =
202 — 1oy transitions for the N = 2 clusters were measured. The transition frequencies and
determined spectroscopic parameters for the N = 2 clusters are listed in Table 6.1. The
signal intensities of the transitions were not strong enough to observe any possible b-type
transitions of the N = 2 clusters. Transitions of (pHz), — HCCCN clusters are split by

only the nuclear quadrupole coupling of '*N nucleus, as expected since paraH, molecules
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are spinless bosons. Transitions of (0H,); — HCCCN clusters have additional hyperfine
structure due to the spin-spin interaction of the two orthoH, molecules. The mixed
cluster, (pHz)(oH;) — HCCCN, contains one orthoH; molecule and the splitting observed
in the Jkake = 1ot — Ogo transition is cqnsistent with the spin-spin interaction of one
orthoH; molecule.

Transition frequencies for minor isotopologues of N = 2 clusters were predicted
from the changes in the mbme’nt of inertia with isotopic substitution. The search was
guided by the predictions and transitions were successfully measured. Transitions of
(H2)» — DCCCN clusters were split by additional nuclear quadrupole coupling from the D
nucleus. Transitions of (Hz)y — HCCC'N clusters were helpful in analyzing the
hyperfine pattern due to the orthoH; molecules in a particular cluster since no other
hyperfine interaction is present. Figure 6.2 shows the evolving hyperfine pattern of the
Jxake = o1 — Ogo transitions of (Hy), — HCCCPN clusters with increasing number of
orthoH,; molecules. The transition frequencies, quantum number assignments, and
determined spectroscopic parameters for (H,), — DCCCN and (H), —- HCCCN clusters
are presented in Table 6.2.

6.22N=3

The optimized gas mixture for observing the N = 3 clusters contained < 0.3%
HCCCN with 1-2% H; or enriched paraH; gas in 14-16 atm of helium. The spectral
searches for the J=1-0 transitio;l of (H;); ~ HCCCN were performed by scanning at a
lower frequency than the transitions of (H»), - HCCCN. From the (Hz)y — OCS studies,
the rotational constant of larger clusters is expected to continue to decrease fromA the

small-size regime. A set of transitions was observed with the appropriate spacing of
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mixed clusters, as well as with an evolving hyperfine pattern as the number of orthoH;
molecules increases. Figure 6.3 shows an 'experimental scan of the frequency region with
8 averaging cycles. The transition frequencies and determined spectroscopic parametefs
are presented in Table 6.3. The predictions for minor isotopologues were obtained in the
same manner as with N =2 clusters. Due to the complicated splitting pattern when both
1N and D quadrupole splittings and multiple orthoH, spiﬁ-spin interactions are present, it
was difficult to resolve all components of the hyperfine pattern. For this reason, spectra
of clusters containing more than two orthoH; molecules and DCCCN could not be
analyzed for both nuclear quadrupole coupling of D and spin-spin interactions of the
orthoH; molecules. For those clusters, the estimated centre frequencies of tﬁe unresolved
transitions were fit to the nuclear quadrupole interaction of N, which is large enough to
be resolved. The transition frequencies and determined spectroscopic parameters of (Hy);

~DCCCN and (H;); — HCCC®N are shown in Table 6.4.

6.24N>3

This next section describes the experimental results for clusters larger than N=3
where the assignments are less concrete due to some missing clusters that would help
solidify the N number assignment. As more hydrogen molecules are added to the
cyanoacetylene molecule, the complexity of the assignment of the spectra of the pure and
mixed clusfers increases. Additionally, the number of mixed clusters of a certain N size
increases and the signal intensity is distributed over all the clusters.

The gas mixture used in the studies of N > 3 clusters contained <0.1 % HCCCN
With 0.5-1 % H; or enriched paraH, gas in high pressure helium up to pressures of 90

atm. Many transitions were measured at frequencies lower than the transitions of clusters
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with N = 2 and 3 hydrogen molecules. Additionally, the transitions were split by N
nuclear quadrupole interaction consistent with a J= 1 — 0 transition. Most transitions
were split by spin-spin interactions due to the presence of at least one ortho-hydrogen
"molecule. Due to the small magnitude of the spin-spin coupling constant of the ortho-
hydrogen molecule in the (Hz)y — HCCCN clusters, the splittings in clusters containing
more than three ortho-hydrogen could not be fully resolved and analyzed. For the
clusters containing more than three ortho-hydrogen molecules, the nuclear quadrupole
coupling of "N was analyzed based bn the centre frequency of the unresolved spin-spin
. hyperfine components. Due to this approximation, an additional error is introduced into
the determined "N nuclear quadrupole coupling constants.

Despite many experimental attempts to assign a transition in thé frequency region
where the (pHz)s — HCCCN transition is predicted, no transitions showing only "N
nuclear quadrupole coupling pattern were measured. All measured transitions in the
frequency region, due to some additional splitting observed, contained at least one
orthoH; molecule. In the (Hy)x — OCS study, the J= 1 -0 transition of the (pHy)4 — OCS
cluster was very weak and difﬁcult to measure. The predictibns for the rotational
constant obtained from the infrared study’ were crucial in the measurement and
assignment of (pH3)s — OCS. Such predictions are ﬁot available for the rotational
constant for (pH;)s — HCCCN and it is suspected that the J= 1 — 0 transition
corresponding to the cluster has not beeh observed as of yet. The transition frequencies
and determined spectroscopic parameters for the N = 4 clusters that have been assigned

are in Table 6.5.
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In the study of (Hz)y — OCS clusters, although the transition of the (pH,); — OCS
cluster was not strong, the transitions of the N = 5-7 clusters were quite strong. It was
expected that the same observation would be seen in the (pHz)y — HCCCN clusters. In
fact many transitions were measured in the frequency region consistent with N =15
clusters and one of the transitions had no spin-spin fine structure and was assigned to the
(pHz)s — HCCCN transition. The transition frequencies and determined spectroscopic
constants of all measured N =5 clusters are given in Table 6.5.

The transition frequencies and determined spectroscopic constants for N= 6
clusters that were assigned are also shown in Table 6.5. Tables 6.6 and 6.7 provide the
transition frequencies and determined spectroscopic constants for (Hz)y — HCCC"N and
(H2)y - DCCCN (N = 4-6) clusters, respectively. In tile (Hy)y — DCCCN clusters, the
complicated hyperfine splittings of the deuterium nuclear quadrupole and ortho-hydrogen
spin-spin interactions could not be fully resolved and therefore no attempts were made to
analyze the patterns. The '*N nuclear quadrupole coupling constant was obtained from
the experimental ceﬁtre frequencies of the hyperfine components. Some measured
transitions have not been assigned to a specific cluster size at this point, the transition
frequencies of these unassigned lines are given in Table 6.8.

6.3 Discussion of experimental results

The nuclear quadrupole coupling constants along the a-inertial axis were
determined for '*N and some D containing complexes. For the (Hz)y— HCCCN clusters,
the nuclear quadrupole coupling constants are all similar in magnitude (uq(**N) = -
4.1628 - -4.2883 MHz), although they vary by up to 3%. The deviation between the

values can be partly attributed to the resolution of the hyperfine components as well as
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the observation of the J =2 — 1 transition for some, but not all, clusters. The nuclear
quadrupole coupling constants are in agreement with the values obtained from the Hey —
HCCCN studies (xuo("*N) = -4.117 - -4.231 MHz).! The "N nuclear quadrupole coupling
constants are only slightly smaller than the monomer HCCCN value (x,(**N) = -4.31924
MHz).® This is consistent with only modest large amplitude motions of the HCCCN unit
within the principal inertial axis system and with the assumption that the field gradient at
the "N nucleus is.unchanged upon cluster formation. Using the equation [2.18], an
average angle between the a-inertial axis and the HCCCN molecular axis can be
obtained. As described in Chapter 2, the resulting angle is the average over the large
amplitude motions of the individual cluster. The values obtained from the
spectroscopically determined x..('*N) values are shown for each cluster in Tables 6.1 —
6.7. The values range from 4.0° to 8.9°, consistent with the HCCCN molecular axis
being nearly coincident with the g-inertial axis. As the number of hydrogen molecules in
the cluster increases up to five, the angle is consistently ~ 6°. When the sixth hydrogen
molecule is added in the cluster, the angle increases to ~ 8°. The increase in the average
angle obtained could be attributed to a ring of five molecules being formed, while the
sixth molecule could be adding to the H-end of the HCCCN molecule. Unfortunately, it
is not possible to determine the geometry of the clusters from the nuclear quadrupole
coupling constants alone; additional information such as centrifugal distortion constants

and isotopic data is required. In the Hey — HCCCN clusters, the sixth helium atom is

added to the ring around the cyanoacetylene molecule and the seventh helium atom to the

H-end of the molecule.!
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Clusters containing at least one orthoH, molecule show spin-spin hyperfine
patterns. For most clusters, the hyperfine pattern was resolved and analyzed using a spin-
spin coupling constant for each ortho-hydrogen molecule in the cluster. Clusters which
have one orthoH; molecule have a nuclear magnetic spin-spin coupling constant (S,,)
rqnging from -58.4 kHz to -88.1 kHz. In fact, most of the coupling constants are between
-82.9 - -88.1 kHz. The orthoH, spin-spin coupling constant of (pH,)(0H;) - HCCCN is
slightly lower at S,, = -58.4 kHz. The orthoH, spin-spin coupling constant of orthoH; —
HCCCN is S, = -45.6 kHz, closer in magnitude to the spin-spin coupling constant of the
(pHz)(0H,) —HCCCN cluster. For clusters containing two orthoH, molecules, the
hyperfine patterns were fit with two equivalent spin-spin coupling constants, one for each
orthoH, molecﬁle in the cluster. For these clusters, the spin-spin coupling constants are
in the range of S,, = -39.7 - -65.7 kHz. Similarly, clusters containing three orthoH,
molecules were analyzed with three equivalent spin-spin coupling constants. The spin-
spin coupling constants for such clusters are S, =-31.0 - -130.9 kHz. The range of spin-
spin coupling constants obtained for the clusters containing three orthoH, molecules is
quite large. The discrepancy in the values is most likely due to the difficulty in resolving
all spin-spin hyperfine components of the transitions. As the number of orthoH,
molecules increases in the clusters, the spin-spin coupling constants increase very slightly
compared to the spin-spin coupling constant obté.ined from the orthoH; — HCCCN
studies. This trend is consistent with the results from the (H;)y — OCS studies. Since the
orthoH, spin-spin coupling constant in (H;)y — HCCCN clusters are an order of
magnitude smaller than in (Hz)y — OCS clusters, it is more difficult to resolve the

hyperfine patterns and therefore it is more difficult to analyze the spectra of clusters with

