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Abstract 

The weakly bound (H2)w- OCS (N= 1 - 7) and (YL2)N- 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 14N (I = 1), D (I = 1) and 33S (I = 3/2) nuclei. The spin-spin hyperfine 

patterns due to or/Zzo-hydrogen molecules were measured and assigned. 

For the orthoYlz -OCS and orthoRi - HCCCN complexes, both a- and 6-type 

transitions were observed and assigned to a distortable rotor model. For theparaFk -

OCS aadparaH.2 - 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 H2 - 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 (orthoKi - HCCCN) as well as for the averaged potential (paraYii -

HCCCN). Both potentials were scaled and the agreement with the experimental 

transition frequencies improved. 

For most larger clusters (JV= 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/?araH2 clusters, pure orthoR.2 clusters, or mixed clusters with a 

combination 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 orthoHz 

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.1 The lower energy radio frequency 

region (3 MHz - 3 GHz) induces nuclear 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 energies 

sufficient for excitation of rotational transitions in molecules and also for electron spin 

flips (electron spin resonance (ESR)). Infrared light (100 - 13,000 cm"1 = 3 x 103 - 3.9 x 

105 GHz) excites the vibrational motions in molecules. The valence electron transitions 

in molecules are accessed by use of visible and ultraviolet (UV) radiation (10,000 - 100 

A = 3 x l 0 5 - 3 x l 0 7 GHz). High energy x-ray wavelengths (100 - 0.1 A = 3 x 107 - 3 x 

1010 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 excitation, 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 

1 



permanent dipole moment. Microwave radiation exerts a torque on a molecule with a 

dipole moment which causes it to rotate.2'3 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.2,3 

High resolution microwave and infrared spectroscopy have been used to study 

van der Waals clusters containing helium atoms.4"6 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.7'8 Bulk helium is a superfluid when its temperature is dropped below 2.17 K 

(its ^.-temperature, the transition temperature between normal fluid and superfluid 4He). 

Above the X-temperature, liquid helium acts as an ordinary fluid, named the He I phase.9 

When liquid helium is cooled to below its X-temperature, it undergoes a phase transition 

to a superfluid (He II phase), which is unlike a classical fluid.9 To explain the properties 

of superfluid helium a two-fluid model was proposed.10"12 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. Due to the bosonic nature, 

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

2 



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: OCS,14"17 CO,18 

C02,
19,20 HCN,21'22 HCCCN,22"24 and NzO.19 The spectra obtained from infrared studies 

of chromophores such as with OCS in 4He nanodroplets can show sharp, rotationally 

resolved spectral features like those expected in gas-phase spectroscopic studies.14 Sharp 

spectral features suggest near free rotation of the OCS dopant within the droplet, which 

has been attributed to the superfluid nature of the nanodroplets. The effective moment of 

inertia of an OCS molecule embedded in a 4He droplet is higher than that of the free 

molecule by a factor of 2.7.14 Grebenev et al. proposed that the two-fluid nature of a 

superfluid could explain the experimental results. The superfluid density allowed the 
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OCS molecule to rotate freely, 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."14 The superfluid nature of 4He 

nanodroplets has been supported by the observation of broader transitions in 3He 

nanodroplets. The temperature of the 3He droplets is not low enough to have superfluid 

behavior, since the X-temperature of 3He is 2.6 mK, significantly lower than in 4He (2.17 

K).15 Studies were then carried out to determine if a specific number of 4He atoms 

around a chromophore in a larger 3He nanodroplet was needed to show these 

characteristic sharp spectral features. Sharp gas phase-like spectral features appeared for 

~ 60 4He atoms around an OCS molecule in a 3He nanodroplet.5 Thus, the authors 

suggested that a minimum of 60 4He 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.4"6*25 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 temperature.5,6'26 In 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 correspondingly the 
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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 (He*- OCS,4'6'25'27"29 He#- C02,30 He*- HCCCN,5'31 

He*- CO,32"37 and He*- NzO38"40). 

This discussion will focus on two particular doped helium cluster systems: He^ -

OCS and He^- HCCCN. Both systems have been extensively studied via rotational 

spectroscopy.5'6'31 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 He^ -

OCS.4'14"17'25'28'29 Even 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 Heiv-OCS clusters studied via microwave6 and infrared4 

spectroscopy show the feasibility of studying helium clusters by successive solvation one 

helium atom at a time. Larger clusters are generated by molecular 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 

5 



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 study4 and the isotope shifts obtained in the 

microwave study6 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 He6 - OCS cluster was below the 

one obtained in the nanodroplet studies with OCS.14 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 microwave4'6 or infrared25 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 He^ -

OCS clusters with up to N~ 70 helium atoms were resolved.27'28 Complementary to this 

study, rotational spectra of He^- OCS clusters up to N~ 39 were measured.27'28 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.27'28 

The He#Htnolecule cluster studies were extended to other dopants to observe the 

onset of superfluidity as the molecules are solvated with helium atoms. Cyanoacetylene 
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(HCCCN) was studied as a dopant in nanodroplets, ' ' ' and was a promising dopant 

for microwave studies. An additional motivation for studying He#- 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.5 The study of cyanoacetylene doped 

helium clusters show that the onset of superfluidity occurs at N= 10.5 The length of the 

rotor delayed the onset of superfluidity in the cluster compared to the He#- OCS 

clusters. 

Several groups have studied rotational and rovibrational properties of small to 

medium sized He#— molecule clusters theoretically using different Quantum Monte 

Carlo (QMC) methods. Examples include He* - OCS,43"45 He* - N20,46"48 He* - C02,30 

and He^- HCCCN.5 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 et al. with He^- OCS. The first studies49"51 

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 He^r- OCS (N- 2-8),4'6,25 where the rotational constant of the clusters dipped 

below the nanodroplet value, Whaley et al. revisited their potential energy surface and 

calculations. Their new theoretical results44'52 were able to reproduce the experimental 

data for N= 2-8 and predicted the rotational constants for larger clusters (up to JV= 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 
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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.5,43'46 For 

example, the theoretical studies of cyanoacetylene doped helium clusters by Moroni et al 

(He#- HCCCN; N= 1-31) reproduce the experimentally observed turn-around in the 

rotational constants, as well as the broad oscillations for the larger clusters.5 

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.7"9 Hydrogen 

molecules (Hz) 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,53"57 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 Vi and the combination of two hydrogen atoms to form the 

hydrogen molecule gives rise to two spin isomers: para-hydrogen {Itotai - 0) and ortho-

hydrogen {Itotai — 1)- Para-hydrogen corresponds to a nuclear singlet state and is a 

spinless boson like the 4He atom. Some studies have suggested that para-hydrogen 

would be the best candidate for superfluidity.55,58 The ^.-temperature for para-hydrogen 
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has been estimated from the Bose-Einstein condensation temperature to be ~6 K. All 

other forms of the hydrogen molecule (prthoYiz, paraD2, orthoD?) are expected to have 

the transition occur at lower temperatures because of the degeneracy of their lowest 

energy level.55 Therefore, /wra-hydrogen clusters are good candidates to show superfluid 

behavior in hydrogen molecules. 

Grebenev et al. investigated (paraH2)N- OCS clusters (N= 1-8, 14-16)58"61 in 4He 

and mixed 4He/3He nanodroplets. For the larger 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 4He nanodroplets) to 0.15 K (in mixed 4He/3He nanodroplets). The 

disappearance of the Q-branch feature is associated with a vanishing of the angular 

momentum around the symmetry axis. When the transition to a superfluid occurs, both 

the effective moment of inertia and the angular momentum vanish.60 The disappearance 

of the Q-branch in (paraH2)i4-i6 - OCS has been attributed to the onset of superfluidity in 

paraR2. 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.59 

To remove any matrix effects, it is best to study the doped hydrogen clusters in 

molecular expansions where the clusters are so-called 'bare', that is without any 

surrounding helium droplet. Infrared gas-phase studies have been done for the H2 - OCS 

dimer26 and larger (HI)N- OCS (N= 2-7) bare clusters.62 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 atN= 5-7. This change of slope corresponds to 

the sixth and seventh hydrogen molecules occupying a different position (near the O end) 
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compared to the ring formed by the first five hydrogen molecules about the waist of the 

OCS molecule. This is consistent with the results of Hew- OCS. For N = 1-7, the 

infrared study provided rotational constants to guide the spectral search for (H2)iv- 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.63'64 

In the first report, they measured the a-type rotational transitions of five hydrogen - OCS 

(orthoHi, paraHz, orthdDi, paraD2 and HD) complexes.63 Nuclear hyperfine structure 

was observed for all complexes except paraHz - OCS, where I(para¥L2)tou.\ = 0 and no 

nuclear hyperfine structure is expected. To complete this study, the microwave spectra of 

the minor OCS isotopologues of paraRi - OCS and orthdKi - 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 study 

would provide a means to test and improve PESs for the Efc - OCS system. The 

observation of the hydrogen - OCS dimer in the microwave region, as well as the 

previously mentioned gas-phase infrared studies,26'62 encouraged studies of larger 

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 hydrogen molecules. The 

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

direct observation of superfluidity involving para-hydrogen molecules. In this thesis, I 
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report the study of (Hb)^- OCS (N= 2-7) clusters containing orthoRi and paraH.2 

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 orthoYli and/>araH2 molecules, some 

of which were also detected in the infrared study, were observed and have aided the 

assignment of the pure orthoH.2 or pure parallz 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.62 

Theoretical investigations of H2 - molecule systems, such as H2 - OCS, are 

complicated by the spin isomers of the hydrogen molecules and the dependence on the 

orientation of the orthoKi molecule with respect to the molecule. Potential energy 

surface calculations have been performed for the H2 - OCS system where three extreme 

orientations of the hydrogen molecule with OCS have been investigated.65'66 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-shaped configuration. They are defined as 

parallel, perpendicular and out-of-plane. Bound state rotational energy levels supported 

by the potential have been determined for orthoHz - OCS and pardRj. - 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.65'66 

QMC studies have also been performed on the (pardRi)N - OCS system by 

Whaley and co-workers.67"71 The rotational constants obtained in the studies show a 

11 



smooth decrease as more hydrogen molecules are added up to N= 8. These results 

agree with the rotational constants obtained from the infrared results up to N = 7.62 For 

larger clusters (up toN= 20),67 the vibrational shifts were calculated and showed 

reasonable agreement with infrared results up to N= 7.62 The theoretical values were 

slightly above the experimental values for N = 6 and 7. From the chemical potentials of 

the (pH2)ff- OCS clusters, three 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 iV= 8, therefore it can not be 

known whether a turn-around was predicted. Diffusion Monte Carlo (DMC) calculations 

of (pKb)//- OCS clusters (up to N= 30) have been performed by Piccarreta and 

Gianturco to determine the structural parameters of the clusters.72 The first five 

molecules formed a ring around the OCS molecule. Further molecules added to either 

side of the dopant species.72 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 (H2)JV - HCCCN system. No previous experimental or theoretical 

results were available for the (KbV - HCCCN system and this thesis presents the 

rotational spectra of clusters up to N= 6. Potential energy surface calculations of three 

orientations of the H2 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 H2 - 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 H2 - HCCCN potential energy surface are given in Appendix A found at the end 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 and 

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.1,2 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. Kpara* 

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 and 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/?ara-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.3 The approximation allows for the 

electronic and nuclear components of the total Hamiltonian of the molecule, Hmal, to be 

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: 

"total = " t r a n s + " d e c + **vib + "rot l ~ - * J 

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, xp , and eigenvalues, E, written as: 

%o,a! =*P'trantt' elett' vtb^P' ro, t2-2] 

and: 

E,otal = Etrcms + Eelec + Kib + Erot • t2-3] 

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 
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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: 

H = Hrot + ^distortion + ^hyperfine [2-4] 

where Hdistortionand Hhyperfine are 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: 

Hrot=BJ2
a+BbJl + BcJ

2
c [2.5] 

where Jg and Bg are the rotational angular momentum operators and the rotational 

constants, respectively, along the g- principal inertial axes (a, b, or c). The rotational 

constants, Ba = A,Bb & B, and Bc = C, are given by Bg = fr2/2Ig, where Ig are the 

moments of inertia along the principal inertial axes. By convention, the principal inertial 

axes are chosen so that the rotational constants follow: A>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 A-B> 

C, the molecule is classified as a symmetric oblate top; when A > 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 AT 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 AT̂  

0,±1,±2, . . . , i / . 

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

{JK\Hrot\JK) = AK2
 + ^[J(J +1) - K2] [2.6] 

and: 

(JK ± 2\HjJK) = *j£[j(J +1) - * ( * ± l ) f [/(/ +1)-(K± l)(K * 2 ) f [2.7] 

where A, B, and C are the rotational constants of the molecule as described earlier. The 

rotational 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 A>B>C. For asymmetric top 

molecules like many doped hydrogen molecule complexes, K is no longer a good 

quantum number and JKOKC labels the energy levels where Ka and Kc are the prolate and 

oblate limits for the value of A!, 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,1'2 therefore only the main results will be presented here. The probability of a 
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rotational transition occurring between energy levels m (= X, K.\\ KC) and n (= J, K.\, 

K\) is given by: 

P m ^ = P ( v _ „ K _ [2.9] 

where p(vm_,n) is the density of the radiation at the transition frequency vm_n and Bm^n 

is a "rate constant," known as the Einstein B coefficient.4 Bm_>n, is given by: 

where the fiF 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 principal axis system (g = a, b, 

c). 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: 

(n\fxP\m)^g(
n\^s\m) P- 1 1 ! 

g 

where g = a, b, c are the principal inertial axes of the molecule and Ofg 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 A/ = 0, ±1. The selection rules for Ka and 

Kc can be reasoned using group theory. The wavefunctions of asymmetric rotors can be 

classified according to the irreducible representation D2, the character table for which is 

given in Table 2.1. 
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Table 2.1: Character table for the D2 point group 

A 

Ba 

Bb 

Bc 

E 

1 

1 

1 

1 

C 

1 

1 

-1 

-1 

cb 

1 

-1 

1 

-1 

cc 

1 

-1 

-1 

1 

Ka 

e 

e 

o 

0 

Kc 

e 

o 

o 

e 

*« 

* * 

* a 

*Zc 

The allowed transitions are those for which (n|^tz|m) * 0 and which are symmetric with 

respect to all operations of D2. Since \xz can be separated as: 

(n\nz\m) = p^nfi^m)* fib(nlfS>a\m) + ^{np^m), [2.12] 

transitions can occur when ng is non-zero and when (n|3>2(,|m) is totally symmetric. 

Table 2.2 summarizes the allowed transitions. 

Table 2.2: Selection rules for rotational transitions 

a-type; fia * 0 

6-type; nb * 0 

c-type; \ic * 0 

A*. 

even; 0, ±2,.. . 

odd;±l,±3,.. . 

odd;±l,±3,.. . 

A*c 

odd;±l,±3,. . . 

odd;±l,±3,. . . 

even; 0, ±2, ... 

For the studies in this thesis, the largest dipole moment component is along the a-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 in this thesis, is given by the 

Watson's A-reduction:5 

Hrx-B'wjl + B'MJI+.B'WJI [2.13] 

Hdistorlion - - A , / 4 - AJKJ2J2
Z - AKJ; - Ttffi - )l) - 8K[ji{ji - fy+[Ji - jfyt]+... 

[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: 

fj = H + ff + FT f?151 
hyperfine quadrupole spin-spin spin-rotation L^"lsJJ 

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. The 

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.2 

— HCCCN (the orthoE.2 spin-spin interaction and the 14N nuclear quadrupole coupling 

interaction) or (oH2)2-OCS (the spin-spin interaction of each of the two orthoW.2 

molecules), can be expressed in two manners: 

i. The 'parallel' scheme is most appropriate when the molecule has two 

equivalent coupling nuclei and is expressed as: Ii + I2 - 1 ; I + J = F; 

ii. The 'series' coupling scheme is used for molecules which contain two non-

equivalent coupling nuclei and is expressed as: Ii + J = Fi; I2 + Fi = F. 

Here, Ii, I2 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,6 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, I, greater than lA has a 

nonspherical distribution of nuclear charge giving rise to a non-zero nuclear electric 

quadrupole moment, eQ. The nuclear electric quadrupole moment produces a 

nonspherical electric 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, I, is coupled to the 

molecular rotation angular momentum, / , 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,7 Edmonds,8 Gordy and Cook,1 Cook and de 

Lucia,9 and Slichter.10 The important results will be given in this section. 

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

tensors: 

HQuad.=V-Q [2.16] 

where V 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.1'2 

The nuclear quadrupole coupling constants, ^Q^q^qA, 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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«2fi(^)-«W0\-(*L)x-+K)^+K)z«+2(*a*a)x* +. 

where (<E>Zs<I>z ) are the expectation values of the product of the direction cosines and the 

% , = e
2Q . are the nuclear quadrupole coupling constants in the principal inertial axis 

** dgdg 

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

the diagonalization program, SPFIT.6 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 dopant 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: 
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X „ - | x o ( 3 c o s 2 0 8 - l ) [2.18] 

and: 

^ = ^ o ( 3 s i n 2 0 f l - l ) [2.19] 

where Xo *s m e quadrupole coupling constant of the isolated chromophore molecule. 

The angle, 6a, 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: 

/>ara-hydrogen QH2 = 0; nuclear singlet state) and ortho-hydrogen {h2 = 1; nuclear triplet 

state). At room temperature and in equilibrium, a hydrogen gas sample consists of 75% 

ort/w-hydrogen molecules and 25%/?ara-hydrogen molecules. In spectroscopy, 

especially in the microwave region, complexes and clusters containing ort/zo-hydrogen 

molecules can be differentiated from those containing only/jara-hydrogen by the nuclear 

triplet state of the orthoU.2 molecule. Nuclear spin-spin interactions in o/t/zo-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 rki. 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. Since two electron spins in a triplet state (like in an ortfio-hydrogen 

molecule) must be parallel to one another, the electron of the second atom will align itself 

antiparallel to the nuclear 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.11"13 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:14 

2a 

Espin.spin-1^f{U,F) [2.20] 

where: 

« ,« - : ^ {A J ' h ^hr^ ) - ^ \ tun 
and f(l,J,F) is the Casimir function, m is the distance between the 1th and k& nuclei 

involved in the interaction, juw is the nuclear magneton and gN is the nuclear g factor of 

the protons. The a, fi, 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. \Jl), {^), and 
Uyj 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 

orthoYii molecule and by assuming a2 = 1 and jS2 = y2 = 0, giving Saa from Saa ~ 

a = f——. The tensor spin-spin coupling constants can then be fit to the 
r 

spectroscopic data allowing for non-zero (?and /terms corresponding to Sbb and Scc, 

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.1,2 The 

Hamiltonian describing this interaction is given by: 

"spin-rotation = ^ J,KaKc I" J [2.22] 

where CJK K is the rotational state dependent spin-rotation coupling constant. The spin-

rotation coupling constant that is independent of the rotational state (Cgg) is given by: 

Cgs=-g,HNhgg [2.23] 

where gj is the nuclear g-factor and hgg 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.2 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.1 

2.6 Molecular structure 

The spectroscopically obtained rotational constants are inversely proportional to 

the principal moments of inertia, Igg, 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 rotational 

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:15"17 

_ |cncO'7nl w2 chromophore 
i? = J 505379 

H2 chromophore B b 
[2.24] 
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. _. b\A-BV^ r „ „ r i 

sin0 = [2.25] 
A[b-B\ L J 

where MHi is the mass of the H2 molecule, Mchromophore is the mass of the chromophore, A 

and B are the rotational constants (in MHz) of the H2 - 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 (rs 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.18 An 

iterative program, MWSTR1, was used in this thesis to obtain the rs structure of the 

complexes.19'20 

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:2 

Ao = Ic0-Ia°-h0 [2.26] 

where Ao is the inertial defect and Ia°, h°, and Ic° 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 (JV> 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.21 

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.22"24 

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.25 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 Schrodinger theory in a density matrix 

formalism is an appropriate description. The time-dependent Hamiltonian is:2829 

H(t) = H0+H{l\t) [2.27] 

34 



where H0 = Hrol, the time-independent rotational Hamiltonian and H^l)(t) is a 

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

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

H{l)(t) = -fiE0coscot [2.28] 

where /2 is the dipole moment operator and E0 cos cot expresses the time-dependent 

electric field. a> is the angular frequency and not necessarily resonant with the rotational 

transition frequency. The space (q) and time (/) dependent wave functions for a two-level 

system are: 

WfoO-QCW.C'rt + CjCO^fo) [2.29] 

where C,(0 and C2{t) are time-dependent coefficients. The functions */>,(#) andi/>2(g) 

are solutions of: 

HjPAfi-E&M)- [2-30] 

The rotational transition between these levels occurs at col2 = (E2- E^jfi. The matrix 

elements for the full Hamiltonian are: 

Hn = Ev H22 = E2 and H12 - H2l = -nEacoscot [2.31] 

with jw = J \px(xi\>2dr. The elements of the density matrix p(t) for the same system are 

given by: 

i N 

••-yc: 
N^ m 

P^-^Cm(t)Cn{t) m,n = l,2 [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: 

P - - { ^ | - | c . ( / ) | - | c - ( / ) | } - { ^ ^ f r . ( 0 - r . ( 0 ) i [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 p., (ju), can be 

calculated in terms of the density matrix using the following equation: 

{fi) = Tr{p- p) = ̂ [ ^ ( 0 + /MO] [2.34] 

where Tr is the trace of the matrix. The macroscopic polarization, P, of the entire 

ensemble of iV molecules is given by: 

P = N-Tr{vp} = N-lxab[Pab(t) + pba{t)\ [2.35] 

The necessary time-dependent density matrix elements, p^it) and pba(t), can be 

obtained from the following relationship: 

ih?£ = [H,p]~Hp-pH 

Jh!!Ej -Vab{pba-Pab)£0c°<mt) ~pAEb ~ Ea) ~ Pab(Pbb ~ PaaYo^Mtf 

M \Pba {Eb - E a ) ~ Vab {Paa ~ Pbb K ^ ^ ^ -PayPal, ~ Pba K COS((Hf) 

[2.36] 

where H is the matrix representation of the Hamiltonian (equation [2.27]) in the i/>, (#) 

basis. The Rabi frequency is defined as x = E0fj,/h. The [Eb - Ea)/ti can be simplified 

as co0 and the matrix elements can be simplified by recognizing that pab = p*ba: 

dp_( ix{pba-Pab)cos(cot) -ipa6«>0 + «(p66-P0«)cos(coON| 
dt \-ipab<0o-ix{pbb-pm)cx)s{(at) -ix(pba-p^cosicot) j 
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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 a>: 

Pab = Pabe 

Pba = Pbae 

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

U = Pba+Pab 
v = Kpba-pab) r o a m 

1^-^J 
« ' = P M - Pbb 
S = Paa+Pbb 

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(t0) = v(t0) = 0, the population difference is 

w(t0) = &N0. It is assumed, that a near-resonant, strong, short excitation pulse is used, 

such that jc))Aft). In this case, AGO can be neglected to give: 

dujdt = 0 
dv/dt = -xw. [2.40] 

dw/dt = xw 

The solutions to the differential equations are: 
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"(0 = u{t0) = 0 

v(t) = -AiVosin(jc0. [2.41] 

w(t) = AN0cos(xt) 

These show an oscillation of v{t) and w(t) between AiV0 and - &N0 with the Rabi 

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

/ E ut / 
length of xt = K/L = and describes the condition for a so-called n/L pulse. The 

population difference is 'transferred' into polarization. 

For the discussion of the observation period, it will be assumed that a n/C 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 = E0 = 0, and the 

equations become: 

du/dt = -Act) • v 

dvjdt = Act) • u [2.42] 

dwjdt = Q 

With maximum polarization transfer from the n/i pulse, u(rc/2x) = 0, v(n/2x) = -AN0, and 

W(JI/2X)=0, the solutions are: 

u(t') = -AN0cos(AcoO 

v(f) - -AWosin(A(w0 [2.43] 

w(t') = 0 

where t' = t- n/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 = Nnab \u(t) cos(cot) - v(t) sin(co0] [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 off and is 90° out-of-phase. 

The solutions of equations [2.43] are inserted into equation [2.44] to determine 

the polarization: 

P - AN0[xab sinO*')sin(co12/). [2.45] 

The polarization oscillates with the rotational transition frequency <w12; it is proportional 

to fi and the initial population difference AN0. 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,31'32 but will be given in brief here. Our spectrometer follows 

the design by Balle and Flygare.30 The sample cell consists of a Fabry-Perot microwave 

resonator contained in a vacuum chamber. The vacuum is maintained by a diffusion 

pump with a pumping speed of 2000 L s"1 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 

39 



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 ~l-5% hydrogen or enrichedpara-

hydrogen gas in helium backing gas. For the study of some or^o-hydrogen - molecule 

dimers, neon was used as a backing gas and an increase in signal intensity was observed 

consistent with the results of Klemperer et al.l5'i6 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.33 In a neon expansion, 

signals due to para-Yiz 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 

40 



density of atoms in the jet decreases, the expansion provides a collision-free environment 

where the clusters are free from interference with other species.34 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.34"39 

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. 

41 



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 the 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,31'40 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 TC/2 pulse. A high power DR source (> -300 uW), like the powers used in our 

experiments, will cause decoherence of the emission signal.31'40 This is illustrated for a 

connected a-type and a 6-type transitions oforthoHz - HCCC15N 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 or/Ao-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.41 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 achieve 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.42 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 {{Eb-Ea)IK) is 
destroyed when the pump radiation corresponds to the transition frequency of a 
connected transition ((Ec-Eb)lh). 

45 



1f780 1S78S IS?«J mm 

Frequency of pump radiation (MHz) 
t§m 

m¥f^4 

2372Q 2312S 23730 23735 

Frequency of pump radiation (MHz} 

23740 

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 
orthoUt - HCCC15N JKOKC = loi - Ooo rotational transition was destroyed when the 
frequencies of two connected transitions were pumped, (a) The pump radiation was 
swept through the frequency region where JK0KC

 =
 2<K - loi transition was predicted, (b) 

The pump radiation was swept through the frequency region where the JKOKC = 1 n - OOO 

transition was predicted. 
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To safnple system 
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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 H2 - 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 orthoil2 - OCS andparaH2 — OCS dimers will lay 

the foundation for the study of larger (H2V - 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 initio 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 type1 pulsed-jet Fourier 

transform microwave spectrometer and a microwave-microwave double resonance 

spectrometer2'3 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 ort/zo-hydrogen 

dimers with OCS was neon or helium, while studies of/?ara-hydrogen dimers with OCS 

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

* A version of this chapter has been published: Michaud, J. M.; Liao, K.; Jager, 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 <paraBa < Ne < orthoH2 < HD < orthoDz <pardDi) 

that was reported by Yu et al.4 The enriched /?ara-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 orthoRi - OCS and pardHi - OCS, we see a large increase 

in the signal intensity of paraH2 - 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.5'6 

Rotational transitions of H2 - OCS complexes with singly substituted 

isotopologues (Ol3CS, OC34S, and OC33S) were visible using a non-enriched sample of 

OCS. Transitions of complexes with doubly substituted isotopologues, 013C34S and 

013C33S, were observed using an enriched Oi3CS sample (Cambridge Isotopes, 99% 13C). 

