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Abstract 

Spectra of clusters of nitrous oxide-acetylene trimer formed in a pulsed supersonic slit-jet 

expansion have been recorded by exciting the nitrous oxide (N2O) ɜ fundamental band (ͯ2224 

cm
-1
) using a quantum cascade laser. High-resolution infrared spectra of the weakly bound N2O 

ï (C2H2)2 trimer were fitted to a semi-rigid asymmetric rotor Hamiltonian. The band is an a/b-

type hybrid band with the rotational constants of A =2871.4(11) MHz, B = 1140.67(20) MHz and 

C = 816.46(14) MHz, satisfying the planarity condition. In addition to the normal istopologue, 

15
N2O ï (C2H2)2 and N2O ï (C2D2)2 have been also observed to corroborate the determination of 

the structure. 

A cluster calculation program was used to perform semi-empirical calculations on N2O ï 

(C2H2)2 trimer by using the well-known Muenterôs distributed multipole potentials and Powell 

minimization method. .According to these calculations, N2O ï (C2H2)2 trimer should have a 

planar structure at the lowest energy minimum which agrees fairly well with the experimental 

structure.  

The two angles between the acetylene and nitrous oxide could not be determined based 

on the experimental results. The inability to determine these angles may be attributable to the 

large amplitude motion between the C2H2 monomers, which has been observed in C2H2 dimer, 

C2D2 dimer and OCS ï (C2H2)2. The tunneling motion causes the splitting of energy levels. In 

the spectrum of N2O ï (C2H2)2 trimer, no splittings within the resolution of the experiment (75 

MHz) are observed that can be attributed to the large amplitude motion between the C2H2 

monomers. 
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  Chapter 1:  Introduction   

 

Three types of attractive van der Waals forces, which are the main intermolecular forces 

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 is explained. Finally, the 

objective and organization of this thesis are presented. 

 

1.1 A Review of Weak Intermolecular van der Waals Forces 

Molecules are held together in gaseous and condensed states by the intermolecular forces. 

The intermolecular forces are categorized into four different types: Hydrophobic interaction 

(between hydrophobes and water molecules), Ionic interaction (between ions in ionic solids), 

Hydrogen bonding, and van der Waals force. Among the intermolecular forces, ionic interaction 

is the strongest and van der Waals force is the weakest (See Table 1.1) [1].   

                                            Table 1.1: Intermolecular forces energies comparison 

Intermolecular Force Energy (kJ/mol) 

van der Waals interaction 0.1-10 

Hydrogen bonding 10-40 

Hydrophobic interaction <170 

Ionic interaction 100-1000 

 

 

Weak intermolecular forces are dominated by thermal energy (kT) at room temperature. 

If the gas molecules or atoms are cooled down, they form a liquid; and, if they are further cooled, 

they condense into a solid [2]. Weak intermolecular interactions become important when the 

thermal energy is reduced.   
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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 Waals (1827-

1923). Van der Waals was inspired by Rudolf Julius Emanuel Clausiusô 1850 treatise, ñOn the 

Moving Force of Heat and the Laws of Heat which may be Deduced Therefromò, to consider 

heat as a phenomenon of motion which resulted in a search for an explanation of Thomas 

Andrewsô experiments on the existence of critical temperatures in gases [3, 4]. Van der Waals 

decided that the non-zero size (volume) of molecules and the intermolecular forces should be 

considered in forming a relationship among the volume (V), temperature (T) and pressure (P) of 

gases. This equation [3] is given by: 

 ὖ
ὥ

ὠ
ὠ ὦ ὙὝ     (1.1) 

where R is the universal gas constant; b is a constant and represents the volume occupied by the 

incompressible molecules, which decreases the available volume to the gas molecules from V to 

V-b; a is a constant that represents the attraction between molecules; and pressure P decreases by 

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

attraction between molecules reduces the pressure on the containerôs walls [5].  

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, as a result of their polar bonds. There is 

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

their energy by increasing the attraction until the repulsion force appears [6].  

 

Figure 1.1: Permanent dipole ï permanent dipole (Keesom) interaction 
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Polarization (induction) occurs between a molecule without a permanent dipole moment 

and a molecule with a permanent dipole moment. As shown in Figure 1.2, a molecule with a 

permanent dipole leads 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 other by this effect [6].  