162



multiple orthoH, molecules. The analysis of mixed clusters or structural isomers within
the mixed clusters is complicated by the difficulty in resolving the hyperfine structures.
For a few clusters, a centrifugal distortion constant A; or D, could be determined
(see Tables 6.1 — 6.7). The values are difficult to interpret since they are only available
fora seiect few clusters. In general, the magnitudes of the centrifugal distortion constants
are consistent with weakly bound clusters. For (oH,); - HCCCN, ccntl*iﬁlgal distortion
constants were determined for both the main isotopologue and the HCCC"N cluster and
both values agree well, with only 5.9% deviation. The (H;); — HCCCN and (Hy)s —
HCCCN clusters each have two clusters for which centrifugal ;:listortion constants could
be determined. The agreement between the values is good with a deviation between éach
set of values of less than 7.4%. It is difficult to interpret the centrifugal distortion
constants determined since the dimers with orthoH, molecules are more tightly bound
than those with paraH, molecules. The clusters containing either orthoH; or paraH,
molecules would be expected to behave differently as well. It is not possible to compare
the centrifugal distortion constants to those of the (H;)y — OCS clusters sinceno J=2 -1
transitions could be measured in the (H,)y — OCS study. The centrifugal distortion
constants of the Hey — HCCCN clusters decrease in value in going from‘ N=31to5,
followed by an increase for N=6." The initial decrease was interpreted as an increase in
rigidity of the cluster as the ring of atoms is formed. The sixth helium atom was also
sqﬁeezed onto the ring, but caused a decrease in rigidity as seen by the increase in the
centrifugal distortion constant. Unfortunately, the data available for the (Hy)y — HCCCN

clusters are too limited to provide a similar analysis. Additional studies to measure the
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missing J=2—1 transitions in (Hz)w — HCCCN clusters would aid in a detailed analysis
of the centrifugal distortion constants.

In the helium cluster studies, the onset of superfluidity has been observed by
examining the trend in the rotational constant as the cluster size increases. In Hey—
HCCCN,' the rotational constants B,,v decrease from N = 1 to 6, with a slight increase at N
=7 due to classical effects, similar to the Hey — N;O clusters.””® The second turn-around
which is due to quantum effects and deemed as the onset of superfluidity occurs at N =
10." For the hydrogen clusters, it is also interesting to look at the trend in the rotational
constant with increasing cluster size. For the clusters where the rotational constants
cannot be determined since only J =1 — 0 transitions were measured, the values plotted
are half the rotational transition frequency. Figures 6.4 and 6.5 show the plots of
rotational constants (Bo)vfr'om the current studies versus the size of the clusters (N) for
(pHz)y — HCCCN and (oH)y — HCCCN, respectively. The rotational constants steadily
decrease with the addition of hydrogen molecules, similar to the trend in the Hey —
HCCCN (Reference‘ 1) and (H2)n - OCS clusters up to N = 6. Since only clusters up to N
= 6 were measured, it was expected that the rotational constant would decrease as the
cluster size increased. A turn-around, if observed, is expected to occur at a larger cluster
- size than in the corresponding helium clusters due to the stronger intermolecular forces in
hydrogen compared to helium.

6.4 Assignment of N, the number of solvating hydrogen molecules

Many experiments were performed to determine the dependence of the signal

intensity on the sample pressure. When perfdrming pressure dependence studies, the

same high pressure sample was used to study the signal intensity behavior of all the
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transitions in question. Comparison can not be made between pressure dependence
studies performed with different samples as the signal intensity also exhibits
concentration dependence. Figure 6.6 shows a pressure study of (oH;)y — HCCCN
clusters. Clusters containing more hydrogen molecules require higher sample pressuré to
be produced in the molecular expansion. This can be seen in Figure 6.6 where the signal
for (oH,), — HCCCN is visible at lower pressures than the signals for (0H2)s - HCCCN
and (oH,)s — HCCCN clusters. The pressure dependencc studies are a piece of the puzzle
for the assignment of the number of hydrogen molecules in clusters.

Additionally, the observation and assignment of mixed clusters aids in the
assignment of the number of solvating hydrogen molecules. In particular, the assignment
is substantiated by the observation of a transition corresponding to a (pHa)n.1(0Hz) —
HCCCN cluster with the appropriate hyperfine pattern for one orthoH, molecule, as well
as the observation of a (pH,)y — HCCCN cluster without spin-sﬁin hyperfine splittings.
The evolving hyperfine structure of the clusters with increasing complexity in the
hyperfine structure aids in the assignment of the N number. In the (Hy)y — HCCCN
clusters, the smaller magnitude of the spin-spin coupling constants as compared to the
constants obtained in the (H;)y — OCS clusters can make the assignment of the evolving
hyperfine pattern more difficult. Additional resolution of the orthoH; hyperfine
components would be helpful for the assignment; unfortunately to date it has not been
possible to achieve the necessary resolution.

6.5 Summary

Pure rotational transitions of (pH,)»HCCCN and (0H,), - HCCCN clusters with N

=2 to 6 were investigated by microwave spectroscopy. Additionally, mixed clusters were
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investigated and showed the evolving hyperfine patterns consistent with an increasing
number of orthoH, molecules. While the HCCCN and HCCC"N isotopologues were
primarily investigated, the J = 1 — 0 rotational transitions of some DCCCN isotopologues
were also measured.

The clusters with N = 2 are asymmetric near prolate tops and were analysed for the

(B+C)/2 rotational constants and a centrifugal distortion constant, A, The rotational

transitions for clusters of N >2 are effectively those of a prolate symmetric top. The B, and
D; rotational parameters of a symmetric top molecule were fitted to the transition
frequencies for the cyanoacetylene clusters with three hydrogen molecules or more. The
rotational constant B, decreases with increasing N for (H,), - HCCCN clusters. This is
consistent with a classical picture for these smaller doped hydrogen clusters. Studies of
larger clusters are necessary for the possible observation of manifestations of quantum
effects in hydrogen molecule clusters. The rotational spectroscopic study of small doped

hydrogen clusters shows the feasibility of such studies.
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6.6 Figures

(oH,), - HCCCN

(pH,), - HCCCN
(pH,)(oH,) - HCCCN
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Figure 6.1: Composite experimental autoscan spectrum showing the Jx.x. = 1o1 — Ooo
transitions of (H;), — HCCCN clusters obtained with 8 averaging cycles/step at 0.2
MHz/step. An enriched paraH, sample was used for the measurements.
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Figure 6.2: Experimental spectra of the Jx,x. = 1o1 — Ogo transition of (a) (pHy), —
HCCC"N, obtained with 1000 averaging cycles, of (b) (pH,)(0H,) — HCCCPN, obtained
with 1000 averaging cycles, and (c) of (oH,), — HCCC' N, obtained with 100 averaging
cycles. The time domain signals were recorded at 10 ns second sampling interval to
obtain 8k data points. The data set was supplemented with 8k zeros before Fourier
transformation. An enriched HCCC'’N (10%) sample was used in all these experiments.
Spectra containing paraH, molecules were obtained with an enriched paraH, sample.
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Figure 6.3: Composite experimental autoscan spectrum showing the J= 1 — 0 transitions
of (Hz)3 — HCCCN clusters obtained with 8 averaging cycles/step at 0.2 MHz/step. An
enriched paraH, sample was used for the measurements. The signal for (oH;); —
HCCCN is visible, but quite weak.
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Figure 6.4: Plot of rotational constants, B,, (in MHz) versus cluster size N for (pHa)n —
HCCCN1 clusters. The results are compared to the rotational constants for Hey — HCCCN
clusters.
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Figure 6.5: Plot of rotational constants, B,, (in MHz) versus the cluster size N for (oHz)nx
—HCCCN clusters. The results are compared to the rotational constants for Hey —
HCCCN clusters.'
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Figure 6.6: The dependence of the observed normalized signal-to-noise ratio of three
(oH,)y — HCCCN clusters on sample pressure. The J = 1-0 rotational transition F = 2-1
hyperfine component of each cluster was monitored.
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6.7 Tables
Table 6.1

Measured rotational transition frequencies (in MHz), quantum number assignments, and

determined spectroscopic constants (in MHz) for (H,), — HCCCN clusters.

Transition F;-F; F,-F, F-F Vob, Av* (kHz)

(pHy), - HCCCN ,

1ot —Ogo 1-1 74717440  0.04
2-1 7473.0303  -0.07
0-1 74749602  0.03

Xaa(“N) -4.28829(187)°

a.°F 4.0

(pH2)(0Hy) - HCCCN

1o1 —Ogo 1-1 2-2 7327.0871 1.1
1-2 7327.1101 7.3

2-1 2-1 73283462  -1.5

3-2 7328.3646 9.3
1-0 7328.3857 33

0-1 1-2 7330.2926 5.6
xaa('N) -4.26339(163)
S(0Hy) -0.0584(18)
6.°) 5.3
(oHy); - HCCCN
101 — Ogo 1-1 22 3-3 7189.2617 5.1
. 1-2 2-3 7189.2923 2.6
2-1 2-1 2-1 7190.5259 43
32 4-3 7190.5622 -1.9
1-0 0-1 7190.5932 39
0-1 1-2 2-3 7192.4724 3.8
20— 1oy -0 1-1 22 14368.6514  -3.1
2-1 2-1 3-2 14369.7016  -6.3
2-1 32 4-3 14369.7537 0.1
32 3-3 4-4 14369.8087 9.3
(B+O)2 3596.081636(286)
4, 0.455808(44)
Xaa(*N) -4.27086(153)
SaloHy)? -0.0526(84)
a.%) 5.0

44y = Vypg — Veue in kHz.

® Numbers in parenthesis are one standard deviation in units of the last significant figure.

¢ Average angle between the HCCCN molecular axis and the a-inertial axis determined from Xaa(1'N); see
text for details.

