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ABSTRACT 

         The glass transition (Tg) is an interesting but challenging problem. Although this 

phenomenon has been studied for over half a century, Tg is still not well understood 

especially at the molecular level. One important feature which seems to be missing in the 

current understanding is its inherent heterogeneous dynamics. Ionic liquids are used in 

this study because of their fascinating physicochemical properties and they have been 

extensively studied in last two decades. The ability to change their structure to obtain a 

desired property for a specific application and the possibility of making millions of ionic 

liquids are very important characteristics in ILs. 

       Understanding of the structure and dynamics of ILs and their mixtures with common 

solvents is necessary for their use in variety of applications and in their improvements. 

The dynamics of imidazolium-based ionic liquids were investigated near Tg. Ionic liquids 

are unique in terms of their structure and dynamics. Imidazolium-based ionic liquids are 

known for their structural hetereogeneity through the formation polar and nonpolar 

domains in the liquid state and their dynamical heterogeneity in the liquid and glassy 

state. Symmetric effect of cations in imidazolium-based ionic liquids was investigated. 

These studies showed that the dynamic heterogeneity cannot be necessarily explained by 

the structural heterogeneity near Tg. 
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CHAPTER I

INTRODUCTION 

1.1.  Introduction to glassy dynamics 

     Glasses are materials that are commonly used in our daily life with organic (most of 

the plastic materials), inorganic (wine glasses, bottles, windows…etc.) and metallic 

glasses (head of a golf club) being among them. The formation of glasses and their 

properties have been a great interest for decades 
1
. In view of the widespread use of these

materials it might be very interesting to learn about glasses, which are not understood 

very well from a microscopic point of view, and even today very basic questions, such as 

“ what is the difference between a liquid and a glass ?” cannot be answered in a 

satisfactory way. Rapid increase of the relaxation times can be seen for glass forming 

materials as the temperature is lowered towards the glass transition and the time required 

to reach equilibrium varies dramatically depending on the distance below the glass 

temperature 
2
. Supercooling a liquid gives viscous retardation of nucleation and 

crystallization 
3
, and understanding this viscous slowdown  that accompanies 

supercooling and glass formation is a major challenge 
4
. Some crystalline materials have

the ability to flow depending on the networking, size and shape, and weak interactions 

among the polymers that form plastic crystals 
5
. The dynamics of the glass forming 

liquids in the equilibrium state have been investigated using different experimental 

techniques such as dielectric spectroscopy, light scattering, neutron scattering, and by 

thermal  photobleaching, and rheological methods.   
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1.2. Supercooled liquids and glass transition 

    Liquids that manage to get below their melting points are called supercooled liquids. 

Cooling a supercooled liquid below the glass transition temperature produces a glass. 

Near the glass transition temperature molecular motion occurs very slowly as a 

supercooled liquid is cooled to lower temperatures. Its viscosity increases and the 

molecules which comprise it move more and more slowly. The intersection of the liquid 

and vitreous portion of the volume versus temperature curve provides one definition of 

the glass transition temperature    which usually occurs around     ⁄  where    is the 

melting point temperature. As can be seen in Fig 1.1 thermodynamic and dynamic 

properties of a glass depend upon the cooling rate where glass 2 is formed with a slower 

cooling rate than glass 1. 

     The glass transition temperature   can be defined by extrapolating the specific 

volume,    , in the glassy state back to the supercooled liquid line. As mentioned above, 

   depends upon the cooling rate, with typically cooling rates being            ⁄  in 

laboratory experiments. Upon cooling from high temperature, crystallization may occur 

at the melting temperature    and this first order phase transition usually results in a 

decrease in the specific volume. It is important to emphasize that the glass transition is 

not a first order phase transition. It is a kinetic event which depends upon the crossing of 

an experimental time scale and the time scales for molecular rearrangements. Glasses are 

not crystals or liquid crystals. They are liquids which are frozen on the time scale of 

experimental observation. There is no one single glassy state, the properties of a glass 
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depends upon how it was formed. The thermal expansion coefficient [          ⁄ ]
 

 in 

the glassy state is significantly smaller than in the liquid and supercooled liquid state. 

