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fundamental modes have been observed and discussed in this work. Further, the overtone and 

combination bands are also assigned on the basis of (gas phase) anharmonic calculations as 

the analysis of anharmonic and harmonic frequencies shows that the anharmonic frequencies 

are close and correspond better with the experiment than those acquired using a harmonic 

approximation.  
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As a result of the phase shift due to coupling, the transition to the external state can be written 

as follows: 
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Where the localised state modified by the coupling to the continuum of states can be 

indicated as follows:  
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The probability of a transition to an unperturbed continuum can be written as follows: 
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Further, the energy is shifted and renormalised as follows: 
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Where, the width of the localised state is as follows: 
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The Fano parameter, q, is defined as follows: 
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Figure 1 : Energy dependence of the cross section demonstrating lineshapes originating from Fano 
interference with various q values. From (Misochko et al., 2015) 

 

Fano introduced the asymmetry parameter, q, as a ratio of the probabilities of 

transition to the mixed state and the continuum (Miroshnichenko, Flach, & Kivshar, 2010). 
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This parameter is very important and has great experimental implications, as it defines 

how experimental data fits the Fano profile (Liang Huang, Lai, Luo, & Grebogi, 2015). In the 

limit q���\ �», the transition to the continuum is very weak, and the lineshape can be described 

by the normal Lorentzian profile of a Breit-Wigner resonance. This situation is determined 

exclusively by the transition through the discrete state. When the asymmetry parameter q = 1, 

both the continuum and discrete transitions are of the same strength, resulting in an 

asymmetrical profile and leading to a symmetrical dip, as the resonance lineshape for the zero 
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Figure 2 :  Photo of side view of IR cell and in the right photo of the front view of IR cell viewing 
third window to allow for fluorescence 

For the high pressure, the cell was monitored with a 3000 psi MKS baratron 

(750C33PCE2GA) and MKS PDR2000 Dual Capacitance Manometer readout. For the low 

pressure, a 1000 torr MKS baratron (622A13TBE) was used with a multifunctional long 

gauge controller Model 1GC100 by Stanford Research System. 
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cell and the vacuum housing at around 800 cm-1 and the high energy of the spectrum to 

detector limited at 7000 cm-1. 

 

Figure 4 : left, photograph of the external vacuum casing showing one of the external windows. Right, 
photograph of cryo-cooler attached to the external window casing. 

 

2.1. IR theory 

Investigation of dynamic processes using methods based on infrared spectroscopy 

(IR), especially fingerprint spectra, can provide knowledge for understanding absorbance and 

transmitted spectra associated with its molecular structure (Huang et al., 2017). There are 

various ways to collect information on molecular structure and on the interaction of 

molecules with their surroundings using specttroscopy; these can be derived by the 

absorption or emission of electromagnetic radiation interacting with matter (Demtröder, 

2013). 
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Furthermore, if more than one vibration is excited by a photon absorbance, the 

combination bands can correspond, and the total energy of these bands is the product of the 

sum of individual transitions. They observed that two or more fundamental vibrations are 

excited simultaneously. One reason that combination bands might occur is that a fundamental 

vibration does not occur because of symmetry. When two vibrational bands have nearly the 

same energy and symmetry in both Raman and IR spectroscopies, it leads to splitting of these 

vibrations and that effect known as Fermi Resonance (Kondratyuk, 2005). They are usually 

formed by fundamental and overtone or fundamental vibration with a combination band. As a 

result of anharmonic oscillator approximation, the wavefunctions of these two resonant 

vibrations are mixed. Thus, a shift in these frequencies and changing in their spectrum 

intensity, followed by appearance of two strong bands instead of strong and weak bands 

(Sathyanarayana, 2015) indicates that if the symmetry are reached and then foundational 

mode and overtone or combination bands have same or similar energy, the coupling or the 

mixing occurs, and the overtone borrows the intensity from the foundational vibration. This 

increases the splitting of energy levels (Kondratyuk, 2005). When the width of these bands is 

non-negligible, Fermi resonance of localised levels cannot be applied, and the breadth of the 

spectrum can be produced by many alternatives, such as intermolecular interaction (hydrogen 

bounding molecules) and short lifetimes of the excited states or even the interaction between 

phonons and vibrational modes (Kondratyuk, 2005). 

