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Abstract

Spectra of clusters of nitrous oxideetylene trimer formed in a pulsed supersonigetit
expansion have been recorded by exciting the nitrous oxigf@) @ fundamental band (2224
cm™) using a quantum cascade laser. Higsolution infrared spectra of the weakly bouy®D
T (CoHy). trimer were fitted to a senmigid asymmetric rotor Hamiltonian. The band is an a/b
type hybrid band with the rotational constant®\ef2 8 7 1 1MHz,B=1 1 4 02 08JHZ and
C =81 6 .( 4 6upiz, satisfying the planarity condition addition to the normal istopologue,
BNLO T (CoH2)2and NO i (C,D-), have been also observeddorroboratehe determination of
the structure.

A cluster calculation programvas used to perform semampirical calculations on #D 1
(CzHp), trimer by using the wek nown Muenter 6s di st randoPowed d
minimization method.According to these calculations,,® i (C;Hy). trimer should have a
planar struture at the lowest energy minimumhich agrees fairly well with the experimental
structure.

The two angles between the acetylene and nitrous codéd not be determineolased
on the experimental result¥he inability to determingheseangles may be attnifbable to the
large amplitudemotion between the £, monomers, which has been observedihl, dimer,
C,D, dimer and OCS (C;Hy)2. The tunneling motion causes the spiitiof energy levels. In
the spectrunof N,O T (CzHy)2 trimer, no splittingswithin the resolution othe experiment(75
MHz) are observed that can be attributed to the large amplitude motion betivedmH,

monomers.
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Chapter 1: Introduction

Three types of attractive van der Waals forces, which are the main intermofeccesr
responsible for forming molecular clusters, are discussed. A brief introduction on infrared
spectroscopy of weakly bound molecular clusters is given. The supersonic jet expansion
technique which is utilized for formation of molecular clusters islaened. Finally, the

objective and organization of this thesis are presented.

1.1 A Review of Weak Intermolecular van der Waals Forces

Molecules are held togethergaseous andondensed statdxy the intermolecular forces.
The intermolecular forces are categorized into four different types: Hydrophobic interaction
(between hydrophobes and water molecules), lonic interaction (between ions in ionic solids),
Hydrogen bonding, and van der WaalscearAmong the intermolecular forces, ionic interaction

is the strongest and van der Waals force iswbakes{SeeTable 1.1)1].

Table 11: Intermolecular forces energies comparison

Intermolecular Force Energy (kJ/mol)
van der Waals interaction 0.1-10
Hydrogen bonding 10-40
Hydrophobic interaction | <170

lonic interaction 1001000

Weak intermolecular forces are dominated by themnairgy kT) at room temperature.
If the gas molecules or atoms are cooled down, they form a liget);if they are further cooled,
they condense into a sol{@]. Weak intermolecular interactions become important when the

thermal energy is reduced.



As mentioned above, the weakest intermolecular force among neutral molecules is van
der Waals force, which is named after Dutch physicist Johannes Diderik van der Waais (1827
1923) . Van der Waals was inspired byOnRedol f
Moving Force of Heat and the Laws of Heat which may be Deduced Thecefroconsider
heat as a phenomenon of motion whisdsulted in a search for axplanation of Thomas
A n d r eexpsritnents on the existence of critical temperatures in ¢asd$ Van der Waals
decided that the nerero size (volume) of molecules and the intermolecular forces should be
considered in forming a relationship among the voluxfjetémperatureT) and pressure? of

gases. This equatidB] is given by:

~

; W ,

0 o w 0 YY (1.2

whereR is the universal gas constahtis a constant ancepresentshe volume occupied by the

incompressible molecules, which decreases the available volume to the gas moleculésofrom

V-b; ais a constant that represents the attraction between moleculgseasdrd® decreases by

increasinga at constant values for the temperature and volume which verifies the fact that the

attraction between mol ecul eswallsgsduces the pres
Van der Waals forces are categorized into three different types: Keesom interactions,

Polarization (induction), and London dispersion. As shown in Figure 1.1, Keesom interactions

exist among different molecules with permanent dipoles, asudt i their polar bonds. There is

an electrostatic force between electric dipoles, so that the molecules align themselves to decrease

their energy by increasing the attractigntil the repulsion force appedfy.