Thermal expansion is similar to both glassy and crystalline states where the thermal 

expansion is dominated by the atomic vibrations. The crystal is regarded as stable below 

the melting temperature. Glasses are thermodynamically not stable while the supercooled 

liquids are considered to be. Supercooled liquids may be stable for very long times. For 

example, Ediger and coworkers 
6

showed that the glass former o-terphenyl will not 

crystallize for years in a test tube at room temperature even though it is 35 K below its 

melting point. The likelihood that a liquid remains in the supercooled state rather than 

crystallizing during cooling depends upon cooling rate. 
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Figure 1.1: Schematic representation of the specific volume as a function of temperature for a liquid 

which can both crystallize and form a glass.    is the melting temperature. A slow cooling rate 

produces a glass transition at    ; a faster cooling rate leads to a glass transition at    . ( Adapted 

with permission from ref. [6] Copyright (1996) American Chemical Society). 

Supercooled 

liquids 

Liquid 

Glass 1 

Glass 2 

Crystal 

   

     

T 



Texas Tech University, Udugama Rakhitha, August 2013 

 5 

1.3. Phenomenology of supercooling and glass transition 

     As we know, the viscosity of a liquid is a macroscopic measure of its resistance to 

flow. Fig 1.2 shows a typical plot by Ediger and coworkers of the viscosity as a function 

of the inverse temperature for three liquids which are easily supercooled: o-terphenyl 
7
,

glycerol 
8
 and     

9
. The temperature is scaled, with the viscosity for non-polymer glass 

formers being defined as      Pa-s at the glass transition temperature   . 

Figure 1.2: viscosity as a function of reduced inverse temperature for three liquids: o-terphenyl, 

glycerol and     .Reorientation times are shown for o-terphenyl only. Strong liquids show Arrhenius 

temperature while fragile liquids show non-Arrhenius behavior. (Adapted with permission from ref. 

[6] Copyright (1996) American Chemical Society). 
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In Figure 1.2, the rotation times for o-terphenyl are shown as open circles 
10

. We can

see a huge molecular mobility variation as the temperature is lowered toward   .     

shows an Arrhenius temperature dependence while o-terphenyl shows non-Arrhenius 

dependence of rotational times. In this sense the supercooled liquids are classified as 

strong or fragile with      being a strong glass former and o-terphenyl being a fragile 

glass former. The Vogel-Tammann-Fulcher (VFT) equation (Eq. 1) often describes the 

temperature dependency of the relaxation times for supercooled liquids. 

       (
 

    
) (1) 

When     , the above equation gives Arrhenius results and when     , it gives 

non-Arrhenius results. The constant B is equal to   ⁄  for the Arrhenius results where E 

is the activation barrier. Usually the Williams-Landel-Ferry (WLF) equation         

                  ⁄ , which is mathematically equivalent to the VFT equation, is 

often used to describe viscosity or relaxation times in polymers. Although the 

supercooled liquid is not in the state of lowest free energy, the specific entropy can be 

calculated using the measured specific heat. Figure 1.3 shows a schematic graph of a 

typical specific heat curve for the crystal, liquid, supercooled liquid and glass 
11

.
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     The specific heat       drops rapidly from supercooled liquid to glassy state near the 

glass transition temperature and depends sensitively on the rate of cooling of the liquid.  

            ∫
     

 
  

  

  

 (2) 

The equation (2) shows how the thermodynamic relation of how to determine the entropy 

from such data. 
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Figure 1.3: A schematic diagram of the temperature dependence of the specific heat. Glass 1 and 

glass 2 are obtained with different cooling rates and have different apparent glass transition 

temperatures. Glass 1 shows faster cooling than glass 2. (Adapted with permission from ref. [6] 

Copyright (1996) American Chemical Society). 

  Supercooled 

liquid 

Liquid 

Glass 

Crystal 

T 
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Figure 1.4: Temperature dependence of the specific entropy, S, of a crystal, liquid, supercooled liquid 

and glass. Glass 1 and glass 2 are obtained with different cooling rates and have different apparent 

glass transition temperatures. Glass 1 shows faster cooling than glass 2. (Adapted with permission 

from ref. [6] Copyright (1996) American Chemical Society). 
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liquid 

Liquid 
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     The crystal entropy can be measured from     to      and the entropy of the 

liquid at the melting point    can be found by adding the entropy of fusion to the crystal 

entropy. Figure 1.4 shows schematically how the entropy changes for different phases. 