The enriched 013CS sample was also used to resolve the hyperfine pattern of strong 

transitions and to measure weaker transitions of H2- 013CS. 

A microwave-microwave double resonance technique was used to search for 

weaker, higher J transitions and to confirm the connectivity between rotational 

transitions.2'3 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 6-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 H2 - OCS dimer transitions of 

minor isotopologues of carbonyl sulfide were predicted based on the calculated change in 

moments of inertia from the main isotopologue, H2 - O C S. For the JKOKC
 = loi - Ooo 

<3-type transition, these predictions were within ± 20 MHz of the subsequently measured 

transition frequencies. The measurement of the JKOKC = loi - OOO 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 JKUKC = 110 - loi b-

type transition for orthcMi - 013CS. The exact transition frequency was subsequently 

measured in a single resonance experiment. The quantum number assignments of all 

measured orthdilz ~ 013CS transitions are substantiated by the presence of a closed loop 

among the measured transitions. From the assignments of some 6-type transitions, it was 

possible to predict where the JKOKC = 111 — Ooo transition was located. Although this 

transition lies outside the frequency range of our spectrometer, we could use the double 

resonance technique to indirectly measure its frequency within ± 5 kHz. Unfortunately, 

the low signal intensity of the £>-type transitions made it infeasible to observe them for 

dimers containing 34S and 33S. 

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 6-type transitions in this work. Since the dipole moment 

along the 6-inertial axis is smaller for the parri&i - OCS complexes than the 

corresponding orthdR.2 - OCS complexes, the 6-type transitions could not be observed 

for pardH.2 — 013CS 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 Ii = I2 =
 X/T) in orthoH.2 containing complexes are accounted for using the 

coupling scheme Ii + h — I; I + J = F; where Ii + h - 1 for orthoYiz molecules. For the 

complexes containing both orthoRz and 33S, the coupling scheme I33S + J = Fi; Ii + h = 

I; I + Fi = F was used. Data for each isotopologue were fit separately using Pickett's 

global least squares fitting program SPFIT7 to obtain rotational constants and quartic and 

sextic centrifugal distortion constants using Watson's ^-reduction Hamiltonian.8 The 

spectral fits for orihoW.2 containing dimers also included contributions from the tensor 

proton-proton spin-spin coupling constants along the inertial a- and b- axes, Saa and Sbb, 

and two sets of equal spin-rotation coupling constants, again along the inertial a- and b-

axes, (one for each proton), Cm(l), Caa(2), QA(1) and CJA(2), where the numerical 

designation denotes the hydrogen atom in question. For the OC33S containing species, a 

33S (/= 3/2) nuclear quadrupole coupling constant, ̂ aa(33S), was determined. We were 

also able to resolve the 33S nuclear quadrupole hyperfine structure of the JKOKC = loi - 00o 

transitions of paraUz - OC33S mdparaHz - 013C33S, and could determine the 

corresponding 33S nuclear quadrupole coupling constants, /aa(
33S). This allows for a 

direct comparison of the field gradient at the 33S nucleus in the orthoRt-sndparaHz -

OCS dimers. The 33S nuclear quadrupole coupling constants obtained are listed in Tables 

3.2 and 3.4. All other spectroscopic constants obtained for the orthoU2 - andparaR2 -

OCS 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,4 as indicated in 

Tables 3.5 and 3.6. The A rotational constants for some of the isotopologues were fixed 

at the reduced mass scaled values of the A constant of the main isotopologue.4 This 

method of obtaining an approximate value for the A rotational constant yielded the 

orthoR2 - 0I3CS value to within 0.035% of that obtained from the spectroscopic 

analysis. The limited data set for paraH2 - 013CS did not allow us to determine the A 

rotational constant; therefore it was varied within 0.1% of the reduced mass scaled A 

rotational constant of parcMi - OCS (Reference 4) to optimize the fit. The inertial 

defects, Ao = Ic° - Ia° - h°, as described in Section 2.6, are also included in Tables 3.5 and 

3.6. 

Spectra showing the different hyperfine patterns in the JKOKC
 = loi - Ooo transitions 

of orthdRi andparaH.2 containing complexes are shown in Figure 3.1. The hyperfine 

pattern of the orthoRi - OCS transition is well resolved. The paraH2 - OC34S spectrum 

was obtained using an enriched paraYh sample to achieve a sufficient signal to noise 

ratio. Figure 3.2 shows the 6-type JK<,KC - lio - loi transition of ortholii - 013CS. The 

signal intensity of this transition is much lower than that of the a-type JKQKC
 = 202 - loi 

transition because of the smaller dipole moment along the b- than the a-axis. The 6-type 

transitions in the Eb - 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 H2 molecule compared 

to the helium atom, resulting in the a-inertial axis to almost coincide with the OCS 

molecular axis in H2 - OCS. Figure 3.3 shows the JROKC = loi - Ooo transition of the 
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pardH2 - O C S 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 orthoHi - 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].10 The sign of the spin-spin 

coupling constant is chosen such that it is negative for homodiatomic molecules.11 The 

measured \K\ = 1 transitions required the inclusion of the Sbb spin-spin coupling constant, 

in addition to Saa, in the fitting procedure. For the orthc&z - 013CS isotopologue, values 

of SaaiorthoHz - OuCS) = -121.6 kHz and Sbb(l2)(orthoU2 - 013CS) = -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 H2 moiety. In Reference 12, 

Ramsey's nuclear hyperfine Hamiltonian13 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. 

-5Daa(rcf. 12) = Saa - -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 

orthoH2 - OCS dimers to that of free orthoR2 (SDa = -288.4 kHz)14 shows that the 

values are of the same order of magnitude although slightly smaller for orthoRi - 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 the van der Waals 

bond with OCS. One consideration for the difference in the values between the complex 

and the free orthoHz molecule is the orientation dependence of the tensor spin-spin 

coupling constant, that is the necessity to include Sbb in the spectroscopic fit. 

The spin-rotation coupling constants obtained here [CadprthdRz - 013CS) = 

389.3 kHz; Cbb(orthoB2 - 013CS) = -2.26 kHz] are significantly different from the values 

obtained in Reference 12 (Caa = -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 hyperfme 

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 orthdRi 

is Caa =113.8 kHz (Reference 14) is in marginal agreement with the values obtained for 

orthoKi - OCS in this report, but in better agreement than with the values from 

Reference 12. 

The 33S nuclear quadrupole coupling constants obtained for the orthoH2 -

0i2/nc33s andpamft2 _ 0i2/i3c33g c o m p l e x e s a r e v e r y s m i i i a r t o the value of the OC33S 

monomer (#o(33S) = -29.1184(12) MHz).15 This is consistent with the result obtained for 

orthoR2 - OC33S in Reference 12. The ̂ ,„(33S) values obtained for paraE2 - OC33S and 

orthoH.2 - OC33S indicate only small differences in electric field gradients between the 

complexes. The similarities between the ;&a(
33S) obtained for the van der Waals dimers 

and the OC33S 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 H2 molecule. 

The average angle 6a between the OCS molecular axis and the a-inertial axis is given in 

equation [2.19]. The nuclear quadrupole coupling constant, xo, of the isolated OC33S is -

29.1184(12) MHz. Values for 0a of 6.3° and 7.2° are obtained for orthoU2 - OC33S and 

paraYli - OC33S, respectively. The angles obtained from the ;&a(
33S) 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 6a can be calculated. Values for Ba of 9.0° and 5.9° are 

obtained for orthoYh - OCS and paraH.2 - 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 Aj of the orthoRi - 013CS dimer (Aj = -34.4 

kHz) is within the error limits of the value for the main isotopologue obtained in 

Reference 4 (Aj- -34.8 kHz). The values for Aj of the minor isotopologues (OC34S or 

013C34S) are also of similar magnitude. The negative value of the centrifugal distortion 

constant Aj is consistent with a Coriolis coupling with a low-lying excited state, as was 

suggested in Reference 4. The centrifugal distortion constant Aj fotparaH.2 - OnCS (4/ 

= 53.9 kHz) is quite similar to the value obtained forparaH2 - OCS in Reference 4 (4/ = 
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56.3 kHz). The large values for the Aj constant are consistent with large amplitude radial 

motions being present in the paraH2 - OCS complex. 

The inertial defects for the dimers containing minor OCS isotopologues are given 

in Tables 3.5 and 3.6 [A0(orthoH2 - 013CS) = 0.169 amu A2; A0(paraH2 - 013CS) - 2.94 

amu A2] and are of the same order of magnitude as the inertial defects of the dimers 

containing the main OCS isotopologue4 [A0> corr (prthoYh -*- OCS) = 0.283 amu A2; A0, COrr 

(paraH.2 — OCS) = 3.137 amu A2]. The values A0jCOir in Reference 4 are corrected for the 

contributions from the second moment, or planar 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 A0(orthoH2 - OCS) = 0.165 amu 

A2 and A0(paraH2 - OCS) = 2.94 amu A which agree very well with our values. The 

non-zero planar moments of orthoH2 - OCS and paraH2 - OCS are mainly a result of the 

out-of-plane motion of the H2 molecule and should therefore not change significantly 

with isotopic substitution of OCS. The inertial defects show that the orthoR2 - OCS 

dimers are more rigid than the corresponding paraH2 - 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.2 - OCS and paraH2 - 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 (rs structure). It is assumed in this treatment that 

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.16'17 The 
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complete rs structure is obtained when isotopic substitution is done for each atomic 

position.17 An iterative program, MWSTR1, developed by Typke18'19 allows for the 

fitting of isotopologues with multiple substitutions (i.e. orthoYiz - 013C34S) 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; 6 is the obtuse 

angle between the OCS intermolecular axis and the R vector. The geometries obtained 

for orthoR.2 - OCS and/?araH2 - OCS are shown in Table 3.7 along with the values 

obtained from Reference 4 and He - OCS.9 The rs 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 pardHi - OCS than for orthoKz - OCS 

which could be attributed to the more floppy nature of the parafy - OCS complex as 

seen with the large inertial defects and centrifugal distortion constants. A complete rs 

structure could not be obtained in this study as no oxygen isotopologue was studied. The 

shorter bond lengths in the H2 - OCS complexes compared to the He - OCS complex9 is 

consistent with larger binding energies of the former. The calculated angle between the 

H2 molecule and the OCS intermolecular axis depends sensitively on the A rotational 

constant of the complex. The A rotational constant could spectroscopically be 

determined only in the orthoH.2 - 013CS dimer case. Therefore, the angle obtained in the 

rs structure of theparaE.2 -OCS dimer should be considered less accurate than the 

orthdR2 - 013CS value. 

3.4 Conclusions 

Rotational spectra of several OCS isotopologues of the orthd&z — OCS and 

paraH.2 - 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 (Saa, Sbb) and spin-rotation (Caa, Cbb) coupling 

constants of the orthoE.2 - OCS species. The spin-spin coupling constants were 

compared to previous results and to the values obtained for the free orthoH.2 molecule. 

The 33S nuclear quadrupole coupling constants (faa) were determined for both orthdKz -

OC33S andparaUj - OC33S complexes. An average angle between the OCS molecular 

axis and the a-inertial axis was obtained from the 33S quadrupole coupling constants and 

compared to the angle obtained from the rs substitution structure. The derived rs 

structures of the complexes also indicate that the large amplitude vibrational bending 

motions in ihepara^ - OCS complex are greater than in orthoHi - OCS. The rs 

structures and the rotational constants obtained for several isotopologues can be used to 

test and improve potential energy surfaces of H2 - OCS. 
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3.5 Figures 

« 
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Figure 3.1: Experimental spectra of the JKOKC - loi - Ooo transition of (a) orthoR-i -
OC34S (50 averaging cycles) and (b) paraEb - OC34S (100 averaging cycles). Spectrum 
(b) was obtained using an enriched paraRj 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 orthoH2 — OCS System. 
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Figure 3.2: Experimental spectrum of the JKOKC ~ lio - lot transition of orthoH.2 - 013CS, 
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 orthoVLz - 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: Experimental composite spectrum of the JfCaKc - loi - Ooo transition of 
paraH.2 - 013C S, obtained with 500 averaging cycles. An enriched sample of 013CS 
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 33S nuclear quadrupole hyperfine structure. 
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.>a 

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 <3-inertial axis and the OCS molecular 
axis is given by 9a (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 orthdH.2 - OCS dimer. 
Transition 

(J ' fCaKc-

J"lCaKc) 

loi - Ooo 

2o2 - loi 

2 n - l io 

110 - loi 

2n -2o2 
2n - l u 

In -Ooo 

F-F 

1-1 
2-1 
0-1 
3-2 
1-2 
1-1 
3-2 
1-1 
2-1 
2-2 
3-3 
3-2 
1-1 
2-1 
2-1 

o H 2 - 0 1 3 C S 

10194.4766 
10194.5345 
10194.6530 
20338.5171 
20338.5624 
20338.6342 
21494.8507 
21494.9022 
21494.9907 
18368.2595 
19524.6031 
19261.3056 
19261.3484 
19261.4096 
27447.176* 

Ava 

(kHz) 

4.3 
-6.5 
2.1 
0.5 
-1.1 
2.0 
-6.7 
-4.2 
9.6 
-1.4 
1.4 
11.4 
-5.0 
-6.5 
1.9 

oH 2 -OC 3 4 S 

9990.0419 
9990.0994 
9990.2112 
19933.9271 

19934.0391 
21041.8079 
21041.8601 

Av 
(kHz) 

3.3 
-4.9 
1.6 

-0.6 

0.6 
0.1 
0.2 

o H 2 - O u C 3 4 S 

9964.1133 
9964.1594 
9964.2816 
19882.3843 
19882.4305 

Av 
(kHz) 

7.4 
-12.1 
4.7 
-0.5 
0.5 

aAv = vob.-vcalc. 
b Frequency obtained from double resonance experiment, uncertainty of ± 5 kHz. 
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Table 3.2 

Measured transition frequencies (in MHz) with quantum number assignments and 
spectroscopic constants (in MHz) for orthoHi - OC33S and orthoRi - 013C33S dimers. 
Transition 
(J'lCaKc — 

J"KaKc) 
loi - Ooo 

2o2" loi 

SatXiii-Hi) 
SM>(HI-H2) 

CaJH) 

am xU"s) 
XaafSf 

OaCY 
"Av = vob, - ' 
* Numbers ir 

F, -F, , F-F 

1.5-1.5,0.5-0.5 
1.5-1.5,2.5-2.5 
1.5-1.5,1.5-1.5 
2.5-2.5,2.5-1.5 
2.5-2.5,3.5-2.5 
2.5-2.5,1.5-0.5 
0.5-1.5,1.5-2.5 
3.5-2.5,3.5-2.5 
3.5-2.5,4.5-3.5 

Vcalc • 

oHj-OC^S 

10095.1445 
10095.1643 
10095.2093 
10102.2965 
10102.3358 
10102.3570 
10108.0469 
20153.9595 
20153.9778 
-0.1008(15)* 
-0.00947c 

0.38935c 

-0.00226c 

-28.5973(23) 
-28.7 
6.3 

i parenthesis are one standard deviation 
c Fixed to value obtained for oH2 - O n CS. 
d Reference 12. 
e Obtained from the 33S nuclear quadrupole coupling 

Table 3.3 

Ava 

(kHz) 

4.1 
-5.5 
0.5 
-0.1 
0.5 
1.8 
-1.2 
-3.4 
3.4 

o H j - O ' ^ S 

10070.3059 
10070.3333 
10070.3510 
10077.4481 
10077.4939 
10077.5236 
10083.2104 

-0.0926(15) 
-0.00947c 

0.38935c 

-0.00226c 

-28.6100(23) 

6.2 

Av 
(kHz) 

5.7 
6.2 
-11.8 
-10.8 
-0.3 
10.9 
0.1 

in units of the last significant figure. 

; constani t; see the text for detail. 

Measured transition frequencies (in MHz) of isotopologues of the 
Transition 

loi - Ooo 
2o2- loi 
2n - lio 
2l2 " 111 

/>H2-013CS 

10569.7511 
21056.9903 
22488.9257 
19744.8145 

Ava pHz-OCfS 
(kHz) 
0.0 10349.3554 
-4.5 20623.3895 
2.0 
2.5 

i Av p H z - C W : 
(kHz) 
0.0* 10321.2067 
0.0 20567.7256 

parcM^i - C 
S Av 

(kHz) 
0.0* 
0.0 

"Av^Vot.-v^c 
4 Two parameters, (B+Q/2 and AJy were calculated from the two transition frequencies. 
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Table 3.4 

Measured transition frequencies (in MHz) and spectroscopic constants (in MHz) for 
paraE2 - OC33S and paraR2 CTC33S dimers. 

Transition 

loi - Ooo 

XaJ*S) 
0a° 

F"-F' 

1.5-1.5 
2 .5 -1 .5 
0 .5-1 .5 

/>H2-OC33S 

10463.1822 
10470.2921 
10475.9753 
-28.4289(31)* 
7.2 

Ay" 
(kHz) 

-1.0 
2.2 
-1.2 

/>H 2 -O i : iC"S 

10436.1671 
10443.2831 
10448.9719 
-28.4548(31) 
7.1 

Av 
(kHz) 

-0.9 
2.0 
-1.1 

"Av^Voi.-Va.ic. 
b Numbers in parenthesis are one standard deviation in units of the last significant figure. 
c Obtained from the 33S nuclear quadrupole coupling constant; see the text for detail. 

Table 3.5 

Spectroscopic constants (in MHz) of isotopologues of the orthoRt - PCS dimer. 

A 
B 
C 

A/ 
A/A: 

AK 

<PJ 

<PJK 

5J 

5K 

^ O B C H I -

SbbQlr 
Caa(H) 
Cbb(H) 

H2) 
H2) 

Ao (amu Az) 
#trans 
rms (kHz) 

o H 2 - O l 3 C S 

22921.46321(137)" 
5661.29039(47) 
4533.10401(47) 
-0.034377(52) 
2.923493(191) 
8.145rf 

-0.00017rf 

-0.001'' 
-0.047805(213) 
3.235rf 

-0.1216(11) 
-0.00947(12) 
0.38935(231) 
-0.00226(42) 
0.169 
7 
5.3 

o H z - O C f S 
22918.17* 
5536.97486(71) 
4452.95185(71) 
-0.034435(55) 
2.934'' 
8.145rf 

-0.00017d 

-0.00 \d 

0.0177d 

3.235'' 
-0.1180(79) 
-0.00947* 
0.4047(85) 
-0.00226* 
0.167 
3 
2.3 

oHz-CWS 
22906.63* 
5521.74840(45) 
4442.29c 

-0.030754(56) 
2.934rf 

8.145'' 
-0.00017'' 
-0.001'' 
0.0177rf 

3.235d 

-0.1180(91) 
-0.00947" 
0.38935* 
-0.00226* 

2 
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.4 

c Fixed to the ratio ofB/C rotational constants obtained from other isotopologues. 
d Fixed at value of mam isotopologue (Reference 4). 
e Fixed at value obtained from the orthdRi - 013CS isotopologue. 
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Table 3.6 

Spectroscopic constants (in MHz) of isotopologues of the paraH.2 - OCS dimer. 

A 
B 
C 
(5+Q/2 
Ay 
&JK 

A* 
<PJ 
<PJK 

5, 
8K 
Ao (amu A2) 
#trans 
nns (kHz) 

pH 2 -O u CS 
22372.961" 
5978.19843(75)" 
4591.76816(76) 

0.053914(87) 
5.352" 
9.161" 
0.000022" 
0.00198" 
0.0177" 
3.452" 
2.94 
4 
2.8 

pHz-OCfS 
22378.36* 

5180.9507rf 

3.1362rf 

5.352" 
9.161" 
0.000022" 
0.00198" 
0.0177" 
3.452" 

2 

pH2-O l3C34S 
22367.14* 

5166.8236'' 
3.1098rf 

5.352c 

9.161" 
0.000022" 
0.00198" 
0.0177" 
3.452" 

2 

"A rotational constant fixed to the value producing the best fit; see the text for details. 
* The A rotational constant was fixed to a value obtained by reduced mass scaling of the A constant of the 
main isotopologue.4 

c Numbers in parenthesis are one standard deviation in units of the last significant figure. 
d Two parameters, (B+C)/2 and Aj, were calculated from the two transition frequencies. 
" Fixed at value of the main isotopologue (Reference 4). 

Table 3.7 

Experimental structural parameters for orthoR2 - OCS, paraHi - OCS, and He - OCS 
van der Waals complexes. 

pUi-
pE2-
oH2-
oH2 

He-

-OCS* 
-OCS" 
-OCS* 
-OCS" 
OCS'' 

*(A) 
3.587 
3.69 
3.804 
3.78 
3.82 

0(o)a 

105.3 
103.0 
113.7 
113.0 
109.2 

" Angle defined as the obtuse angle between the molecular axis of OCS and the R vector (jr(sulfur atom -
centre of mass of OCS - R vector)). 
* rs geometry obtained from all isotopologues studied, including the main isotopologue from Reference 4. 
c Structural parameters from Reference 4. 
d Reference 9. 
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Chapter 4 

Spectroscopic and theoretical study of the 
weakly bound H2 - HCCCN dimer 

Previous studies of the He - HCCCN complex motivated the extension to H2 -

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 H2 - HCCCN complex was studied by high-

resolution microwave spectroscopy and by calculations of intermolecular potential 

energy surfaces. The rotational spectra of H2 - HCCCN were observed with the pulsed-

nozzle Fourier transform microwave spectrometer described in Chapter 2. Spectra of 

isotopologues of cyanoacetylene were measured (HCCC15N, DCCCN and various C 

containing isotopologues) in complexes with the two spin isomers of the H2 molecule 

(paraH2 and orthoVLi). Transitions of complexes with HCCCN isotopologues containing 

14N and D nuclei were split by nuclear quadrupole hyperfine interactions, which were 

measured and analyzed. The orihoYh molecule containing complexes showed additional 

hyperfine structures due to nuclear magnetic spin-spin coupling of the hydrogen nuclei in 

the H2 molecule, as was observed in H2 - OCS dimers.2'3 For orthoUt — HCCCN, both 

strong a- and weaker 6-type transitions were measured and analyzed using a semi-rigid 

asymmetric rotor model. For the parcXh - HCCCN complex, only a-type transitions 
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with £"=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 H2 - HCCCN are quite 

similar to those of the H2 - OCS studies.2"4 There are some differences that will be 

discussed in more detail. Firstly, the synthesis of cyanoacetylene will be presented; it 

was performed independently by a former Ph.D. student in our laboratory.1'5 Secondly, a 

discussion about the backconversion of paraH.2 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,6 as modified by Miller and Lemmon.7 The 

synthesis presented here is a summary of the total reaction scheme which has been 

presented in another thesis from our group.5 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 N2 cooled cold trap was used to collect the 

resulting cyanoacetylene. Overall, the reaction scheme is: 

H-C = C-COOCH3
 m'{l) >H-C = CONH2

 P^A >H-C = C-C = N. [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.8 The 

propiolamide was dissolved in 25 mL of 99.77% D20 (Columbia Organic Chemicals, Co. 

Inc.) and stirred for three days. After pumping off the D2O, a second aliquot of 25 mL of 

D2O was added and the mixture was stirred for an additional three days. After pumping 

off the D2O again, the reaction proceeded as in [4.1]. The modified scheme produced 

highly pure DCCCN free of residual D20. 

The 15N enriched cyanoacetylene (HCCC15N) utilized the reaction scheme [4.1] 

while using isotopically enriched NH3 (10% 15NH3, Cambridge Isotope Laboratories, 
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Inc.). Through this method, a sample of cyanoacetylene enriched to 10% HCCC15N was 

obtained. 

4.1.2 PardSLt enrichment 

Initially, paralli enriched samples were prepared using the same procedure as in 

the H2 - OCS studies. The gas sample was prepared by adding the chromophore gas to 

the sample cylinder followed by enriched paraYii 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 pardH.2 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 chromophore, 

the signal enhancement seen for theparaH.2 - HCCCN transition was not as strong as 

expected from the OCS studies.2'3 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.2 - 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, l6012C34S (93.7% 

naturally abundant), has no nucleus with a non-zero nuclear spin, while the main 

isotopologue of 1H12C12C12C14N (96.5% naturally abundant) contains a 14N nucleus with 

a non-zero nuclear spin,/(14N) = l. The non-zero nuclear spin produces an 

inhomogeneous magnetic field which could backconvert the enriched/rarraH2 to orthoHi 

molecules.9 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 paraYli gas. An important aspect to this sample preparation method 

is that the chromophore and the enriched paraH.2 gas are also in presence of an excess of 

helium. In the H2 - 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 pardRi gas. Dilution with helium limits the interaction between the 

enriched paraRj 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 paraR2 gas diluted in helium (10% enriched paraH.z 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 H2 - OCS dimers. 

Cyanoacetylene has a 14N nucleus with a nuclear spin of 1, which creates an 

inhomogeneous magnetic field around the molecule. The interaction of HCCCN with 

paraH.2 molecule induces the backconversion to orthoYii through this inhomogeneous 

magnetic field. This is supported by the necessity that a catalyst used for the low 

temperature conversion of orthoHi to paraU.2 be paramagnetic and therefore produces a 

magnetic field gradient.12"1 This is necessary to promote the singlet-triplet mixing which 

is required for conversion. Additionally, a collision with a paramagnetic molecule such 

as O2 is efficient for the conversion between orthdili andparaili.9 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.15"17 
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For all studies with enriched parallz samples with cyanoacetylene, a sample of 

-10 % enriched/?araH2 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 paraH2/helium and filling to the final pressure quickly with high 

pressure helium. The samples of 10% paraHi 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 parcM2 - 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% HCCC15N/90% HCCCN mixture with 1-3% H2 gas in a 

helium expansion. Since no previous studies provided predictions for rotational constants 

of H2 - HCCCN, a prediction was obtained by calculating the fractional changes for the 

JKUKC- loi - Ooo transitions of He - OCS (Ref. 18) and H2 - 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 orthoRi molecule and it was assigned to be the JKOKC = loi -

Ooo transition. The spectrum of the JKOKC = loi - OOO transition is shown in Figure 4.1. DR 

decoherence experiments19 as described in Chapter 2 were used to obtain the frequencies 

of connected a- and 6-type transitions. 