O O

Permanent Dipole-Permanent Dipole Interaction
Figurel.1l: Permanent dipolé permanent dipole (Keesom) interaction

2



Polarization (induction) occutsetween a molecule without a permanent dipotenent
and a molecule with a permanent dipatement As shown in Figure 1.2, a molecule with a
permanent dipoléeads to an imbalance of electric charge on the molecule without a permanent
dipole, which results in creating an induced dipole on this molecule. The molecules are then
attracted to each othby this effect [6]
<« »

Non-Polar Molecule Permanent Dipole
(Polar Molecule)

O <« »

Induced Dipole (Non-
Polar Molecule)

Figure 12: Polarization (induction) interaction

Although some molecules do not havenet dipolemoment based on a fluctuation in
electron charge densities, the charge imbalance can still occur-pofermolecules. This leads
to an induced dipole on the othmolecule, resulting in the attraction of the two molecules, as
shown in Figure 1.3, in the same way as polarization. This kind of force is referred to as London

dispersion, which is very wealk comparison with Keesom and induction interacti@js

First Non-polar
Molecule

Chance of Charge
Separation
Second Non-Polar Molecule

Fluctuating Dipole
Induced Charge
Separation by the First
Molecule

London Disperssion

Figure 13: London dispersion



Repulsion force dominates at short range which $ité compressibility of matter. At
short intermolecular separations there are electrostatic repulsions between the positively charged
nuclei ofneighbouring molecules and also between negatively charged electron clouds of nearby
molecule. The balance between the long range van der Waals force and short range repulsion is
characterized by a potential curve with a shallow minimum. The moleculesogeltier in this
minimum are called van der Waals molecular clusters. The van der Waals bonds can easily
dissociatenear the room temperature (~ 30Q #us, many molecular clusters can be stahlg
at low temperatures.

Molecular clusters represent @nmmediate states between the individual isolated
molecules in the gaseous state and liquid droplets. Therefore, a better understanding of their

properties, such as geometrical arrangements, is of high ifft@rest

1.2 A Brief Introduction of Infrared Spe ctroscopy

A brief history of discovery of infrared radiation is given. Infrared spectroscopy is
introduced. Early difficulties in this field are explained. Supersonic jet spectroscopy technique
which was used in observation of the planar isomeN@ i (C,H,), and its advantages are

discussed.

1.2.1 History

In 1800, the existence of infrared (IR) radiation was recognized by Sir William Herschel
(17381822)[8]. Herschel had the idea that colothiemselves may have different temperatures
associated with thepso he performed an experiment where sunlight was directed through a

prism to create sainbow. The temperature of lighblour was measured by thrésermometers



with darkened tubes to better absorb heat. For each colour of the spectrum, one tube in a visible
colour was used; and, the other two darkened tubes were used to monitor the ambient
temperature.

While measuring the temperatures of the individual colduespbserved that all of the
coloursodo temperatures were higher than the am
temperatures increased from the violet part of the spectrum to the red part. He then measured the
temperature just beyond the redrtpmn of the spectrum in a region where no sunlight was
visible. Surprisingly, he found that this region had the highest temperature. He performed more
experiments on this part of the spectrum and noticed that its behaviour (reflection, refraction,
absorpion, etc.) was similar to visible light. What he found is known as infrared rad[&lion

There were ndurther investigations on infrared radiation up to the J&82. In a period
of 18 years from 1882 to 1900, the absorption spectra of organic liquids were photographed by
Abney and Festin§10]. William Coblentz investigated the spectra of hundreds of orgamic
inorganic substances, in 19(J31]. His exploration was the real basis for infrard®)(
spectroscopy.

These early works resulted in the recognition that each compound has distiRctive
spectrum that can be used in characterizing it in different samples, because the absorption bands
for each compound were found to be approximately at the same wavdlEZgth

Early researchers had mpadifficulties in conduting their experiments: There wese
many problems with analyzing data dudaok of a suitable theoretical framewo/iso, there
were no suitabléght source such as masers or lasesiad higher sensitive infrared detecims
early researchengsed prismsand broaeband sources of lighh their experiment$12]. These

difficulties led to design and development wéw theories, techniques and instruments such as



guantummechanics, masers and laser, comph#sed data acquisition and data analyeis,

Theseadvance$elped todevelophigh-resolution IR spectroscopy.

1.2.2 Introduction to IR Spectroscopy

IR spectroscopy is a technique that can be used as a versatile method for both the
characterization and evalwuation of chemical s.
absorption of IR radiation. The absorbed or emitRedadiation is related tdiscrete vibrational
and/or rotational transitions of molecular sample3.