The entropy of the liquid state and the supercooled state must be the largest since that is 

where   is largest. Thus, as the temperature drops, the entropies of the supercooled 

liquid and the crystal must quickly approach one another. If the specific heat capacity did 

not drop at the glass transition temperature, the entropy of the liquid would continue to 

decrease until it would eventually have the same entropy of the crystal. This extrapolated 

point is known as the “ Kauzmann temperature”,   
12

. Below this temperature the crystal 

would have a large entropy and the liquid entropy becomes smaller than ordered crystal 

entropy. If the liquid entropy continued to decrease much below   the third law of 

thermodynamics would be violated as the entropy   would becomes negative well above 

       Because of this reasoning, Kauzmann introduced a boundary in order for the 

entropy of the glass to remain positive. No matter how low the temperature T, a glass 

transition must intervene above    ,         . The glass scientists choose fragile 

liquids to study rather than the strong liquids because the difference of the specific heat 

capacities for fragile liquids is much greater than the strong liquids. So the Kauzmann 

temperatures for fragile liquids are not far below the temperature range where 

experiments can still detect relaxation phenomena. There is not much difference between 

the specific heats of the liquid and crystal states for strong liquids. So, there is no 

difference between the Kauzmann temperature and        
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1.4. Fragility Index 

     Supercooled liquids show non-Arrhenius behavior regarding the viscosity 
7
 or the 

average relaxation time   of the primary structural relaxation 
1, 6

. As done by Oldekop

13
, the best way of capturing the Arrhenius character is by graphing            or 

            versus    ⁄ . This is meant to show the deviations of data in terms of 

fragility 
14

 from this scaling as Figure 1.5 shows, all traces will merge at    ⁄   . 

According to the kinetic definition, usually  (  )        or  (  )            at the 

glass transition temperature. At    ⁄    the relaxation times reach material invariant 

values near the phonon frequencies of around         The coordinate scale shows 16 

decades and a dotted line is connected to two endpoints to show the Arrhenius behavior 

          ⁄ . The fragile liquids have a strong deviation from Arrhenius behavior. 

With regards to the heat capacity, strong liquids show very small jump in    at   

whereas fragile liquids show much larger jumps. The concept of the strong-fragile pattern 

introduced by Angell is to classify liquids according to their fragility and establish 

correlations with other dynamical, thermodynamic and structural parameters. The 

steepness index    or the “fragility” is an important measurement for fragility, which is 

calculated from the slope in a         versus    ⁄  plot evaluated at     and at 

constant pressure. 

   
        

 (   ⁄ )
|

 

(3) 
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Figure 1.5: Fragility plot,         versus   ⁄ , for three supercooled liquids, n-propanol (   

         ), glycerol (             ) and D-sorbitol (              ), which differ 

significantly in their fragilities. The dotted line shows m=16  which is corresponds to Arrhenius 

behavior and m=156, m= 190 has observed for molecular liquids 
15

 and polymeric materials 
16

respectively. (Adapted with permission from ref. [6] Copyright (1996) American Chemical Society). 
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     Figure 1.5 shows data for  n-propanol , glycerol  and D-sorbitol that show non-

Arrhenius behavior. Also, the isothermal fragility   can be introduced as shown in 

equation (4); 

   
        

 (   ⁄ )
|

 

(4) 

The effect of pressure on fragility can be calculated from pressure coefficients 
   

  
 , in 

the limit        As the densification reduces the fragility, these values usually becomes 

negative 
17

. Also the isochoric fragility    can be obtained from the isobaric fragility 

using             with the ratio     ⁄   equal to the activation energies     ⁄ . 

Wang et al. 
18

 interpret the fragility “m” in terms of combination of the heat capacity    

measured at    and the melting enthalpy     (Eq. 5). 