4Two equivalent spin-spin coupling constants were used to fit the hyperfine pattern.
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Table 6.2

Measured rotational transition frequencies (in MHz), quantum number assignments, and
determined spectroscopic constants (in MHz) for (H,); - DCCCN and (Hy); —- HCCC®N

clusters. . -
Transition F;-Fy F-F Vobs. Av? (kHz)
(pHz), —HCCCPN
o1 — 0go 7297.1827
‘(pH,)(oH,) — HCCCPN
1o1 — Ogo 1-1 7162.8028 23
2-1 7162.8319 3.8
0-1 7162.8611 -1.5
S..(0Hy) -0.03836(94)°
(oH), - HCCCPN
161 — 0o 1-1 22 7034.4001 0.2
2-1 3-2 7034.4360 -0.6
_ 0-1 1-2 7034.4823 0.4
20— log 22 3-3 14058.5318 0.4
32 32 14058.5607 0.4
(B+O)12 3518.07206(41)
A 0.428919(62)
Sa0oHy)° -0.04077(66)
(oH,), - DCCCN
1o1 — Ooo 1-1 6754.3696
2-1 6755.5494
6755.6534
0-1 6757.5405
K FNY -4.23427(187)
0 6.5

9 Av = vy — Ve, in kHz.

® Numbers in parenthesis are one standard deviation in units of the last significant figure.
¢ Two equivalent spin-spin coupling constants were used to fit the hyperfine pattern.

4 The deuterium and orthoH, molecule hyperfine components were not resolved sufficiently for analysis,
the centre of the unresolved components was fit to Xaa(“N).
¢ Average angle between the HCCCN molecular axis and the ag-inertial axis determined from Xaa(A'N); see

text for details.

174



‘Table 6.3

Measured rotational transition frequencies (in MHz), quantum number assignments and
determined spectroscopic constants (in MHz) for (H,); —- HCCCN clusters.

Transition F;-F; F,-F, F,-F, F-F Vobs. AV (kHz)
(pH,); - HCCCN
1-0 1-1 7051.9896  -20.1

2-1 7053.2455 -2.9
0-1 7055.1535 23.0
2-1 2-2 13826.0480 327
1-0 13826.1860  -40.9
2-1 138273353  50.8
3-2 13827.3657 -94
1-1 13829.3668 -33.2

(B+O)2 3549.75466(40)°
Dy 11.616697(53)
Xaa(“N) -4.2026(121)
0.°F° 6.7
(pH,)2(0H,) - HCCCN
1-0 ' 1-1 2-2 6927.2624  -12.7
12 69272900 9.0
2-1 2-1 6928.5248 8.5
3-2 6928.5492  -4.9
1-0 6928.5808 4.4
0-1 12 69304592 13.8
2-1 2-2 22 13595.8674  21.8
1-0 1-1 13596.0176  -10.3
2-1 3-2 13597.1260 114
1-0 13597.1658  -1.2
3-2 4-3 13597.1936  -4.6
. 1-1 2-2 13599.2061  -17.2
B+O)2 3485.797719(276)
Dy 10.815212(38)
Aaa('N) -4.2195(114)
;) -0.0848(11)
6,°) 7.1
(pHa)(0Ha); - HCCCN
1-0 1-1 2-2 3-3 6604.0921  -16.2
1-2 2-3 6604.1253  -0.5
2-1 21 21 66053792 89
3-2 4-3 6605.4218  19.2
. 0-1 1-2 2-3 66073074  -11.1
Xad("*N) -4.2742(164)
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Saz(oHp)? -0.0397(14)
6.°) 48
(oH,); - HCCCN
1-0 1-1 0-1 1-1 2-2 6530.7260 43
1-2 23 34 6530.7738  -62.6
2-1 2-1 2-2 1-1 6531.9755  -1.5
3-2 3-2 4-3 6532.0293  -27.6
322 4-3 5-4 65320637  -32.4
1-0 0-1 1-2 6532.2525  94.8
0-1 1-2 2-3 3-4 6533.9553  -13.5
Xaa("N) -4.23377(168)
Saa(oHz)? -0.1309(80)
6.0 6.6

CAV = Vyps. — Veare. in kHz.

® Numbers in parenthesis are one standard deviation in units of the last significant figure.

 Average angle between the HCCCN molecular axis and the g-inertial axis determined from x,m(“N); see

text for details.

7 One spin-spin coupling constant is included in the fit for each orthoH, molecule and they are constrained

to be equal.
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‘Table 6.4

Measured rotational transition frequencies (in MHz), quantum number assignments, and
determined spectroscopic constants (in MHz) for (H,); — DCCCN and (H,); — HCCC"*N
clusters.

Transition F,-F;, F-F Vobs. M4
(pH,); —-HCCC®N

1-0 6894.8918

(?Ha)s — DCCCN

1-0 1-1 1-2 6684.9737 -6.7

2-2 6685.0376 25.5
2-1 3-2 6686.2401 -17.3

2-1 6686.2883 -14.0
0-1 1-2 6688.1703 12.5

K N) -4.19878(171)
YaaD) 0.1972(43)
0.°y 7.7
(pH,)2(oH,) — HCCCPN
1-0 1-1 67723616  -0.4
2-1 67723822 0.6
0-1 67724107 0.2
S,..(0Hy) -0.03265(94)
(oH,); - DCCCN
1-0 1-1 6161.3698
6161.3970
6161.4457
2-1 6162.7076
6162.7376
6162.7695
0-1 6164.6202
e NY? -4.27963(187)
6,0°° 43

AV = V,py — Veare in kHz.

b Numbers in parenthesis are one standard deviation in units of the last significant figure.

¢ Average angle between the HCCCN molecular axis and the g-inertial axis determined from Yoo “N); see
text for details.

o Hypeifine pattern too collapsed to analyse for all interactions present. Centre frequencies of N nuclear
quadrupole coupling components were fit to obtain x,.,(**N).
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Table 6.5

Measured rotational transition frequencies (in MHz), quantum number assignments, and
determined spectroscopic constants (in MHz) for (Hz)s — HCCCN clusters.

Transition F;-F; F,-F,  F;-F; F-F Vobs. H°
(sz)j,(OHz) -HCCCN
1-0 1-1 22 6559.4196  -7.0
1-2 6559.4461  -4.6
2-1 2-1 6560.6780 2.6
3-2 6560.7296  16.5
0-1 1-2 6562.6077  -1.7
Xaa("*N) -4.24451(165)
Sa(0Hy) -0.08527(24)
0. 6.2
(pH2)2(0H2)2 -HCCCN
1-0 1-1 22 2-3 6393.9194  -4.3
‘ 2-1 2-1 2-1 6395.1642 2.0
32 4-3 63951974  -0.8
1-0 2-1 63952161 6.0
: 0-1 1-2 2-3  6397.1077 29
KXaal*N) -4.26827(191)
SaaloHyp)’ -0.0446(12)
0.°) 5.1
(pH3)(oH3); - HCCCN
1-0 1-1 0-1 1-1 2-2 6334.5936 7.4
1-2 2-3 3-4 6334.6148  -9.4
2-1 2-1 22 1-1 6335.8548  -8.8
3-2 32 4-3 63358798 2.7
4-3 5-4 63359066  14.8
0-1 1-2 2-3 3-4 6337.7894  -1.3
XaaN) -4.23945(165)
Saa(oHy)? -0.0310(93)
6.°) 6.4
(0H2)4—HCCCN
1-0 1-1 6183.7751
6183.7968
2-1 6185.0380 -
6185.0625
0-1 6186.9828
Ko N -4.26506(187)
6.°) 52

AV = Vops. — Vear, in kHz. ® Numbers in parenthesis are one standard deviation in units of the last significant figure. ©

Average angle between the HCCCN molecular axis and the a-inertial; see text for details. 9 One spin-spin coupling
constant i$ included in the fit for each orthoH, molecule. ° Hyperfine pattern too collapsed to analyse for all
interactions present. Centre frequencies of "*N nuclear quadrupole coupling components were fit to obtain KN
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Table 6.6

Measured rotational transition frequencies (in MHz), quantum number assignments, and
determined spectroscopic constants (in MHz) for (H;)s— HCCCN clusters.

Transition F3-F3 F,-F, F;-F; F-F Vobs. 4
(pHa)s - HCCCN
1-0 1-1 5989.1038 0.3
2-1 5990.3754 0.6
0-1 59922808  -0.2
2-1 32 116604175  0.0°
B+O)2 3021.74810(41)°
D; 13.333302(65)
Xaa(*N) -4.23585(187)
6. 6.5
(pH2)4(0H2) ~HCCCN
1-0 1-1 22 5899.4365 2.3
1-2 5899.4615  -2.1
2-1 2-1 5900.6912 5.0
3-2 5900.7212  -42
1-0 5900.7552 6.6
0-1 1-2 5902.6240  -3.0
2-1 3-2 4-3 11502.7933 ~ 0.0
(B+O)2 2975.111358(291)
Dy 12.429589(54)
xaa(“'N) -4.24332(163)
S.a(oHy) -0.0881(18)
6.°) 6.2
{(pH2)3(oH3), —HCCCN
1-0 1-1 22 3-3 5887.9167  -19.9
1-2 2-3 5887.9848  20.7
2-1 2-1 2-1 5889.1967 104
3-2 4-3 5889.2249  -14.8
1-0 0-1 58892722 14
0-1 1-2 2-3 5891.1545 1.2
Yaa(*N) -4.27935(163)
Sa(oHy) -0.0657(11)
6.L°) 45
(pHz)2(0Hz); —HCCCN ‘
1-0 1-1 0-1 1-1 22 55309141  -1.8
‘ 1-2 2-3 3-4 55309780 6.2
2-1 2-1 22 1-1 5532.1873 2.0
3-2 4-3 4-5 55322176  -9.4
0-1 1-2 2-3 3-4 5534.1085 2.9
%aa(“N) -4.20514(163)
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S.(oH)* -0.0459(94)

6.°) 7.6
(oHy)s - HCCCN ,
1-0 , 1-1 5239.8055
5239.8300
2-1 5241.0821
5241.0932
0-1 5242.9935
Xl "NY -4.23445(187)
6. 6.6

aAV = Vobs. — Veale. in kHz.

b Small 4v since the centrifugal distortion constant is calculated from the two transitions.
¢ Numbers in parenthesis are one standard deviation in units of the last significant figure.