Infrared radiation is categorized into three different regions: near 1200 4000cm *

(0.712 . 5), mitniR at4000 400cm * (2.5/25¢ mand far IR a¥0G 10 cm'* (251 1000 M

Their names are indicative of their relation to the visible radiation. Each of these regions is
applied for specific studies. Near HRdiation is able to excite molecular harmonic or overtone
vibratons, while mid IRis used for studying rotationalbrational fundamental bands of
molecules; and, far infrared, which is near the microwave regonjsedin rotational
spectroscopy.

High-resolution IR spectrospy with tunable lasers and modeupersonic jetechnique
which is discussed in the next subsection, provides a powerful tool to study the stamcture
dynamic of the molecular cluster&tudying high resolution IR spectra results in determination
of physical paranters such as Corisl forces, centrifugal distortions dipole moments,

vibrational fundamental frequencies, and intramolecular vibrational relaxaghn



1.2.3 Introduction to Supersonic Jet Spectroscopy

There is a continuous effort to design and develop new techniques amttease the
versatility and sensitivity of high resolution spectroscopic methods for studying molecular
clusters There are two main issues in IR hig#solution spectroscopy of wegkbound
molecular complexes. Tharimary goal is to generate the desired clustatsa sufficiently low
temperature to avoid thermal dissociation, but also producingaag rotational and vibrational
lines as can bebservedThe second issue is to progid proper environment that does not have
an undesirable effect on toRisters already formdd5].

A supersonic jetmeets both these requirements. In this techniquéesirable sample
travels perpendicular to the laser beam in free space with a narrow velocity distribution (to
decreaséoppler broadeningand a collision free environme(tb avoid pressure broadening),
so that interactions between the samplé envionment are negligiblé&Supersonic jet expansion
works based on adiabatic expansion, which is explained in Chapttldculesof interestare
seeded into a monoatomic <carrier gas: t his
degrees of freedoro cool to low temperatures, so that the Highg rotational state have a
very small population withconcomitant population enhancement in the-lgivg rotational

stateswhich results in simplification of the rotational struct{ité).

1.3 Thesis Study

This thesis discusses the IR spectroscopic studies of a planar isomer of nitrous oxide
acetylenetrimer. Supersonic jet expansion was used to form the clustersspamutra were

recorded aroung2232cm* using a quantum cascade laser. The focus of this thesis is, therefore,



on the analysis of the recoded data, such as the assignment and fitting of the spectra and

determination of the structures.

1.3.1 Objective

Previous studies on complexeentaining subunits of nitrous oxide D), acetylene
(CzH2) and carbonyl suide (OCS) show that complexes of these molecules are comparable in
structure and symmetr§SeeChapter 2) In 2009, the weakly bound,® i C,H, and NO i
C.D, complexesvere observedn the (N2O) 3 fundamental band regidd 6]. It was predicted
that this isomer has a near parallel structure Wigsymmetry Later in the same year, the IR
spectra of OCS$ C;H, and OCSi C,D, were observed in the OCS region[17]. In 2011, a
planar isomer of the OCS (C;H,), was observe(l18], and the structure of this lowest energy
isomer was determined to be planar with symmetry. More details of these studies are
discussed in Chapter Znowing the geometrical structure of the lowest energy isomer of OCS
T (CH,). and similarities between the lowest energy isomed,af i C,H, and OCS' C,H»

were the inspiration for our investigation of the planar isomé&h0fi (CzHy), trimer.

1.3.2 Thesis Organization

This thesis consists of six chapters: Chapter 2 includes previous studies refated
dimers and trirars in terms of the symmetry and geometrical strucilinere are no previous
experimental or theoretical results published regarding the observatimmlBfspectra of MO T
(C2H>),, but other complexes containing nitrooside, acetylene, carbonyl slé (OCS), and
carbon dioxide (Cg have been observed. Chapter 3 outlines the theoretical concepts of

vibration-rotation spectroscopy. This backgrousdelated to the methods that have been used in



the examination and analysis of data. Chapter 4 focuses on the experimental aspects of
supersonic jet laser spectroscopy tegbai The data acquisition packaged related software

are discussed. ChaptedBscribes the observation of a planar isoméd ¥ i (CzHy), trimer. It
discusses the anabs done on this complend theinformation that has been extracted from the
spectra. Finally, Chapter 6 consists of the summary of the experimental studies. Future works are

also presented.