     
         

   

(5) 

So, the fragility index is a good parameter for interpreting the different behaviors of 

supercooled liquids for various substances. 
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1.5. Dynamic Heterogeneity 

The concept of dynamic heterogeneity is regarded as a key feature that characterizes 

disordered materials that has slowly emerged from experimental studies of highly viscous 

molecular liquids approaching the glass transition. The non-exponential nature of the 

response of a liquid to various perturbations can be seen in a supercooled liquid. If some 

net orientation is given to the molecules, they will not randomize their orientation 

exponentially. This can be illustrated in two different ways 
19

 as shown in Figure 1.6.  A

nonexponential response can be explained by having a heterogeneous set of environments 

in a supercooled liquid and with relaxation in a given environment being nearly 

exponential, but with the relaxation time significantly varying among the environments. 

Alternatively, one can imagine a homogeneous set of environments exists in a 

supercooled liquid having nonexponential relaxation. Often the KWW (Kohlrausch-

Williams-Watts) function (Eq. 6) is used to characterize the response function. 

          [       ⁄      ]          (6) 

The relaxation function is measured in different ways, for example, in shear 

relaxation measurements and dielectric relaxation measurements. Depending upon the 

experiment one can get different distributions of relaxation times, or relaxation spectra. 

Looking at the disordered structure of the material, the origin of these broad distributions 

is understandable. Disordered structure means that the different environments move 

differently. In a physical sense, different environments relax in a different manner having 
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different rates leading to a broad distributions of relaxation times. Since the molecular 

dynamics are slow at the glass transition temperature, particles constantly move and 

rearrange so that the distinction between different spatial environments can only hold 

over a finite duration. Normally dynamic heterogeneity refers to the existence of transient 

spatial fluctuations in the local dynamic behavior and it is observed for all disordered 

systems with glassy dynamics 
20

.

     As Figure 1.6 shows, from the ensemble average measurements all the related features 

to the dynamics heterogeneity cannot be completely measured. Characterization of 

dynamic heterogeneity requires the development of experimental techniques that are 

sensitive to the fluctuations. Existence of the dynamic heterogeneity implies that 

fluctuations need to be considered in the description of transport properties. So, the 

materials close to the glass transition temperature differ qualitatively from ordinary fluids 

because the fluctuations cannot be neglected. 
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Figure 1.6: Heterogeneous and homogeneous explanations for a nonexponential relaxation function. 

Different locations in the figure represent different locations in the sample. Observation of only the 

ensemble average relaxation function cannot distinguish between these explanations. (Adapted with 

permission from ref. [6] Copyright (1996) American Chemical Society). 
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1.6. Ionic liquids (ILs) 

The field of ionic liquids began in 1914 with an important observation by Walden 
21

. He

reported the physical properties of ethylammonium nitrate [     ][   ], which is 

formed by the neutralization of ethylamine with concentrated nitric acid 
22

. Generally, 

ionic liquids are molten salts that are liquids at or below 100
0
C 

23
. Ionic liquids differ

from molten salts in terms of the temperature range at which their viscosities are low. The 

large size and the asymmetry of the cation and/or anion is the main reason for having low 

melting point temperatures. Dissolving capacity, negligible vapor pressure, thermal 

stability and electrochemical window are some of the unique characteristics of ILs. ILs 

are named as “ designer solvents” since their structure can be varied for different 

applications 
24

. Their negligible vapor pressure at ambient conditions is due to strong

coulombic interactions between ions. For this reason, ILs are called “green solvents” as 

they minimize the atmospheric contaminations and related health issues.  The first ILs 

that were synthesized were moisture and air sensitive, which made the ILs difficult to 

work with. This problem was avoided by using imidazolium- based IL due to their 

relative water and air stability 
25

. This thesis describes studies of the slow dynamics near

the glass transition of the 1-alkyl-3-methylimidazolium ionic liquids. 

Some well-known applications of  ionic liquids included CO2 capturing/activation and 

subsequent conversions 
26

, stabilization of proteins 
27

, biomass processing 
28

, novel 

solvents for chemical extraction and separation 
29

, electrolytes for batteries, super 

capacitors, dye sensitized solar cells
30

, desulfurization of transportation fuels
31

, and 
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nuclear fuel processing 
32

. Apart from the pure ionic liquids, their solutions with some

common solvents are also highly important. 

Figure 1.7: Molecular structure of 1-butyl-3-methylimidazolium (Top) and 1, 3-dibutylimidazolium 

(Bottom)  

     Figure 1.7 above shows the cations of two imidazolium-based ionic liquids used in 

these studies. Imidazolium-based ILs are most commonly studied IL because of their 

structure and dynamics. The cations in these ILs are often described in two parts as a 

positively charged head group (imidazolium ring) and a non-polar tail (alkyl chain). 