2.2. Trans-1, 2-dichloroethylene (DCE) vibrational modes 

Before examining the dynamic coupling, processes associated with trans-1, 2-DCE 

vibrational modes, it is important to demonstrate the impact of the molecular symmetry on 

the vibrational spectra of trans-1, 2-DCE states.  

The tDCE molecule is a non-linear molecule which has (3N-6) degrees of freedom. It 

contains six atoms as shown in Figure 6, and for gas phase trans-1, 2-DCE will be 3
H6-6=12 
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phase. The vibration frequencies for tDCE molecules are increased with both increasing of 

the bond strength and also with a decrease in the reduced mass so the lightest mass makes the 

important role for this contribution. The high frequencies are related to CH stretching which 

involves light hydrogen atoms. However, the double bond in C=C provides the stretching 

mode higher frequency despite involving heavy atoms. Though the CH bending is lower and 

has half the value as stretching modes, generally, bending out of plane is easier than in plane 

which has a low frequency because the atoms do not affect the exterior of the plane. Further, 

due to weak CCl bond and the added mass of chlorine atoms, the frequencies of stretching 

mode for CCl is low. However, due to the selection rules associated with having a centre 

version, the six modes that were inactive in the Raman are active in IR and vice versa. There 

are six infrared active absorptions and six which are not infrared active due to the absence of 

change in the dipole moments because individual bond dipole moments are equal in 

magnitude and opposite in direction; as a result, they cancel and there is no net dipole 

moment change. During symmetry breaking, a significant occurrence of 37 and 35 isotopes 

of chlorine no longer had a centre of inversion. Thus, all modes were allowed, but because  

the masses were almost the same as the intensities of other modes (Craig et al., 1998), ones 

that were forbidden for 37,37 and 35,35 isotopologues were low. 
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Chapter 4: Discussion and Analysis 

4.1. Infrared spectra for Trans 1, 2-dichloroethylene  

The experiment was repeated with various temperature intervals and rates of 

heating/cooling, and the conditions were varied to control the dynamic processes of the 

clusters of molecules and the influence of surface temperature on the continuum quantum 

state distribution due to structural changes. Due to the high vapour pressure of DCE, Argon 

was used to flush the DCE vapour in the gas line into the cell which assisted in depositing the 

DCE on the windows for studying the behaviour of the crystals that formed. Despite the 

Nicolet iS50R FT-IR being purged with nitrogen gas, it was not possible to reduce the water 

background sufficiently to remove all of the interferences in the strongest absorbing regions 

of water because there was little spectral overlap between the background gas absorptions 

and the DCE absorptions, which was not a limiting factor. This system was susceptible to 

small changes in the alignment of the cell which provided additional baseline drifts greater 

than that expected. Due to the contraction with the temperature of copper used in construction 

of both the coldhead and the cryocell and the background spectrum being collected with an 

empty room temperature cell, the spectrum at low temperatures clearly showed a drop in the 

baseline at 800 cm-1 to 900 cm-1 and change of the absorbance of the window materials near 

these energies. 

The infrared scans showed clear peak shifts and transition through multiple physical 

states of the tDCE for the CH stretch and CH bend (Table 1) and the peak shapes, as 

expected, changed under different temperature conditions.  
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spectral cutoff. The blue scan shows the spectrum after turning off the cryocooler and 

introducing Argon at 222 K. With the heater and cryocooler off, the temperature rise was 

significantly slower than the scan time due to the large thermal mass of the cell. The red scan 

was collected after cooling the cell to 180 K.
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Figure 20 : The crystalline DCE spectra at 800-1400 region, presenting different behaviour at two low temperatures: Red 117 K & Blue 120 K. 
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Figure 21: The crystalline DCE spectra at 2000-3000 region, presenting two different behaviours at low temperatures: Red 117 K & Blue 120 K. 
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Figure 23: The scan for DCE at the high energy, overtone region.














































































































































