Chapter 2: Literature Review

The significance of studying molecular clusters is explainede frevious studies on
binary clusters such as, @ i CyH,, OCSi CyH,, andCO, i C,H, are summarized The
previously studied planar isomer of OC8C;Hy),, that has a similar structurefpO 1 (CoHy)»,

is then presented.

2.1 Importance of StudyingMolecular Clusters

Weakly bound van der Waals clusters containing two or more monomer units are of
fundamental interest in the study of intermolecular interactions. By studying binary clusters or
dimers one can directly probe the intermolecular potentiathe region of the potential
minimum. Ternary clusters or trimers provide information on the-lheay potential in new
regions as well as nesdditive effects on the potential energy surface.

Larger clusters further probe the potential and-additive efects in new regions. The
potential energy surface includes information on possible condensation pathways. There can be
many such pathways, since the number of distinct cluster isomers or the local minima in the total
potential energy surface grows quickiyth cluster size. Many of these clusters are made from
simple molecules, e.g. nitrous oxide>(, carbon dioxidg(CO,), carbonyl sulide (OCS)and
acetylene (gH,), some of which are discussed in this literature survey such as nitrousi oxide
acetylengN,O i C;H,), carbon dioxidé acetylene (C@i C,H,), carbonyl sullei acetylene

(OCSi C;Hy), and carbonyl suliiei acetylene trimefOCSi (CzHy),).
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2.2 Observation of the Planar Isomer of CQi C,H, Dimer

In 1988, Prichard et al. observed the Bbsorption spectrum of the GOC,H, van der
Waals complex for the first timby exciting theCH asymmetric stretcfil9]. Theyfound the
vibrational origin to be3 2 8 1cm7. Also, the axes of the twmonomers were found to be
parallel to one anothewith the complex having,, symmetry(Seesymmetry discussions in
Chapter 3).

One year later, Huang, aMiller reported the structural determination of the C@,H
complexusing near infrared lasemolecular beam spectroscop30]. Their results werén a
good ageement with those dPrtichard etlh. 6 s but wi t hThelp detetmened apr e c i
structure using recognizable intensity alternations becaube G symmetry axis of this dimer
In the same yeaMuenter published an article on the spectra ok ICOH, and CQ1 C,D,
clusters[21]. He measured the rotational constants and centrifugal distortion of those clusters.
He also measured the dipole moment of,CQ,H, and rms vibrational amplitudes and als
obtainedan estimate o#0 cm™ for the out of plae bending modf21]. The monomemonomer
stretching vibrdon was alsoestimated to be75 cmi' based onthe centrifugal distortion
measuremeri1].

In 1990, Bone and Handy performed laggale akinitio calculations[22] on three
dimers formed from €+, and CQ including (CQ),, (CH)2, and CQi C,H,. They also noted
that a ceinear form of CGi C,H, is a local minimum on its potential energy surface in
addition to theC,, form of that clusterOne year laterMuenter used a general model to describe
the intermolecular potential functions for weakly bound molecular complexes: thel mad
designed to replicate many obserfedturesof the complex[23]. He calculated tam-atom

LennardJones terms.electrostatic energies and described repulsion and dispersion with
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distributed multipole picture of monomer chargéstribution (See Chapter 5). He used this
model for CQ 1 C,H; to calculate the binding energy and vibrational frequency for moromer
monomer stretch and eof-plane torsioal modes.

In 2009, Lauzinet al. studied the COi C,H, van der Waals complex ithe 2CH
overtone egion [24]. They observed a perturbedtppe band centered ne@r5 4 9cm' 2 @nd
from comparison ofthe simulated and observed spectra, thewynd that the rotational
temperature is close 80 K. The overtone data they presented, involved ground state levels with
higher J (angular momentum quantum number) a@d(angular momentum around a axis) in
comparisn with previously reported data. They combined their dadthose ofPrichardand
Huangto determine improved ground state paramdtes20]. c-type Coriolis resonances were
found to behe main cause gferturbations influencing the upper state.

Later in 2011, Lauzin et al. observed tifie spectra of the weakly bound GDC;H>
dimer in the region of théCO,) 3; fundamental band2349 cm?') [25]. They assigned the
spectrato CG T CH, with C,, symmetry and also determined tloeit-of-plane torsional
frequency to bet4.385cm*i n good agreement wofdohcmi'MRigerat er 6 s

2.1).