? Average angle between the HCCCN molecular axis and the a-inertial axis determined from Xaa(“*N); see

text for details.

¢ One spin-spin coupling constant is included in the fit for each orthoH, molecule and they are constrained

to be equal.

4 Hyperfine pattern too collapsed to analyse for all interactions present. Centre frequencies of '*N nuclear

- quadrupole coupling components were fit to obtain y..('*N).
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Table 6.7

Measured rotational transition frequencies (in MHz), quantum number assignments, and

determined spectroscopic constants (in MHz) for (H;)s — HCCCN clusters.

Transition F;-F; - Vobs. 4v° (kHz)

(pHz)s - HCCCN

1-0 1-1 5084.5116 0.1
2-1 5085.7604 0.1
0-1 5087.6337 0.1

2a(N) -4.16279(187)

6.0°F 8.9 ’

(pHz)s(oH,) - HCCCN

1-0 1-1 2-2 5021.2880 -2.6
1-2 5021.3151 1.1

2-1 2-1 5022.5384 23
3-2 5022.5717 -1.3
1-0 5022.5963 1.5
0-1 1-2 5024.4690 -1.0

Xaa("*N) -4.23223(163)

S..(0Hy) -0.0829(18)

6% 6.7

(0oH,)s - HCCCN

1-0 1-1 4357.4962
2-1 4358.7508
0-1 4360.6228

KXaalNY? -4.16809(187)

6.(°) 8.8

4AV = Vpe — Voo in kHz.

® Numbers in parenthesis are one standard deviation in units of the last significant figure.
¢ Average angle between the HCCCN molecular axis and the a-inertial axis determined from x,.(**N); see

text for details.

d Hyperfine pattern too collapsed to analyse for all interactions present., Centre frequencies of !N nuclear
quadrupole coupling components were fit to obtain x,.(**N).
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Table 6.8

Measured rotational transition frequencies (in MHz), q[uantum number assignments, and
determined spectroscopic constants for (Hp)y — HCCC N clusters with N = 4-6.

Transition F-F Vobs. 4V (kHz)
(pH,)s — HCCC®N

1-0 5877.7368

(pH,)s — HCCCPN

1-0 5007.6589

(pHy)s(0H,) — HCCCPN

1-0 1-1  4946.9246 0.2

2-1 4946.9349 -0.4
0-1 49469517 0.1

S.(0Hy) -0.01811(94)°

%AV = V5. — Veapc, in kHz.
® Numbers in parenthesis are one standard deviation in units of the last significant figure.

182



Table 6.9

Measured rotational transition frequencies (in MHz), quantum number assignments, and

determined spectroscopic constants for (Hy)y — DCCCN clusters with N = 4-6.

¥ ;]

Transition F,-F;  F;-F,  F-F Vobs. aH°
(pH,)s - DCCCN
1-0 1-1 1-2 5676.6663  -21.0
22 56767552  16.7
2-1 3-2 5678.0165  21.7
2-1 5678.0506  -14.5
0-1 1-2 5679.9270  -3.9
Xaa(N) -4.26057(173)
XaaD) 0.3073(42)
6,0 53
(pH2)4(0H2) - DCCCN
1-0 , 1-1 22 3-3 5593.4414 34
0-1 1-2 5593.5062 1.2
2-1 1-0 2-1 5594.6682  -12.9
3-2 4-3 5594.7352 222
2-1 3-2 5594.7620  -5.7
0-1 1-2 2-3 5596.6402  -1.4
2aa("N) -4.2645(173)
Xae(D) 0.2475(33)
S.a(oHy) -0.0456
6, 5.1

“4v = V,p, — Vg in kHz.

® Numbers in parenthesis are one standard deviation in units of the last significant figure.
¢ Average angle between the HCCCN molecular axis and the a-inertial axis determined from x,.(**N); see

text for details.

“Value fixed at spin-spin coupling constants obtained for orthoH, — HCCCN.

Table 6.10

Measured J =1 -0 transition frequencies (in MHz) for unassigned (H2)y— HCCCN

clusters.

Transition frequencies of (Hz)y—
HCCCN

(H)y—H CCCPN analogues

6223.3533
6223.3843
6224.6354
6224.6689 -
6226.5565

7107.4894
7108.7594
7108.7932
7110.6781

6956.9242
6956.9583
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Chapter 7

Conclusions

The rotational spectra of a number of doped hydrogen clusters have been
measured using Fourier transform microwave spectroscopy. Many conclusions can be
drawn from the results presented in Chapters 3-6. A number of them have been
summarized in the corresponding chapters. This chapter will present some general
conclusions about the study of doped hydrogen clusters.

The first conclusion is that Fourier transform microwave spectroscopy is a
suitable technique for the study of weakly bound complexes and clusters. In particular,
clusters with different spin isomers of hydrogen are separated spectrally by up to several
GHz. The narrow linewidth achievable with our spectrometer allows for the
measurement of a specific complex or clusters without spectral interference by other
species in the molecular expansion. Another advantage of our spectrometer is the use of
a pulsed-jet technique to the study doped hydrogen clusters, which makes it possible to
tailor the experimental conditions to generate preferably clusters of a certain size range.
The high sensitivity and resolution of the spectrometer allows for the detection of clusters
containing minor isotopologues such as orthoH, — OC>*S (0.75% ﬁaturally abundant) or
orthoH, — HCCCN (1.0% naturally abundant) in their natural abundances. The
measurement of isotopologues with such low abundance is not possible with many other
spectroscopic techniques. The rotational spectroscopic study of minor isotopologues
allows for a better understanding of the complexes and clusters under investigation. In
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particular, structural information about the complexes can be derived from the
corresponding rotational constants. Microwave spectroscopy is often used to determine
molecular structures of stable molecules with higher precision than possible with other
techniques.'? For the cases of weakly bound complexes and clusters, only effective
structures, averaged over the large amplitude zero-point vibrations can be obtained, The
weak nature of the van der Waals forces holding the hydrogen — molecule complexes
together is evident in the analysis of the rotational spectra by the number of centrifugal
distortion constants necessary to fully describe the systems. Additionally, the inertial
defects obtained from the analyses of H, — molecule dimers characterize the floppy
nature of the complexes.

The high resolution capability of the Fourier transform microwave spectrometer
allows one to resolve hyperfine patterns, which can arise from, for example, the spin-spin
interaction in orthoH, molecules. Such narrow hyperfine patterns, often in the range of
only a few kHz, are not resolvable by most other spectroscopic techniques. One
illustration of the high resolution capability and the sensitivity of the Fourier transform
microwave spectrometer is the observation and assignment of mixed clusters containing
both paraH, and orthoH; molecules. The assignments were aided by the evolving
hyperfine patterns as the number of orthoH; molecules in the clusters increased. It is this
sensitivity that allowed for the measurement of rotational transitions of structural isomers

for some mixed clusters of (H»)y — OCS.

The second general conclusion is that both chromophores, carbonyl sulfide and
~cyanoacetylene, are well suited for the study of doped hydrogen clusters. Both have their

unique advantages and disadvantages, but they both provide an important microscopic
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probé of a relatively new environment: the hydrogen cluster. The rotational
spectroséopic studies of the solvation of both chromophores with hydrogen molecules
were made feasible by the relatively large permanent dipole moments of the molecules.
The complementary studies of two chromophores, especially two with such a significant
difference in rotor length, provide a starting point for comparison of the effect of rotor
length on the solvation with hydrogen molecules.

Another component of this thesis was the calculation of a H, — HCCCN potential
energy surface. Although the complexity of the hydrogen molecule compared to the
helium atom increased the complexity of the calculations, the same method was used as
with He - molecule systems. Several paraH, — OCS potential energy surfaces have been
calculated and used to predict properties of larger clusters, but few potential energy
surfacés have been used to predict properties of orthoH, containing complexes.> One
motivation for caléulating the H, — HCCCN potential energy surface was to predict with
reasonable accuracy the spectrum of orthoH; — HCCCN. This was achieved with simple
scaling techniques for the main isotopologue as well as for HCCC'’N and DCCCN
containing complexes. Also, the potential energy surface was scaled to reproduce with
reasonable accuracy the paraH; — HCCCN spectrum. It is my hope that this potential
energy surface study will spark additional work into understanding, theoretically, H, —
molecule systems, for both paraH, and orthoH; spin isomers.

The feasibility of studying larger doped-hydrogen clusters was deménstrated in
this study. I was able to observe the rotational spectrum of clusters with up to seven
hydrogen molecules solvating a chromophore molecule. The clusters were assigned

based on several factors including the dependence of the signal on pressure and
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concentration of the sample. Also, the observation of the mixed clusters with evolving
hyperfine patterns helped to substantiate the assignment of the pure (paraH,)y — molecule
and pure (orthoH,)y — molecule clusters.

This work demonstrates that Fourier transform microwave spectroscopy is a
powerful technique for the study of doped hydrogen clusters. This study is a stepping
stone hopefully leading to a better undc;standing of the solvation of linear rotors with
hydrogen molecules. Although the onset of possible para-hydrogen superfluidity was not
observed in this work, the study of doped hydrogen clusters has its own merits. It is my
hope that this serves as a starting point for the investigation of larger doped hydrogen

clusters with carbony! sulfide or cyanoacetylene and perhaps other chromophores.
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Appendix A

Table A.1 Ab initio single point energies (£3) in Hartree of the parallel orientation of H,
— HCCCN potential energy surface, calculated at CCSD(T) level of theory with aug-cc-
pVTZ basis sets supplemented with bond functions (a: sp 0.9, 0.3, 0.1; 4 0.3, 0.2; fg 0.3).