Imidazolium based ILs with four or more carbons in their alkyl chains are observed in 

molecular dynamics (MD simulations) to have a nanostructural organization resulting 

from aggregation of alkyl chains forming nonpolar domains and the charge ordering of 
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ionic parts resulting in the forming a three-dimensional ionic network in the liquid state. 

Using a coarse-grain MD simulations, Wang and Voth were the first to show polar and 

nonpolar domains form in ILs with sufficiently long alkyl chains 
33

. Lopes and Padua 
34

then performed a fully atomistic MD simulation to investigate the chain length 

dependency of nanostructural heterogeneity. These heterogeneous structures have been 

proven experimentally by X- ray diffraction studies by Triolo et al 
35

. Formation of 

nonpolar domains is evidenced by the observation of a first sharp diffraction peak in 

small-wide angle X-ray scattering experiments by Triolo and coworkers 
36

. Also, it was

found that the dynamics in the ionic liquid are also heterogeneous with different regions 

in the ILs relaxing on different time scales 
37

.It is not clear whether dynamical 

heterogeneity in ILs is correlated to structural heterogeneity as observed in MD 

simulations. Indeed, many glass forming materials which do not have structural 

heterogeneity show heterogeneity in their dynamics in the supercooled state. 

     In our study, two ionic liquids 1, 3-dibutylimidazolium bistriflate and 1-butyl-3-

methylimidazolium bistriflate were used. Recently Bardak [36]  investigated the anion 

effect on the dynamic heterogeneity in ionic liquids near Tg. In his studies, he has used 1-

butyl-3-methylimidazolium bistriflate (BmimNTf2) and 1-butyl-3-methylimidazolium 

hexafluorophosphate (BmimPF6). The [NTf2]
 -

 anion was used in this study because its

salts have low viscosities compared to salts with other anions and are less sensitive to 

moisture. To the best of our knowledge, no one has performed any rotational diffusion 

experiments for both of these ionic liquids at glass transition temperature. From recent 

small wide angle x- ray scattering (SWAXS) data, it was found that the spatial correlation 
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length           ⁄  is the same for both ionic liquids which tells us the structural 

heterogeneity is the same for both  ionic liquids at room temperature 
36

. So, we examined

the dynamic heterogeneity of 1, 3-dibutylimidazolium bistriflate near Tg and compared 

the result with Bardak’s data for 1-butyl-3-methylimidazolium bistriflate to see whether 

this dynamic heterogeneity is due to the structural heterogeneity near Tg. In our 

experiment, we focused on the rotational dynamics of the dye molecules tetracene in 

these ILs near Tg using the technique of fluorescence recovery after  photobleaching 

(FRAP). For 1, 3-dibutylimidazolium bistriflate, the rotational anisotropy was observed 

in the temperature range of Tg to Tg – 4 (Tg = 185.7K 
36

).

     In the next chapter, we introduce the technique of fluorescence recovery after 

photobleaching and the studies of ultraslow motion of ionic liquids near and below glass 

transition. Chapter 3 will discuss the results and chapter 4 will give the conclusions and 

future directions. 
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CHAPTER II

FLUORESCENCE RECOVERY AFTER PHOTOBLEACHING ON

STUDIES OF ULTRASLOW DYNAMICS OF IONIC LIQUIDS 

2.1. Introduction to the FRAP Technique 

     Fluorescence recovery after photobleaching (FRAP) is a pump-probe technique that is 

widely used for studying the slow molecular orientation of probes in different types of 

media. Molecular reorientation in viscous liquids was studied using FRAP by Cicerone et 

al 
38

 where they measured the reorientation of tetracene in o-terphenyl near and below the

glass transition. Later, the study of probe size dependence of reorientational dynamics 
39

and the investigation of molecular motions and the viscoelasticity of amorphous 

polymers near glass transition were conducted by Ediger and coworkers 
40, 41

using 

FRAP. 