Figure 21: Parallel structure of CO C,H, with C,, symmetryparallel to the a intermolecular afliterature value
for vanderWaals radii) [25]
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2.3 Previous Studies on the Planar Isomer of @ i C,H, Dimer

In 1991,Hu et al.reported the spectra of weakly bound van der Waals clustergOof N
C.H> [26]. Using the fact thalN,O and CQ are isolectronichave aridentical molecular weight,
and nearly equal intramolecular lwbtength,Rco = 1.16 A, Rn=1.13 A, Rio = 1.1 Aand
(RyntRy Qi 2=1.16 A they developed a useful potential function massuminga distributed
multipole charge ornthe monomei27, 28] and applied it taCO, i C,H, complex[23]. They
apdied the same model tN,O T C,H,[26]. They studied the region of the acetylene
3; fundamental band in the mI& region of3280 cm' and concluded that the structure is
planar, with sideby-side monomer units having approximately parabebnomer axes in
agreement with their developed model.

Subsequent studies on@®i C,H,in the microwave regiof29-31] included a number of
isotopic speies and resulted in a refined structure with a centre of mass separadi@® @
and a small anglel(3 ) betgveen the monomer axes, such that tketdh at the end of the,N
is located closer to thé,H, axis (Figure 2.2) [31].

Ten years lateDidriche et al. reported the IR observation gON C;H, in the region of
the acetylene @H asymmetric stretching overtone aroudBb0 cnt [32]. They observe and
analyzdtransitions from higher rotational levels, due to the high rotational tempefatLeK)
of their jet However, their effort t@nalyze the NNO i C,H, spectrumin the region of théN,O)
33, overtone, which is arounfi580 cm', was not successflle@use of the wealessof the
transitions

Later in 2009,Dehghany et al. reported the observation g®N C;H, spectra in the
region of thg(N;0) 3, fundamental band arour&®24 cni' [16]. They observetlindamental and

torsional combination bands for both theONi C,H, and NO i C,D, isotopomers. This
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represented the first observationNyO i C,D, in the IR region also the first observation of an

intermolecular vibration for the J® i C,H, complex (Figure 2).

Figure 22: Near parallel structure of @1 C,H, with Cs symmetry[16]

2.4 Observation of OCS C,H, Dimer

As mentioned in the introduction dhis chapter, OC® C;H, was studied in the
microwave region for the first time. Peebles and Kuczkows8l8, 34]found that OCS C;H,
has two distinct isomers, including one isomer with a slipped-peratlel geometry Qs
symmetry) andhe othemwith a T-shaped structureCg, symmetry) with OCS forming the stem
of the T and the @tom interacting with the £, triple bond. The structure of the first isomer is
similar to that of the previously observedON' C,H, complex. Peebles and Kuczkowski used
semiempirical and ab initio calculations to show that the ipeaallel isomer is the lowest
energy form of OC$ C;H; [34].

In 2009,Norooz Oliaeeet al. reported the first observation of IR spectra of ©CgH,
[17]. They studied OC$% C;H, and OCS C;D, isotopomers for the both isomers in the OCS
region of thes; fundamental bandD2060 cm?) and obtainedotational parameters for the

excited vibrational state and vibrational shifts due to complex formation (Figure 2.3).
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Figure 23: Nearparallel structure of the lowest energy isomer of OCS,H, with C; symmetry is shown at the top and T

shaped structure of OGSC,H,with C,, symmetry is shown at the bottom of the figuf7]

2.5 Observation of the Planar Isomer of OCS (C,H>), Trimer

High resolution spectroscopiavestigation of trimers providesmformation about the
effect of adding a third body to the tvb@dy interactionSo, it initiates he study of the many
body interactions by adding a monomer to the clusters. Ssti@iesof dimers containingN,O,
C.H,, CO,, and OCSwere discussed. One of the trimerhich was studied based on adding a
monomer to the dimer complex@CSi (C;H>),which is discussed in this section.

In 2000,PeebleandKuczkowskiobservedhe pure rotational microwave spectra of four
isotopic forns of OCSi (C,H.), trimer: **C,H,, O°CS,*®0CS, and the normal isotofig5]. The
observed spectra revedlan unsymmetrical barrashaped structuréor this cluster In this
specific structure, €4, monomers were found to be am almost planar configuration between

T-shaped and parallel arrangements, with @@S oriented approximately above the plane
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