R(A) 9=2° 13° 24° 35° 46° 57°

2.50 ) 2.3820E-01  1.1545E-01  5.0464E-02  2.0219E-02
275 14216E-01  6.3840E-02  2.5046E-02  8.8841E-03
3.00 8.5213E-02  33475B-02°  1.1582E-02  3.3761E-03
325 4.5907E-02  1.6329E-02  4.8270E-03  9.0225E-04
3.50 22456E-02  7.2893E-03  16531E-03  -8.8862E-05
375 1.0097E-02  2.8666E-03  2.9054E-04  -4.0493E-04
4.00 4.1309E-03  8.7618E-04  -2.1234E-04  -4.4164E-04
425 40162E-03  14641E-03  74805B-05  -33949E-04  -3.8063E-04
4.50 1.5180E-03  3.7083E-04  -1.8991E-04  -32155E-04  -2.9863E-04
475  74262E-04  4.1394E-04  -23671E-05 -23545E-04  -2.6008E-04  -2.2394E-04
500  1.8023E-04  44616E-05  -13118B-04  -2.0472E-04  -1.9599E-04  -1.6421E-04
525  -59975E-06  -62679E-05  -1.3348E-04  -1.5665B-04  -1.4234E-04  -1.1918E-04
550  -4.9854E-05  -74898E-05  -1.0513B-04  -1.1231E-04  -1.0128E-04  -8.6174E-05
575  -4.6067E-05  -5.8765E-05  -7.3980E-05  -7.7530E-05  -7.1218E-05  -6.2303E-05
600  -3.1015E-05 -3.8671E-05 -4.8442E-05  -5.2096E-05 -4.9698E-05  -4.5086E-05
6.50  -5.7865E-06  -1.0104B-05  -1.6827B-05  -2.1729E-05  -23673E-05  -2.3689E-05
700  55539E-06  2.8911E-06  -2.4542B-06  -7.3928E-06  -1.0653E-05  -1.2355E-05
750  9.8608E-06  7.6976E-06  3.5619E-06  -7.1194E-07  -4.0110E-06  -6.1476E-06
800  1.0462E-05  8.8725E-06  S.7210E-06  2.2474E-06  -6.6794E-07  -2.7542E-06
850  9.7816E-06  8.6013E-06  62013E-06  3.4432E-06  9.9460E-07  -8.7229E-07
900  8.6919E-06  7.8010B-06  5.9676E-06  3.7881E-06  1.7744E-06  1.6287E-07
1000  6.4740B-06  5.9584E-06  4.8558E-06  3.4848E-06  2.1407E-06  9.9030E-07
11.00  4.7320B-06  4.4139E-06  3.7274E-06  2.8415E-06  19371E-06  1.1241E-06
1200  3.4863E-06  3.2751B-06  2.8317B-06  2.2417B-06  1.6195E-06  1.0381E-06
13.00  2.5952E-06  24637E-06  2.1642E-06 _ 1.7603E-06  1.3212E-06  8.9802E-07
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Table A.1, continued

R (A) 0 =68° 79° 90° 101° 112° 123°
250 7.8488E-03 3.3760E-03 2.7162E-03 5.0419E-03 1.1979E-02 2.8385E-02
2.75 2.6769E-03 5.5046E-04 3.1387E-04 1.5646E-03 5.2129E-03 1.4004E-02
3.00 4.6100E-04 -4.5927E-04 . -5.0530E-04 1.4193E-04 1.9706E-03 6.4762E-03
3.25 -3.5672E-04  -7.0060E-04  -6.7322E-04  -3.4789E-04 5.2619E-04 2.7283E-03
3.50 -5.6572E-04  -6.5600E-04  -6.0858E-04  -4.4787E-04  -5.1195E-05 9.6565E-04
3.75 -5.3974E-04  -5.3130E-04  -4.8490E-04  -4.0564E-04  -2.3676E-04 1.9782E-04
4.00 -44297E-04  -4.0422E-04  -3.6583E-04  -3.2594E-04 -2.6052E-04  -9.7070E-05
4.25 -3.4046E-04  -2.9922E-04  -2.6953E-04  -2.4844E-04 -2.2730E-04  -1.8193E-04
4.50 -2.5372E-04  -2.1915E-04  -1.9706E-04  -1.8501E-04  -1.8139E-04  -1.8249E-04
4.75 -1.8653E-04  -1.6033E-04  -1.4426E-04  -1.3675E-04 -1.3889E-04  -1.5532E-04
5.00 -1.3665E-04  -1.1780E-04  -1.0628E-04  -1.0123E-04  -1.0477E-04  -1.2379E-04
5.25 -1.0020E-04  -8.7169E-05  -7.8976E-05 -7.5463E-05 -7.8887E-05  -9.6008E-05
5.50 -7.3970E-05 -6.5017E-05  -5.9298E-05 -5.6815E-05 = -5.9793E-05  -7.4038E-05
5.75 -5.4623E-05 -4.8897E-05  -4.4965E-05 -43270E-05  -4.5740E-05  -5.7343E-05
6.00 -4.0662E-05 -3.7085E-05  -3.4455E-05 -3.3353E-05 -3.5472E-05  -4.4923E-05
6.50 -2.2872B-05  -2.1781E-05  -2.0808E-05  -2.0544E-05 -2.2301E-05  -2.8802E-05
7.00 -1.3025E-05 -1.3115E-05 -1.3004E-05  -1.3238E-05 -1.4812E-05  -1.9584E-05
7.50 -7.3548E-06  -7.9761E-06  -8.3111E-06  -8.8908E-06 -1.0265E-05  -1.3947E-05
8.00 -4.0995E-06  -4.9160E-06 -54641E-06 -6.1119E-06  -7.4369E-06  -1.0359E-05
8.50 -2.1694E-06  -3.0339E-06  -3.6655E-06  -43638E-06  -5.5656E-06  -7.9355E-06
9.00 -1.0170E-06  -1.8518E-06  -2.5044E-06  -3.1989E-06 -42761E-06  -6.2211E-06
10.00 8.0099E-08 -6.2413E-07  -1.2142E-06  -1.8331E-06  -2.6796E-06  -4.0234E-06
11.00 4.4354E-07 -1.1616E-07 -6.0877E-07  -1.1230E-06 -1.7808E-06  -2.7287E-06
12.00 5.3036E-07 9.3281E-08 -3.0298E-07  -7.2137E-07  -1.2292E-06  -1.9129E-06
13.00 5.1536E-07 1.7390E-07 -1.4582E-07  -4.7914E-07 -8.7279E-07  -1.3761E-06
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Table A.1, continued

R (A) 0 =134° 146° 156° 167°
2.50 6.4315E-02 1.4089E-01 3.3977E-01
2.75 3.4544E-02 8.5198E-02 2.2898E-01
3.00 1.7780E-02 5.0326E-02 1.6234E-01
3.25 8.6681E-03 2.8134E-02 1.0293E-01 4.5186E-01
3.50 3.9165E-03 1.4656E-02 5.7831E-02 2.0525E-01
3.75 1.5620E-03 7.0235E-03 2.9442E-02 9.3430E-02
4.00 4.7060E-04 3.0113E-03 1.3677E-02 4.1292E-02
4.25 1.1775E-05 1.0625E-03 5.6915E-03 1.7081E-02
4.50 -1.4977E-04 2.0077E-04 1.9704E-03 6.2614E-03
4.75 -1.8306E-04 -1.3077E-04 3.9309E-04 1.7339E-03
5.00 -1.6816E-04 -2.2513E-04 -1.8908E-04 2.8638E-05
5.25 -1.3985E-04 -2.2488E-04 -3.4756E-04 -4.9505E-04
5.50 -1.1187E-04 -1.9389E-04 -3.4501E-04 -5.6794E-04
3.75 -8.8423E-05 -1.5809E-04 -2.9341E-04 -4.9605E-04
6.00 -7.0037E-05 -1.2636E-04 -2.3564E-04 -3.9574E-04
6.50 -4.5287E-05 -8.0738E-05 -1.4577E-04 -2.3424E-04
7.00 -3.0828E-05 -5.3508E-05 -9.2073E-05 -1.4048E-04
7.50 -2.1942E-05 -3.7015E-05 -6.0810E-05 -8.8556E-05
8.00 -1.6242E-05 -2.6634E-05 -4.1992E-05 -5.8794E-05
8.50 -1.2371E-05 -1.9762E-05 -3.0079E-05 -4.0779E-05
9.00 -9.6341E-06 -1.5028E-05 -2.2193E-05 -2.9306E-05
10.00 -6.1396E-06 -9.1936E-06 -1.2937E-05 -1.6407E-05
11.00 -4.1028E-06 -5.9467E-06 -8.0656E-~06 -9.9381E-06
12.00 -2.8399E-06 -4.0117E-06 -5.2920E-06 -6.3794E-06
13.00 -2.0229E-06 -2.8002E-06 -3.6150E-06 -4.2855E-06
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Table A.2 Ab initio single point energies (E;) in Hartree of the perpendicular orientation
of H, — HCCCN potential energy surface, calculated at CCSD(T) level of theory with
aug-cc-pVTZ basis sets supplemented with bond functions (a: sp 0.9, 0.3, 0.1; 40.3, 0.2;

f20.3).

R (A) 6=2° 13° 24° 35° 46° 57°
2.50 2.7414E-01 1.2559E-01 5.7608E-02 2.5232E-02
2.75 1.6840E-01 7.2156E-02 2.9392E-02 1.1743E-02
3.00 9.6907E-02 3.8515E-02 1.4077E-02 4.9366E-03
3.25 5.1169E-02 1.8939E-02 6.1120E-03 1.7122E-03
3.50 2.4549E-02 8.3894E-03 2.2188E-03 3.0374E-04
3.75 1.0517E-02 3.1304E-03 4.6162E-04 -2.3637E-04
4.00 9.2501E-03 3.7584E-03 73061E-04 -2.3931E-(04 -3.8955E-04
4.25 2.6093E-04 7.9813E-04 -2.3636E-04  -4.5435E-04 -3.8687E-04
4.50 -6.1597E-04 -3.3715E-04 -5.4093E-04 -4.6675E-04 -3.3333E-04
475 -5.2458E-04 -79982E-04 -6.6657E-04 -5.6923E-04 -4.0831E-04 -2.7103E-04
500 -8.4200E-04 -7.3634E-04 -6.7688E-04 -5.0056E-04 -3.3517E-04 -2.1556E-04
5.25 -8.0949E-04 -6.0804E-04 -5.8323E-04 -4.1072E-04  -2.6826E-04 -1.7067E-04
550 -6.7717E-04 -48171E-04 -4.7211E-04 -3.2799E-04 -2.1329E-04 -1.3574E-04
5.75 -53780E-04 -3.7673E-04 -3.7335E-04 -2.6000E-04 -1.7012E-04 -1.0894E-04
6.00 -4.1983E-04 -2.3306E-04 -2.9386E-04 -2.0671E-04 -1.3679E-04 -8.8427E-05
6.50 -2.5727E-04 -1.5011E-04 -1.8553E-04 -1.3412E-04 -9.1214E-05 -6.0229E-05
7.00 -1.6404E-04 -1.0118E-04 -1.2212E-04 -9.0724E-05  -6.3354E-05 -4.2696E-05
750  -1.0959E-04 -7.0913E-05  -8.3870E-05 -6.3796E-05  -4.5596E-05 -3.1294E-05
8.00 -7.6579E-05 -5.1414E-05 -5.9696E-05 -4.6300E-05 -3.3736E-05 -2.3505E-05
8.50 -5.5004E-05 -3.8327E-05 -4.3837E-05 -34563E-05  -2.5609E-05 -1.8090E-05
900 -4.0573E-05 -2.2742E-05 -3.3021E-05 -2.6400E-05  -1.9842E-05 -1.4171E-05
10.00  -2.4040E-05 -1.4428E-05 -1.9853E-05 -1.6268E-05  -1.2507E-05 -9.0953E-06
11.00 -1.5186E-05 -9.6347E-06 -1.2787E-05 -1.0615E-05 -8.2985E-06 -6.1169E-06
12.00 -1.0108E-05 -6.6922E-06 -8.6143E-06 -7.2386E-06 -5.7307E-06 -4.2671E-06
13.00 -6.9768E-06 9.2501E-03 -6.0240E-06 -5.1105E-06  -4.0855E-06 -3.0648E-06
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Table A.2, continued