The 6-type transitions for orthoR2 - HCCCN and orthoH2 - HCCC1SN were 

observed first using DR decoherence experiments19 as described in Chapter 2. The JKaKc 

= loi - Ooo transition was monitored while the frequency of the pump microwave 

radiation was swept through the region where the JKOKC = 111 — Ooo 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 JKOKC — 110 — loi transition was also determined with 

a decoherence DR experiment. The 6-type transitions were measured with much longer 

microwave excitation pulse widths (~ 3 \is as opposed to 0.4 fxs for the JKOKC = loi - Ooo 

transition). 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 JKOKC = 1 I I — Ooo transition of 

orthoB.2 - HCCCN is shown in Figure 4.2. The weaker intensity of the signal, as well as 

the difference in the 14N nuclear quadrupole hyperfine structure when compared to Figure 

4.1, substantiates the assignment. 

The \K\ - 1 energy levels for orthoU2 - 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.20 

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 JKOKC = 212 — In and JKaKc = 211 - 1 io transitions, but 

without success. A final attempt was made with a low pressure sample containing neon 

as backing gas. In the H2 — OCS dimer studies,2"4 a neon expansion produced stronger 
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signals for orthoH2 - OCS transitions. As explained in Reference 4, the binding energy 

of neon with OCS is larger than that of paraH2 with OCS. Therefore, the pardRi - OCS 

signals are destroyed in a neon expansion. A sample consisting of neon (3-5 atm) with 

1.5% H2 gas and < 0.2 % HCCCN was used and the transitions were successfully 

measured. The spectrum of the JKaKc = 2\2 - 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 experiments 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 

orthoUx- HCCCN complex, despite experimental attempts at measuring closed-loop 

transitions (i.e. JKOKC ~2n~ 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 orthoHz -

HCCCN are tabulated in Table 4.1. Transition frequencies of minor isotopologues of 

orthoH.2 - 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 (HCCC15N; DCCCN; and H13CCCN, HC,3CCN, 

HCC13CN, respectively). 
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In searches with a non-enriched H2 sample, a transition ~180 MHz higher than the 

JKOKC - loi - Ooo of orthoHz - HCCCN was measured which showed hyperfine patterns 

consistent with nuclear quadrupole coupling of a 14N nucleus. It was therefore assigned 

to be the JKCKC = loi — Ooo transition of paraHz - HCCCN. The signal intensity of the 

transition was consistent with the 25% content of paraKz molecules in a non-enriched 

hydrogen gas sample. The presence of paraR2 was confirmed when the new preparation 

method was used to prepare the gas sample with enriched paraH2 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 6-type transitions of the complex. Despite repeated searches over a 

large frequency region where both JKCKC = 1 II — Ooo and l i 0 - loi transitions are predicted 

(over 10 GHz), no DR effect was observed and no 6-type transitions for pard&i -

HCCCN were measured. This is consistent with the experimental findings in the H2 -

OCS study where the 6-type transitions could not be located for the paraH2 - 013CS 

complex due to a small dipole moment along the 6-axis. Transition frequencies of minor 

isotopologues of paraR2 — HCCCN were predicted by calculating the changes in 

moments of inertia and were measured with an enriched paraH2 sample. The JKOKC = loi 

- Ooo transition of paraH2 - HCCCN is shown in Figure 4.4 and the additional hyperfine 

structure due to the orthoHi molecule can be seen when compared to Figure 4.1. The 

transition frequencies of paraH2 - HCCCN and minor isotopologues are presented in 

Tables 4.5 and 4.6, respectively. 

The spectra of the orthoH2 - HCCCN complex contained !4N nuclear quadrupole 

and magnetic 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 + Ii4N = Fi, IH(1) + IH<2) 

= I, Fi +1 = F where IH(D + IH(2) = 1 for orthoH2 molecules. The global least-squares 

fitting program, SPFIT,21 was used to obtain rotational constants and quartic and sextic 

centrifugal distortion constants using Watson's ^-reduction Hamiltonian.22 The 

isotopologues were all fit separately. The contributions of both the nuclear quadrupole 

coupling constant and magnetic nuclear spin-spin coupling constant along both the a- and 

6-inertial axes were fit. Additionally, a magnetic spin-rotation contribution along the a-

inertial axis for the orthdRi molecule was fit. From the limited data of the various 13C 

containing complexes, only the (5+Q/2 rotational constant, the 14N nuclear quadrupole 

coupling constants, and the spin-spin coupling constant of orthoHi could be obtained. 

The analysis of orthdHi - HCCC15N is simplified since 15N has no nuclear quadrupole 

interaction (/(15N) = V-i). The coupling scheme is thus IH(I> + IH(2) = I, J +1 = F and again 

IH(I> + IH(2> = 1 for orthoRi molecules. Deuterated cyanoacetylene complexes have an 

additional quadrupolar nucleus (7(D) = 1) and the resulting coupling scheme is J + IMN = 

Fi, Fi + ID = Fa, IH(i) + IH(2) = I, F2 +1 = F, where, again, IH(i) + IH(2) = 1 for orthoE2 

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 orthdRi was fixed to the value obtained in 

the main isotopologue. Due to the experimental 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.2 are given in Tables 

4.2, 4.3, and 4.4, respectively. 
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For paraR2 - HCCCN complex, no information about the A rotational constant 

could be obtained from the measured transitions. In the spectral analysis, the A 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 

paralh. - HCCCN complexes is simplified since transitions are split only by the 14N 

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 + Ii4N= F. The same coupling scheme was used for the 13C 

containing isotopologues. Spectra of the 15N containing complex show no hyperfine 

splittings. JhepardE.2 - DCCCN complex has the additional nuclear quadrupole 

interaction of the deuterium nucleus and the coupling scheme used is J + I14N = FI, F I + 

ID = F. Again, only the a-inertial axis component of the deuterium quadrupole coupling 

constant could be determined due to the limited data set. The spectroscopic constants for 

paraU2 - 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 6-inertial axes were 

determined for 14N and D containing complexes. For orihoYL-i - HCCCN, the 14N nuclear 

quadrupole coupling constant along the a-inertial axis C&a(
14N) = -4.28682 MHz) is 

similar to the value ofparaR2 - HCCCN C&a(14N) = -4.30299 MHz). The deuterium 

nuclear quadrupole coupling constants for orthdRi - DCCCN (XaJJ>) = 0.27764 MHz) 

and paraH2 - DCCCN 0&a(P) = 0.1893 MHz) are also in marginal agreement. 

Deviations between the values could be due to the limited data set for paralAa. - DCCCN 
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compared to ortho¥L2 - DCCCN. This agreement between the complex with different 

spin isomers of hydrogen is expected from previous H2 - OC33S studies3 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 orthoHj - HCCCN complex, the nuclear quadrupole coupling constant could be 

determined along the 6-inertial axis, *M>(14N) -2.11299 MHz. The 14N nuclear 

quadrupole coupling constants of the hydrogen complexes are in reasonable agreement 

with the values obtained for the He - HCCCN complex C&a(
14N) = -4.2409 MHz; 

Xbb(UN) = 2.0747 MHz).1 Similar agreement is seen for the D nuclear quadrupole 

coupling constants in orthoR2 - DCCCN C&a(D) = 0.2764 MHz) and He - DCCCN 

(Xaa(D) = 0.209 MHz).1 The small discrepancies could be due to the limited data set for 

H2 - DCCCN complexes compared to He - DCCCN where both x«a and Xbb could be 

resolved. The 14N nuclear quadrupole coupling constants of isolated HCCCN and 

DCCCN molecules are ;&(14N) = -4.31924(1) MHz (Ref. 23) and^>(14N) = -4.316(3) 

MHz (Ref. 24), respectively, which are in moderate agreement with the Xaa values of the 

H2 - HCCCN and H2 - DCCCN complexes. The D nuclear coupling constant of an 

isolated DCCCN molecule is ;&(D) = 0.2288(55) MHz (Reference 24) which is in decent 

agreement with the H2 - 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 14N nuclear quadrupole coupling constants {Xaa and 

Xbb) and equations [2.18] and [2.19], we can calculate an average angle 6a between the a-

inertial axis and the molecular axis of HCCCN. For orthoRz - HCCCN, the 0a values 

83 



obtained from Xaa and %bb are 3.9° and 5.1°, respectively. For orthoHi - DCCCN, the 8a 

value obtained from the Xaa coupling constant is 5.7°. For parail2 - HCCCN, the 6a 

value obtained from Xaa is 2.9°. For parcftii - DCCCN, the angle, 8a, 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 a-inertial axis. The difference 

between the angles obtained from the i4N 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. 6a{orthoYi2 -

DCCCN) = 15.8° and da(paraE2 - DCCCN) = 18.0°). The angles obtained from the 

same analysis in He - HCCCN are slightly larger (~6°) (Ref. 1) than the angles obtained 

for H2 - HCCCN complexes which is consistent 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 orthdRz - 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]. Again, the sign of the spin-

spin coupling constant is chosen such that it is negative for homodiatomic molecules.26 

The measured \K\ = 1 transitions required the inclusion of the Sbb spin-spin coupling 

constant, in addition to Saa, in the fitting procedure. For the main orthoYii - HCCCN 

isotopologue, values of Saa(orthoB.2 - HCCCN) = -45.6 kHz and Sbb(orthoH2 - 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 H2 moiety. In the study of the free orthdKi molecule, Ramsey's nuclear hyperfine 

Hamiltonian was used to fit the spin-spin hyperfine splittings.27 The value obtained in 

that work corresponds to negative one-fifth of the conventionally used spin-spin coupling 

constant in microwave spectroscopy.28 A comparison of the spin-spin coupling constants 

of the orthoR2 - HCCCN dimers with that of free orthoH2 (-5Da = -288.4 kHz)27 shows 

that the values are slightly smaller for the orthofy - 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 orthoVLz 

molecule is the orientation dependence of the tensor spin-spin coupling constant, as is 

shown by the necessity to include Sbb in the spectroscopic fit. 

The spin-spin coupling constant of orthoR2 molecule containing dimers can be 

compared as well. The constants of the orthoYh - 013CS isotopologues [S,aa{ortho¥L2 -

013CS) = -121.6 kHz and Sbb(\2)(orthoK2 - Ol3CS) = -9.5 kHz]3 have slightly larger 

values than the constants obtained for the orthoHz - HCCCN complex. The discrepancy 

between the values could be due to a slightly different orientation of the orthdftz 

molecule in complexes with different dopant molecules. The Sbb spin-spin coupling 

constant is of opposite sign in the orthoRz - HCCCN dimer compared to orthdti.2 -

013CS. The differences in the spin-spin coupling constants along the 6-axis could also be 

due to a different orientation of the orthoRi 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 (Caa(ort/?oH2 - 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.2 is Caa = 113.8 

kHz,27 in marginal agreement with the values obtained for orthoRi - 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.29'30 

The floppy nature of the orthoHi - 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.30 The remainder 

of the discussion of centrifugal distortion constants will focus on the main HCCCN 

isotopologues. In orihoYL-i - HCCCN, of particular note is the negative sign of the Aj 

centrifugal distortion constant (4/ (orthoU2 - 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 orthoR.2 - OCS complex.2'3 The magnitude of the Aj 

constant in the orihoKi - HCCCN complex cannot be easily interpreted because of the 

Coriolis effect. On the other hand, the centrifugal distortion constant Aj iorparcM^ -

HCCCN {Aj= 1.149 MHz) is quite large and is consistently large for all paraH2 -

HCCCN isotopologues. The centrifugal distortion constant is obtained from an 

asymmetric semi-rigid rotor analysis of the spectrum by fixing the A 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 Aj constant are consistent with large amplitude 

radial motions being present in the/?araH2 - HCCCN complex. It is expected that the 

large amplitude radial motions are also present in orthoHz - HCCCN complexes, but this 

cannot be illustrated from the observed centrifugal distortion constant due to the Coriolis 

coupling which causes the negative Aj constant. 

Another parameter that indicates the rigidity of a complex is the inertial defect, A0 

= Ic° - la - Ib°, as described in Section 2.6, which is also included in Tables 4.6 and 4.7. 

The non-zero planar moments of orthoHj ~ HCCCN are mainly a result of the out-of-

plane distribution of the H2 molecule and large amplitude out-of-plane zero-point 

vibrational motions.29'30 This is consistent with the analysis of the inertia defects 

determined from the analysis of the H2 - OCS complexes.2'3 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 orthoRi - HCCCN (Ao = 4.69 amu A2) and orthoYh -

HCCC15N (A0 = 4.72 amu A2). Any discrepancy could be a result of the limited data set 

of orthoHz - HCCCISN where no \K\ = 1 a-type transitions were measured. The inertial 

defect forparaH.2 -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/>araH2 - 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 H2 -

OCS study (Ao(orthoR2 - OCS) == 0.165 amu A2; Ao(paraH2 - OCS) = 2.94 amu A2).3 
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Comparing the results of orthoH.2 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.1 The inertial defects in H2 - HCCCN are 

much smaller than the values for He - HCCCN ((Ao = 14.41 amu A2) (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 (A0(Ne - HCCCN)31 = 5.62 amu A2; Ao(Ar - HCCCN)32 = 3.66 amu 

A2). 

As discussed in Section 2.6, it is possible to calculate average geometries of the 

orthoH2 - HCCCN and paraR2 - HCCCN van der Waals complexes from the 

experimental rotational constants. Figure 4.5 shows the definition of the structural 

parameters being determined. As described in Chapter 3, from the isotopic data we can 

obtain a rs structure. The iterative program, MWSTR1, developed by Typke33'34 was 

used in this report. The geometries obtained for orthoRi - HCCCN andparaH2 -

HCCCN are shown in Table 4.10 along with the values obtained for He - HCCCN.1 The 

shorter bond lengths in the H2 - HCCCN complexes compared to the He - HCCCN 

complex are consistent with larger binding energies of the former. The calculated angle 

between the H2 molecule and the HCCCN intermolecular axis depends sensitively on the 

A rotational constant of the complex. The A rotational constant could spectroscopically 

be determined only in the orthoB.2 - HCCCN and orthoYh - HCCC15N dimers. In the 

structure determination of the/>arraH2 - HCCCN complex, the A 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 rs structure of the paraRi -

HGCCN dimer should be considered less accurate than the orthoH.2 - 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,1 as well as with the H2 -

OCS complex.35 The calculations were done on the CCSD(T)36 level of theory with large 

basis sets and bond functions.37 This is an established technique for the determination of 

the interaction energies of weakly bound systems.38'39 Following the He - HCCCN 

potential energy calculations1 and previous success by Dunning and co-workers, the 

augmented correlation-consistent (aug-cc)40 basis sets were used. In this case, as in the 

He - HCCCN potentials, I used 3s3p2dlflg bond functions with a coefficients (sp 0.9, 

0.3, 0.1; d 0.3, 0.2; fg 0.3)37*39 for the computation of the H2 - HCCCN surfaces. These 

coefficients were chosen from the ab initio studies of the He - HCCCN1 and Ne- and Ar-

cyclopropane dimers, which resulted in potentials with microwave accuracy.41 

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,1 the HCCCN structure was frozen at the 

equilibrium values from the calculation (CCSD(T), aug-cc-pVQZ) (r(H-C) = 1.0736 A, 

KC^C) = 1.2094 A, r(C-C) = 1.3810 A, and r(CsN) = 1.1637 A).1 The discrepancy 

between the equilibrium values and the ground-state effective structure of HCCCN42 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, r(H-H) = 0.7414 A.43 This is consistent with the procedure in 

89 



the CCSD(T) potential energy calculations of the H2 - OCS dimer. The supermolecule, 

single-point interaction energies were calculated using the MOLPRO 2002.6 package.44 

The basis set superposition error was corrected using the full counterpoise correction 

technique of Boys and Bernardi.45 

In the related He - HCCCN complex,1 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 0, 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 (0) 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 H2 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 H2 - OCS.35,46 The parallel orientation corresponds to 0 = 0° and a = 90°. The 

perpendicular orientation is at ^ = 0° and a = 0°. The out-of-plane orientation is when <p 

= 90° and a = 90°. Single-point energies of the H2 - 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 

(0) 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 H2 - 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 (H2V- 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"1. For the configuration 

with 6 - 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 

A.4. 

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"1 at i? = 
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3.30 A and 0-76.3°) occurring at an approximately T-shaped configuration with a 

secondary minimum (E = -125.57 cm"1 at R = 5.45 A and 6 = 167°) corresponding to a 

near linear H2 - HCCCN configuration separated by a lower saddle point (E = -125.57 

cm"1 at R - 4.65 A and 9- 131.3°) and an upper saddle point (E = -11.39 cm"1 ati? = 5.56 

A and 8 = 2°). The potential for the out-of-plane orientation has a global minimum (E = -

147.92 cm"1 atR = 5.38 A and d= 167°) at a near linear configuration with a secondary 

minimum (E = -110.52 cm"1 at R = 3.37 A and 8 = 88.2°) separated by a lower saddle 

point (E = -69.77 cm"1 atR = 3.95 A and 8 = 119.3°) and an upper saddle point (E = -

11.31 cm"1 at R = 5.57 A and 6=2°). The potential for the perpendicular orientation has 

a global minimum (E = -188.78 cm"1 at R = 5.09 A and 9-2°) at a near linear geometry 

with its secondary minimum (E = -110.83 cm"1 at R = 4.21 A and 6 = 128.5°) at a near T-

shaped configuration connected by a first saddle point (E = -76.35 cm"1 at R - 3.81 A and 

6 = 72.6°) and a second saddle point (E = -3.07 cm"1 atR = 5.67 A and 8 = 159.7°). The 

averaged potential has a global minimum (E - -112.56 cm1 at/? = 3.41 A and 8= 87.3°) 

at a near T-shaped configuration with a broad secondary minimum (E = -72.56 cm"1 atR 

= 5.56 A and 8- 167°) at a near linear configuration separated by a lower saddle point (E 

= -68.32 cm"1 at R = 4.14 A and 9= 121.2°) and an upper saddle point (E = -60.50 cm"1 at 

R — 5.31 A 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 JACOBI.47 

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"1 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 ceiling of the potential in the 

program was set at 5000000 cm"1. 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 orthdRi — 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 

ofpardRi - HCCCN are given in Appendix B. 3. 

4.5 Properties and accuracy of the H2 - HCCCN potential energy 

surfaces 

The bound-state energies supported by the potentials were obtained from the 

JACOBI program47 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 6-type transition (-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 H2 - OCS 

MP4 calculations, an averaged potential was used to describe the paraYi.2 - OCS system 

while the potential for the parallel orientation was able to reproduce the orthoiij - OCS 

experimental results.46 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 (|%Avov| = 4.8%) with the experimental frequencies. The agreement 

between theoretical and experimental frequencies of 6-type transitions was much less 

accurate (|%Avav| =8.2 - 10.3%) compared to a-type transitions (|%Avav| =1.4 - 3.0%). 

Simple scaling techniques were applied to the potential energy surfaces to improve the 

agreement of calculated and experimental rotational transition frequencies. Following 

the He - HCCCN potential energy surfaces studies,1 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 6-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 6-type transitions was improved 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 agreement 

for 6-type transition frequencies improved substantially (|%Avov| = 0.8 - 2.5%) with the 

scaling procedure. The results of the various scaled and the un-scaled potentials for 

orthoRj - 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 paraYlz - HCCCN 

involved shortening the van der Waals bond length. Itor paraH.2 - 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 orthoH2 - HCCCN mdparaH2 - HCCCN 

complexes have been used to predict the rotational transition frequencies for the 

HCCC15N 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 orthoYk - HCCCN complexes, the PES results predict the rotational transitions of 

minor isotopologues within 2% of the experimental results. The paraR2 - 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 unsealed and scaled potentials can be fit to the 

spectroscopic constants using SPFIT21 are shown for orthoHi- HCCCN and paraHt -

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.2 — HCCCN complexes, the negative Aj 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 smaller than the experimentally 

determined result. The effect on the experimental spectra of the large amplitude motions 

and Coriolis interactions can be difficult to capture 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 paraR2 - 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 HheparaRi - HCCCN complexes, the results can be better 

compared. The centrifugal distortion constant from a linear rotor analysis of the 

theoretical transition frequencies (Dj= 1.35414 MHz) is in better agreement with the 

experimental results of the paraHz - HCCCN complex (Dj- 1.56990 MHz). Both 

results are consistent with the parafy - HCCCN complex being weakly bound with large 

amplitude motions. 

The transition frequencies of HCCC,5N and DCCCN containing complexes were 

fit using SPFIT21 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 

ortholii and/?araH2. This substantiates the scaling methods as being appropriate ones to 

describe both of the H2 - 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 orth6H2 - 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 orthoH2 - aadparaH2 - HCCCN complexes. The inertial defect for the 

orthoB.2 - HCCCN complex (A0 = 2.7 amu A2) is smaller than that of paraH2 - HCCCN 

(Ao = 4.0 amu A2). The larger inertial defect indicates that the pardR2 - HCCCN 

complex is less rigid than the orthoR2 - HCCCN dimer. This is consistent with the trend 

observed in the H2 - OCS complexes study.3'4 The inertial defects obtained from the 

theoretical analysis of minor isotopologues are in agreement with the main isotopologues 

values. An isotopic substitution on the HCCCN molecule should not affect the inertial 

defect since the inertial defect is mainly due to the out-of-plane motions and large 

amplitude motions of the hydrogen molecule. 

4.6 Conclusions 

The orthoR2 - HCCCN and paraH2 - HCCCN complexes were investigated 

using rotational spectroscopy. Three isotopologues (HCCCN, DCCCN and HCCC15N) 

were studied for both complexes with a-type transitions in the \K\ = 0 stack measured for 

each isotopologue, with more extensive study of orthoR2 - HCCCN and orthoHi -

HCCC15N complexes. Additionally, the JKaKc - l0i - Ooo transition of various 13C 

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 

a floppy complex. An analysis of the rotational constants provided structural parameters 

for both orthoU2 - HCCCN (R = 3.68 A; 9 = 102.2°) andparaK2 - HCCCN (R = 3.59 A; 

6= 105.3°). The rotational constants were analysed and showed large inertial defects for 
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the orthoRi - HCCCN complex. The data set for the paraR2 - HCCCN complex was 

insufficient to determine the inertial defect for the complex. 

Potential energy surface calculations were performed on the H2 - 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 H2 

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.2 - HCCCN experimental results 

were best reproduced using the potential corresponding to the parallel orientation of the 

H2 molecule. A simple scaling technique of lengthening the bond length by 0.15 A 

improved the agreement, especially for the 6-type transitions. The experimental results 

of theparaH2 - 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 orthoB.2 - HCCCN and 

paraH2 - HCCCN complexes were used to determine the transition frequencies for 

DCCCN and HCCC15N isotopologues. The agreement with the experimental results of 

the isotopologues substantiates the scaling method. 
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4.7 Figures 

w,w 

8115.5 8116.5 8117.5 8118.5 

Frequency pHz) 

8110.5 

Figure 4.1: A composite experimental spectrum of the JKOKC = loi - Ooo transition of 
orthotic - HGCCN, obtained with 100 averaging cycles. Each 14N 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. 

99 



0-1,14 

231417 23842J 23P2J 238411 2143.7 

Frequency (MHz) 

Figure 4.2: A composite experimental spectrum of the JKCKC - 111 — Ooo transition of 
orthoHz — 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. 

100 



34 

2-1 

1-0 

JL 
112016 15200.1 M M 1S2E1 1S210.8 15211.1 1S2114 15212.1 
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Figure 4.3: A composite experimental spectrum of the JKOKC — 1\i - In transition of 
orthoH2 - 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 l4N components are 
shown in the figure. 
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Figure 4.4: A composite experimental spectrum of the JKOKC
 = loi - Ooo transition of 

paraRt - HCCCN, obtained with 100 averaging cycles. An enriched paraH2 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, 6 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 a-inertial axis and the 
HCCCN molecular axis is given by 6a (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, 6 is the angle between the HCCCN molecular axis and the R 
vector. The parallel orientation, shown in (a), corresponds to § = 0° and a = 90°. The 
perpendicular orientation, shown in (b), is described by § = 0° and a = 0°. The out-of-
plane orientation, shown in (c), corresponds to cj) = 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 theorthoU2 - HCCCN dimer. 
Transition 

(J KaKc -

J KaKc) 

lot - Ooo 

2,2- In 

2o2 - loi 

lio- loi 

2n -1 io 

3i3 -2)2 

Fi-Fj" 

1-1 

2-1 

0-1 
2-1 

2-2 

1-1 
3-2 

1-0 

2-2 
1-0 
2-1 
3-2 
1-1 
1-0 
2-2 
1-2 
2-1 

1-1 

2-1 

2-2 

1-1 

3-2 

1-0 

3-3 

F'-F" 

2-2 
1-2 
2-1 
3-2 
1-0 
1-2 
3-2 
2-1 
1-1 
2-2 
2-1 
3-3 
2-2 
3-2 
4-3 
3-3 
2-1 
1-1 
0-1 
3-3 
2-1 
3-2 
4-3 
1-2 
1-1 
2-1 
1-2 
2-2 
1-0 
2-2 
1-2 
3-2 
1-1 
2-2 
3-3 
1-2 
2-2 
1-2 
3-2 
4-3 
2-1 
2-1 
1-1 
4-4 

Vobs 

8116.2725 
8116.2965 
8117.5420 
8117.5716 
8117.5966 
8119.4937 
15209.0971 
15209.1293 
15209.1441 
15209.7249 
15209.7495 
15209.7675 
15210.2152 
15210.4404 
15210.4656 
15210.4834 
15211.7877 
15211.8041 
15211.8390 
16194.8387 
16195.0566 
16196.1361 
16196.2234 
16198.2718 
16669.3999 
16670.6644 
16671.3228 
16671.9388 
16671.9701 
16672.5214 
16672.5687 
17096.1244 
17096.1650 
17096.7713 
17096.7943 
17096.8129 
17097.1910 
17097.2115 

17097.4522 
17097.4724 
17097.4943 
17098.8136 
17098.8327 
22802.8020 

Ava 

(kHz) 

-6.0 
-0.2 
-7.9 
4.2 
6.9 
2.9 
-21.7 

3.4 
-8.0 
-16.6 
10.1 
-3.7 
12.8 
7.8 
1.1 
1.1 
-8.9 
-1.0 
5.6 
-5.7 
-0.4 
2.8 
3.3 
-13.3 
28.0 
31.5 
10.0 
-5.3 
-4.4 
-44.5 
-15.5 
-12.1 
-2.1 
-1.7 
-7.0 
5.7 
-3.3 
-4.4 
7.2 
-7.0 
15.0 
6.2 
3.7 
-8.7 
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3-2 

2-1 
4-3 
2-2 
0-1 
2-1 
1-1 

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

calc 

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

22803.4856 
22803.5086 
22803.5418 
22803.8749 
22803.8909 
22804.9601 
23842.0388 
23842.9910 
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 
7.9 
-0.1 
3.5 
1.5 

-13.3 
14.9 
-3.6 
2.0 
-3.7 
-0.1 
4.6 
1.1 
2.3 
-4.3 
-5.6 
5.2 
4.8 
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Table 4.2 

Measured rotational transition frequencies (in MHz) and quantum number assignments 
for the orthoH2 HCCC15N. 
Transition 
( J KaKc -

J KaKc) 

lo t - Ooo 

2o2 - lo i 

l i o - l o i 

3<)3 " 2o2 

I n - O Q O 

F-F 

1-1 
2-1 
0-1 
1-0 
3-2 
2-2 
1-2 
2-1 
4-3 
0-1 
2-1 

ortf*oH2-HCCC,5N 
Vobs 

7911.6803 
7911.7039 
7911.7299 
15788.4720 
15788.5055 
16718.9888 
16179.0193 
16719.0328 
23594.8218 
23730.2693 
23730.2875 

Jva(kHz) 

4.5 
3.3 
-7.9 
-5.6 
5.6 

-11.4 
3.5 
7.8 
0.06 

-2.2 
2.2 

aAv = vobs.-vcalc.. 
b Small Av 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 13C dimers of orthoHi ~ 
HCCCN. 
Transition 
( J KaKc -

J KaKc) 

Fj-

Fi 

F-
F 

orthdi{.2 -

H13CCCN 
V0b» 

orthoH.2 ~ 
HC13CCN 

Vobs 

orthoWi — 
HCC13CN 

Vobs 

l o i - O o 

(B+QI2 

1-1 2-2 7881.3438(-2.2)a 

1-2 7881.3642(0.3) 
2-1 2-1 7882.6161(2.1) 

3-2 7882.6414(-0.5) 
1-0 7882.6598(1.6) 

0-1 1-2 7884.5645(-1.3) 
3940.8750(2)* 
-4.28797(163) 
-0.0624(18) 

8081.6726(-3.4) 
8081.6969(0.7) 
8082.9441(3.2) 
8082.9713(-1.1) 
8082.9933(2.4) 
8084.8927(-1.8) 
4041.0399(2) 
-4.28545(163) 
-0.0707(18) 

8088.5690(-2.2) 
8088.5900(-4.4) 
8089.8408(6.6) 
8089.8653(-5.4) 
8089.9019(9.7) 
8091.7893(-4.4) 
4044.4883(2) 
-4.28973(163) 
-0.0819(18) 

0 The numbers in the parentheses are the /Jv = v^. - vco/c. in kHz. 
h Numbers in parenthesis are one standard deviation in units of the last significant figure. 
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Table 4.4 

Measured rotational transition frequencies (in MHz) and quantum number assignments 
for the orthoH2 - DCCCN dimer. 