 

Figure 1.2: Polarization (induction) interaction 

Although some molecules do not have a net dipole moment, based on a fluctuation in 

electron charge densities, the charge imbalance can still occur in non-polar molecules. This leads 

to an induced dipole on the other molecule, 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 weak in comparison with Keesom and induction interactions [6]. 

 

Figure 1.3: London dispersion 
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Repulsion force dominates at short range which limits the compressibility of matter. At 

short intermolecular separations there are electrostatic repulsions between the positively charged 

nuclei of neighbouring 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 molecules held together in this 

minimum are called van der Waals molecular clusters. The van der Waals bonds can easily 

dissociate near the room temperature (~ 300 K); thus, many molecular clusters can be stable only 

at low temperatures. 

Molecular clusters represent intermediate 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 interest [7]. 

 

1.2 A Brief Introduction of Infrared Spectroscopy 

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 isomer of N2O ï (C2H2)2 and its advantages are 

discussed. 

 

1.2.1 History 

In 1800, the existence of infrared (IR) radiation was recognized by Sir William Herschel 

(1738-1822) [8]. Herschel had the idea that colours themselves may have different temperatures 

associated with them, so he performed an experiment where sunlight was directed through a 

prism to create a rainbow. The temperature of light colour was measured by three thermometers 
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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 colours, he observed that all of the 

coloursô temperatures were higher than the ambient temperature. Additionally, he found that the 

temperatures increased from the violet part of the spectrum to the red part. He then measured the 

temperature just beyond the red portion 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, 

absorption, etc.) was similar to visible light. What he found is known as infrared radiation [9].  

There were no further investigations on infrared radiation up to the year 1882. In a period 

of 18 years from 1882 to 1900, the absorption spectra of organic liquids were photographed by 

Abney and Festing [10]. William Coblentz investigated the spectra of hundreds of organic and 

inorganic substances, in 1903 [11]. His exploration was the real basis for infrared (IR) 

spectroscopy.  

These early works resulted in the recognition that each compound has distinctive IR 

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 wavelength [12]. 

Early researchers had many difficulties in conducting their experiments: There were so 

many problems with analyzing data due to lack of a suitable theoretical framework. Also, there 

were no suitable light sources such as masers or lasers, and higher sensitive infrared detectors, so 

early researchers used prisms and broad-band sources of light in their experiments [12]. These 

difficulties led to design and development of new theories, techniques and instruments such as 
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quantum mechanics, masers and laser, computer-based data acquisition and data analysis, etc. 

These advances helped to develop high-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 evaluation of chemicals. This technique is based on a sampleôs emission or 

absorption of IR radiation. The absorbed or emitted IR radiation is related to discrete vibrational 

and/or rotational transitions of molecular samples [13]. 

Infrared radiation is categorized into three different regions: near IR at 14000ï4000 cm
ī1

 

(0.7ï2.5 ɛm), mid IR at 4000ï400 cm
ī1

 (2.5ï25 ɛm) and far IR at 400ï10 cm
ī1

 (25ï1000 ɛm). 

Their names are indicative of their relation to the visible radiation. Each of these regions is 

applied for specific studies. Near IR radiation is able to excite molecular harmonic or overtone 

vibrations, while mid IR is used for studying rotational-vibrational fundamental bands of 

molecules; and, far infrared, which is near the microwave region, is used in rotational 

spectroscopy. 

High-resolution IR spectroscopy with tunable lasers and modern supersonic jet technique, 

which is discussed in the next subsection, provides a powerful tool to study the structure and 

dynamic of the molecular clusters.  Studying high resolution IR spectra results in determination 

of physical parameters such as Coriolis forces, centrifugal distortions, dipole moments, 

vibrational fundamental frequencies, and intramolecular vibrational relaxation [14]. 
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1.2.3 Introduction to Supersonic Jet Spectroscopy 

There is a continuous effort to design and develop new techniques and to increase the 

versatility and sensitivity of high resolution spectroscopic methods for studying molecular 

clusters. There are two main issues in IR high-resolution spectroscopy of weakly bound 

molecular complexes. The primary goal is to generate the desired clusters at a sufficiently low 

temperature to avoid thermal dissociation, but also producing as many rotational and vibrational 

lines as can be observed. The second issue is to provide a proper environment that does not have 

an undesirable effect on the clusters already formed [15].  