R (A) 0=68° 79° 90° 101° 112° 123°
2.50 1.1825E-02 6.6685E-03 5.5552E-03 7.5535E-03 1.4068E-02 2.9284E-02
275 4.8523E-03 2.3122E-03 1.7710E-03 2.7378E-03 5.9936E-03 1.3972E-02
3.00 1.6378E-03 4.8859E-04 2.4067E-04 6.5068E-04 2.1354E-03 6.0629E-03
3.25 2.7738E-04 -1.8045E-04 -2.8646E-04 -1.5286E-04 4.3220E-04 2.2063E-03
3.50 -2.2384E-04 -3.6221E-04 -4.0289E-04 -3.9300E-04  -2.2930E-04 4.6416E-04
3.75 -3.5579E-04 -3.5981E-04 -3.7202E-04 -4.0795E-04 -4.2078E-04 -2.2974E-04
4.00 -3.4545E-04 -3.0176E-04 ~3.0182E-04 -3.4804E-04 -4.2022E-04 -4.3714E-04
4.25 -2.9155E-04 -2.3717E-04 -2.3256E-04 -2.7442E-04 -3.5466E-04 -4.3986E-04
4.50 -2.3314E-04 -1.8180E-04 -1.7526E-04 -2.0876E-04 -2.7835E-04 -3.7128E-04
4.75 -1.8254E-04 -1.3871E-04 -1.3163E-04 -1.5577E-04 -2.1059E-04 -2.8943E-04
5.00 -1.4251E-04 -1.0645E-04 -9.9317E-05 -1.1665E-04 -1.5643E-04 -2.1626E-04
525 -1.1196E-04 -8.2567E-05 -7.5605E-05 -8.7169E-05 -1.1521E-04 -1.5769E-04
550 -8.8956E-05 -6.4898E-05 -5.8197E-05 -6.5463E-05 -8.4611E-05 -1.1328E-04
575 -7.1484E-05 -5.1715E-05 -4.5315E-05 -4.9473E-05 -6.2029E-05 -8.0516E-05
6.00 -5.8212E-05 -4.1754E-05 -3.5682E-05 -3.7631E-05 -4.5473E-05 -5.6682E-05
6.50 -3.9969E-05 -2.8167E-05 -2.2802E-05 -2.2151E-05 -2.4397E-05 -2.7096E-05
7.00 -2.8556E-05 -1.9782E-05 -1.5112E-05 -1.3292E-05 -1.2856E-05 -1.1777E-05
7.50 -2.1078E-05 -1.4366E-05 -1.0344E-05 ©  -8.0889E-06 -6.4522E-06 -3.8665E-06
8.00 -1.5907E-05 -1.0654E-05 -7.2106E-06 -4.8871E-06 -2.7969E-06 2.3981E-07
8.50 -1.2295E-05 -8.1078E-06 -5.1634E-06 -2.9457E-06 -1.7291E-07 2.2359E-06
9.00 -9.6704E-06 -6.2855E-06 -3.7669E-06 -1.7278E-06 3.5171E-07 3.1308E-06
10.00 -6.2404E-06 -3.9700E-06 -2.0700E-06 -5.4000E-07 1.1800E-06 3.4300E-06
11.00 -4.2106E-06 -2.9445E-06 -1.2249E-06 5.2394E-08 1.4082E-06 3.0464E-06
12.00 -2.9418E-06 -1.7778E-06 -1.3975E-07 2.5166E-07 1.3033E-06 2.1274E-05
13.00 -2.1134E-06 -1.2503E-06 -4.5634E-07 3.1595E-07 1.1321E-06 2.5313E-06
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Table A.2, continued

R (A)

0 =134° 146° 156° 167°
2.50 6.0742E-02 1.2118E-01 3.0792E-01 1.3051E+00
2.75 3.2240E-02 7.6320E-02 2.1825E-01 7.4308E-01
3.00 1.6179E-02 4.5496E-02 1.4672E-01 4.5363E-01
3.25 7.4839E-03 2.5385E-02 9.1988E-02 2.9730E-01
3.50 3.0121E-03 1.3068E-02 5.3231E-02 1.8848E-01
3.75 8.6899E-04 6.0744E-03 2.8417E-02 1.0562E-01
4.00 -5.1147E-05 2.4204E-03 1.3973E-02 5.3269E-02
4.25 -3.6936E-04 6.8827E-04 6.2738E-03  2.4978E-02
4.50 -4.1803E-04 -2.8427E-05 2.5064E-03 1.1032E-02
4.75 -3.6381E-04 -2.5688E-04 8.2872E-04 4.5897E-03
'5.00 -2.8336E-04 -2.7772E-04 1.6753E-04 1.7930E-03
5.25 -2.0769E-04 -2.2683E-04 -4.4305E-05 6.6251E-04
5.50 -1.4642E-04 -1.6297E-04 -7.9998E-05 2.4342E-04
5.75 ~1.0024E-04 -1.0753E-04 -5.9197E-05 1.0585E-04
6.00 -6.6737E-05 -6.5513E-05 -2.8550E-05 6.9541E-05
6.50 -2.6400E-05 -1.5786E-05 1.4271E-05 6.5168E-05
7.00 -7.0637E-06 5.5335E-06 3.0139E-05 6.3192E-05
7.50 1.8497E-06 1.3370E-05 3.2349E-05 5.4898E-05
8.00 5.7540E-06 1.5385E-05 2.9626E-05 4.5200E-05
8.50 7.1386E-06 1.4917E-05 2.5544E-05 3.6446E-05
9.00 7.3379E-06 1.3547E-05 2.1513E-05 2.9283E-05
10.00 6.4500E-06 1.0350E-05 1.4960E-05 1.9170E-05
11.00 5.1373E-06 7.7211E-06 1.0539E-05 1.2948E-05
12.00 4.0195E-06 5.7549E-06 7.5540E-06 9.0321E-06
13.00 3.1359E-06 4.3382E-06 5.5350E-06 6.4877E-06
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Table A.3 Ab initio single point energies (F;) in Hartree of the out-of-plane orientation of
H, — HCCCN potential energy surface, calculated at CCSD(T) level of theory with aug-
cc-pVTZ basis sets supplemented with bond functions (a: sp 0.9, 0.3, 0.1; d 0.3, 0.2; fg

0.3).

R(A) 9=2° 13° 24° 35° 46° 57°
2.50 2.0821E-01 1.0946E-01 47871E-02  1.9786E-02
2.75 1.4411E-01 62787E-02  24557E-02  9.1329E-03
3.00 8.7241E-02  3.3704E-02 1.1865E-02  3.8167E-03
325 4.6936E-02 1.6890E-02  53100E-03  1.3348E-03
3.50 23126B-02  7.8615E-03  2.1180E-03  2.7157E-04
3.75 1.0578E-02  33411E-03  6.7051E-04  -1.2454E-04
4.00 4.4753E-03 1.2360E-03 7.7310E-05  -2.3011E-04
425 4.1321E-03  1.7055E-03 3357SE-04  -1.2523E-04  -2.2294E-04
4.50 1.5180E-03  53655E-04  -44367E-06  -1.6497E-04  -1.8114E-04
475  74401E-04  4.6542E-04  89695E-05  -1.0431E-04  -14574E-04  -13593E-04
500  1.8110E-04  7.9155E-05  -53403E-05  -1.1162E-04  -1.1196E-04  -9.7743E-05
525 -54014E-06 -3.9274B-05  -7.9580E-05  -8.9856E-05  -7.9912E-05  -6.8491E-05
550  -4.9404E-05 -5.8838E-05  -6.7235E-05  -63715B-05  -5.4341E-05  -4.7142E-05
575  -45788B-05 -4.7552E-05  -4.6817E-05  -4.1618E-05  -3.5497E-05  -3.1947E-05
600 -3.0787E-05 -3.0691E-05  -2.8642E-05  -2.5156E-05  -2.2200B-05  -2.1270E-05
650 -56764E-06 -5.8204E-06  -5.7385B-06  -5.9364E-06  -6.8547E-06  -8.6494E-06
700  5.9593E-06  5.3613E-06  4.1168E-06  2.2034E-06 1.3525E-08  -2.5713E-06
750  9.8997E-06  9.1999E-06  7.6292E-06  5.4503E-06  2.9638E-06  3.8257E-07
8.00  1.0487B-05  9.8211E-06  7.1698E-06  6.2944E-06  4.0164E-06  1.7065E-06
850  9.7977E-06  9.2215E-06  7.9338E-06  6.1768E-06  42177E-06  2.2383E-06
900  8.7027E-06  8.2174E-06  69712E-06  5.6810B-06  4.0066E-06  2.3731E-06
1000  6.4793E-06  6.1627E-06  5.4444E-06  44441E-06  3.3251B-06  2.1628E-06
1100  4.7348E-06  4.5224E-06  4.0448E-06  3.3713E-06  24293E-06  1.7812E-06
1200 34879E-06  33405E-06  3.0135E-06  2.5484E-06  2.0044E-06  1.3499E-06
13.00  2.5961E-06 _ 13460E-05  2.2755E-06 1.9460E-06 1.5562E-06 _ 1.1304E-06
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Table A.3, continued