Transition 

(J^KaKc -
J KaKc) 

loi -Ooo 

2o2 - loi 

3o3 - 2Q2 

F2-F2 

14 

2-1 

0-1 
2-2 

1-0 

2-1 

3-2 
1-1 

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

_, „ 
FJ-FJ 

_ 

2-2 
0-1 
1-0 
3-2 
2-1 
1-1 
2-2 
3-3 
2-1 
1-1 
3-2 
2-1 
4-3 
1-0 
2-2 
1-2 
1-1 
4-4 
4-3 
5-4 
3-3 

, „ 
F -F 

2-3 
3-3 
1-2 
2-1 
4-3 
3-2 
2-2 
3-3 
4-4 
3-2 
2-2 
4-3 
3-2 
5-4 
2-1 
3-3 
3-2 
2-2 
5-5 
5-4 
6-5 
4-4 

orthoKi -
DCCCN 

Vobs 

7575.0437 
7575.0800 
7575.1258 
7576.3210 
7576.3552 
7576.4072 
7578.2949 
15122.0745 
15122.0919 
15122.2694 
15122.3221 
15123.3215 
15123.4401 
15123.4980 
15125.4035 
15125.4637 
15125.5033 
15125.5183 
22610.7115 
22612.0595 
22612.1393 
22614.0358 

^va(kHz) 

-73.0 
-80.4 

-101.5 
-72.0 
-72.7 
-82.2 
-65.5 
64.1 
61.7 
33.8 
46.4 
23.7 
57.0 
101.8 
-5.2 
28.1 
27.6 
-1.1 

-33.8 
-51.8 
-25.4 

1.6 
aAv = vobs. -vcalc,. 



Table 4.5 

Measured rotational transition frequencies (in MHz) and quantum number assignments 
for the paraH2 - HCCCN dimer and pardfti HCCC15N. 

paraH2-HCCCl:,N 
Vobs 

Transition 

( J KaKe -

J KaKc) 

lo i - Ooo 

¥ -
F 

TT 
2-1 
0-1 

paraYii- HCCCN 
vobs 

Jvfl(kHz) 

8294.4725 
8295.7655 
8297.6989 

4.8 
6.9 
3.9 

8075.8056 

Av (kHz) 

-8.4 

2o2 - lo 

3Q3-2, 
a4v = v„, 

02 

2-2 
1-0 
2-1 
3-2 
1-1 
4-3 

16547.8251 
16548.0354 
16549.1239 
16549.2242 
16551.2618 
24718.8219 

5.2 
-10.0 
2.8 
10.9 
-10.9 
3.1 

16113.9571 

24076.7297 

6.7 

-1.7 



Table 4.6 

Measured rotational transition frequencies (in MHz), quantum number assignments, and 
determined spectroscopic constants (in MHz) for various 13C dimers of pardRi -
HCCCN. 

Transition 
( J KaKc — J KaKc) 

lot - Ooo 

F-F" / W « H 2 - H U C C C N / ; a r a H 2 - H C l 3 C C N 
Vobs Vobs 

paraH2 - HCC 
Vobs 

CN 

1-1 
2-1 
0-1 

8053.5610(-2.4f 
8054.8585(4.0) 
8056.7896(-1.6) 

8260.2231(0.1) 
8261.5194(0.1) 

b 

{B+QI2 
^( ' 4 N) 

4030.8167(3)' 
-4.30373(187) 

4134.1487" 
-4.321(39) 

8263.6884(-0.5) 
8264.9806(0.8) 
8266.9159(-0.3) 

4135.8794(3) 
-4.30311(187) 

"The numbers in the parentheses are the Av — vabs. - vcaic, in kHz. 
b The component F-F =0-1 was unmeasurable due to accidental overlap with the F-F" =1-1 component 
of>raH2-HCC I3CN. 
c Numbers in parenthesis are one standard deviation in units of the last significant figure. 
d 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 paraYLi - DCCCN dimer. 

Transition 
(JjKaKc _ 

J KaKc) 

loi - Ooo 

Fi-Fi F-F paraH2- DCCCN zfv"(kHz) 
vobs 

2o2 - lo 

1-1 

2-1 

0-1 
3-3 

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

7735.4018 
7735.4323 
7736.7117 
7736.7577 
7738.6572 
15441.7024 

2.5 
-3.6 
-0.5 
2.4 
-0.7 
0.0* 

"dv = vobs.-vcak.. 
Small Av since the centrifugal distortion constant is calculated from the two transitions. 
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Table 4.8 

Determined spectroscopic parameters for the orthoH2 -

and orthoH2 - DCCCN dimers. All values are in MHz. 
HCCCN, orthoKz - HCCC15N, 
unless stated otherwise. 

A 
B 
C 

(B+Q/2 
Aj 
AjK 
*K 

4>J 

&JK 

Sj 
SK 

to 
xJLl% 
^*(14N) 
Xaa(P) 

5aa(Hl-H2) 
SWHrHj) 

Caa(H) 
CWH) 

Aoc (amu A2) 
#trans 

rms (kHz) 

oH 2 -HCCCN 

20434.84172(53)" 
4531.23799(81) 
3585.44274(53) 

-0.168862(73) 
21.589188(273) 

135.1389c 

-0.0005214(41) 
0.043841(17) 
0.074902(59) 
0.0000034c 

0.0005254(31) 
-4.27682(63) 
2.11299(68) 

-
0.04564(87) 
0.01080(264) 
-0.04453(65) 

-0.003587(134) 
4.69 

9 
10.7 

oU2-DCCCN 

19947.467* 

3790.4995(36) 
1.2045851(241) 

21.589188'' 
135.1389c 

-0.0005214'' 
0.043841'' 
0.074902rf 

0.0000034' 
0.0005254d 

-4.2690(71) 
-

0.27764(173) 
0.04564" 

-
-
-

3 
58.4 

oH 2 -HCCC 1 5 N 
20402.48976(64) 
4406.07907(247) 
3505.01923(171) 

-0.150575(82) 
-21.589188rf 

135.1389c 

-0.0005214'' 
0.043841'' 

0.08146(43) 
0.0000034c 

0.0005254rf 

-
-
-

-0.0449(13) 
-0.0521(17) 

-
-

4.72 
5 

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. 
c Fixed to the value of He - HCCCN complex (Ref. 1). 
d Fixed at value of main isotopologue. 

Ao = /c - /„ - h-
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Table 4.9 

Experimental structural parameters for orthoU.2 • 
HCCCN van der Waals complexes. 

R(k) 6f)a 

HCCCN, paraB.2 - HCCCN, and He 

pE2 -HCCCN" 3~59 105.3 
oH 2 - HCCCN 3.68 102.2 

Averaged potential0 3.68 
Parallel potential0 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 (fi+Q/2 from experiment. 
c Obtained from the ground state radial wavefunction calculated with the JACOBI program. 
''Reference 1. 

Table 4.10 

Determined spectroscopic parameters for the pardRz - HCCCN, parcM.^ - HCCC15N, 
and paraRi - DCCCN dimers. All values are in MHz, unless stated otherwise. 

A 
(B+Q/2 

4/ 
Sj 

XaaC4K) 
Xaa(P) 
#trans 

rms(kHz) 

pH2-HCCCN 
21698.80" 

4151.268825(198)* 
1.7485679(173) 

0.0130" 
-4.30299(119) 

-
3 

7.2 

pU2-DCCCN 
21677.587° 

3870.877232(310) 
1.311951(56) 

-
-4.30053(170) 

0.1893(43) 
2 

2.1 

pH2-HCCC15N 
21682.649" 

4041.04681(36) 
1.5699028(241) 

-
-
-
3 

6.3 
" Fixed to value obtained from analysis of transitions between Bound-state rotational levels. 
b Numbers in parenthesis are one standard deviation in units of the last significant figure. 

Table 4.11 

Topographical features of various H2 - HCCCN potential energy surfaces, calculated at a 
resolution of R = 0.08 A and 0 = 0.9°. Entries are given as \R(A), d(°), E (cm'1)]. 

Parallel 
Perpendicular 
Out-of-plane 

Averaged 

Saddle point 1 
4.65,131.3,-38.25 
3.81,72.6,-76.35 
3.95,119.3,-69.77 
4.14,121.2,-68.32 

Global minimum Saddle point 2 
3.30,76.3,-156.95 5.65,2,-11.39 

5.09,2,-188.78 5.67,159.7,-3.07 
5.38,167,-147.92 5.57,2,-11.31 
3.41,87.3,-112.56 5.31,2,-60.50 

Secondary minimum 
5.45,167,-125.57 

4.21,128.5,-110.83 
3.37,88.2,-110.52 
5.56,167,-72.56 
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Table 4.12 

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

—,„•——,.,„•-, .— y— ., ... • — 

JKOKC ~ 

JKaKc 

loi — Ooo 

2 l 2 ~ 111 
2o2— loi 

110 - l'oi 
2 u - lio 
3l3 — 2i2 
In-Ooo 
3o3 — 202 

3i2 - 2 n 
r/oAv^r 

Rotational 
parameters 

A 
B 
C 

AJ 
AjK 

AK 

&j 

®JK 

8j 

SK 

<S>J 

V 

Experiment 

Vobs 

8117.3520 
15210.1951 
16196.1303 
16670.9616 
17097.2104 
22803.7703 
23843.1092 
24196.9788 
25625.2174 

20434.84172(53) 
4531.23799(81) 
3585.44274(53) 
-0.168862(73) 

21.589188(273) 
135.1390^ 

-0.0005214(41) 
0.043841(17) 

0.07490(6) 
0.0000034'' 

0.00052543(306) 

4.69 

Parallel orientation 

VpES 

8257.3 
15663.3 
16485.6 
18388.6 
17341.8 
23477.1 
25806.7 
24655.1 
25994.2 

22239.162(1) 
4548.212(2) 
3708.946(1) 
-0.0482(2) 
3.2252(6) 
135.1390rf 

-0.000898(7) 
-0.00560(4) 
0.00112(1) 
0.0000034'' 
0.000097(7) 

2.43 

"/oAv* 
1.7 
3.0 
1.8 

10.3 
1.4 
3.0 
8.2 
1.9 
1.4 
4.8 

Parallel orientation 
(R = r + 0.15 

VpES 

8201.4 
15499.7 
16366.5 
16712.9 
17283.1 
23227.3 
24022.6 
24458.5 
25917.6 

20510.498(1) 
4546.728(2) 
3654.478(1) 
-0.0499(2) 
4.0770(6) 
135.1390rf 

0.000509(9) 
0.11212(4) 
0.0919(1) 

0.0000034'' 
0.011421(7) 

2.50 

A) 
%Av* 

1.0 
1.9 
1.1 
2.5 
1.1 
1.9 
0.8 
1.1 
1.1 
1.5 

" v„bs is the hyperfine free centre frequency obtained from the spectroscopic fit. 
b %Av = 100x(v m - vobs)l vobs. 
c|%AvflJ = [2i(%Av02/»] ,/2 

d Fixed at value from He -
, where n is the number of transitions. 

- HCCCN dimer [ref. 1]. 
'Ao = Ic-Ia-Ib. 
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Table 4.13 

Hypothetical unsplit centre line frequencies and spectroscopic parameters of theparaR2 

HCCCN complex from potential energy surfaces compared with experimental values. 
All values are in MHz, unless specified. 

1 

JlCaKc — 

JKaKc 

loi-Ooo 
2 l 2 ~ 111 

lio — lot 
2o2 - loi 
2n — ho 
3l3 — 2i2 

In -Ooo 
3o3 — 2o2 

3i2-2n 
r/oAv^r 

Rotational 
parameters 

A 
B 
C 

(B+QI2 
Aj 

A/ 
AjK 

AK 

®J 
®JK 

Sj 

SK 

<t>J 

Ao* 

Experiment 

Vobs" 

8295.5435 

16549.1211 

24718.7675 

21698.800" 

4151.268825(198) 
1.7485679(173) 

-
-
-
-

0.0130* 
-
-

Averaged potential 

VPES 

8240.0 
15497.7 
16248.4 
16436.5 
17418.2 
23195.3 
23518.9 
24545.3 
26100.6 

20035.226(1) 
4604.581(1) 
3534.9836(7) 

4123.69552(36)e 

-0.1128(1) 
1.8230292(241) 

8.3547(6) 
135.1390* 

-0.001189(8) 
-0.00512(4) 
0.01294(2) 
0.0000034* 
0.000292(6) 

4.05 

%Av* 

-0.7 

-0.7 

-0.7 

0.7 

Averaged potential 
(i? = r -0 .15 
VPES 

8294.1 
15637.6 
17857.8 
16553.0 
17471.9 
23437.1 
25234.5 
24740.8 
26186.4 

21698.800(1) 
4605.613(2) 
3688.111(1) 

4150.05628(36)" 
-0.0946(2) 

1.4772278(241) 
8.8576(6) 
135.1390* 

-0.001173(9) 
-0.00202(4) 
0.0130(1) 

0.0000034g 

0.00238(7) 

4.01 

A) 
%Av* 

-0.02 

0.02 

0.09 

0.05 

" v0bs is the hyperfine free centre frequency obtained from the quadrupole fit. 
* %Av = 1 OOx^fij - vobs)/ vobs. 
c |%Avav| = [Si(%Avi)2/K]1/2, where n is the number of transitions. 
d 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 Aj as centrifugal 
distortion constant 
•^Centrifugal distortion constant (Aj) obtained by fitting only the three transitions experimentally 
determined. 
g Fixed at value from He - HCCCN dimer [ref. 1]. 

AQ = lc - Ia - h-

114 



Table 4.14 

Hypothetical unsplit centre line frequencies and spectroscopic parameters of the orthoKi 
- DCCCN and orthoUt - HCCC15N complexes from potential energy surfaces compared 
with experimental values. All values are in MHz, unless specified. 

oH2 -HCCCFN oH2 -DCCCN 
JKaKc — 

JlCaKc 

loi-Ooo 
2l2 — 111 

2 o 2 - lot 
h o - loi 
2 n - lio 
3i3 — 2i2 
lu-Ooo 

3o3 — 2o2 
3 u - - 2 i i 
|%AvJc 

Rotational 
parameters 

A 
B 
C 

(JS+Q/2 

4/ 
Aj 
AjK 

AK 

<PJ 

&JK 

Sj 

SK 

Ao' 

Experiment 

Vobs 

7911.7137 

15788.5040 
16719.0075 

23730.2733 
23594.8201 

20402,48123(71) 
4406.05966(97) 
3505.03635(72) 

-0.1516116(226) 

21.589188* 
135.1390" 

-0.0005214* 
0.043841* 
0.074902* 
0.0000034* 

Parallel orientation 
CR = r + 0.15A) 

VPES %Av* 

8011.1 1.3 
15138.4 
15986.3 1.3 
16246.1 -2.8 
16884.3 
22685.6 
23384.2 -1.5 
23889.5 1.3 
25303.6 

1.7 

19956.146(1) 
4441.884(1) 
3568.9337(7) 

-0.0637(1) 

2.9588(6) 
135.1390* 

-0.001049(8) 
-0.00787(4) 
-0.00107m 
0.0000034^ 

2.50 

Experiment 

vobs 

7576.2237 

15123.3087 

22612.1161 

19947.467d 

3790.54009(36) 
1.2141153(241) 

Parallel orientation 
( f l=r + 0.15A) 

vPfS 
7637.6 
14468.7 
15244.0 
16386.1 
16058.3 
21684.9 
23228.0 
22792.1 
24068.4 

19947.467(1) 
4215.621(1) 

3420.8479(7) 
3820.81905(36)* 

-0.0508(1) 
1.2300236(241) 

2.6615(6) 
135.1390" 

-0.000889(8) 
-0.00783(4) 
0.000125(2) 
0.0000034'' 

2.52 

%Av" 

0.8 

0.8 

0.8 

0.8 

" Vobs is the hyperfine free centre frequency obtained from the fit. 
* % Av = 100x(v/.£s - vobs)/ vobs. 
c |%AVav| = [Zi(%AVj)2/n]1/2, where n is the number of transitions. 
d 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 Aj as centrifugal 
distortion constant. 
^Centrifugal distortion constant (Aj) obtained by fitting only the three transitions experimentally 
determined. 
* Fixed at the values obtained from the analysis of orthoH2 - HCCCN. 
* Fixed at value from He - HCCCN dimer [ref. 1]. 
iAQ = Ic-Ia-Ib. 
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Table 4.15 

Hypothetical unsplit centre line frequencies and spectroscopic parameters of the/?araH2 
DCCCN and paraU.2 - HCCC15N complexes from potential energy surfaces compared 
with experimental values. All values are in MHz, unless specified. • 

pH2-HCCC"N pH2 -DCCCN 
JKOKC ~ 

JkaKc 

loi -Ooo 
2 l 2 ~ 111 

2o2~ loi 
l i o - loi 
2 u - ho 
3l3 — 212 

111 - Ooo 
303 ~ 2Q2 

3i2-2u 

l%AvJc 

Rotational 
parameters 

A 
B 
C 

(B+Q/2e 

4/ 
A/ 
AJK 

AK 

QJ 

®M 
Sj 

sK 

Ao* 

Experiment 

Vote 

8075.8056 

16113.9571 

24076.7297 

21682.649rf 

4041.04681(36) 
1.5699028(241) 

Averaged orientation 
(R = r + 0A5 

VpES 

8118.2 
15324.5 
16204.2 
17911.6 
17084.1 
22969.0 
25149.8 
24224.9 
25606.5 

21682.649(1) 
4498.946(1) 
3618.8737(7) 

4061.85585(36) 
-0.0900(1) 

1.3541458(241) 
8.4803(6) 
135.1390* 

-0.001271(8) 
-0.00181(4) 
-0.00797(2) 
0.0000034* 

4.01 

A) 
%Av" 

0.5 

0.6 

0.6 

0.6 

Experiment 

Vobs 

7735.5064 

15441.6146 

21677.587" 

3870.877232(310) 
1.311951(56) 

Averaged orientation 
CR = r+0 .15 

VpES 

7734.0 
14638.8 
15441.7 
18060.2 
16238.5 
21943.7 
24994.2 
23095.9 
24341.8 

21677.587(1) 
4266.879(1) 
3466.7890(7) 

3869.17399(67) 
-0.0761(1) 

1.094746(93) 
7.6970(6) 
135.1390* 

-0.001229(8) 
-0.00137(4) 
0.000690(2) 
0.0000034* 

4.02 

A) 
%Av" 

-0.02 

0.001 

0.01 

" %Av = 100x(vm - v0bs)I v0bs. 
vobs is the hyperfine free centre frequency obtained from the fit. 

c |%Avav|= [2i(%AVi)2/«]l/2, where n is the number of transitions. 
Fixed at value obtained from analysis of bound-state levels. 

c(B+C)/2 obtained from a fit of the three transitions experimentally determined with only Aj as centrifugal 
distortion constant. 
^Centrifugal distortion constant (AJ) obtained by fitting only the three transitions experimentally 
determined. 
8 Fixed at value from He - HCCCN dimer [ref. 1]. 
"Ao = / c - / „ - / » • 
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Chapter 5 

Spectroscopic investigations of (H2)AT- 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/7ara-hydrogen. This would be a direct observation of superfluidity in/?ara-hydrogen 

molecules. Infrared studies have been performed for the H2 - OCS dimer1 and larger 

(H2V- OCS (N= 2-7) clusters.2 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 6th and 

7th hydrogen molecules taking a different location (near the O end) compared to the ring 

formed by the 1st through the 5th hydrogen molecules. This is consistent with the He# -

OCS results from the infrared and microwave studies.3"6 For N= 1-7, the infrared study 

provided rotational constants to guide the spectral search in the microwave study.1'2 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 (H2V- OCS (N-2-T) clusters containing orthoRz 

andparark 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,2 containing a combination oforthoftz aadparaHi molecules were also 

assigned and have supported the assignment of the pure orthoHi or pure/?araH2 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.2 will be abbreviated to pH.2 and similarly, orthdVLi to 0H2. 

Outside of the molecular formulas, no abbreviations will be made. 

Rotational spectra of small-sized (RI)N- 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 (pH2)jv- OCS clusters, pure (0H2V 

- OCS clusters, and mixed orthoRz and paraK2 containing clusters were measured. The 

rotational lines oforthdRi molecules containing clusters show spin-spin hyperfine 

structure and the pattern evolves as the number of orthoH.2 molecules increases. Nuclear 

quadrupole hyperfine structures were observed for 33S (nuclear spin quantum number / = 

3/2) containing isotopologues. The nuclear quadrupole coupling constants of 33S are 

compared to the values of the OCS monomer and the He;/- 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 0?H2)TV- OCS and (0H2V- OCS rotational constants with those from previous 

infrared studies.2 

5.1 Experimental details 

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

molecular beam Fourier transform microwave spectrometer.7 Details of our spectrometer 

have been described previously8 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 ~l-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 (pH2)#- OCS clusters 

and mixed clusters containing predominately para-hydrogen molecules (for example, 

(pH^oHfe) - OCS). Over time, we observed some back-conversion of the enriched 

para-hydrogen to orf/jo-hydrogen. This is consistent with the results seen by McKellar et 

al. in their infrared study.2 As a result, the mixed clusters containing more ortho-

hydrogen molecules gained significant signal intensity, since or^o-hydrogen molecules 

bind more strongly to OCS than para-hydrogen molecules.9"11 

In addition to the normal isotopologues of (Hi)^-OCS (N= 2-7), other 

isotopologues were also investigated, namely those containing 013CS, OC33S, OC34S, and 

013C34S. Spectra of complexes containing 013CS and 013C34S were obtained using an 

enriched sample (Cambridge Isotopes Laboratories, 99% 13C). 

Microwave-microwave double resonance experiments as described in Chapter 2 

were done in attempts to measure the frequencies of higher J transitions.12 Pump 

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

The set-up, described in more detail previously,12 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 Hejv - molecule clusters6'14'15 and with H2 - molecule dimers.16 

5.2 Results and analyses 

Predictions from the infrared work on clusters with N= 2-7 (pure paraYii and 

pure orthoR2) were used to search for the rotational transitions. The measured transition 

frequencies of (pH.2)N~ OCS, (ork)^- 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 (0H2V- OCS and for (pH2)N-x(°^2)x - OCS clusters. Figure 5.1 

shows the difference in the hyperfine patterns of the (oH2)2 - OCS and the (PH2X0H2) -

OCS spectra. The complexity of the hyperfine pattern was observed to increase as the 

number of orthoRz molecules increase. The frequencies of the hyperfine components in 

clusters with less than five orthoWi molecules were fit to obtain spin-spin coupling 

constants, one for each orthoYh molecule present in the cluster. In most cases where 

more than one orthoRi 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.2 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,17 to obtain the hyperfine coupling constants. 

Some mixed clusters containing a combination of paraH2 and orthoRi molecules 

were observed such as (pH^CoKb) - OCS, but not all could be resolved, in the infrared 

study.2 In the search procedure we assumed that the transitions of the mixed clusters 

occur at equidistant frequency intervals between the pure paraH.2 and pure orthoU.2 
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molecule clusters. For example, in N= 2, the (pH2)(oH2) - OCS cluster should lie nearly 

equidistant from the (pH2)2 ~ OCS and (oH2)2 - OCS transition frequencies. The 

transition assigned to (pH2)(oH2) - OCS '(JROKC
 = loi - Ooo) was observed within 2.5 MHz 

of the expected frequency. 

Despite extensive MW-MW DR experiments, no / = 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 .7=1-0 transition. 

5.2.1 N = 2 

All JV= 2 clusters with 16012C32S were found and initially measured without the 

use of an enriched paraH.2 sample. The JKOKC
 = loi - Ooo transitions of 0?H2)2 — OCS, 

(oH2)2 - OCS and (pH2)(oH2) - OCS were found and measured for OCS, 013CS and 

OC34S, as well as for 013C34S of the (oH2)2 - OCS cluster. The signal intensity of the 

clusters was sufficient to observe the JKaKc = loi - Ooo transition of (pH2)2 - OCS with 10 

averaging cycles. The signal did increase correspondingly 15 fold when an enriched 

paraH.2 sample was used, thus confirming the presence ofparaHfe in the cluster. The use 

of enriched para-YLz samples allowed us to measure the spectra of less abundant 

isotopologues. 