 In the FRAP technique isotropic distribution of the probe molecules is perturbed by a 

beam called the bleaching beam as shown in the Figure 2-1. A high intensity beam of 

laser which is sufficient to bleach the molecules parallel to its polarization is used. Then 

the anisotropy decay of the molecules is observed over time using a polarized low 

intensity beam called the reading beam. 

     At t=0,  the molecule dipole moment orientation is isotropic and after bleaching, the 

molecule’s dipole moment which is parallel to the polarization of the bleaching beam are 
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bleached in the equilibrium supercooled liquid. This causes the orientations of the dipole 

moment of the remaining molecules to become anisotropic. 

     As mentioned earlier, this anisotropy decays to zero over time. These orientational 

randomizations of these molecules are followed by fluorescence 
42

. Another experimental

technique for measuring the decay of the orientational anisotropy is time-correlated 

single photon counting. However this technique is limited by the fluorescence lifetime of 

the molecules and therefore is only useful in anisotropy decays on the picosecond to 

nanosecond time scale. In contrast, FRAP measures anisotropy decay by the recovery of 

the fluorescence, which can occur on a much longer timescale. 
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Figure 2.1: Dipole moment orientation of dye molecules (Tetracene) before and after bleaching. 
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2.2. Probe Molecule (Tetracene) 

Figure 2.2 shows the molecular structure of the probe, tetracene, used in our experiment. 

This is a polycyclic aromatic hydrocarbon which is also called naphthacene and a four 

ring member of the series of acenes. 

 Figure 2.2: Molecular structure of tetracene 

 

 

 

 Table 1: Properties of the probe molecule 

Some properties of the probe molecule tetracene used in these studies are shown in Table 

1. Figure 2-3 shows the UV-Visible spectrum for tetracene and the position in the

absorption band corresponding to the laser excitation wavelength of 476 nm used in the 

experiment. 

Molecular Formula C18H12 

Malar mass 228.29 g/mol 

Appearance Yellow to Orange solid 

Melting point 675 
0
F

Solubility in water Insoluble 
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Figure 2.3: UV- Visible spectrum for tetracene and the blue dot indicates the excitation wavelength 

and their relative intensities. 

Absorbance at 476 nm 
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2.3. Photobleaching Mechanism 

     The precise mechanism of photobleaching is unimportant in our measurements since 

only the rotation of unbleached molecules is observed. The exact photochemical reactions 

that occur during the bleaching for tetracene do not necessarily need to be known because 

the photochemical reactions are very short compared to the timescale of the 

measurements. Studies of similar aromatic molecules indicate that photoperoxidation is 

responsible for photobleaching. It was observed that the photobleaching efficiency of 

tetracene is directly propotional to    concentration over the range of 0.2 to 2 atm and it 

is strongly affected by the temperature. Lowering the temperature of the sample requires 

a longer bleaching time and that might be due to decreasing the solubility or mobility of 

oxygen in the sample. The bleached probe molecules never returned to their original 

fluorescent state indicating that the photobleaching is an irreversible process. The 

photobleaching reaction is a  photoperoxidation which takes place as follows: 

       

     
      

  

    
       

(7) 

 where S is the sensitizer molecule (tetracene) ,  M is the unsaturated substrate molecule 

(also tetracene) and an asterisk denotes an electronically excited state. 
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2.4. Theoretical Background 

Fluorescence recovery after photobleaching is a pump-beam technique 
43

. A strong

polarized bleach pump (pump) is used to create an anisotropic distribution of unbleached 

ground state fluorophores and orientational relaxation is probed by a much attenuated 

polarized excitation beam (probe/reading). The probe beam excites the remaining 

fluorophores from the ground state to the first excited state and probes the number of 

molecules that are available in the ground state. The bleached molecules will exchange 

via rotational diffusion with unbleached molecules and that gives rise to the recovery of 

fluorescence intensity. The polarization anisotropy of the excitation process gradually is 

lost due to the orientational relaxation of the anisotropic ground state distribution. 

     Polarization directions are important in the FRAP experiment and there are three 

polarization directions related to this experiment. Let bleaching and probing beam 

directions be along the unit vectors  ̂ and  ̂, respectively. The direction of the

fluorescence emission through a polarizer is set with an orientation denoted as  ̂ (Figure

2-4). 