R (A) 0=68° 79° 90° 101° 112° 123°

250 8.2769E-03 3.9848E-03 3.2279E-03 5.2241E-03 1.1276E-02 2.5249E-02
2.75 3.1785E-03 1.0438E-03 6.9646E-04 1.7279E-03 4.8543E-03 1.2268E-02
3.00 9.0499E-04 -8.8781E-05 -2.3647E-04 2.5828E-04 1.7684E-03 5.4854E-03
3.25 -2.5983E-06  -4.3126E-04 -4.8947E-04 -2.7503E-04 3.9323E-04 2.1280E-03
3.50 -2.9602E-04  -4.6226E-04 -4.8407E-04 -4.0711E-04 -1.5166E-04 5.7352E-04
3.75 -3.3826E-04  -3.9149E-04 -3.8224E-04 -3.8605E-04 -3.1933E-04 -7.7123E-05
4.00 -2.9316E-04  -3.0270E-04 -3.0806E-04 -3.1945E-04 -3.3070E-04 -3.0085E-04
425 -2.2877E-04  -2.2459E-04 -2.2965E-04 -2.4944E-04 -2.8728E-04 -3.3858E-04
4.50 -1.6988E-04  -1.6372E-04 -1.6925E-04 -1.8998E-04 -2.3241E-04 -3.0549E-04
4.75 -1.2300E-04 ~ -1.1868E-04 -1.2466E-04 -1.4355E-04 -1.8214E-04 -2.5315E-04
5.00 -8.8047E-05  -8.6174E-05 -9.2349E-05 -1.0865E-04 -1.4115E-04 -2.0186E-04
525 -6.2682E-05  -6.2909E-05 -6.9003E-05 -8.2809E-05 -1.0934E-04 -1.5868E-04
5.50 -4.4546E-05  -4.6240E-05 -5.2113E-05 -6.3735E-05 -8.5229E-05 -1.2447E-04
5.75 -3.1664E-05  -3.4247E-05 = -3.9772E-05 -4.9600E-05 -6.6979E-05 -9.8069E-05
6.00 -2.2482E-05  -2.5549E-05 -3.0682E-05 -3.9043E-05 -5.3211E-05 -7.7944E-05
6.50 -1.1217E-05  -1.4543E-05 -1.8817E-05 -2.5008E-05 -3.4726E-05 -5.0762E-05
7.00 -5.3617E-06  -8.3987E-06 -1.1965E-05 -1.6674E-05 -2.3611E-05 -3.4445E-05
7.50 -2.2053E-06  -4.8580E-06 -7.7840E-06 -1.1447E-05 -1.6566E-05 -2.4177E-05
8.00 -5.5482E-07  -2.7575E-06 -5.2220E-06 -8.1181E-06 -1.1992E-05 -1.7525E-05
8.50 3.0880E-07 -1.5859E-06 -3.5796E-06 -5.9044E-06 -8.9090E-06 -1.3037E-05
9.00 7.4673E-07 -8.4393E-07 -2.5009E-06 -4.3909E-06 -6.7618E-06 -9.9196E-06
10.00 1.0134E-06 -1.1211E-07 -1.2749E-06 -2.5640E-06 -4.1079E-06 -6.0526E-06
11.00 9.6693E-07 1.5570E-07 -6.7824E-07 -1.5882E-06 -2.6373E-06 -3.9010E-06
12.00 8.3554E-07 1.7587E-07 -3.6731E-07 -1.0238E-06 -1.7643E-06 -2.6233E-06
13.00 7.3146E-07 2.5857E-07 -1.9666E-07 -6.8213E-07 -1.0331E-06 -1.8237E-06
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Table A.3, continued

R(A) 0=134° 146° 156° 167°

2.50 5.4535E-02 1.0986E-01 2.1715E-01  5.2253E-01
275 2.9041E-02 6.8893E-02 1.7788E-01  4.7235E-01
3.00 1.4656E-02 4.0766E-02 1.2920E-01  4.0341E-01
325 6.8482E-03 22415E-02  8.1532E-02  2.6816E-01
3.50 2.8111E-03 1.1271E-02  4.5673E-02  1.5114E-01
375 8.5505E-04 5.0205E-03  2.3021E-02  7.6334E-02
400  -5.8601E-06 1.8032E-03 1.0350E-02  3.5190E-02
425 -3.2438E-04 30846E-04  3.9417E-03  1.4648E-02
450  -3.9540E-04  -2.8941E-04  1.0154E-03  5.1907E-03
475 -3.6695E-04  -4.6223E-04  -1.5581E-04  1.2204E-03
500  -3.0807B-04  -4.5674E-04  -52261E-04  -2.3843E-04
525 -24736E-04  -39091E-04  -5.6048E-04  -6.4475E-04
550  -1.9524E-04  -3.1527E-04  -4.8671E-04  -6.5735E-04
575 -1.5346E-04  -24816B-04  -3.9089E-04  -5.5235E-04
600  -1.2113B-04  -19402E-04  -3.0449E-04  -4.3288E-04
6.50 -7.7408E-05  -12020E-04  -18223E-04  -2.5212E-04
7.00 -5.1538E-05  -7.7436E-05  -1.1263E-04  -1.4991E-04
750  -3.5618B-05  -5.1970E-05  -7.2994E-05  -9.3868E-05
8.00 -2.5479E-05  -3.6354E-05  -4.9520E-05  -6.1950E-05
850  -1.8745E-05  -2.6230E-05  -34900E-05  -4.2735E-05
900  -14122E-05  -19443E-05  -2.5378E-05  -3.0564E-05
1000  -8.4865E-06  -1.1391E-05  -14442E-05  -1.6978E-05
11.00  -5.4135E-06  -7.1260E-06  -8.8464E-06  -1.0226E-05
1200  -3.6109E-06  -4.6850E-06  -5.7253E-06  -6.5357E-06
13.00  -2.5001B-06  -32045E-06  -3.8696E-06  -4.3759E-06
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Table A.4 4b initio single point energies (E;) in Hartree of the averaged Hy — HCCCN
potential energy surface (equal weighting of the three orientations), calculated at
CCSD(T) level of theory with aug-cc-pVTZ basis sets supplemented with bond functions
(a:50.9,0.3,0.1; 4 0.3, 0.2; fg 0.3).

R(A) 0=2° 13° 24° 35¢ 46° 57°
250 2.4018E-01 1.1683E-01 5.1981E-02 2.1746E-02
2.75 1.5156E-01 6.6261E-02 2.6332E-02 9.9200E-03
3.00 8.9787E-02 3.5231E-02 1.2508E-02 4.0431E-03
3.25 4.8004E-02 1.7386E-02 5.4163E-03 1.3164E-03
3.50 2.3377E-02 7.8467E-03 1.9966E-03 1.6215E-04
3.75 1.0397E-02 3.1127E-03 4.7422E-04 -2.5528E-04
4.00 4.1215E-03  9.4759E-04 -1.2478E-04 -3.5377E-04
4.25 6.2880E-03  1.3226E-03 5.8066E-05 -3.0636E-04 -3.3015E-04
4.50 1.0990E-03  1.9008E-04 -2.4509E-04 -3.1776E-04 -2.7103E-04
4.75 3.2068E-04 8.7798E-05 -2.0018E-04  -3.0300E-04 -2.7138E-04 -2.1030E-04
500 -1.6022E-04 -2.2535E-04 -2.8715E-04  -2.7230E-04 -2.1437E-04 -1.5917E-04
525  -2.7363E-04 -2.7943E-04 -2.6543E-04  -2.1908E-04 ~-1.6350E-04 - -1.1945E-04
550  -2.5881E-04 -2.4726E-04 -2.1482E-04  -1.6800E-04 -1.2297E-04 -8.9685E-05
5.75 -2.0988E-04 -1.9601E-04 -1.6472E-04  -1.2638E-04 -9.2278E-05 ~6.7730E-05
6.00 -1.6054E-04 -1.4870E-04 -1.2365E-04  -9.4654E-05 -6.9563E-05 -5.1594E-05
6.50  -8.9578E-05 -8.2995E-05 -6.9365E-05  -5.3928E-05 -4.0581E-05 -3.0856E-05
7.00  -5.0842E-05 -4.7286E-05 -4.0152E-05  -3.1941E-05 -2.4664E-05 -1.9207E-05
750  -2.9943E-05 -2.8094E-05 -2.4226E-05 -1.9686E-05 -1.5548E-05 -1.2353E-05
8.00  -1.8543E-05 -1.7406E-05 -1.5602E-05  -1.2586E-05 -1.0129E-05 -8.1842E-06
8.50  -1.1808E-05 -1.1197E-05 -9.9006E-06  -8.3143E-06 -6.7989E-06 -5.5747E-06
9.00 -7.7261E-06 -7.4362E-06 -6.6941E-06  -5.6436E-06 -4.6870E-06 -3.8784E-06
10.00  -3.6956E-06 -3.5403E-06 -3.1843E-06 -2.7797E-06 -2.3471E-06 -1.9807E-06
11.00 -1.9064E-06 -1.8306E-06 -1.6716E-06 -1.4674E-06 -1.3107E-06 -1.0705E-06
12.00 -1.0446E-06 -1.0064E-06 -9.2305E-07  -8.1616E-07 -7.0228E-07 -6.2637E-07
13.00 -59517E-07 3.0770E-06  -5.2811E-07  -4.6806E-07 ~4.0270E-07 -3.4545E-07
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Table A4, continued