Additionally, the JKOKC = loi - OOO transition frequencies of (oHa)2 - OC33S were 

measured and are given in Table 5.4. The spectrum of the JKOKC
 = loi - Ooo transition of 

(pH.2h - OC33S (Figure 5.2) shows additional hyperfine structure as a result of 33S (7= 

3/2) nuclear quadrupolar coupling. The spectrum was fit to a 33S nuclear quadrupole 

coupling constant and two equivalent spin-spin coupling constants, one for each orthoHi 

molecule in the cluster. The corresponding nuclear quadrupole coupling constant, Xaa, 
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(Table 5.4) differs by only 2.2% from that of the OCS monomer.18 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, 6a, of 6.9° is obtained from Xaa-

5.2.2 iV= 3,4,5 

The predicted rotational constants for the N= 3-5 clusters from the infrared study2 

were quite close for both the pureparaH.2 and orthdRz 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.6 Additionally, very low concentrations of OCS (< 0.2 %) and 

hydrogen gas (< 0.5%) were used. 

5.2.2.1 (pH2)3,4,5- OCS clusters 

The J = 1 - 0 transition of (pH2)3 - OCS could be measured without an enriched 

paraRz sample, but the signal intensity improved significantly when an enriched sample 

was used confirming that presence of paraHi molecules in the clusters. The (pH2)4 -

OCS signal was quite weak and only transitions of the normal isotopologue could be 

observed. The assignment for JV= 4 was solidified by the observation of all possible 

mixed clusters. Transitions of the N= 5 cluster were measured using an enriched sample 

but can be seen very weakly with a non-enriched sample. The J— 1 - 0 transitions for 

(pH2)3 - OCS and (pH2)s - OCS were measured for OCS, 013CS and OC34S 

isotopologues. The J= 1-0 transition of (pH^s - 013C34S was also measured. 

Examples of typical spectra obtained for the (pH2)3 - OCS and (pH2)6 - OCS clusters are 

shown in Figure 5.3. The measured transition frequencies for the pure (pH2)3-5 - OCS 

clusters are given in Table 5.1. 
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5.2.2.2 (oH2)3)4,5 - OCS clusters 

The 7 = 1 - 0 transitions of the (oH2)3-5 - OCS clusters were measured for OCS 

and 013CS isotopologues. Additionally, the J- 1 - 0 transitions of (oH2)3,4 - OC34S and 

(oH2)4 - 013C34S were measured. The transition frequencies for (oH^b-s - OCS clusters 

are given in Table 5.2. Hyperfine structure due to the protons in these clusters was 

observed and measured. Figure 5.4 shows the spectra of the J = 1 - 0 transitions of 

(oH2)3 - OCS, as well as (oH2)6 - OCS for comparison. The hyperfine structure of these 

transitions becomes more complex as the number of orthoRi molecules in the cluster 

increases. The analysis was possible for clusters containing less than five orthoRi 

molecules and provided spin-spin coupling constants for (oH2)3 - OCS and (<?H2)4 - OCS 

clusters. Due to the complexity of the spectrum and restrictions of the SPFIT17 program, 

analysis of (oH2)5 - OCS and any cluster containing five orthofy 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 (oH2)3 - OC33S and (oH2)4 - OC33S were measured 

and the frequencies are given in Table 5.4, together with the 33S nuclear quadrupole 

coupling constants, Xaa, obtained from the spectroscopic analysis. The Xaa values remain 

quite close to the monomer value,18 indicating that the OCS unit lies relatively rigid along 

the principal a-inertial axis. The average excursion angle, 8a, can again be obtained from 

Xaa and equation [2.18]. For the (oH2)3 - OC33S cluster, a value of 4.2° is obtained, while 

a value of 5.6° is obtained for the (oH2)4 - OC33S cluster. 
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5.2.2.3 (pH2)x(on2)N-x - OCS mixed clusters (N= 3,4,5) 

For N= 3 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 orthoHz molecules is 

shown in Figure 5.5 for clusters with N= 3. 

For N= 5, the mixed clusters were also found near the predicted frequencies with 

evolving hyperfine structures. However, for the J- 1 - 0 transition of the (pt^MoEb^ -

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 orthoU.2 molecules in the system. The transition at higher 

frequency is stronger in intensity by at least an order of magnitude. The proposed reason 

for the observation of two transitions for this mixed cluster is the occurrence of two 

structural isomers. The paraH.2 and orthdfti molecules can be arranged in two different 

ways in the (pRdiioHi)! - 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. 

5.2.3 N = 6, 7 

5.2.3.1 (pH2)6,7 - OCS clusters 

The J= 1 - 0 transitions of (pH2)6 - OCS and (p^h - OCS were observed by 

using very low concentrations of OCS (< 0.1%) and low concentrations of enriched 
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paraH2 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 oipardRi molecules in the clusters. Transitions were also measured for clusters 

containing 013CS, as well as for (ptfe^ - OC34S. Figure 5.3 shows the spectrum of 

(pH2)6 - OCS compared with (pRi)?, - OCS. The transition frequencies are given in 

Table 5.1. 

5.2.3.2 (0H2)(j,7 - OCS clusters 

The 7 = 1 - 0 transition was measured for the main isotopologue and for (oH2)6 -

013CS. The spectrum of {pRi)e - OCS is shown in Figure 5.4 next to the spectrum of 

(oHi)! - 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 seven orthdRi molecules are too complicated and a hyperfine 

structure analysis was not feasible using SPFIT.17 The analysis is further complicated by 

the placement of the sixth and seventh Eb molecules off of the ring around the OCS 

molecule, as was observed by a change in slope of the vibrational shifts.2 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 (pn2)N.x(on2)x - OCS mixed clusters (N = 6,7) 

The 7 = 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 orthdHi 
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molecules. Structural isomers were found for the J= 1 - 0 transition of the (pFbMork^ 

- OCS cluster, where two transitions were detected within a ~75 MHz range, similar to 

the case of the structural isomers observed in the (pHsMoEb^ - OCS cluster. The 

transitions require similar sample conditions and show hyperfine structures consistent 

with the presence of several orthoiii molecules. Unfortunately, an analysis of the spin-

spin coupling constants was not possible for the (pH2)3(oH2)3 - 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 (pHfeMoEfê  - 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= 7, transitions corresponding to two mixed clusters, namely (pK.2)i{dRi)s -

OCS and ipR^ioYii)^ - OCS, could not be observed despite extensive searches. As the 

number of H2 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 H2 molecules begin to spill off the equatorial ring to the poles. 

There is no indication of whether parcfth or orthoH.2 molecules would prefer to be on the 

ring or at the pole. For example, in (ptkMoEfe^ - 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 paraH2 and orthofy molecules is changed in the cluster. 

For example, in (pH^^oH^ - OCS, the ring could be expected to be comprised of five 

paraHz molecules. In (pH.2h(oH.2)s - OCS, the ring could be entirely orthoHi 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 

certain cluster size, but determining the actual number N of hydrogen molecules is more 

difficult. In the case of He^- OCS, extensive studies about pressure, sample 

concentration, and nozzle temperature dependence of the signal intensities gave a relative 

sizing of the clusters.6 Important additional information is available in the (H2V- OCS 

studies with the observation of the mixed clusters. The evolution of the hyperfine 

structure due to the number of orthoYh 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 orihoYli molecules. This can be 

seen in the spin-spin coupling constants being in reasonable agreement as will be 

discussed in the next section. Comparison with the data from the infrared study2 further 

substantiates the AT number assignments. 

5.3.2 Spin-spin hyperfine patterns from orthoHi molecules 

Transitions of orthoHi 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 



number lis given by equations [2.20] and [2.21]. In the present studies, only a-type, J 

= 1-0 transitions were measured and only Saa constants were determined from the data. 

A first estimate for the tensor spin-spin coupling constant can be obtained, as in the 

previous studies, from the geometry of the orthoRi molecule. The sign of the spin-spin 

coupling constant is chosen such that it is negative for homodiatomic molecules.20 One 

Saa coupling constant is obtained for each or^o-hydrogen molecule in the cluster (see 

Tables 5.2 and 5.3). Unless specified, the Saa coupling constants in clusters containing 

more than one orf/zo-hydrogen molecule were constrained to be equal. 

When comparing clusters which contain only one orthoH.2 molecule, the spin-spin 

coupling constants Saa 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 Saa between different cluster sizes could be due to the effect of the increasing number 

of/?araH2 molecules in the cluster. As the cluster size increases, the motion of the 

hydrogen molecules could perhaps be restricted. In the He#- OCS clusters, this 

increased rigidity is observed by a decrease in the centrifugal distortion constant with the 

first five helium atoms.6 The hydrogen clusters could be expected to behave similarly. 

The orthoilz - OCS dimer has a spin-spin coupling constant of Saa - SDaa = -106 kHz.10 

Other isotopologues of OCS in the orthoH.2 - OCS dimer have Saa = -121.6 kHz 

(013CS).16 The spin-spin coupling constants obtained for the larger mixed clusters 

(pH2)#-i(oH2) - OCS are in good agreement with the values obtained in the dimer 

studies.10'16 The free orthoHz molecule has a spin-spin constant of S^ = -5Daa = -288.4 

kHz.21 The values of Saa of the mixed clusters containing one orthoH.2 molecule and the 
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free orihd&i 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 orthoRz molecules, two Saa constants 

were fit and they were constrained to being equal. The spin-spin coupling constants for 

(oH2)2 - OCS and the minor isotopologues of OCS are S^ s -185 kHz. The mixed 

clusters containing two orthoH2 molecules ((/?H2)JV-2(OH2)2 - OCS) are in good agreement 

with the (oH2)2 - OCS results with the largest deviation being 22% for (pHaHoEb^ -

OC34S where only two components were resolved. For the main isotopologue, the largest 

deviation is 15.5% or 29.4 kHz for (/?H2)3(oH2)2 - OCS. 

For clusters containing three orthoU.2 molecules, three Saa constants were fit and 

were constrained to being equal. The spin-spin coupling constants obtained for the 

(oH2)3 - OCS clusters are in agreement for the main isotopologue (Saa — -152.3 kHz) and 

013CS (Saa = -159.8 kHz). The transition corresponding to (oH2)3 - OC34S was not as 

resolved due to the lower signal intensity and the spin-spin coupling constant is less in 

agreement (Saa = -182.2 kHz). The mixed clusters which were analysed with three 

equivalent spin-spin coupling constants are in agreement with the main isotopologue (Saa 

- -141.3 - -158.6 kHz). Some of the minor isotopologues have spin-spin coupling 

constants which do not agree as well (Saa = -113.3 - -179.7 kHz) which could be due to 

some hyperfine components not being resolved. 

The analysis of clusters containing four orthoB.2 molecules included four equal 

spin-spin coupling constants. For the (oH2)4 - OCS clusters, all the spin-spin coupling 

constants are in good agreement with the maximum deviation of 5.4% from the main 

isotopologue value (Saa = -214.2 kHz). The mixed clusters with four ortholh molecules 

132 



were analysed in the same manner, but the agreement with (0^)4 - OCS clusters is fair 

at best. The spin-spin coupling constants of the (pEbXoH^ - OCS clusters (S^OCS) = 

-151.2 kHz; S^O^CS) = -167.9 kHz) are in better agreement with the values obtained 

for (pH2)2(oH2)4 - OCS clusters (S^OCS) = -162.4 kHz; S^O^CS) = -151.0 kHz). The 

assignment of the mixed clusters containing four orthoHi 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 paraH2 molecule(s) in the cluster have a similar effect on the spin-spin coupling of 

the orthoH.2 molecules in both clusters. 

Clusters containing five or more ortkdRz 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 orthoE.2 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 orthciRi molecules are added. This is expected 

since the spin-spin coupling constant of the orthdH.2 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 (^2)2(0^)3 - OCS allowed for non-

equal spin-spin coupling constants for the three ortholh 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: Saa(l) = -174.3 kHz; Sacj(2) = Sj(3) = -147.1 kHz. In the structural isomer 1, all 

three orthoH.2 molecules are next to each other on the ring. The centre orihoW.2 molecule 
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has two neighbouring orthoKz molecules, such as in (oH2h ~ OCS with Saa = -152.3 kHz. 

The other two orthoiii molecules only have one neighbouring orthoH.2 molecule, similar 

to (oH2)2 ~ OCS with Saa - -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: Saa(l) = -130.0 kHz; Sm{2) = Saa{3>) = -196.2 kHz. Structural 

isomer 2 has an isolated orthotic molecule which is surrounded by paraR2 molecules, 

such as (pH2)4(oH2) - OCS with 5^ = -110.7 kHz. The other two orthoWi molecules 

have only one neighbouring orthoR2 molecule, again similar to (0^)2 - OCS with Saa = 

-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 33S nuclear quadrupole hyperfine pattern 

The 33S nuclear quadrupole coupling constants of the (OR2)N - OC33S (N= 2-4) 

clusters are similar to the value of the OC33S monomer Oco(33S) = -29.1184(12) MHz).18 

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 

6a between the a-inertial axis and the OCS molecular axis18 can be obtained from 

Equation [2.18]. The values for Qa obtained are given in Table 4, and are at most 6.9° for 

the (oH2)2 - 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.5'6'14'22"24 In 
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He;y- OCS, the rotational constant B0 decreases6'14'23 from N=\ to 9 and an increase in B0 

is observed between JV= 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 (B0) from the current studies versus the size of the 

clusters (N) for (pH-fitf- OCS and (OU2)N- OCS, respectively. For comparison, the plots 

also show the rotational constants obtained from the infrared studies.1'2 For the (pH2V~ 

OCS clusters, the theoretical rotational constants obtained by Whaley et al. are also 

shown for comparison.25 The rotational constants steadily decrease with the addition of 

hydrogen molecules, similar to the trend in the He^- OCS clusters.6'14'23 The rotational 

constants obtained in this study agree quite well with the values from the infrared 

studies.1'2 The theoretically obtained rotational constants25 predict the correct trend of the 

rotational constants, but are consistently lower than the experimental values. 

The rotational constants from microwave and infrared results for the orthdRi 

molecule agree within 3.6% until JV= 6, where the infrared study ended.2 The agreement 

is also quite good (1.8%) for iheparalii molecule cluster case until N=6. AtN-1, 

there is a difference of 11.5% between the microwave and the infrared values. This is a 

result of a larger error in B0 for N=l in the infrared study, where only two transitions 

(P(l) and R(0)) of (pH2)7 - OCS were measured.2 

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

nanodroplet experiments26"29 since the helium atoms in the droplet appears to affect 

structure and energetics of the (pH2>jv- OCS cluster. The nanodroplet geometry shows 

six paraYiz molecules forming a ring around the OCS molecule,26'29 but the infrared 

results predict only five para\h molecules on a ring in the bare hydrogen clusters.2 There 
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is insufficient microwave data to determine the geometry of the clusters. The agreement 

between the rotational constant of the infrared2 and microwave studies suggests that the 

vibrational shifts suggesting five molecules on the ring is accurate. 

5.4 Summary 

The pure rotational transitions of (JM2)N- OCS and (oH.2)N - OCS for N = 2 to 7 

were investigated by microwave spectroscopy. Additionally, mixed clusters were 

investigated and showed the evolving hyperfine patterns consistent with an increasing 

number of orthoH2 molecules. While the OCS and 013CS isotopologues were primarily 

investigated, the / = 1 - 0 rotational transitions of some OC34S, 013C34S, and OC33S 

isotopologues were also measured. Unfortunately, only 7 = 1 - 0 transitions were measured 

for all clusters despite extensive MW-MW DR. studies, therefore the rotational constant (5) 

corresponds to Vi the / = 1 - 0 transition frequency. The rotational constants obtained from 

this study agree well with the rotational constants obtained from the infrared study of (H2)w 

- OCS clusters.2 The theoretical rotational constants by Whaley et al.2S show similar 

agreement, although the values consistently underestimate the rotational constant observed. 

The spin-spin hyperfine constants for orthoH2 molecules were obtained for clusters 

containing less than five orthoH2 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 (pH2)2(oH2)3 - OCS provided spin-spin 

coupling constants which were compared to the values obtained for orthoH2 molecules in 

similar environments. This analysis solidified the assignment and proposed geometries of 

the structural isomers. Clusters with OC33S were also analysed for the 33S nuclear 

quadrupole coupling constant. The evolution of B with N for (H2)w - 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: JKOKC = lot - 00o transitions of (a) (oH2)2 - OCS, 8k data points at 10 ns interval, 10 
averaging cycles, the data set was supplemented with 8k zeros before Fourier transformation, (b) 
(PH2X0H2) - 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 0H2 molecule in (a). 
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Figure 5.2: JKOKC = loi - Ooo transition of (oH2)2 - OC33S, 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 3 S quadrupolar nucleus (J(33S) = 3/2). 
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Figure 5.3: J = 1 - 0 transitions of (a) (pH2)3 - 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 pardRi sample, and (b) {p&-2)(> - 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 paraVL2 sample. 
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Figure 5.4: 7 = 1 - 0 transitions of (a) (oH2)3 - OCS, 8k data points at 10 ns interval, 250 
averaging cycles, the data set was supplemented with 8k zeros before Fourier transformation, and 
(b) (oH2)6 - 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 orthoRz molecules in the cluster. The hyperfine 
can aid in the assignment of the relative cluster size. 
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Figure 5.5: J= 1 - 0 transitions of the mixed clusters found for N = 3, (a) (pFtMoFb) - OCS, 
100 averaging cycles taken at 8k points and 16k points Fourier transform, and (b) (pH2)(oH2)2 -
OCS, 150 averaging cycles taken at 8k points and 16k points Fourier transform with an enriched 
pardE.2 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 orthdRi molecules in the clusters. 
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Figure 5.6: J = 1 - 0 transitions of the structural isomers of (pH2)2(oH2)3 - 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 H2 

molecules (green =paraH2; blue = orthoYii). 
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Figure 5.7: Plot of rotational constants (B0) in MHz versus the cluster size N for (/?H2)JV- OCS 
clusters. The microwave data is compared to the B0 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 (B0) in MHz versus the cluster size N for (otyjv- OCS 
clusters. The microwave data is compared to the B0 values obtained in the infrared study.2 



5.6 Tables 

Table 5.1 

Measured frequencies (MHz) of the / = 1-0 rotational transitions of (pH2)jv- OCS 
clusters. 
— S ^ i60

1SC3iS 16Ol2C34S 160BC32S 16013C34S 

(pH2)2 9190.2949 8993.6855 9173.1871 

(pH2)3 8279.8940 8117.5594 8268.5515 

(pH2)4 7354.8633 

(pH2)5 6727.0838 6598.7433 6722.3586 6594.4960 

(pH2)6 5545.4195 5441.0913 5543.7664 

(pH2)7 4693.7457 4693.4178 
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Table 5.2 

Rotational transition frequencies (in MHz) of (OH^AT- PCS clusters 
Size 

(oH2)2 

1-0 

s„„w,y 

(oH2)3 

1-0 

S^oJW 

(oH2)4 

1-0 

SJplW 

(oH2)5 

1-0 

(oH2)6 

1-0 

(oH2)7 

1-0 

iei0l2cMs 

8669.9163 
8669.9682 
8670.1364 
8670.2149 
8670.3465 
-0.1894(11) 

7572.7344 
7572.8041 
7572.8317 
7572.9171 
7572.9878 
-0.1523(15) 

6638.6794 
6638.7557 
6638.8706 
6639.0037 
6639.0337 
-0.2142(12) 

5780.1202* 
5780.1965 
5780.2677 
5780.3470 
5780.4224 

4796.5800* 
4796.6046 
4796.6471 
4796.7479 

3739.9990'' 
3740.0583 
3740.1413 

[io[1cus 

8495.6329 
8495.7064 
8495.8442 
-0.1860(25) 

7433.0685 
7433.1589 

7433.2753 

-0.1822(23) 

6527.2553 
6527.3653 
6527.4873 
6527.5176 
-0.2026(19) 

W5S 

8655.2902 
8655.3606 
8655.4950 
-0.1805(25) 

7563.1689 
7563.2638 
7563.2836 
7563.3658 
7563.4453 
-0.1598(15) 

6632.6792 
6632.7495 
6632.8807 
6633.0053 
6633.0360 
-0.2177(14) 

5776.5431* 
5776.6505 
5776.6989 
5776.8334 

4795.9955* 
4796.0237 
4796.1163 

>W4S 

8479.2038 
8479.2746 
8479.4103 
-0.1821(25) 

6520.2137 
6520.3416 

-0.2095(45) 

" Spectrum fit with one spin-spin coupling constant for each ort/ioH2 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 orthoH2 

molecules in the cluster. 
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Table 5.3 

Rotational transition frequencies and oriho&i spin-spin 
the mixed (PH2)X(OB.2)N-X 

Size 
N=2 

(pH2)(oH2) 
1-0 

Safl(oH2) 

N=3 
OH2)(oH2)2 

1-0 

saa(oH2y 

(pH2MoH2) 
1-0 

SaIoU2) 

N=A 
(pH2)(oH2)3 

1-0 

saa(oH2y 

(pH2)2(oH2)2 

1-0 

Saa(0H2y 

(pH2)3(oH2) 
1-0 

SaaW2) 

N=5 
(pH2)(oH2)4 

1-0 

saa(ou2y 

- OCS clusters. 
VJc5Js 

8932.6979 
8932.7554 
8932.8681 

-0.1144(19) 

7789.8536 
7789.9119 
7790.0608 

-0.1860(25) 

8003.2117 
8003.2742 
8003.3826 

-0.1144(19) 

6823.5705 
6823.6453 
6823.6773 
6823.7619 

-0.1586(23) 

7034.6088 
7034.6759 
7034.8133 

-0.1811(25) 

7229.7444 
7229.8085 
7229.8786 

-0.0886 (19) 

5965.8446 
5965.9146 
5966.0153 

-0.1512(25) 

16012c34g 

8747.1300 
8747.1907 

-0.1012(47) 

7641.7682 
7641.8326 

-0.2147(94) 

7841.3836 
7841.4293 
7841.5455 

-0.1096(19) 

6685.3639 
6685.4029 
6685.4516 
6685.5371 
-0.1509(23) 

6908.2016 
6908.2709 

-0.2310(28) 

coupling constants (in MHz) 

. 6 0 , 3 C 32 S 

8916.7211 
8916.7794 
8916.8803 

-0.1067(19) 

7779.4686 
7779.5353 
7779.6694 
-0.1776(25) 

7994.0753 
7994.1369 
7994.2557 

-0.1212(19) 

6820.9808 
6821.1212 
6821.2006 
6821.2784 

-0.1797(17) 

7028.8329 
7028.9092 
7029.0439 

-0.1850(25) 

7223.2965 
7223.3543 
7223.4460 
-0.0998(19) 

5961.7676 
5961.8381 
5961.9568 

-0.1679(25) 

'W4s 

6683.0490 
6683.0715 

-0.1133(67) 

(pH2)2(oH2)3 (isomer 1) 



1-0 

^(oH2(l)) 
Saa(oH2(2)) 
SJpH2Q)) 

(pH2)2(oH2)3 (isomer 2) 
1-0 

Saa(oH2(3)) 

(pH2)3(6H2)2 

1-0 

SJfiiHJ 

(pH2)4(0H2) 
1-0 

SjjoOd 

N=6 
(pH2)(0H2)5 

1-0 

(pH2)2(oH2)4 

1-0 

SJfilW 

(pH2)3(oH2)3 (isomer 1) 
1-0 

(pH2)3(oH2)3 (isomer 2) 
1-0 

(pH2)4(oH2)2 

1-0 

6168.4700 
6168.5033 
6168.5735 

-0.1743(68) 
-0.1471(27) 

-0.1471* 

6154.1590 
6154.2045 
6154.2748 

-0.1300(47) 
-0.1962(92) 

-0.1962* 

6345.8499 
6345.9384 
6346.0383 

-0.1600(25) 

6577.5778 
6577.6322 
6577.7424 

-0.1107(19) 

4876.9441° 
4877.0292 
4877.0688 

5013.585 
5013.6935 
5013.7697 

-0.1624(23) 

5121.0575rf 

5121.1426 

5197.1136d 

5197.2131 
5197.2377 

5380.0006' 

6165.0797 
6165.1102 

-0.166(73) 
-0.1482(27) 

-0.1482* 

6149.5451 
6149.6163 

-0.1396(47) 
-0.177(18) 

-0.177* 

6342.1233 
6342.2306 
-0.1324(35) 

6573.2301 
6573.2941 
6573.4074 
-0.1188(19) 

4876.2976c 

4876.3402 
4876.4380 

5013.0563 
5013.1572 
5013.2280 
-0.1510(25) 

5120.4256d 

5120.4610 
5120.5191 

5196.4994'' 
5196.5325 
5196.5668 
5196.5932 

(pH2)5(oH2) 
1-0 5453.1773 5451.6124 



S-frH,) 

5453.2356 
5453.3484 
-0.1150(19) 

5451.6836 
5451.7992 
-0.1248(19) 

N=l 
(pH2)(oH2)6 

1-0 3820.2597* 
3820.3387 
3820.4616 

(pH2)4(oH2)3 
1-0 

(pH2)5(oH2)2 

1-0 

saaW2y 

0>H2)6(oH2) 
1-0 

4283.7599 
4283.8272 
4283.9823 
-0.1413(18) 

4487.0463 
4487.1286 
4487.2539 
-0.1802(25) 

4637.3855 
4637.4375 
4637.5382 
-0.1026(19) 

4637.0496 
4637.1074 
4637.1933 
-0.0957(19) 

" One spin-spin coupling constant is included in the fit for each orthoH2 molecule and they are constrained 
to be equal. 
* Sm(oH2(3)) constrained to being equal to 5^(0^(2)), since two orthoH2 molecules are in the same 
environment (due to the symmetry of the cluster) and should have the same spin-spin coupling constant. 
c Hyperfine components not fit due to the complexity of the spectrum associated with five or more orthoU2 

molecules in the cluster. 
d 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 
(oH2k-OC33S clusters. 