A supersonic jet meets both these requirements. In this technique, a desirable sample 

travels perpendicular to the laser beam in free space with a narrow velocity distribution (to 

decrease Doppler broadening) and a collision free environment (to avoid pressure broadening), 

so that interactions between the sample and environment are negligible. Supersonic jet expansion 

works based on adiabatic expansion, which is explained in Chapter 4. Molecules of interest are 

seeded into a monoatomic carrier gas: this causes the moleculesô translational and rotational 

degrees of freedom to cool to low temperatures, so that the high-lying rotational states have a 

very small population with concomitant population enhancement in the low-lying rotational 

states which results in simplification of the rotational structure [15]. 

 

1.3 Thesis Study 

This thesis discusses the IR spectroscopic studies of a planar isomer of nitrous oxide- 

acetylene trimer. Supersonic jet expansion was used to form the clusters, and spectra were 

recorded around ~2232 cm
-1
 using a quantum cascade laser. The focus of this thesis is, therefore, 
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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 complexes containing subunits of nitrous oxide (N2O), acetylene 

(C2H2) and carbonyl sulfide (OCS) show that complexes of these molecules are comparable in 

structure and symmetry (See Chapter 2). In 2009, the weakly bound N2O ï C2H2 and N2O ï 

C2D2 complexes were observed in the (N2O) ɜ fundamental band region [16]. It was predicted 

that this isomer has a near parallel structure with Cs symmetry. Later in the same year, the IR 

spectra of OCS ï C2H2 and OCS ï C2D2 were observed in the OCS ɜ region [17]. In 2011, a 

planar isomer of the OCS ï (C2H2)2 was observed [18], and the structure of this lowest energy 

isomer was determined to be planar with Cs symmetry. More details of these studies are 

discussed in Chapter 2.  Knowing the geometrical structure of the lowest energy isomer of OCS 

ï (C2H2)2 and similarities between the lowest energy isomers of N2O ï C2H2 and OCS ï C2H2 

were the inspiration for our investigation of the planar isomer of N2O ï (C2H2)2 trimer. 

 

1.3.2 Thesis Organization  

This thesis consists of six chapters: Chapter 2 includes previous studies on the related 

dimers and trimers in terms of the symmetry and geometrical structure. There are no previous 

experimental or theoretical results published regarding the observation of the IR spectra of N2O ï 

(C2H2)2, but other complexes containing nitrous oxide, acetylene, carbonyl sulfide (OCS), and 

carbon dioxide (CO2) have been observed. Chapter 3 outlines the theoretical concepts of 

vibration-rotation spectroscopy. This background is related to the methods that have been used in 
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the examination and analysis of data. Chapter 4 focuses on the experimental aspects of 

supersonic jet laser spectroscopy technique. The data acquisition package and related software 

are discussed. Chapter 5 describes the observation of a planar isomer of N2O ï (C2H2)2 trimer. It 

discusses the analyses done on this complex and the information that has been extracted from the 

spectra. Finally, Chapter 6 consists of the summary of the experimental studies. Future works are 

also presented. 
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Chapter 2:  Literature Review 

The significance of studying molecular clusters is explained.  The previous studies on 

binary clusters such as N2O ï C2H2, OCS ï C2H2, and CO2 ï C2H2 are summarized. The 

previously studied planar isomer of OCS ï (C2H2)2, that has a similar structure to N2O ï (C2H2)2, 

is then presented. 

 

2.1 Importance of Studying Molecular 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 potential in the region of the potential 

minimum. Ternary clusters or trimers provide information on the two-body potential in new 

regions as well as non-additive effects on the potential energy surface. 