R (A) 0=168° 79° 90° 101° 112° 123°
2.50 9.3169E-03 4.6764E-03 3.8331E-03 5.9398E-03 1.2441E-02 2.7640E-02
2.75 3.5692E-03 1.3022E-03 9.2711E-04  2.0101E-03 5.3536E-03 1.3415E-02
3.00 1.0013E-03 -1.9820E-05  -1.6703E-04 3.5030E-04 1.9581E-03 6.0082E-03
325 -2.7313E-05  -4.3744E-04  -4.8305E-04 -2.5859E-04 4.5054E-04 2.3542E-03
3.50 -3.6186E-04  -4.9349E-04  -4.9851E-04 -4.1599E-04 -1.4405E-04 6.6778E-04
3.75 -4.1126E-04  -4.2753E-04  -4.1305E-04 -3.9988E-04 -3.2562E-04 -3.6348E-05
4.00 -3.6053E-04  -33623E-04  -3.2524E-04 -3.3114E-04 -3.3715E-04 -2.7835E-04
425 -2.8693E-04  -2.5366E-04  -2.4391E-04 -2.5743E-04 -2.8975E-04 -3.2012E-04
4.50 -2.1891E-04  -1.8822E-04  -1.8052E-04 -1.9458E-04 -2.3072E-04 -2.8642E-04
4.75 -1.6402E-04  -1.3924E-04  -1.3352E-04 -1.4536E-04 -1.7721E-04 -2.3263E-04
5.00 -1.2240E-04  -1.0347E-04  -9.9315E-05 -1.0884E-04 -1.3412E-04 -1.8064E-04
525 -9.1614E-05  -7.7548E-05  -7.4528E-05 -8.1814E-05 -1.0115E-04 -1.3746E-04
5.50 -6.9157E-05  -5.8718E-05  -5.6536E-05 -6.2004E-05 -7.6544E-05 -1.0393E-04
5.75 -5.2590E-05  -4.4953E-05  -4.3351E-05 -4.7448E-05 -5.8249E-05 -7.8643E-05
6.00 -4.0452E-05  -3.4796E-05  -3.3606E-05 -3.6676E-05 -4.4719E-05 -5.9850E-05
6.50 -2.4686E-05  -2.1497E-05  -2.0809E-05 -2.2568E-05 -2.7141E-05 -3.5553E-05
7.00 -1.5648E-05  -1.3765E~05  -1.3360E-05 -1.4401E-05 -1.7093E-05 -2.1935E-05
7.50 -1.0213E-05  -9.0667E-06  -8.8130E-06 -9.4757E-06 -1.1094E-05 -1.3997E-05
8.00 -6.8538E-06  -6.1092E-06  -5.9656E-06 -6.3724E-06 -7.4087E-06 -9.2148E-06
8.50 -4.7185E-06  -4.2425E-06  -4.1362E-06 -4.4046E-06 ~5.0825E-06 -6.2455E-06
9.00 -3.3136E-06  -2.9937E-06  -2.9241E-06 -3.1059E-06 -3.5621E-06 -4.3366E-06
1000 -1.7156E-06  -1.5687E-06  -1.5197E-06 -1.6457E-06 -1.8692E-06 -2.2153E-06
11.00  -93338E-07  -9.6832E-07  -8.3730E-07 -8.8627E-07 -1.0033E-06 -1.1944E-06
1200  -5.2530E-07  -5.0288E-07  -4.7001E-07 -4.9784E-07 -5.6342E-07 5.5791E-06
13.00  -2.8886E-07  -2.7261E-07  -2.6627E-07 -2.8177E-07 -2.5792E-07 -2.2284E-07
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Table A.4, continued

R (A) 0=134° 146° 156° 167°
2.50 5.9864E-02 1.2398E-01 2.8828E-01

2.75 3.1942E-02 7.6804E-02 2.0837E-01

3.00 1.6205E-02 4.5529E-02 1.4609E-01 :

3.25 7.6667E-03 2.5311E-02 9.2150E-02 3.3911E-01
3.50 3.2466E-03 1.2999E-02 5.2245E-02 1.8162E-01
3.75 1.0953E-03 6.0395E-03 2.6960E-02 9.1795E-02
4.00 1.3786E-04 2.4116E-03 1.2667E-02 4.3250E-02
425 -2.2732E-04 6.8641E-04 5.3023E-03 1.8902E-02
4.50 -3.2107E-04 =~ -3.9022E-05 1.8307E-03 7.4947E-03
4.75 -3.0461E-04 -2.8329E-04 3.5534E-04 2.5147E-03
5.00 -2.5320E-04 -3.1986E-04 -1.8139E-04 5.2774E-04
525 -1.9830E-04 -2.8087E-04 -3.1745E-04 -1.5910E-04
5.50 -1.5118E-04 -2.2404E-04 -3.0391E-04 -3.2729E-04
5.75 -1.1404E-04 -1.7126E-04 -2.4783E-04 -3.1418E-04
6.00 -8.5967E-05 -1.2863E-04 -1.8956E-04 -2.5302E-04
6.50 -4.9698E-05 -7.2240E-05 -1.0457E-04 -1.4040E-04
7.00 -2.9810E-05 -4.1803E-05 -5.8188E-05 ~7.5733E-05
7.50 -1.8570E-05 -2.5205E-05 -3.3818E-05 -4.2510E-05
8.00 -1.1989E-05 -1.5867E-05 -2.0628E-05 -2.5181E-05
8.50 -7.9925E-06 -1.0358E-05 -1.3145E-05 -1.5689E-05
9.00 -5.4727E-06 -6.9745E-06 -8.6863E-06 -1.0196E-05
10.00 -2.7254E-06 -3.4114E-06 -4 1397E-06 -4.7383E-06
11.00 -1.4597E-06 -1.7839E-06 -2.1244E-06 -2.4053E-06
12.00 -8.1043E-07 -9.8059E-07 -1.1544E-06 -1.2943E-06
13.00 -4.6238E-07 -5.5551E-07 -6.4986E-07 ~7.2456E-07
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Appendix B

Table B.1 Rotational energy levels of orthoH,—HCCCN in the ground vibrational state

(cm™), for the potential energy surfaces corresponding to the parallel, perpendicular, and
out-of-plane orientations, and the rotational energy levels determined for the parallel

orientation surface when it is scaled by lengthening the van der Waals bond by 0.1

0.15 A. Radial basis sets of 150 tri-diagonal Morse functions and angular basis sets of 150

Legendre polynomials were sufficient for convergence to within 0.0002 cm™ for all
calculated rotational energy transitions. The eigenvalues and eigenvectors of the
Hamiltonian matrix were obtained using 3000 Lanczos iterations.

orthoH; - HCCCN

Jxake Parallel Parallel Parallel Perpendicular Out-of-plane
R+0.10 A R+0.154 :
0go -85.70769 -86.21954 -86.44925 -116.3158 -94.40422
lo: -85.43226 -85.94534 -86.17568 -116.1093 -94.20757
1, -84.84688 -85.39907 -85.64794 -98.64136 -75.42432
lio -84.81888 -85.36991 -85.61820 -98.63822 -75.42122
20 -84.88236 -85.39807 -85.62975 -115.6962 -93.81427
212 -84.32440 -84.88022 -85.13093 -98.22624 -75.02696
21 -84.24042 -84.79275 -85.04170 -98.21682 -75.01767
303 -84.05995 -84.58000 -84.81390
313 -83.54129 -84.10263 -84.35615
312 -83.37335 -83.92772 -84.17718

A and
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Table B.2 Rotational energy levels of orthoH,~HCCC"’N and orthoH, - DCCCN in the

ground vibrational state (cm™), for the potential energy surfaces corresponding to the
parallel orientation when it is scaled by lengthening the van der Waals bond by 0.15 A.
Radial basis sets of 150 tri-diagonal Morse functions and angular basis sets of 150
Legendre polynomials were sufficient for convergence to within 0.0002 cm™ for all
calculated rotational energy transitions. The eigenvalues and eigenvectors of the
Hamiltonian matrix were obtained using 3000 Lanczos iterations.

orthoH, — orthoH,; -
HCCCPN DCCCN
Jxake Parallel Parallel

R+0.15A R+0.15A
00 -86.72724 -86.81372
Lot -86.46002 -86.55899
1 -85.94723 -86.03892
1o -85.91811 -86.01241
202 -85.92677 -86.05051
242 -85.44227 -85.55630
21 -85.35491 -85.47677
303 -85.12991 -85.29025
313 -84.68556 -84.83297
31 -84.51087 -84.67393
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Table B.3 Rotational energy levels of paraH,~HCCCN in the ground vibrational state
(cm™), for the averaged potential energy surface (equal weighting all three orientations), and
the rotational energy levels determined for the parallel orientation surface when it is scaled
by shortening the van der Waals bond by 0.1 A and 0.15 A. Radial basis sets of 150 tri-
diagonal Morse functions and angular basis sets of 150 Legendre polynomials were
sufficient for convergence to within 0.0002 cm™ for all calculated rotational energy
transitions. The eigenvalues and eigenvectors of the Hamiltonian matrix were obtained
using 3000 Lanczos iterations.

paraH, - HCCCN

Jxake Averaged Averaged Averaged
R-0.10 A R-0.15A

000 -57.84563 -57.54157 -57.33015
1o1 -57.57077 -57.26554 -57.05349
1y -57.06112 -56.71927 -56.48842
110 -57.02879 -56.68811 -56.45782
202 -57.02251 -56.71463 -56.50134
212 -56.54478 -56.19934 -55.96681
211 -56.44778 -56.10588 -55.87502
303 -56.20377 -55.89148 -55.67608
35 -55.77107 -55.18503
312 -55.57716 -55.00154
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Table B.4 Rotational energy levels of paraH,~HCCC"N and paraH, - DCCCN in the
ground vibrational state (cm ), for the averaged potential energy surface (equal weli?tmg all
three orientations) when it is scaled by shortening the van der Waals bond by 0.15

Radial basis sets of 150 tri-diagonal Morse functions and angular basis sets of 150
Legendre polynomials were sufficient for convergence to within 0.0002 cm™ for all
calculated rotational energy transitions. The eigenvalues and eigenvectors of the
Hamiltonian matrix were obtained using 3000 Lanczos iterations.

paraH; — parat, -

HCCC"”N DCCCN

Jxake Averaged Averaged
R-0.15A R-0.15A

000 -57.36837 -57.41860
Inm -57.09758 -57.16062
1 -56.52947 -56.58488
1o -56.50011 -56.55820
202 -56.55706 -56.64554
212 -56.01829 -56.09659
21 -55.93024 -56.01654
30 -55.74901 -55.87515
353 -55.25213 -55.36462
312 -55.07610 -55.20458
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