_ _ 16o12c"s 
F-F 
7Y=2 
1.5-1.5 

2.5-1.5 

0.5-1.5 

S^oHJ 
X.a(33S) 

ea 
xj^synifct-

N=3 
1.5-1.5 

2.5-1.5 

0.5-1.5 

SJpHJ 
XaaC'S) 

0a 
; u ( 3 3 S ) i n H e 3 -

N=A 
1.5-1.5 

2.5-1.5 

0.5-1.5 

x*«e3s) 
oa 

;u(33S)inHe4-

Saa(on2) in oH2 

SJ^oHz) in oU2-

OC33S 

OC33S 

OC33S 

-ocs 
o 1 3 c s 

X.(33S)inOC33S 

Vobs 

(oH2)2 

8574.8446 
8574.8629 
8574.9409 
8581.9656 
8582.0282 
8587.7079 

-0.1297(31) 
-28.4861(47) 

6.9° 
-26.9344(32)* 

(oH2)3 

7495.4509 
7495.4661 
7502.5742 
7502.6413 
7502.6741 
7508.4350 

-0.0857(23) 
-28.8819(56) 

4.2° 
-27.9036(36)* 

(oH2)4 

6575.8964c 

6575.9409 
6575.9782 
6583.0660 
6583.1049 
6583.1423 
6588.8526 

-28.6955(63) 
5.6° 

-28.2449(33)* 

-0.106'' 
-0.121' 

-29.1184(12/ 

AV 

0.01 
-2.5 
3.4 
2.4 
-4.7 
1.3 

6.9 
12.2 

-10.9 
-16.7 
-15.2 
23.8 

" Av = V„6J. - vcaic.. Reference 6.c Spin-spin coupling constant could not be fit, the average of the orthoHi 
component was fit to the 33S nuclear quadrupole coupling constant.d Reference 10, Saa = -5Daa. 
e Reference 1 6 / Reference 18. 
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Chapter 6 

Spectroscopic investigation of (H2)AT- HCCCN clusters 

Previous studies of EeN- HCCCN clusters (N= 2-17, 26-31)1 and of the H2 -

HCCCN dimer motivated the extension to larger (H2)jv- HCCCN clusters. The onset of 

superfluidity in the He^- HCCCN clusters occurred at N - 10,' a cluster size one helium 

atom larger than the Hew- OCS clusters.2'3 The doped hydrogen clusters studies are 

partly motivated by the possibility of observing superfluidity in/jara-hydrogen, the study 

of (pH2)N — HCCCN clusters would provide another system for comparison with the 

(pHih- OCS clusters. 

This chapter describes the microwave rotational spectroscopic study of (U.2)N -

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 (¥L2)N - 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 (H2V- HCCCN. 

The experimental details for the study of (H2)#- HCCCN are quite similar to the 
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previous studies of H2 - HCCCN and (H2)AT- OCS. Briefly, the sample mixtures 

contained low concentrations (< 0.3 % HCCCN) with 1-3 % H2 or enriched paraR2 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 (H2)//- HCCCN studies 

was between 10-90 arm. All studies using enriched paraH.2 sample were performed with 

a diluted parcMn (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.2 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 (H2)jv- HCCCN clusters. The coherence DR 

experiment scheme was attempted, but did not lead to the same success as obtained in 

HeAr—molecule studies.1,3'4 

6.2 Results and analyses 

Since no previous studies provided predictions for rotational constants of (H2)#-

HCCCN clusters, fractional changes were compared for Hejv- OCS (Reference 4) and 

(H2V- OCS and I assumed that the HCCCN clusters would follow approximately the 

same trend. This is the same procedure as used for predictions of the JKOKC = loi - Ooo 

transition of the H2 - HCCCN dimer. Transitions of minor isotopologues of 

cyanoacetylene (HCCC15N and DCCCN) were measured for some clusters. The clusters 

were measured as pure paraH.2 molecule clusters, pure orthoHj molecule clusters, as well 
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as mixed clusters containing a combination ofparaH.2 and orthoR2 molecules. Spectra 

corresponding to clusters containing any number of orihoYLi molecules show spin-spin 

hyperfine patterns. As with the study of (H2);v- OCS clusters, the mixed clusters show 

evolving hyperfine patterns as the number of orthoH.2 molecules increase. Nuclear 

electric quadrupole hyperfine patterns were observed and analysed for l4N [/(14N) = 

l]and D [1(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 + I14N = Fi, Fi + ID = F. For clusters with spin-spin interactions due to orthdH.2 

molecules, a spin-spin coupling constant for each orthoRi molecule was included in the 

fit. As in the (H2V- OCS analysis, the spin-spin coupling constants were constrained to 

be equal. 

6.2.1 N= 2 

The gas mixture for the initial searches for 7V= 2 clusters contained < 0.3 % 

HCCCN with 1-3 % H2 gas or enriched parcM^i gas in 10-12 arm of He. Three 

transitions, corresponding to the three possible H2 spin modifications, with the 

appropriate hyperfine patterns and spacing for JV=2 clusters were found and measured. 

The overall autoscan spectrum showing the three JKaKc - loi - Ooo transitions is shown in 

Figure 6.1. Decoherence DR experiments were successfully performed and the JK0KC
 = 

2o2 - loi 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 6-type 

transitions of the N= 2 clusters. Transitions of (p^h - HCCCN clusters are split by 

only the nuclear quadrupole coupling of 14N nucleus, as expected since parctt.1 molecules 
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are spinless bosons. Transitions of (0^)2 - HCCCN clusters have additional hyperfine 

structure due to the spin-spin interaction of the two orihoW.2 molecules. The mixed 

cluster, (pEbXoHb) - HCCCN, contains one orthoH.2 molecule and the splitting observed 

in the JKOKC
 = loi - Ooo transition is consistent with the spin-spin interaction of one 

orthoH.2 molecule. 

Transition frequencies for minor isotopologues ofN= 2 clusters were predicted 

from the changes in the moment of inertia with isotopic substitution. The search was 

guided by the predictions and transitions were successfully measured. Transitions of 

(U.2)N - DCCCN clusters were split by additional nuclear quadrupole coupling from the D 

nucleus. Transitions of (H2V - HCCC15N clusters were helpful in analyzing the 

hyperfine pattern due to the orthoU2 molecules in a particular cluster since no other 

hyperfine interaction is present. Figure 6.2 shows the evolving hyperfine pattern of the 

JtcaKc = 101 - Ooo transitions of (£[2)2 - HCCCl5N clusters with increasing number of 

orthoWz molecules. The transition frequencies, quantum number assignments, and 

determined spectroscopic parameters for (112)2 - DCCCN and (£[2)2 - HCCC15N clusters 

are presented in Table 6.2. 

6.2.2 N= 3 

The optimized gas mixture for observing the N= 3 clusters contained < 0.3% 

HCCCN with 1-2% H2 or enriched par(M.2 gas in 14-16 arm of helium. The spectral 

searches for the J— 1 - 0 transition of (H2)3 - HCCCN were performed by scanning at a 

lower frequency than the transitions of (H2)2 - HCCCN. From the (B.2)N- OCS studies, 

the rotational constant of larger clusters is expected to continue to decrease from 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 orthdH.2 

molecules increases. Figure 6.3 shows an experimental scan of the frequency region with 

8 averaging cycles. The transition frequencies and determined spectroscopic parameters 

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 

14N and D quadrupole splittings and multiple orihoRi spin-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 orthdRi molecules and DCCCN could not be 

analyzed for both nuclear quadrupole coupling of D and spin-spin interactions of the 

orthdfti molecules. For those clusters, the estimated centre frequencies of the unresolved 

transitions were fit to the nuclear quadrupole interaction of 14N, which is large enough to 

be resolved. The transition frequencies and determined spectroscopic parameters of (£[2)3 

- DCCCN and (H2)3 - HCCC15N are shown in Table 6.4. 

6.2.4 N > 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 clusters increases. Additionally, the number of mixed clusters of a certain JV 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 % H2 or enriched paraH.2 gas in high pressure helium up to pressures of 90 

ami. 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 ort/?o-hydrogen 

molecule. Due to the small magnitude of the spin-spin coupling constant of the ortho-

hydrogen molecule in the (H.2)N- HCCCN clusters, the splittings in clusters containing 

more than three ortfzo-hydrogen could not be fully resolved and analyzed. For the 

clusters containing more than three ort/zo-hydrogen molecules, the nuclear quadrupole 

coupling of 14N was analyzed based on the centre frequency of the unresolved spin-spin 

hyperfine components. Due to this approximation, an additional error is introduced into 

the determined 14N nuclear quadrupole coupling constants. 

Despite many experimental attempts to assign a transition in the frequency region 

where the (pYLi)4 - HCCCN transition is predicted, no transitions showing only 14N 

nuclear quadrupole coupling pattern were measured. All measured transitions in the 

frequency region, due to some additional splitting observed, contained at least one 

orthoR2 molecule. In the (EfcV - OCS study, the J= 1 - 0 transition of the (pRi)* - OCS 

cluster was very weak and difficult to measure. The predictions for the rotational 

constant obtained from the infrared study5 were crucial in the measurement and 

assignment of (JM.2)A - OCS. Such predictions are not available for the rotational 

constant for (jttj)* - HCCCN and it is suspected that the J= 1 - 0 transition 

corresponding to the cluster has not been 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 (Eb)^ - OCS clusters, although the transition of the (^2)4 - 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 (/rtfeV- HCCCN clusters. In 

fact many transitions were measured in the frequency region consistent with N= 5 

clusters and one of the transitions had no spin-spin fine structure and was assigned to the 

(pR2)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 (H2)JV-HCCC1 5N and 

(H2V - DCCCN (N = 4-6) clusters, respectively. In the (H2)N - DCCCN clusters, the 

complicated hyperfine splittings of the deuterium nuclear quadrupole and or^o-hydrogen 

spin-spin interactions could not be fully resolved and therefore no attempts were made to 

analyze the patterns. The 14N nuclear quadrupole coupling constant was obtained from 

the experimental centre 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 14N and some D containing complexes. For the (H2)#- HCCCN clusters, 

the nuclear quadrupole coupling constants are all similar in magnitude 0&a(
I4N) = -

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 He^-

HCCCN studies C&«(14N) - -4.117 - -4.231 MHz).1 The 14N nuclear quadrupole coupling 

constants are only slightly smaller than the monomer HCCCN value 0&(I4N) = -4.31924 

MHz).6 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 14N 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 ;&a(
14N) 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 a-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 He^r- 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.1 
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Clusters containing at least one orthoYLi molecule show spin-spin hyperfine 

patterns. For most clusters, the hyperfine pattern was resolved and analyzed using a spin-

spin coupling constant for each ortfto-hydrogen molecule in the cluster. Clusters which 

have one orthoHi molecule have a nuclear magnetic spin-spin coupling constant (Saa) 

ranging from -58.4 kHz to -88.1 kHz. In fact, most of the coupling constants are between 

-82.9 - -88.1 kHz. The orthoE.2 spin-spin coupling constant of (pH2)(oH2) - HCCCN is 

slightly lower at Saa - -58.4 kHz. The orthoRi spin-spin coupling constant of orthoE.2 -

HCCCN is Saa — -45.6 kHz, closer in magnitude to the spin-spin coupling constant of the 

(PH2X0H2) ~ HCCCN cluster. For clusters containing two orthoR?. molecules, the 

hyperfine patterns were fit with two equivalent spin-spin coupling constants, one for each 

orthoH.2 molecule in the cluster. For these clusters, the spin-spin coupling constants are 

in the range of Saa - -39.7 - -65.7 kHz. Similarly, clusters containing three orthofy 

molecules were analyzed with three equivalent spin-spin coupling constants. The spin-

spin coupling constants for such clusters are Saa - -31.0 - -130.9 kHz. The range of spin-

spin coupling constants obtained for the clusters containing three orthoYli 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 orthoU.2 

molecules increases in the clusters, the spin-spin coupling constants increase very slightly 

compared to the spin-spin coupling constant obtained from the orthoRz - HCCCN 

studies. This trend is consistent with the results from the (H2V- OCS studies. Since the 

orthoHz spin-spin coupling constant in (H2V - HCCCN clusters are an order of 

magnitude smaller than in (H2V-OCS clusters, it is more difficult to resolve the 

hyperfine patterns and therefore it is more difficult to analyze the spectra of clusters with 
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multiple orthoH2 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 Aj or D} could be determined 

(see Tables 6.1 - 6.7). The values are difficult to interpret since they are only available 

for a select few clusters. In general, the magnitudes of the centrifugal distortion constants 

are consistent with weakly bound clusters. For (0^)2 - HCCCN, centrifugal distortion 

constants were determined for both the main isotopologue and the HCCC15N cluster and 

both values agree well, with only 5.9% deviation. The (H2)3 - HCCCN and (H2)s -

HCCCN clusters each have two clusters for which centrifugal distortion constants could 

be determined. The agreement between the values is good with a deviation between each 

set of values of less than 7.4%. It is difficult to interpret the centrifugal distortion 

constants determined since the dimers with orthoih molecules are more tightly bound 

than those with paraHi molecules. The clusters containing either orthoRz or paraR2 

molecules would be expected to behave differently as well. It is not possible to compare 

the centrifugal distortion constants to those of the (H2)JV- OCS clusters since no J - 2 - 1 

transitions could be measured in the (H2)^- OCS study. The centrifugal distortion 

constants of the He^r- HCCCN clusters decrease in value in going from N= 3 to 5, 

followed by an increase for N=6.1 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 

squeezed 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 (H2V — 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 (H2)JV - 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 He^-

HCCCN,1 the rotational constants B0 decrease from N= 1 to 6, with a slight increase at N 

= 7 due to classical effects, similar to the H e ^ - ^ O clusters.7'8 The second turn-around 

which is due to quantum effects and deemed as the onset of superfluidity occurs at N= 

10.1 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 (B0) from the current studies versus the size of the clusters (N) for 

(pEbV- HCCCN and (OU2)N- HCCCN, respectively. The rotational constants steadily 

decrease with the addition of hydrogen molecules, similar to the trend in the He#-

HCCCN (Reference 1) and (H2V - CCS 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 JV, the number of solvating hydrogen molecules 

Many experiments were performed to determine the dependence of the signal 

intensity on the sample pressure. When performing 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 (oH2)jy- HCCCN 

clusters. Clusters containing more hydrogen molecules require higher sample pressure to 

be produced in the molecular expansion. This can be seen in Figure 6.6 where the signal 

for (oH2)2 - HCCCN is visible at lower pressures than the signals for (oH2)4 - HCCCN 

and (oH2)5 - HCCCN clusters. The pressure dependence 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 (pH2)jv-i(oH2) -

HCCCN cluster with the appropriate hyperfine pattern for one orthdRi molecule, as well 

as the observation of a (pH2);v - HCCCN cluster without spin-spin 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 (H2)JV - HCCCN 

clusters, the smaller magnitude of the spin-spin coupling constants as compared to the 

constants obtained in the (H2V- OCS clusters can make the assignment of the evolving 

hyperfine pattern more difficult. Additional resolution of the orthoHi 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 (pH2)jv-HCCCN and (oH2)N - 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 orthoH2 molecules. While the HCCCN and HCCC15N 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+Q/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 

Dj 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 B0 decreases with increasing N for (H2)w - 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 

(oH2)2 - HCCCN 

t*.X**4*h<»i,t»l<*V *.Ht/ttfiJt*.*J*„i*iA J^-**-*-*-*****-* 
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Figure 6.1: Composite experimental autoscan spectrum showing the JKOKC - loi - OOO 
transitions of (H2)2 - HCCCN clusters obtained with 8 averaging cycles/step at 0.2 
MHz/step. An enriched paraYii sample was used for the measurements. 
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Figure 6.2: Experimental spectra of the JjcaKc = loi - Ooo transition of (a) (pHz)! -
HCCC15N, obtained with 1000 averaging cycles, of (b) (pH2)(oH2) - HCCC15N, obtained 
with 1000 averaging cycles, and (c) of (oH2)2 - HCCC15N, 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 HCCC15N (10%) sample was used in all these experiments. 
Spectra containing paraH.2 molecules were obtained with an enriched paraU2 sample. 
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(oH2)3 - HCCCN 
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Figure 6.3: Composite experimental autoscan spectrum showing the J= 1 - 0 transitions 
of (H2)3 - HCCCN clusters obtained with 8 averaging cycles/step at 0.2 MHz/step. An 
enriched paraH.2 sample was used for the measurements. The signal for (0^)3 -
HCCCN is visible, but quite weak. 
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Figure 6.4: Plot of rotational constants, B0, (in MHz) versus cluster size N for (£>H2V -
HCCCN clusters. The results are compared to the rotational constants for Hejv - HCCCN 
clusters.1 
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Figure 6.5: Plot of rotational constants, B0, (in MHz) versus the cluster size TV for (0H2V 
- HCCCN clusters. The results are compared to the rotational constants for HQN -
HCCCN clusters.1 
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Figure 6.6: The dependence of the observed normalized signal-to-noise ratio of three 
(OH2)N ~ HCCCN clusters on sample pressure. The 7=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 (iii)2 - HCCCN clusters. 
Transition F2-F2 FJ-FJ F-F vo b s . Av" (kHz) 

(pR2)2- HCCCN 

loi — Ooo 

; U 1 4 N ) -4.28829(187)" 

W 4.0 
(pH2)(oH2) - HCCCN 

loi -Ooo 1-1 

2-1 

0-1 

1-1 

2-1 

0-1 

2-2 

1-2 

2-1 

3-2 

1-0 

1-2 

7471.7440 

7473.0303 

7474.9602 

7327.0871 

7327.1101 

7328.3462 

7328.3646 

7328.3857 

7330.2926 

0.04 

-0.07 

0.03 

1.1 

7.3 

-1.5 

-9.3 

3.3 

5.6 

;U14N) -4.26339(163) 
Saa(oll2) -0.0584(18) 

<U°) 5.3 

(oH2)2 - HCCCN 
loi -Ooo 

2o2 - loi 

(B+Q/2 

Aj 

^ a ( 1 4 N ) 

SJpVktf' 
ftO 

1-1 

2-1 

0-1 

1-0 

2-1 

2-1 

3-2 

3596.081636(286) 

0.455808(44) 

-4.27086(153) 

-0.0526(84) 

5.0 

2-2 

1-2 

2-1 

3-2 

1-0 

1-2 

1-1 

2-1 

3-2 

3-3 

3-3 

2-3 

2-1 

4-3 

0-1 

2-3 

2-2 

3-2 

4-3 

4-4 

7189.2617 

7189.2923 

7190.5259 

7190.5622 

7190.5932 

7192.4724 

14368.6514 

14369.7016 

14369.7537 

14369.8087 

-5.1 

2.6 

4.3 

-1.9 

3.9 

-3.8 

-3.1 

-6.3 

0.1 

9.3 

" Av = vofa. - vcala in kHz. 
* Numbers in parenthesis are one standard deviation in units of the last significant figure. 
c Average angle between the HCCCN molecular axis and the a-inertial axis determined from ̂ ,a(

14N)i see 
text for details. 
''Two 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 (H2)2 - DCCCN and (H2)2 - HCCC15N 
clusters. ^ 
Transition Fi-Ft F-F vobs. i)v°(kHz) 

0>H 2) 2-HCCC l : ,N _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 
lo,-Ooo 7297.1827 

(pH 2 ) (oH 2 ) -HCCC 1 5N 
loi-Ooo 1-1 7162.8028 -2.3 

2-1 7162.8319 3.8 
0-1 7162.8611 -1.5 

SUoH2) -0.03836(94)" 

(oH2)2-HCCC15N * ' 
ldi-Ooo 1-1 2-2 

2-1 3-2 
0-1 1-2 

2 0 2 - l 0 1 2-2 3-3 
3-2 3-2 

(B+Q/2 3518.07206(41) 
Aj 0.428919(62) 
Saa(oH2y -0.04077(66) 

(oH2)2 - DCCCN " = — — _ 

loi-Ooo 1-1 6754.3696 
2-1 6755.5494 

6755.6534 
0-1 6757.5405 

XaaC^Y -4.23427(187) 
0£f_ _ 
" Av = vobs, - vcalc. in kHz. 
* Numbers in parenthesis are one standard deviation in units of the last significant figure. 
c Two equivalent spin-spin coupling constants were used to fit the hyperfine pattern. 
rfThe deuterium and orthoH2 molecule hyperfine components were not resolved sufficiently for analysis, 
the centre of the unresolved components was fit to Xaa(l4N)-
e Average angle between the HCCCN molecular axis and the a-inertial axis determined from XaJL rl); see 
text for details. 

7034.4001 0.2 

7034.4360 -0.6 

7034.4823 0.4 

14058.5318 0.4 

14058.5607 -0.4 
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Table 6.3 

Measured rotational transition frequencies (in MHz), quantum number assignments and 
determined spectroscopic constants (in MHz) for (H2)3 - HCCCN clusters. 

1 B 

Transition Fj -Fj 
(pH2h - HCCCN 
1-0 

2 - 1 

(B+Q/2 3549.75466(40)* 
Dj 11.616697(53) 
^ ( " N ) -4.2026(121) 

ejcy 6.7 
(pH2)2(oH2) - HCCCN 
1-0 

2 - 1 

(B+Q/2 3485.797719(276) 
Dj 10.815212(38) 
;U14N) -4.2195(114) 
Saa(oE2) -0.0848(11) 

U°) 7.1 
0?H2)(oH2)2 - HCCCN 
1-0 

J B — 

F2-F2 

1-1 

2-1 

0-1 

—• 1 TT~ 

Fi-Ft 

1-1 

2-1 

0-1 
2-2 
1-0 

2-1 

3-2 
1-1 

2-2 
1-2 
2-1 
3-2 
1-2 

1 ff— 

F-F 

1-1 
2-1 
0-1 
2-2 
1-0 

2-1 
3-2 
1-1 

2-2 
1-2 

2-1 
3-2 
1-0 
1-2 
2-2 
1-1 

3-2 
1-0 
4-3 
2-2 

3-3 
2-3 
2-1 

4-3 
2-3 

Vobs. 

7051.9896 

7053.2455 
7055.1535 
13826.0480 
13826.1860 

13827.3353 
13827.3657 
13829.3668 

6927.2624 
6927.2900 
6928.5248 
6928.5492 
6928.5808 
6930.4592 
13595.8674 

13596.0176 

13597.1260 
13597.1658 
13597.1936 
13599.2061 

6604.0921 
6604.1253 
6605.3792 
6605.4218 
6607.3074 

^vfl(kHz) 

-20.1 

-2.9 
23.0 
32.7 
-40.9 
50.8 
-9.4 
-33.2 

-12.7 
-9.0 
8.5 
-4.9 
4.4 
13.8 
21.8 
-10.3 

11.4 
-1.2 
-4.6 
-17.2 

-16.2 
-0.5 
8.9 
19.2 
-11.1 

^U^N) -4.2742(164) 



SJpltif 
U°) 
(oH2)3-HCCCN 
1-0 

^a(
14N) 

S^oOtf1 

W) 

-0.0397(14) 
4.8 

1-1 

2-1 

0-1 

-4.23377(168) 
-0.1309(80) 
6.6 

0-1 
1-2 

2-1 

3-2 
3-2 

1-0 

1-2 

1-1 
2-3 
2-2 

3-2 
4-3 
0-1 

2-3 

2-2 
3-4 

1-1 

4-3 
5-4 

1-2 
3-4 

6530.7260 
6530.7738 

6531.9755 

6532.0293 

6532.0637 
6532.2525 

6533.9553 

4.3 
-62.6 
-1.5 

-27.6 
-32.4 

94.8 

-13.5 

" Av = vobs. - v^c 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,a(
14N); see 

text for detai 
' One spin-sj 
to be equal. 

text for details. 
dOne spin-spin coupling constant is included in the fit for each orthofy molecule and they are constrained 
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Table 6.4 

Measured rotational transition frequencies (in MHz), quantum number assignments, and 
determined spectroscopic constants (in MHz) for (H2)3 - DCCCN and (H2)3 - HCCCI5N 
clusters. 
Transition 

(pH2)3-HCCCl5N 
1-0 

Fj-F, F-F V0bs. 

6894.8918 

Ava 

(pH2)3-DCCCN 
1-0 1-1 1-2 

2-2 
2-1 3-2 

2-1 
0-1 1-2 

X*,(I4N) 
;u(D) 

err 
(pH2)2(oH2)-
1-0 

SU0B2) 

-4.19878(171)" 
0.1972(43) 
7.7 

-HCCC15N 

-0.03265(94) 

1-1 
2-1 
0-1 

6772.3616 
6772.3822 

6772.4107 

-0.4 
0.6 
-0.2 

(oH2)3 - DCCCN 
1-0 1-1 6161.3698 

6161.3970 
6161.4457 

2-1 6162.7076 
6162.7376 
6162.7695 

0-1 6164.6202 

XaaC'W -4.27963(187) 
ejjy 4.3 

" Av = vobs. - Vcaic. in kHz. 
Numbers in parenthesis are one standard deviation in units of the last significant figure. 

c Average angle between the HCCCN molecular axis and the a-inertial axis determined from %,a(
14N); see 

text for details. 
d Hyperfine pattern too collapsed to analyse for all interactions present. Centre frequencies of 14N nuclear 
quadrupole coupling components were fit to obtain Xoa('4N). 

6684.9737 -6J 
6685.0376 25.5 
6686.2401 -17.3 
6686.2883 -14.0 
6688.1703 12.5 
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Table 6.5 

Measured rotational transition frequencies (in MHz), quantum number assignments, and 
determined spectroscopic constants (in MHz) for (H2)4 - HCCCN clusters. 
Transition F3-F3 F2-F2 Ft-Fi F-F vobs. Av" 

(pH2)3(oH2) - HCCCN 

1 - 0 1-1 2-2 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 -7.7 

;U(MN) -4.24451(165)' 

SUoiii) -0.08527(24) 

6J°)C 6.2 

(pH2)2(oH2)2 - HCCCN 
1 - 0 1-1 

2-1 

0-1 

2-2 

2-1 

3-2 

1-0 

1-2 

2-3 

2-1 

4-3 

2-1 

2-3 

6393.9194 

6395.1642 

6395.1974 

6395.2161 

6397.1077 

-4.3 

2.0 

-0.8 

6.0 

-2.9 

; U 1 4 N ) -4.26827(191) 

SJlpYkf -0.0446(12) 

6a{°) 5.1 

(pH2)(oH2)3 • 
1 - 0 

;U14N) 
SaHo-atf 
W) 
(oH2)4-HC( 

1 - 0 

-HCCCN 

ZCN 

1-1 

2-1 

0-1 

-4.23945(165) 

-0.0310(93) 

6.4 

0-1 

1-2 

2-1 

3-2 

1-2 

1-1 

2-3 

2-2 

3-2 

4-3 

2-3 

2-2 

3-4 

1-1 

4-3 

5-4 

3-4 

1-1 

2-1 

0-1 

6334.5936 

6334.6148 

6335.8548 

6335.8798 

6335.9066 

6337.7894 

6183.7751 

6183.7968 

6185.0380 

6185.0625 

6186.9828 

7.4 

-9.4 

-8.8 

-2.7 

14.8 

-1.3 

Xoa(HW -4.26506(187) ~~~~ 

ftO 5.2 
" Av = vobs - Vcak 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. d One spin-spin coupling 
constant is included in the fit for each orthoH2 molecule. e Hyperfine pattern too collapsed to analyse for all 
interactions present. Centre frequencies of 14N nuclear quadrupole coupling components were fit to obtain xM('4N). 
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Table 6.6 

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

F» -F3 
(pH2)5 - HCCCN 
1-0 

2 - 1 
(B+Q/2 

Dj 

Xaa(!*K) 

o^)d 

(pH2)4(oH2)-

1-0 

2 - 1 

(B+Q/2 

Dj 

XaaCK) 

S>H2) 

W) 
(pH2)3(oH2)2 

1-0 

;u(14N) 
SUOHIY 

fcO 
(pH2)2(0H2)3 

1-0 

3021.74810(41)c 

13.333302(65) 

-4.23585(187) 

6.5 

-HCCCN 

2975.111358(291) 

12.429589(54) 

-4.24332(163) 

-0.0881(18) 

6.2 

-HCCCN 

-4.27935(163) 

-0.0657(11) 

4.5 

-HCCCN 
1-1 

2-1 

0-1 

F2-F2 

1-1 

2-1 

0-1 

0-1 
1-2 
2-1 
3-2 
1-2 

_J jy -

Fi-F! 