             ∫  ∫   ∫  ∫   

            ̂                        

(8) 
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 Equation (8) gives the fluorescence intensity      measured by the FRAP experiment 

44
, where the constant      is a product of the probe molecules quantum efficiencies for 

photon absorption and emission and the detection efficiency. 

   ̂              is the conditional probability density function (pdf) for dye 

molecules in the ground state at time   to have positions   and orientation  .          is 

the equilibrium probability density function (pdf) that the dye molecules have positions 

   and orientations    at    . 

             ⁄   (9) 

Equation (9) can be written because a molecule can be found in an isotropic system with 

equal probability at any given orientation and position. 

     As shown in the Figure 2.5, the orientations   are expressed in terms of the three 

Euler angles          . The fluorescence intensity at time t is proportional to the 

probability       of absorption of a probe photon with polarization  ̂ at time t and the

probability        of emission of a photon with polarization  ̂ at time t. The delay

between the absorption and the emission is ignored since the experimental time scale is 

long enough to justify it. 
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Figure 2.4: Shows the experimental setup. Incoming beam coming along the x axis and the 

fluorescence is detecting along the y axis. Z axis is the vertical direction. The bleaching beam is 

linearly polarized by     and the reading beam polarized by     . The fluorescence emission passes 

through a linear polarizer at an angle       with the x axis. The cube shows how the magic angle 

looks like in between the bleaching direction and the emission direction. (adapted with permission 

from ref. [19] Copyright 2004, American Institute of Physics). 

Figure 2.5 The coordinate frame used for deriving the FRAP theory. The orientation   of the dye 

molecules are characterized by the three Euler angles,          . (adapted with permission from 

ref. [19] Copyright 2004, American Institute of Physics). 
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 ( ̂            )                [        ] (10) 

Equation (10) shows how the bleaching  changes the probability density function of the 

ground state fluorophores from its initial time independent distribution, where        is 

the probability that a molecule is bleached at time      Equations 8 and 10 give, 

              ∫   ∫               

 ∫  ∫                            

(11) 

          is the steady state fluorescence in the absence of the bleach pulse and       

is the bleached fluorophore by a photon with polarization  ̂.

     The absorption and the emission transition dipole moments are characterized by unit 

vectors   ̂ and  ̂  in the frame of the fluorophore molecule. Since we use the same 

wavelength for the absorption and the emission beams both of the transition dipole 

moments are equal with 

      | ̂      ̂|
 

      | ̂      ̂|
 

(12) 

where       is the probability that a fluorophore absorbs a photon with polarization  ̂

produced by the probe beam and       is the probability that a fluorophore emits a 

photon with a polarization  ̂.
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     In the case of shallow bleaching, the probability    that a fluorophore is bleached by a 

photon with polarization  ̂ is given by

             [  | ̂       ̂|
 
]

         | ̂       ̂|
 

(13) 

The parameter           is proportional to the bleach pulse intensity    and duration 

    with the proportionality constant    that relates to the efficiency of the bleaching 

process 
45

. So the bleach contrast can be calculated by inserting equations 12 and 13 into

11 to give. 

      
 

   
         | ̂   ̂|

 

 
| ̂   ̂|

 

 
| ̂B  ̂|

 

 
  (14) 

where the intensity difference                  (intensity difference between after 

bleaching and before bleaching). 

     So, using this bleaching contrast, we can express the ground state rotational anisotropy 

as 

     
             

          
(15) 

                         ,                    and                   . 

where       is the fluorescence when           is parallel to            and       is the 

fluorescence when           is perpendicular to           . The orientational correlation 

function is given by               ⁄ . 
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2.5. FRAP Apparatus and the procedure for measuring rotational diffusion of 

probe molecules 

     The experimental setup was originally done by Dr. Justin R. Rajian, a previous 

postdoc in the group. This experimental setup was placed on an optical table which was 

floated by a pneumatic isolation system to minimize external vibrations. An argon ion 

laser was used in this experiment set at the wavelength 476 nm and 0.4W power in the 

light mode. This wavelength corresponds to an absorption band of probe molecule  

tetracene ( Figure 2.3). As shown in the Figure 2.7, the beam is split into two by a 50:50 

beam splitter.  The beam going through the shutter S1 is called the probe beam (or 

reading beam) and the beam going through shutter S2 is called the bleaching beam. The 

reading beam is attenuated by the neutral density filters (NDFs) before starting the 

experiment in a way that no bleaching occurs in the sample. We determined that by 

running the experiment in the no-bleach mode and carefully looking at the difference and 

the average of the fluorescence. Both reading and bleaching beams were polarized at 45
0

from the vertical axis by polarizers P1 and P2. As shown in Figure 2.6, the reading beam 

is passed through an electro optic modulator (EOM) (Electro optical modulator- Model 

350-80, Conoptics) that modulates the polarization of the beam in the parallel and the 

perpendicular directions with respect to the bleaching beam polarization direction. 