Larger clusters further probe the potential and non-additive effects 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 quickly with cluster size. Many of these clusters are made from 

simple molecules, e.g. nitrous oxide (N2O), carbon dioxide (CO2), carbonyl sulfide (OCS) and 

acetylene (C2H2), some of which are discussed in this literature survey such as nitrous oxide ï 

acetylene (N2O ï C2H2), carbon dioxide ï acetylene (CO2 ï C2H2), carbonyl sulfide ï acetylene 

(OCS ï C2H2), and carbonyl sulfide ï acetylene trimer (OCS ï (C2H2)2).  
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2.2 Observation of the Planar Isomer of CO2 ï C2H2 Dimer 

In 1988, Prichard et al. observed the IR absorption spectrum of the CO2 ï C2H2 van der 

Waals complex for the first time by exciting the CH asymmetric stretch [19]. They found the 

vibrational origin to be 3281.74 cm
-1
. Also, the axes of the two monomers were found to be 

parallel to one another, with the complex having C2v symmetry (See symmetry discussions in 

Chapter 3).  

One year later, Huang, and Miller reported the structural determination of the CO2 ï C2H2 

complex using near infrared laser molecular beam spectroscopy [20]. Their results were in a 

good agreement with those of Prtichard et al.ôs but with higher precision. They determined a 

structure using recognizable intensity alternations because of the C2 symmetry axis of this dimer. 

In the same year, Muenter published an article on the spectra of CO2 ï C2H2 and CO2 ï C2D2 

clusters [21]. He measured the rotational constants and centrifugal distortion of those clusters. 

He also measured the dipole moment of CO2 ï C2H2 and rms vibrational amplitudes and also 

obtained an estimate of 40 cm
-1 

for the out of plane bending mode [21]. The monomer-monomer 

stretching vibration was also estimated to be 75 cm
-1
 based on the centrifugal distortion 

measurement [21].  

In 1990, Bone and Handy performed large-scale ab-initio calculations [22] on three 

dimers formed from C2H2 and CO2 including (CO2)2, (C2H2)2, and CO2 ï C2H2.  They also noted 

that a co-linear form of CO2 ï C2H2 is a local minimum on its potential energy surface in 

addition to the C2v form of that cluster. One year later, Muenter used a general model to describe 

the intermolecular potential functions for weakly bound molecular complexes: the model was 

designed to replicate many observed features of the complex [23]. He calculated atom-atom 

Lennard-Jones terms, electrostatic energies and described repulsion and dispersion with 
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distributed multipole picture of monomer charge distribution (See Chapter 5). He used this 

model for CO2 ï C2H2 to calculate the binding energy and vibrational frequency for monomer-

monomer stretch and out-of-plane torsional modes.  

            In 2009, Lauzin et al. studied the CO2 ï C2H2 van der Waals complex in the 2CH 

overtone region [24]. They observed a perturbed b-type band centered near 6549.28 cm
ī1

 and 

from comparison of the simulated and observed spectra, they found that the rotational 

temperature is close to 60 K. The overtone data they presented, involved ground state levels with 

higher J (angular momentum quantum number) and Ka (angular momentum around a axis) in 

comparison with previously reported data. They combined their data and those of Prichard and 

Huang to determine improved ground state parameters [19, 20]. c-type Coriolis resonances were 

found to be the main cause of perturbations influencing the upper state.  

Later in 2011, Lauzin et al. observed the IR spectra of the weakly bound CO2 ï C2H2 

dimer in the region of the (CO2) ɜ3  fundamental band (Ḑ2349 cm
ī1

) [25].  They assigned the 

spectra to CO2 ï C2H2 with C2v symmetry and also determined the out-of-plane torsional 

frequency to be 44.385 cm
-1
 in good agreement with Muenterôs prediction of 40 cm

-1
 (Figure 

2.1). 

 

Figure 2.1: Parallel structure of CO2 ï C2H2 with C2v symmetry parallel to the a intermolecular axis(literature value 

for van der Waals radii)  [25]  
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2.3 Previous Studies on the Planar Isomer of N2O ï C2H2 Dimer 

In 1991, Hu et al. reported the spectra of weakly bound van der Waals clusters of N2O ï 

C2H2 [26]. Using the fact that N2O and CO2 are isolectronic, have an identical molecular weight, 

and nearly equal intramolecular bond length, RCO = 1.16 Å, RNN = 1.13 Å, RNO = 1.1 Å and 

(RNN+RNO)2ϳ = 1.16 Å, they developed a useful potential function model assuming a distributed 

multipole charge on the monomer [27, 28] and applied it to CO2 ï C2H2 complex [23]. They 

applied the same model to N2O ï C2H2 [26]. They studied the region of the acetylene 

ɜ3 fundamental band in the mid-IR region of 3280 cm
-1
 and concluded that the structure is 

planar, with side-by-side monomer units having approximately parallel monomer axes in 

agreement with their developed model.  