1-1 

2-1 

0-1 
3-2 

2-2 
1-2 
2-1 

3-2 

1-0 
1-2 

1-1 
2-3 
2-2 

4-3 
2-3 

— j J J _ 

F-F 

1-1 
2-1 
0-1 
3-2 

2-2 

1-2 

2-1 

3-2 

1-0 
1-2 
4-3 

3-3 
2-3 
2-1 

4-3 
0-1 
2-3 

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

Vobs. 

5989.1038 

5990.3754 

5992.2808 

11660.4175 

5899.4365 

5899.4615 

5900.6912 

5900.7212 

5900.7552 

5902.6240 

11502.7933 

5887.9167 

5887.9848 

5889.1967 

5889.2249 

5889.2722 

5891.1545 

5530.9141 

5530.9780 

5532.1873 

5532.2176 

5534.1085 

Ava 

-0.3 

0.6 

-0.2 

O.O6 

-2.3 

-2.1 

5.0 

-4.2 

6.6 

-3.0 

0.0* 

-19.9 

20.7 

10.4 

-14.8 

1.4 
1.2 

-1.8 

6.2 
2.0 
-9.4 

2.9 

;U14N) -4.20514(163) 



SJplbY -0.0459(94) 

ej°) 7.6 _ _ 
(oH2)5-HCCCN 
1-0 1-1 5239.8055 

5239.8300 
2-1 5241.0821 

5241.0932 
0-1 5242.9935 

;U 1 4 N/ -4.23445(187) 

30 « 
aA\ = vobs. - vca!c. in kHz. 

Small Av since the centrifugal distortion constant is calculated from the two transitions. 
c 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 ;&a(

14N); see 
text for details. 
' One spin-spin coupling constant is included in the fit for each orthoH2 molecule and they are constrained 
to be equal. 
^Hyperfine pattern too collapsed to analyse for all interactions present. Centre frequencies of 14N nuclear 
quadrupole coupling components were fit to obtain ;&a(

I4N). 
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Table 6.7 

Measured rotational transition frequencies (in MHz), quantum number assignments, and 
determined spectroscopic constants (in MHz) for (H2)6 - HCCCN clusters. 
Transition F/-F, 
(pH2)6-HCCCN 
1-0 

;u(l4N) 
W 
(pH2)5(oH2) • 
1-0 

Xaa(UK) 
Saa(oH2) 

U°) 

-4.16279(187)" 
8.9 

•HCCCN 
1-1 

2-1 

0-1 
-4.23223(163) 
-0.0829(18) 
6.7 

(oH2)6 - HCCCN 
1-0 

XaaCKf 
ftC) 

-4.16809(187) 
8.8 

F-F 

1-1 
2-1 
0-1 

2-2 

1-2 

2-1 
3-2 
1-0 
1-2 

1-1 
2-1 
0-1 

Vobs. 

5084.5116 
5085.7604 

5087.6337 

5021.2880 

5021.3151 
5022.5384 
5022.5717 
5022.5963 
5024.4690 

4357.4962 
4358.7508 
4360.6228 

<dva(kHz) 

-0.1 
0.1 

-0.1 

-2.6 

1.1 

2.3 
-1.3 
1.5 
-1.0 

" Av = vobs. - vcalc, in kHz. 
Numbers in parenthesis are one standard deviation in units of the last significant figure. 

c Average angle between the HCCCN molecular axis and the a-inertial axis determined from ;&a(
14N); see 

text for details. 
Hyperfine pattern too collapsed to analyse for all interactions present. Centre frequencies of N nuclear 

quadrupole coupling components were fit to obtain Xao(14N). 
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Table 6.8 

Measured rotational transition frequencies (in MHz), quantum number assignments, and 
determined spectroscopic constants for (H2V-HCCC SN clusters with N= 4-6. 
Transition 

(pH2)5-HCCCi;,N 
1-0 

(pH2)6-HCCCl:>N 
1-0 

<pH2)s(oH2)-HCCCl4N 
1-0 

5oa(oH2) -0.0181 1(94)* 

F-F 

1-1 
2-1 
0-1 

Vobs. 

5877.7368 

5007.6589 

4946.9246 
4946.9349 
4946.9517 

z(va(kHz) 

0.2 

-0.4 
0.1 

aAv = vobs. - vcafc in kHz. 
* Numbers in parenthesis are one standard deviation in units of the last significant figure. 



Table 6.9 

Measured rotational transition frequencies (in MHz), quantum number assignments, and 
determined spectroscopic constants for (B.2)N- DCCCN clusters with N- 4-6. 
Transition F2-F2 Fi-Fj F-F vobs. AV 

(pH2)5 - DCCCN 
1 - 0 1-1 

2-1 

0-1 

; U 1 4 N ) -4.26057(173)* 

XJD) 0.3073(42) 

9J°)C 53 

OH2)4(oH2) - DCCCN 
1 - 0 1-1 

2-1 

0-1 

; U 1 4 N ) -4.2645(173) 

XJD) 0.2475(33) 

S<JpH2) -0.0456'' 

0J°) 5_1_ 

" Av = vo6j. - vcaic. in kHz. 
* Numbers in parenthesis are one standard deviation in units of the last significant figure. 
c Average angle between the HCCCN molecular axis and the a-inertial axis determined from ;&a(

HN); see 
text for details. 
d Value fixed at spin-spin coupling constants obtained for orthoU2 - HCCCN. 

Table 6.10 

Measured J= 1 -0 transition frequencies (in MHz) for unassigned QHT)N- HCCCN 
clusters. 
Transition frequencies of 
HCCCN 

6223.3533 
6223.3843 
6224.6354 
6224.6689 
6226.5565 
7107.4894 
7108.7594 
7108.7932 
7110.6781 

(n2)N- (H2k--HCCC1 5N analogues 

6956.9242 
6956.9583 

1-2 

2-2 

3-2 

2-1 

1-2 

5676.6663 

5676.7552 

5678.0165 

5678.0506 

5679.9270 

-21.0 

16.7 

21.7 

-14.5 

-3.9 

2-2 

0-1 

1-0 

3-2 

2-1 

1-2 

3-3 

1-2 

2-1 

4-3 

3-2 

2-3 

5593.4414 

5593.5062 

5594.6682 

5594.7352 

5594.7620 

5596.6402 

-3.4 

1.2 

-12.9 

22.2 

-5.7 

-1.4 
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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 orthoYLi - OC33S (0.75% naturally abundant) or 

orthoHz — HCCI3CN (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 H2 - 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 orthoJJ.2 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 paraU.2 and orthdRz molecules. The assignments were aided by the evolving 

hyperfine patterns as the number of orthoHz 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 (H2)AT- 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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probe of a relatively new environment: the hydrogen cluster. The rotational 

spectroscopic 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 H2 - HGCCN 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 pardK2 - OCS potential energy surfaces have been 

calculated and used to predict properties of larger clusters, but few potential energy 

surfaces have been used to predict properties of orihoW.2 containing complexes.3 One 

motivation for calculating the H2 - HCCCN potential energy surface was to predict with 

reasonable accuracy the spectrum of orthoH2 - HCCCN. This was achieved with simple 

scaling techniques for the main isotopologue as well as for HCCC15N and DCCCN 

containing complexes. Also, the potential energy surface was scaled to reproduce with 

reasonable accuracy theparaH2 - HCCCN spectrum. It is my hope that this potential 

energy surface study will spark additional work into understanding, theoretically, Hz -

molecule systems, for both/?araH2 and orthoVLi spin isomers. 

The feasibility of studying larger doped-hydrogen clusters was demonstrated 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 (paraH2)# - molecule 

and pure (prthdR^N- 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 understanding of the solvation of linear rotors with 

hydrogen molecules. Although the onset of possible /?ara-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 carbonyl sulfide or cyanoacetylene and perhaps other chromophores. 
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Appendix A 

Table A.1 Ab initio single point energies (Eh) in Hartree of the parallel orientation of H2 

- 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; d0.3, Q.2;fg 0.3). 

= MA> 
2.50 
2.75 
3.00 
3.25 
3.50 
3.75 
4.00 
4.25 
4.50 
4.75 
5.00 
5.25 
5.50 
5.75 
6.00 
6.50 
7.00 
7.50 
8.00 
8.50 
9.00 
10.00 
11.00 
12.00 
13.00 

0 = 2° 

7.4262E-04 
1.8023E-04 
-5.9975E-06 
-4.9854E-05 
-4.6067E-05 
-3.1015E-05 
-5.7865E-06 
5.5539E-06 
9.8608E-06 
1.0462E-05 
9.7816E-06 
8.6919E-06 
6.4740E-06 
4.7320E-06 
3.4863E-06 
2.5952E-06 

13° 

4.0162E-03 
1.5180E-03 
4.1394E-04 
4.4616E-05 
-6.2679E-05 
-7.4898E-05 
-5.8765E-05 
-3.8671E-05 
-1.0104E-05 
2.8911E-06 
7.6976E-06 
8.8725E-06 
8.6013E-06 
7.8010E-06 
5.9584E-06 
4.4139E-06 
3.2751E-06 
2.4637E-06 

24° 
2.3820E-01 
1.4216E-01 
8.5213E-02 
4.5907E-02 
2.2456E-02 
1.0097E-02 
4.1309E-03 
1.4641E-03 
3.7083E-04 
-2.3671E-05 
-1.3118E-04 
-1.3348E-04 
-1.0513E-04 
-7.3980E-05 
-4.8442E-05 
-1.6827E-05 
-2.4542E-06 
3.5619E-06 
5.7210E-06 
6.2013E-06 
5.9676E-06 
4.8558E-06 
3.7274E-06 
2.8317E-06 
2.1642E-06 

35° 
1.1545E-01 
6.3840E-02 
3.3475E-02 
1.6329E-02 
7.2893E-03 
2.8666E-03 
8.7618E-04 
7.4805E-05 
-1.8991E-04 
-2.3545E-04 
-2.0472E-04 
-1.5665E-04 
-1.1231E-04 
-7.7530E-05 
-5.2096E-05 
-2.1729E-05 
-7.3928E-06 
-7.1194E-07 
2.2474E-06 
3.4432E-06 
3.7881E-06 
3.4848E-06 
2.8415E-06 
2.2417E-06 
1.7603E-06 

46° 
5.0464E-02 
2.5046E-02 
1.1582E-02 
4.8270E-03 
1.6531E-03 
2.9054E-04 
-2.1234E-04 
-3.3949E-04 
-3.2155E-04 
-2.6008E-04 
-1.9599E-04 
-1.4234E-04 
-1.0128E-04 
-7.1218E-05 
-4.9698E-05 
-2.3673E-05 
-1.0653E-05 
-4.0110E-06 
-6.6794E-07 
9.9460E-07 
1.7744E-06 
2.1407E-06 
1.9371E-06 
1.6195E-06 
1.3212E-06 

57° 
2.0219E-02 
8.8841E-03 
3.3761E-03 
9.0225E-04 
-8.8862E-05 
-4.0493E-04 
-4.4164E-04 
-3.8063E-04 
-2.9863E-04 
-2.2394E-04 
-1.6421E-04 
-1.1918E-04 
-8.6174E-05 
-6.2303E-05 
-4.5086E-05 
-2.3689E-05 
-1.2355E-05 
-6.1476E-06 
-2.7542E-06 
-8.7229E-07 
1.6287E-07 
9.9030E-07 
1.1241E-06 
1.0381E-06 
8.9802E-07 
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Table A.2 Ab initio single point energies (Eh) in Hartree of the perpendicular orientation 
of H2 - 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; <f0.3, 0.2; 
/g0.3). 

R(A) 
2.50 
2.75 
3.00 
3.25 
3.50 
3.75 
4.00 
4,25 
4.50 
4.75 
5.00 
5.25 
5.50 
5.75 
6.00 
6.50 
7.00 
7.50 
8.00 
8.50 
9.00 
10.00 
11.00 
12.00 
13.00 

0 = 2° 

-5.2458E-04 
-8.4200E-04 
-8.0949E-04 
-6.7717E-04 
-5.3780E-04 
-4.1983E-04 
-2.5727E-04 
-1.6404E-04 
-1.0959E-04 
-7.6579E-05 
-5.5004E-05 
-4.0573E-05 
-2.4040E-05 
-1.5186E-05 
-1.0108E-05 
-6.9768E-06 

13° 

9.2501E-03 
2.6093E-04 
-6.1597E-04 
-7.9982E-04 
-7.3634E-04 
-6.0804E-04 
-4.8171E-04 
-3.7673E-04 
-2.3306E-04 
-1.5011E-04 
-1.0118E-04 
-7.0913E-05 
-5.1414E-05 
-3.8327E-05 
-2.2742E-05 
-1.4428E-05 
-9.6347E-06 
-6.6922E-06 
9.2501E-03 

24° 
2.7414E-01 
1.6840E-01 
9.6907E-02 
5.1169E-02 
2.4549E-02 
1.0517E-02 
3.7584E-03 
7.9813E-04 
-3.3715E-04 
-6.6657E-04 
-6.7688E-04 
-5.8323E-04 
-4.7211E-04 
-3.7335E-04 
-2.9386E-04 
-1.8553E-04 
-1.2212E-04 
-8.3870E-05 
-5.9696E-05 
-4.3837E-05 
-3.3021E-05 
-1.9853E-05 
-1.2787E-05 
-8.6143E-06 
-6.0240E-06 

35° 
1.2559E-01 
7.2156E-02 
3.8515E-02 
1.8939E-02 
8.3894E-03 
3.1304E-03 
7.3061E-04 
-2.3636E-04 
-5.4093E-04 
-5.6923E-04 
-5.0056E-04 
-4.1072E-04 
-3.2799E-04 
-2.6000E-04 
-2.0671E-04 
-1.3412E-04 
-9.0724E-05 
-6.3796E-05 
-4.6300E-05 
-3.4563E-05 
-2.6400E-05 
-1.6268E-05 
-1.0615E-05 
-7.2386E-06 
-5.1105E-06 

46° 
5.7608E-02 
2.9392E-02 
1.4077E-02 
6.1120E-03 
2.2188E-03 
4.6162E-04 
-2.3931E-04 
-4.5435E-04 
-4.6675E-04 
-4.0831E-04 
-3.3517E-04 
-2.6826E-04 
-2.1329E-04 
-1.7012E-04 
-1.3679E-04 
-9.1214E-05 
-6.3354E-05 
-4.5596E-05 
-3.3736E-05 
-2.5609E-05 
-1.9842E-05 
-1.2507E-05 
-8.2985E-06 
-5.7307E-06 
-4.0855E-06 

57° 
2.5232E-02 
1.1743E-02 
4.9366E-03 
1.7122E-03 
3.0374E-04 
-2.3637E-04 
-3.8955E-04 
-3.8687E-04 
-3.3333E-04 
-2.7103E-04 
-2.1556E-04 
-1.7067E-04 
-1.3574E-04 
-1.0894E-04 
-8.8427E-05 
-6.0229E-05 
-4.2696E-05 
-3.1294E-05 
-2.3505E-05 
-1.8090E-05 
-1.4171E-05 
-9.0953E-06 
-6.1169E-06 
-4.2671E-06 
-3.0648E-06 
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Table A.3 Ab initio single point energies (Eh) in Hartree of the out-of-plane orientation of 
H2 - 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; d0.3, 0.2; fg 
0.3). 

R(A) 
2.50 
2.75 
3.00 
3.25 
3.50 
3.75 
4.00 
4.25 
4.50 
4.75 
5.00 
5.25 
5.50 
5.75 
6.00 
6.50 
7.00 
7.50 
8.00 
8.50 
9.00 
10.00 
11.00 
12.00 
13.00 

0 = 2° 

7.4401E-04 
1.8110E-04 

-5.4014E-06 
-4.9404E-05 
-4.5788E-05 
-3.0787E-05 
-5.6764E-06 
5.9593E-06 
9.8997E-06 
1.0487E-05 
9.7977E-06 
8.7027E-06 
6.4793E-06 
4.7348E-06 
3.4879E-06 
2.5961E-06 

13° 

4.1321E-03 
1.5180E-03 
4.6542E-04 
7.9155E-05 
-3.9274E-05 
-5.8838E-05 
-4.7552E-05 
-3.0691E-05 
-5.8204E-06 
5.3613E-06 
9.1999E-06 
9.8211E-06 
9.2215E-06 
8.2174E-06 
6.1627E-06 
4.5224E-06 
3.3405E-06 
1.3460E-05 

24° 

2.0821E-01 
1.4411E-01 
8.7241E-02 
4.6936E-02 
2.3126E-02 
1.0578E-02 
4.4753E-03 
1.7055E-03 
5.3655E-04 
8.9695E-05 
-5.3403E-05 
-7.9580E-05 
-6.7235E-05 
-4.6817E-05 
-2.8642E-05 
-5.7385E-06 
4.1168E-06 
7.6292E-06 
7.1698E-06 
7.9338E-06 
6.9712E-06 
5.4444E-06 
4.0448E-06 
3.0135E-06 
2.2755E-06 

35° 

1.0946E-01 
6.2787E-02 
3.3704E-02 
1.6890E-02 
7,8615E-03 
3.3411E-03 
1.2360E-03 
3.3575E-04 
-4.4367E-06 
-1.0431E-04 
-1.1162E-04 
-8.9856E-05 
-6.3715E-05 
-4.1618E-05 
-2.5156E-05 
-5.9364E-06 
2.2934E-06 
5.4503E-06 
6.2944E-06 
6.1768E-06 
5.6810E-06 
4.4441E-06 
3.3713E-06 
2.5484E-06 
1.9460E-06 

46° 
4.7871E-02 
2.4557E-02 
1.1865E-02 
5.3100E-03 
2.1180E-03 
6.7051E-04 
7.7310E-05 
-1.2523E-04 
-1.6497E-04 
-1.4574E-04 
-1.1196E-04 
-7.9912E-05 
-5.4341E-05 
-3.5497E-05 
-2.2200E-05 
-6.8547E-06 
1.3525E-08 
2.963 8E-06 
4.0164E-06 
4.2177E-06 
4.0066E-06 
3.3251E-06 
2.4293E-06 
2.0044E-06 
1.5562E-06 

57° 
1.9786E-02 
9.1329E-03 
3.8167E-03 
1.3348E-03 
2.7157E-04 
-1.2454E-04 
-2.3011E-04 
-2.2294E-04 
-1.8114E-04 
-1.3593E-04 
-9.7743E-05 
-6.8491E-05 
-4.7142E-05 
-3.1947E-05 
-2.1270E-05 
-8.6494E-06 
-2.5713E-06 
3.8257E-07 
1.7065E-06 
2.2383E-06 
2.3731E-06 
2.1628E-06 
1.7812E-06 
1.3499E-06 
1.1304E-06 

195 



-o 
o 2 a d o 
f> 

< 0> 
m

m
 

ja 
« 

0
0
 

N
O
 

II 
C
D
 

< pi 

N
 

N
 

m
 

n
 

©
p

o
p 

u 
a

 u
 u

 
O

N 
0

0
 

•>
*

 
O

 
rj- 

N
O

 in
 

o
o

 
N

 
M

 
O

0
 

N
 

<n 
C

N
 

T
T

 
—

<
 

C
N 

—
<

 <
r! 

C
N

 * 
«
 

•»
 

* 
^

t 
o
 

©
 

©
 

©
 

©
 

,
1

1
1

1 
r£j 

W
 

O
J
 
W

 
W

 
M 

n
 

«
i 

»
 

O
s
 

u-5 
C

N
 0

0
 

U
O

 
T

f 
£ 

—
I 

©
 

0O
 IT

! 
t-; 

t-; 
©

 
coi 

p
 

lo 
P

~
 

C
O

 fO
 

C
O

 
i 

•* 
^

 
'
t 

•
* 

m
 

p
 

O
 

©
 

O
 

©
 

w 
w

 w
 m

 w
 

</-> 
v

o
 

o
o
 

p
~

 
O

N
 

—
 

o
o
 

v©
 

T
T

 
N

O
 

co 
—

i 
o

o
 

T
J- 

©
 

in
 

©
 

m
 

C
N

 o
o
 

ci 
C

N
 —

I. -
H

 O
N

 

V
I
 

©
 

U t •
* 

O
N
 

P
-

p~ 

i
n
 

©
 

m
 

(
N
 

N
O
 

p
~ 
©
 
•
n
 

v> 
©
 

w m •
* 

rr-
•

* 

m 

m © BJ 
p
-p-

»
—
i
 

•
* 

C
N
 

i
n
 

© W in 
<
N
 

i
n
 

r» 
— 

m © M r-co 
©
 
C
O
 

»-̂
 N
O
 

©
 

w NO 
O
N
 

i
-
^ 

O
N
 

O
N
 

N
O
 

©
 

w NO 
(
N
 

m © N
O
 

N
O
 

© w © ^
H 

©
 

O
N 

m 

N
O
 

©
 

w CO 
co 
C
N
 

N
O
 

C
N
 

N
O
 

©
 

M p-fi
 

rs| 
oo 
i
—
i
 

CN
 

C
O

 
C

O
 

©
 

©
 

©
 

I 
I 

I 
W

W
W

 
NO

 
C

O
 

^
f 

p
- 

-
^

 
o

o
 

CN
 

>
n

 N
O

 
—

i 
o

o
 

r-~
 

-H 
T

t 
_

; 

cn
 

v
o

 
CN

 
v

o
 

c
o

 
^

 
O

N 
"

1
 

'
^

•
t

l
-

'
*

'
^

'
"

*
^

t
'

n
i

n
i

n
'

n
i

n
«

n
i

n
N

O
N

O
N

O
N

O
N

O
N

O
 

©
©

©
©

©
©

©
©

©
©

©
©

©
©

©
©

o
©

©
©

 
• 

i 
• 

i 
i 

i 
i 

i 
i 

i 
i 

i 
i 

i 
i 

i 
i 

i 
i 

i 

B
W

I
D

M
W

l
U

m
U

U
B

l
B

B
B

U
U

i
a

U
a

B
W

 

c
o

t
^

-
c

N
^

t
-—

< 
—

 
C

O
C

N
P

~
—

'
C

N
 

—
 

N
O

O
N

O
N 

—
 

t
^

P
-

'
t

c
n 

0
\

©
r

-
C

N
C

N
i

-
i

O
N

C
N

O
N

C
N

P
-

N
0

1
n

O
N

©
N

O
©

C
O

N
©

C
O

 
H 

m
 

(o
 

m
 

o
o

 
t 

O
 

rn
 

* 
c

i 
t 

m
 

«
 

- 
a
 

^
 

H
 

N
5
 
i-. 

o
 

cn 
c

o
 

C
N

 C
N

 —
<

 i—
i —

<
 o

o
' N

O
 

v
i 

c
n

 
r

4
 

—
«
 —

<
 o

o
 

N
O

 T
t• C

N
 

—
>

 
t 

t 
i 

i 
• 

i 
i 

i 
i 

i 
i 

i 
i 

i 
• 

i 
i 

• 
• 

©
 

©
 

9
 

W
 W

 S
 

O
N 

0
0

 
J

5
 

r~ r-*
 £

 
M
 

0
O

 
«
 

P
- 

W
O

 
P
~. 

- 
C

N
 <

?
 

©
 

©
 

<
* 

T
f 

2
 

©
 

©
 

©
 

I 

in
 

©
 

in
m

m
in

m
N

O
N

O
N

o 
©

o
o

o
o

o
©

©
 

I 

NO
 

N
O

 
©

 
p

 

w
w
w
w
w
w
w
w
w
w
w
w
w
w
w
w
w
w
w
w
 

H 
i
n
 
m
 
t
 
M
 
»
i
 

« 
o
 
t
 
t
 
o\ w

 
«
 

r
-
 
N
O
 
O
N
 
O
N
 
O
N
 
C
O
 
O
O
 

q 
oo -

 
t
 
oo

 
T
( 
o
 

Tt" 
C
O
 
C
O
 C
N
 
i-H

 
—
<
 
i—i

 
I 

I
 

I
 

i
 

I
 

I
 

I
 

i
n
 

©
 

c
o
 
©
 

p
-
 N
O
 

c
o
 
O
N
 

O
O
 
N
5
 
•
*
 

i 
i 

> 

C
O
 
0
0
 

•*r 
©
 

© 
©
 

O
N 
V
O
 

c
o
 
C
N
 

P
-
 
—
>
 
T
t
 
O
N
 
O
 
C
N
 o
o
 

•
* 

o
o
 
i
j
 
o
 

t
 
o
o
 
m
 

N
O

T
f 

—
 

©
O

N
N

O
O

O
C

S 
NC. 

—
 

rt 
O

N
 co, 

i
n

i
n

©
 

—
 

—
l

o
d

i
n

r
r

c
N

 
—

 
—

 

©
 i 

W
 

CO
 

(N
 

0
0 

N
O

 

l
m

 
I

t 
^

* 
^

 
^

 
^

 
"

©
 

©
 

P
 

©
 

©
 

©
 

m
 

m
 

W
 

W
 

W
 

W
 

K
 

N
O

 
P

- 
c
-- 

P
- 

•
* 

rC
 

S
 

•
* 

•
* 

©
 

C
N

 
rM

 
S

 
N

O
 

O
N

 T
l- 

C
N

 
r^

 
5

N
 

co
 

o
o

 
o
o

 
o
o

 
r*l 

so
 

N
 

^
t 

^
 

M
 

T
f 

*
 

^
 

J
 

©
 

©
 

©
 

©
 

• 
i 

i 
i 

B
B

H
B

 
NO 

>
n

 
in

 
N

O
 

©
 

N
O

 
C

N
 N

O
 

o
o

 
O

N
 

O
N

 •
*

 
©

 
(N

 
N

O
 

C
N

 
CO

 
C

N
 -i 

-
<

 

m
 

>
n

 
in

 
in

 
p

o
p

©
 

w
 

w
 w

 w
 

O
N 

c
o
 

c
o
 C

N
 

N
 

O
N

 
N

 
O

N 
N

O
 W

O
 

C
O

 >n
 

>
n

 
m

 
N

O
 

N
O

 
N

O
 N

O
 

p 
p

 
p

 p
 ©

 ©
 ©

 
W

 
W

 
W

 
W

 
W

 
W

 
W

 
C

N 
r- 

>
n

 
©

 
©

 
N

O
 O

N
 

0
0 

—
 

N
O

 •*)- C
N

 O
N

 
©

 
N

O
 

o
o

 
O

N
 
o

o
 

cN
 

r-~
 

©
 

©
 

o
o
 

—
; 

t-; 
(N

 
in

 
u

o
 

co
 

—
 

—
 

t~
 

in
 

c
o

 
C

N
 

i 
• 

i 
i 

i 
i 

i 

N
O 

r- 
r- 

r-
©

 
©

 
©

 
©

 
i 

i 
i 

i 
w 

w
 w

 w
 

O
N 

-^
 

—
 

N
O

 
T

f 
C

N
 
c

n
 N

O
 

p
- 

o
o

 
r- 

N
O

 
CN

 
P

-; N
O

 
O

N
 

—
 

N
O

 C
O

 -
H

 

co co !C 3; S
 3

 

9
 9

 ° ° ° ° 
r

i 
m

 
W

 
W

 
W

 
W

 
S

 
M

 
" 

^
 

^
 

O
1

 

S
 

m
 

o
o

 
N

 
M

 
^

 
0

0 
5

 
P

~
 

—
' 

C
N

 
—

' 
o

i 
g

 
0

0
 

O
 

N
O

 
O

N
 

"̂
 —

 °?
 T

 "t ^
 

i
n

i
n

N
O

N
O

N
O

N
O

P
-

p
~

t~
^

r-
.

r
-

^
 

©
©

p
p

o
o

p
O

o
o

©
 

in
 

>
n

 
m

 
in

 
©

 
©

 
©

 
©

 
<

t 
* 

T
f 

J
 

©
 

©
 

©
 

©
 

I 
I 

I 
I 

w
 tu

 u
 u

 
©

O
N

C
N

O
O

r
f

O
N

p
r

S 
p

~
i

n
c

-
-

N
o

p
-

©
-

^
T

f 
i

s 
t 

c
n

 
o

o
 

-
I

O
N

C
N

C
N

 

O
N

N
O

-
N

O
N

N
O

r
f 

C
O

C
N

-
—

"
O

O
N

O
-

^
-

C
O

C
N

 

ON 
C
O
 
P
~
 
©
 

•^ 
T
f
 
0
0
 
O
O
 

•* 
C
O
 
0
0
 

— 
0
0
 

i
n
 
O
N
 
c
o
 
—
<
 
o
 

r--
 
P
-

t̂
 
^
 
O
N
 
H
 
N
.
 »
 
,
-

i
n

m
o

\
i

n
i

/
-

i
o

o
c

o
c

N
i

o
i

n
o

o
 

'
-
"
-
-
"
P
^
t
-

f
l

f
.
i
n
 

•̂
 T

 
°? T

 --
 --

 
<
N
 

n 
n
 
t
 
5
 
S
 
*
 

© 
©
 
©
 
9
 
9
 
9
 

ON 
in

 ot S
 
g
 
^
 

NO 00
 
O
N 2? 52 

S
 

I
N 

|
s
 
*
 
0
\
 
N
O
 
0
0
 

C
N
 
-
-
 
©
 
"
0
 
°
i
 
«*>

 
0
0
 
C
O
 
O
N
 
f
j
i
 f
j
 
<
7
 

©
 

m
 
©
 
i
n
 
©
 

m
 

>
n
 
P-;

 
©
 
C
N
 
u
o
 
P-;

 
C
N
 
C
N
 
C
O
 
C
O
 
C
O
 
C
O
 

•* 
•
*
 
t̂
 
2
 

©
 
©
 
©
 

©
 

W 
W
 
W
 
W
 

N
O
 
P
-
 
O
O
 
©
 

—
<
 
P
-
 
O
O
 
©
 

c
o
 
o
o
 
O
N
 c
o
 

O
N
 
C
N
 
N
O
 
C
N
 

(
N
 
t
N
 
—
<
 
I
-
H
 

l 
i
 

i
 

l
 

in vi >n
 m
 

©
 

©
 
©
 

©
 

I
I

I
I 

w a
 w
 w
 

P--
 
C
N
 
N
O
 
T
t
 

•
* 

0
0
 
•
*
 N
O
 

o
 

N
O vo

 N
O
 

0
0
 
C
N
 
r
t
 
—
 

O
O
 
N
O
 
^
'
 C
O
 

i
n
 
i
n
 
N
O
 
N
O
 

© 
©
 
©
 
©
 

B
i
n 

u
 

C
N
 
P
-
 
P
-

o
o 

~
->
 
—
 

* 
(Nl

 
N
O
 

C
N
 
-
H
 C
O
 

C
N 
—
 v
i
 

JT P-
 P~

 NO P~
 P~

 
P-

9 
©
 
©
 
©
 
©
 
©
 
©
 

W 
W
 
ti W

 
W
 
W
 
W
 

^ 
©
 
C
O
 
T)- 

C
O
 
t
 
N
O
 

2
£
 
c
o
 
p
-
 
c
o
 
O
N
 
m
 

t
 

S
 

o
o
 
N
O
 
—
 
N
O
 
i
n
 
—

' 
"1 

©
 
f
 
©
 
-

in 
co

 
N

O
 

c
n

 
c

o
 

t^- 
—

<
 O

N
 od

i 
p

 

©
 

©
 

i
n
 

C
N
 
©
 
m 

vo 
p~-

©
 
P 

•
n
 

C
N
 
©
 
i
n
 
vo 
r~
 

N
t

t
t

t
n

i
n

i
f

l
i

n
 

o
o

o
o

o
o

o
g

g
g

g
 

©
 

m
 

©
 

in
 

©
 

m
 

©
 

P
 

P
 

P
 

P
 

N
O

N
c

i
r

^
K

o
6

o
d

o
N

2
-

2
2 



U
l 

to
 

i—
 

©
 

©
 

©
 

©
 

©
 

o
 

©
 

o
 

©
 

t
O

O
O

O
O

>
J

v
]

9
\

3
\

U
i

U
i

U
U

i
A

^
A

^
W

U
W

U
M

I
O

 
©

U
i

O
U

i
©

U
i

©
~

O
.

U
i

t
O

©
 

O
O

O
'

O
O

O
O

U
l

O
U

l
O

 
-
O
 
U
l
 
t
o
 

U
i
 
©
 

U
l
 

N
J
 

u
i
 

©
 
©
 

«
_
i
 

m
 

©
 

O
N
 

u
i
 

b\
 

h
—
»
 

©
 

N
©
 

CO
 

©
 

O
N
 

U
I
 

4
k
 

t
—
'
 

U
l
 

U
l
 

CO
 

©
 
O
N
 

o
o
 

4
k
 

o
o
 

O
N
 

U
l
 

CO
 

©
 
O
N
 

•
—
 

4
k
 

t—
»
 

S
)
 

t
o
 

CO
 

©
 
U
l
 

>—
 

bo
 

-
j
 

4
k
 

U
i
 

C
O
 

o
 
U
l
 

t
o
 

U
l
 

4
k
 

--a
 

N
O
 

to
 

©
 

<~
n

 U
l
 

U
l
 

0
\
 

K-
*
 

o
o
 

co
 

©
 
U
l
 

u
i
 

^
 

u
i
 

u
>
 

0
0
 

CO
 

©
 
u
i
 

-
J
 

^
 

4
k
 

©
 
o
o
 

CO
 

©
 
U
l
 

H
-

t
o
 

1—
*
 

(—
*
 

U
l
 

m
 

©
 
4
k
 

V
—
»
 

U
i
 

U
l
 

4
k
 

O
N
 

co
 

©
 
4
k
 

•
—
 

N
O
 

U
l
 

t
o
 

4
k
 

CO
 

©
 
4k
.
 t
o
 

4
k
 

-
O
 

U
>
 

o
\
 

C
O
 

©
 

4>
.
 

U
>
 

©
 

0
0
 

©
 

-
J
 «p
 

©
 
4k
.
 U
>
 

O
N
 

O
N
 

N
O
 

U
i
 

CO
 

©
 

4
k
 

U
l
 

N
O
 

m
 
4
k
 

©
 CO
 

©
 
4k
.
 U
l
 

t
o
 

4
k
 

U
l
 

0
0
 

ca
 

©
 

4
k
 

u
i
 

b
o
 

O
N
 

©
 

•
—
^
 

ca
 

©
 

O
s
 

O
 

-~
)
 U
l
 
I
N
)
 
O
 

-
J
 

U
 

©
 

U
i
 
©
 

U
l
 
©
 

U
l
 

©
 

o
o
 
t
o
 
O
N
 
•
—
 

In
 
b
o
 
b
o
 
4k
.
 

U
i
 
—
 

4
k
 

O
N
 

©
 

H
-
 
0
0
 
U
l
 

U
l
 
>—
 
S
)
 
O
S
 

co
 c

o 
cn
 c

o 
•
 

•
•

I
 

©
 
©
 
©
 
©
 

4
k
 
U
l
 
U
>
 
t
O
 

©
 
4
k
 

*—
+

 

m
 

©
 

t
o
 

U
l
 

u
i
 

U
l
 F
 

©
 

t
o
 

U
l
 

t
o
 

©
 
4k
.
 

U
l
 

CO
 

©
 

O
N
 

4
k
 

O
N
 

0
0
 

U
l
 

©
 W
 

©
 

O
N
 

-
J
 

i—
i
 

t
o
 

O
N
 

©
 CO
 

©
 

O
N
 

I—
 

H
-
i
 

U
l
 

N
O
 

1
—
»
 

CO
 

©
 
U
l
 

H
-

N
O
 

4
k
 

4k
.
 

u
>
 

C
O
 

©
 
U
l
 

t
o
 

O
N
 

t
o
 

U
l
 

©
 ca
 

©
 
U
l
 

U
l
 

O
N
 

U
l
 

U
l
 

4
k
 

CO
 

©
 
U
l
 

U
l
 

H
~
 

N
O
 

-
o
 

©
 CO
 

©
 
U
l
 

-
J
 

~
J
 

4k
.
 

U
l
 

O
N
 

CO
 

©
 
U
l
 

i
—
>
 

t
o
 

©
 
t
o
 

©
 CO
 

©
 
4
k
 

•
—
 

N
O
 

4
k
 

©
 
N
)
 

CO
 

©
 
4
k
 

t
o
 

4
k
 

o
o
 

1—
1
 

O
N
 

CO
 

©
 
4
k
 

4k
 

i 
t
o
 

i
—
 
N
O
 
U
i
 
O
N
 
b
o
 

U
l
 
©
 

O
N
 
t
O
 
N
O
 

t
O
 
N
O
 
-
J
 
t
O
 
4
k
 

~
j
 
i
—
 
4
k
 
u
i
 
i
—
 

CO
 
C
O
 C
O
 C
O
 C
O
 

I 
I
 

I
 

I
 

I
 

©
 
©
 
©
 
©
 
©
 

4
k
 
4
k
 
4
k
 
4
k
 
4
k
 

U
l
 

©
 

0
0
 

4
k
 

O
N
 

CO
 

©
 

4
k
 

i—
i
 

O
O
 

©
 

U
l
 

t
o
 F
 

©
 

U
l
 

U
l
 

©
 

t
o
 

©
 

U
l
 

CO
 

©
 

U
l
 

1
—
»
 

»—*
 

t
o
 

-o
 

CO
 

©
 

t
o
 

t
o
 

t
o
 

4
»
 

U
l
 

CO
 

©
 

t
o
 

4k
.
 

©
 

~
J
 

O
N
 

O
N
 F
 

©
 

t
o
 

O
N
 

O
O
 

o
o
 

N
O
 

U
l
 

CO
 

©
 

t
o
 

•
-
>
 

©
 

N
O
 

o
o
 

O
N
 

CO
 

©
 

U
l
 

b
o
 

O
N
 

N
O
 

O
N
 

CO
 

©
 

O
N
 

U
I
 

^
J
 

N
)
 

U
i
 

U
l
 F
 

©
 

O
N
 

O
O
 

b
o
 

4
k
 

O
N
 

4
k
 

CO
 

©
 

O
N
 

•
—
 

4k
.
 

4
k
 

4=
>
 

t
o
 

CO
 

©
 

U
l
 

t
o
 

U
l
 

U
l
 

~
J
 

0
0
 

ca
 

©
 

U
l
 

u
>
 

4
k
 

N
O
 

©
 
©
 CO
 

©
 
U
l
 

4
k
 

N
O
 

U
l
 

t
o
 

©
 CO
 

©
 

U
l
 

~
J
 

|N
J
 

N
O
 

N
O
 

4*
.
 

<F
 

©
 

U
i
 

•
—
 

^
 

t
o
 

O
N
 

U
l
 

CO
 

©
 
4
k
 

i
—
•
 

b
o
 

t
o
 

t
o
 

U
l
 

CO
 

©
 
4
k
 

U
l
 

©
 
4
k
 

4
k
 

N
O
 

CO
 

©
 
4
k
 

U
l
 

<>
 

©
 
o
o
 

N
O
 

CO
 

©
 
4
k
 

4
k
 

b
o
 

O
N
 

-
J
 

*—*
 

CO
 

©
 

4
k
 

u
>
 

O
N
 

©
 

4k
.
 

0
0
 

CO
 

©
 

4
k
 

U
i
 

t
o
 

t
o
 

O
N
 

M
-
»
 

CO
 

©
 

4
k
 

•
—
 

U
l
 

U
l
 

o
o
 

•
—
»
 

CO
 

©
 
4
k
 

H
- 

u
i
 i
—
 
t
o
 4
k
 
o
o
 >
—
 

o
 

U
i
 

4
k
 

CO
 

©
 

U
l
 

N
O
 

4
k
 

•o
.
 

CO
 

©
 

U
l
 

o
 

U
l
 

U
l
 

©
 CO
 

©
 
t
o
 

1*
1
 

©
 

t
o
 

CO
 

©
 

t
o
 

U
l
 

O
N
 

-
O
 

U
l
 F
 

©
 
t
o
 

H-
*
 

U
i
 

U
l
 

t
o
 F
 

©
 

t
o
 

t
o
 

N
O
 

t
o
 

©
 CO
 

©
 *—
*
 -
J
 

-
J
 

o
o
 

o
o
 

C
O
 

©
 

1
—
*
 

-
o
 

U
l
 

ca
 

©
 

U
)
 
U
i
 
©
 

O
N
 

-
J
 
U
l
 
t
O
 
N
O
 

4
k

O
N

N
O

^
-

t
O

J
k

U
l

O
N

O
\

t
O

 
i
—
 
U
i
 

K
-
 
U
l
 
4
k
 
U
l
 
U
l
 
U
l
 
U
l
 

N
O
 
0
0
 
N
O
 
t
o
 
t
O
 
t
O
 
~
0
 
£ 

U
i

U
l

t
O

~
O

O
N

U
l

U
l

O
N

N
O

*
-

O
O

U
l

U
l

-
0 

U
l 

0
0 

4
k 

U
l 

-O
 

«—
 

to
 

U
i 

O
N

 
U

i 
O

N
 

N
O

^
O

N
0

0
4

k
U

!
©

O
O

K
-

t
O

p
O

U
i

U
i

U
i

U
l 

c
o

w
c

o
c

o
c

o
c

o
c

a
c

o 
i 

i 
i 

i 
i 

i 
• 

i ©
 

©
 

©
 

©
 

©
 

©
 

©
 

©
 

O
N

 
O

N
 

U
i 

U
i 

U
i 

U
i 

U
l 

t
o 

>—
 

4
k 

_ 
. 

t
O

N
O

O
N

J
—

U
l

i
—

O
O

U
l

t
O

t
O

 
O

O
^

N
O

U
M

H
4

N
U

U
I 

^
.

~
~

~
. 

-
. 

~
. 

—
 

4
k

-
O

0
0

©
4

k
4

k
O

N
H

-
^

i
U

) 
c

a
c

o
c

a
c

o
c

a
c

o
c

n
tT

iw
c

a
w

c
n

c
o

w
c

a
c

o
c

o 
' 

' 
' 

©
©

a
«

©
©

©
©

©
©

©
©

©
©

 
4k

 

J»
 3 

©
 

©
 

©
 

4k
. 

4k
 

4k
 

©
 

©
 

©
 

©
 

©
 

©
 

5 
5 

w
 

ui
 

tj
 

M
 
s 

H
 

to
 

C
T

 

5*
 

• w
 

o
 

o
 s I' C

D
 



Table A.4 Ab initio single point energies (Eh) in Hartree of the averaged H2 - 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: sp 0.9, 0.3, 0.1; c/0.3, 0.2; fg 0.3). 

R(A) 
2.50 
2.75 
3.00 
3.25 
3.50 
3.75 
4.00 
4.25 
4.50 
4.75 
5.00 
5.25 
5.50 
5.75 
6.00 
6.50 
7.00 
7.50 
8.00 
8.50 
9.00 
10.00 
11.00 
12.00 
13.00 

9 = 2° 

3.2068E-04 
-1.6022E-04 
-2.7363E-04 
-2.5881E-04 
-2.0988E-04 
-1.6054E-04 
-8.9578E-05 
-5.0842E-05 
-2.9943E-05 
-1.8543E-05 
-1.1808E-05 
-7.7261E-06 
-3.6956E-06 
-1.9064E-06 
-1.0446E-06 
-5.9517E-07 

13° 

6.2880E-03 
1.0990E-03 
8.7798E-05 
-2.2535E-04 
-2.7943E-04 
-2.4726E-04 
-1.9601E-04 
-1.4870E-04 
-8.2995E-05 
-4.7286E-05 
-2.8094E-05 
-1.7406E-05 
-1.1197E-05 
-7.4362E-06 
-3.5403E-06 
-1.8306E-06 
-1.0064E-06 
3.0770E-06 

24° 
2.4018E-01 
1.5156E-01 
8.9787E-02 
4.8004E-02 
2.3377E-02 
1.0397E-02 
4.1215E-03 
1.3226E-03 
1.9008E-04 

-2.0018E-04 
-2.8715E-04 
-2.6543E-04 
-2.1482E-04 
-1.6472E-04 
-1.2365E-04 
-6.9365E-05 
-4.0152E-05 
-2.4226E-05 
-1.5602E-05 
-9.9006E-06 
-6.6941E-06 
-3.1843E-06 
-1.6716E-06 
-9.2305E-07 
-5.2811E-07 

35° 
1.1683E-01 
6.6261E-02 
3.5231E-02 
1.7386E-02 
7.8467E-03 
3.1127E-03 
9.4759E-04 
5.8066E-05 
-2.4509E-04 
-3.0300E-04 
-2.7230E-04 
-2.1908E-04 
-1.6800E-04 
-1.2638E-04 
-9.4654E-05 
-5.3928E-05 
-3.1941E-05 
-1.9686E-05 
-1.2586E-05 
-8.3143E-06 
-5.6436E-06 
-2.7797E-06 
-1.4674E-06 
-8.1616E-07 
-4.6806E-07 

46° 
5.1981E-02 
2.6332E-02 
1.2508E-02 
5.4163E-03 
1.9966E-03 
4.7422E-04 
-1.2478E-04 
-3.0636E-04 
-3.1776E-04 
-2.7138E-04 
-2.1437E-04 
-1.6350E-04 
-1.2297E-04 
-9.2278E-05 
-6.9563E-05 
-4.0581E-05 
-2.4664E-05 
-1.5548E-05 
-1.0129E-05 
-6.7989E-06 
-4.6870E-06 
-2.3471E-06 
-1.3107E-06 
-7.0228E-07 
-4.0270E-07 

57° 
2.1746E-02 
9.9200E-03 
4.0431E-03 
1.3164E-03 
1.6215E-04 

-2.5528E-04 
-3.5377E-04 
-3.3015E-04 
-2.7103E-04 
-2.1030E-04 
-1.5917E-04 
-1.1945E-04 
-8.9685E-05 
-6.7730E-05 
-5.1594E-05 
-3.0856E-05 
-1.9207E-05 
-1.2353E-05 
-8.1842E-06 
-5.5747E-06 
-3.8784E-06 
-1.9807E-06 
-1.0705E-06 
-6.2637E-07 
-3.4545E-07 
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Table A.4, continued 

R(A) 
2.50 
2.75 
3.00 
3.25 
3.50 
3.75 
4.00 
4.25 
4.50 
4.75 
5.00 
5.25 
5.50 
5.75 
6.00 
6.50 
7.00 
7.50 
8.00 
8.50 
9.00 
10.00 
11.00 
12.00 
13.00 

0 = 134° 
5.9864E-02 
3.1942E-02 
1.6205E-02 
7.6667E-03 
3.2466E-03 
1.0953E-03 
1.3786E-04 

-2.2732E-04 
-3.2107E-04 
-3.0461E-04 
-2.5320E-04 
-1.9830E-04 
-1.5118E-04 
-1.1404E-04 
-8.5967E-05 
-4.9698E-05 
-2.9810E-05 
-1.8570E-05 
-1.1989E-05 
-7.9925E-06 
-5.4727E-06 
-2.7254E-06 
-1.4597E-06 
-8.1043E-07 
-4.6238E-07 

146° 
1.2398E-01 
7.6804E-02 
4.5529E-02 
2.5311E-02 
1.2999E-02 
6.0395E-03 
2.4116E-03 
6.8641E-04 
-3.9022E-05 
-2.8329E-04 
-3.1986E-04 
-2.8087E-04 
-2.2404E-04 
-1.7126E-04 
-1.2863E-04 
-7.2240E-05 
-4.1803E-05 
-2.5205E-05 
-1.5867E-05 
-1.0358E-05 
-6.9745E-06 
-3.4114E-06 
-1.7839E-06 
-9.8059E-07 
-5.5551E-07 

156° 
2.8828E-01 
2.0837E-01 
1.4609E-01 
9.2150E-02 
5.2245E-02 
2.6960E-02 
1.2667E-02 
5.3023E-03 
1.8307E-03 
3.5534E-04 
-1.8139E-04 
-3.1745E-04 
-3.0391E-04 
-2.4783E-04 
-1.8956E-04 
-1.0457E-04 
-5.8188E-05 
-3.3818E-05 
-2.0628E-05 
-1.3145E-05 
-8.6863E-06 
-4.1397E-06 
-2.1244E-06 
-1.1544E-06 
-6.4986E-07 

167° 

3.3911E-01 
1.8162E-01 
9.1795E-02 
4.3250E-02 
1.8902E-02 
7.4947E-03 
2.5147E-03 
5.2774E-04 
-1.5910E-04 
-3.2729E-04 
-3.1418E-04 
-2.5302E-04 
-1.4040E-04 
-7.5733E-05 
-4.2510E-05 
-2.5181E-05 
-1.5689E-05 
-1.0196E-05 
-4.7383E-06 
-2.4053E-06 
-1.2943E-06 
-7.2456E-07 



Appendix B 

Table B.l Rotational energy levels of o/t/ioHz-HCCCN in the ground vibrational state 
(cm1), 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 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"1 for all 
calculated rotational energy transitions. The eigenvalues and eigenvectors of the 
Hamiltonian matrix were obtained using 3000 Lanczos iterations. 

JKaKc 

Ooo 
loi 
111 

lio 
2o2 
2,2 

2n 
3fl3 

3,3 

3,2 

Parallel 

-85.70769 
-85.43226 
-84.84688 
-84.81888 
-84.88236 
-84.32440 
-84.24042 
-84.05995 
-83.54129 
-83.37335 

orthoH.2 
Parallel 

R + 0.10A 
-86.21954 
-85.94534 
-85.39907 
-85.36991 
-85.39807 
-84.88022 
-84.79275 
-84.58000 
-84.10263 
-83.92772 

-HCCCN 
Parallel 

R + 0.15 A 
-86.44925 
-86.17568 
-85.64794 
-85.61820 
-85.62975 
-85.13093 
-85.04170 
-84.81390 
-84.35615 
-84.17718 

Perpendicular 

-116.3158 
-116.1093 
-98.64136 
-98.63822 
-115.6962 
-98.22624 
-98.21682 

Out-of-plane 

-94.40422 
-94.20757 
-75.42432 
-75.42122 
-93.81427 
-75.02696 
-75.01767 
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Table B.2 Rotational energy levels of ort/joH2-HCCC15N and orthoH2 - DCCCN in the 
ground vibrational state (cm1), 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"1 for all 
calculated rotational energy transitions. The eigenvalues and eigenvectors of the 
Hamiltonian matrix were obtained using 3000 Lanczos iterations. 

JlCaKc 

00o 
loi 

111 
lio 
2()2 

2,2 
2n 
3<)3 

3l3 
3,2 

orthdRt -
HCCC15N 

Parallel 
R + 0.15 A 
-86.72724 
-86.46002 
-85.94723 
-85.91811 
-85.92677 
-85.44227 
-85.35491 
-85.12991 
-84.68556 
-84.51087 

orthoiit -
DCCCN 
Parallel 

R + 0.15 A 
-86.81372 
-86.55899 
-86.03892 
-86.01241 
-86.05051 
-85.55630 
-85.47677 
-85.29025 
-84.83297 
-84.67393 
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Table B.3 Rotational energy levels of paraH2-HCCCN in the ground vibrational state 
(cm1), 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 Q. 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"1 for all calculated rotational energy 
transitions. The eigenvalues and eigenvectors of the Hamiltonian matrix were obtained 
using 3000 Lanczos iterations. 

paraH2 - HCCCN 
JKaKc 

Ooo 
loi 
111 

lio 
2()2 

2u 
2U 

303 

3« " 
3« 

Averaged 

-57.84563 
-57.57077 
-57.06112 
-57.02879 
-57.02251 
-56.54478 
-56.44778 
-56.20377 
-55.77107 
-55.57716 

Averaged 
R-0.10A 
-57.54157 
-57.26554 
-56.71927 
-56.68811 
-56.71463 
-56.19934 
-56.10588 
-55.89148 

Averaged 
R-0.15A 
-57.33015 
-57.05349 
-56.48842 
-56.45782 
-56.50134 
-55.96681 
-55.87502 
-55.67608 
-55.18503 
-55.00154 
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Table B.4 Rotational energy levels of paraH2-HCCC15N and paraR2 - DCCCN in the 
ground vibrational state (cm1), for the averaged potential energy surface (equal weighting all 
three orientations) when it is scaled by shortening 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"1 for all 
calculated rotational energy transitions. The eigenvalues and eigenvectors of the 
Hamiltonian matrix were obtained using 3000 Lanczos iterations. 

JKaKc 

00o 
lot 
111 
ho 
2o2 
2,2 
2u 
303 
3 B 

3l2 

pardiij — 
HCCC15N 
Averaged 
R - 0 . 1 5 A 
-57.36837 
-57.09758 
-56.52947 
-56.50011 
-56.55706 
-56.01«29 
-55.93024 
-55.74901 
-55.25213 
-55.07610 

pard&i -
DCCCN 
Averaged 
R - 0 . 1 5 A 
-57.41860 
-57.16062 
-56.58488 
-56.55820 
-56.64554 
-56.09659 
-56.01654 
-55.87515 
-55.36462 
-55.20458 
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