Subsequent studies on N2O ï C2H2 in the microwave region [29-31] included a number of 

isotopic species and resulted in a refined structure with a centre of mass separation of 3.30 Å, 

and a small angle (13.6ę) between the monomer axes, such that the O-atom at the end of the N2O 

is located closer to the C2H2 axis (Figure 2.2) [31].  

Ten years later, Didriche et al. reported the IR observation of N2O ï C2H2 in the region of 

the acetylene 2CH asymmetric stretching overtone around 6550 cm
-1
 [32]. They observed and 

analyzed transitions from higher rotational levels, due to the high rotational temperature ( 1ͯ5 K) 

of their jet.  However, their effort to analyze the N2O ï C2H2 spectrum in the region of the (N2O) 

3ɜ3 overtone, which is around 6580 cm
-1
, was not successful because of the weakness of the 

transitions.  

Later in 2009, Dehghany et al. reported the observation of N2O ï C2H2 spectra in the 

region of the (N2O) ɜ1 fundamental band around 2224 cm
-1
 [16]. They observed fundamental and 

torsional combination bands for both the N2O ï C2H2 and N2O ï C2D2 isotopomers. This 
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represented the first observation of N2O ï C2D2 in the IR region, also the first observation of an 

intermolecular vibration for the N2O ï C2H2 complex (Figure 2.2). 

 

 

Figure 2.2: Near parallel structure of N2O ï C2H2 with Cs symmetry [16] 

 

2.4 Observation of OCS ï C2H2 Dimer 

As mentioned in the introduction of this chapter, OCS ï C2H2 was studied in the 

microwave region for the first time. Peebles and Kuczkowski, [33, 34] found that OCS ï C2H2 

has two distinct isomers, including one isomer with a slipped near-parallel geometry (Cs 

symmetry) and the other with a T-shaped structure (C2v symmetry) with OCS forming the stem 

of the T and the S-atom interacting with the C2H2 triple bond. The structure of the first isomer is 

similar to that of the previously observed N2O ï C2H2 complex. Peebles and Kuczkowski used 

semi-empirical and ab initio calculations to show that the near-parallel isomer is the lowest 

energy form of OCS ï C2H2 [34]. 

In 2009, Norooz Oliaee et al. reported the first observation of IR spectra of OCS ï C2H2 

[17]. They studied OCS ï C2H2 and OCS ï C2D2 isotopomers for the both isomers in the OCS 

region of the ɜ1 fundamental band (Ḑ2060 cm
ī1

) and obtained rotational parameters for the 

excited vibrational state and vibrational shifts due to complex formation (Figure 2.3).  
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Figure 2.3: Near-parallel structure of the lowest energy isomer of OCS ï C2H2 with Cs symmetry is shown at the top and T-

shaped structure of OCS ï C2H2 with C2v symmetry is shown at the bottom of the figure.  [17] 

 

2.5 Observation of the Planar Isomer of OCS ï (C2H2)2 Trimer  

High resolution spectroscopic investigation of trimers provides information about the 

effect of adding a third body to the two-body interaction. So, it initiates the study of the many-

body interactions by adding a monomer to the clusters. So far, studies of dimers containing N2O, 

C2H2, CO2, and OCS were discussed. One of the trimers which was studied based on adding a 

monomer to the dimer complex is OCS ï (C2H2)2 which is discussed in this section. 

In 2000, Peebles and Kuczkowski observed the pure rotational microwave spectra of four 

isotopic forms of OCS ï (C2H2)2 trimer: 
13

C2H2, O
13

CS, 
18

OCS, and the normal isotope [35]. The 

observed spectra revealed an unsymmetrical barrel-shaped structure for this cluster. In this 

specific structure, C2H2 monomers were found to be in an almost planar configuration between 

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








































































































































