Figure 2.6: diagram (a) shows the polarized reading beam before the modulation and   diagram (b) 

shows the modulated reading beam after passing through the EOM. 

(a) (b) 
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     A polarizer is used to collect the fluorescence from the sample at a specific angle 

called the magic angle (54.7
0
 from horizontal axis). This polarizer allows all the total

fluorescence to be collected.That way the photomultiplier tube (PMT) can recognize 

those two vertical and horizontal fluorescence signals which are then converted by the 

electronics to average and difference signals. A power supply (THORN EMI 3000R) is 

used to bias the PMT at -820V.  

     There are two shutters to protect the PMT tube, because it is too sensitive to the light. 

One is a manual shutter that we open and close whenever necessary and the second 

shutter (S3) is an electronic shutter. That shutter is controlled by the program 

automatically whenever we start the experiment. When the sample is being bleaching the 

S3 electronic shutter is closed and when the reading beam is started, S3 is opened to 

allow the fluorescence to be detected by the PMT. The output of the PMT is split into two 

channels, one  to the lock-in  amplifier (LOCKIN) and the other one was to the analogue 

to digital converter (AD converter) through an analogue filter (SIM 965, SRS). The lock-

in amplifier is referenced to the same function generator referencing  the EOM at 6 KHz. 

That ensures, that the lock-in amplifier is detecting only the signals at the frequency 

provided to the EOM by the frequency generator. 
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     The A/D (analogue to digital) converter has a sample rate that is used in the computer 

sequential timing that is different than the sampling rate of the lock-in amplifier. So there 

was a very small time delay between those two measurements. A shutter controlling 

circuit, which was built by Dr. Rajian, is one of the main features of FRAP apparatus. 

The circuit controls the reading (S1), bleaching (S2) and the PMT (S3) shutters. 

Communication with this apparatus was done by a computer program written in Visual 

basic programing language by Dr. Rajian. 
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Figure 2.7: FRAP schematic diagram; EOM – Electro Optical Modulator; NDF – Natural Density 

filter; PMT- Photomultiplier tube; S1, S2 & S3 - Optical shutters; P1, P2, P3 – polarizers; LPF – 

Low pass filters. 
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2.6. Signal detection and the Data analysis 

     Figure 2.8 (b) shows time dependent fluorescence intensities for reading  beam 

polarization parallel and perpendicular to the bleach polarization 
38, 46

. In the bleaching

process only  10% of the probe molecules are bleached. Before photobleaching, 

typically the difference between fluorescence intensities for the two polarizations should 

be zero. Immediately after photobleaching, those two signal beams differ each other. The 

reason for the difference is due to the fluorescence intensity for vertical and horizontally 

polarized excitation. The bleached probe molecules have the absorption dipole parallel to 

the bleaching beam. Therefore at t=0, the parallel signal becomes weaker than the 

perpendicular signal. In time, molecular reorientation occurs and the transition dipoles 

randomizes to form an isotropic distribution 
38

.

The time-dependent anisotropy can be described by the polarization bleaching difference 

and the total bleaching as shown by the following equation (16) and Figure 2.9. 

     
             

              
(16) 

The denominator is proportional to the population of bleached molecules. The 

fluorescence is due to the unbleached molecules 
44, 47

.
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Figure 2.8: (a) shows  the time dependent fluorescence intensities for reading beam polarization 

parallel and perpendicular to the bleach polarization (                 ), (b) shows the average 

fluorescence intensities and difference in the intensities of cross polarizations before and after 

bleaching for tetracene in C4C4imNTF2. 

 Figure 2.9: Typical anisotropy function at temperature 182 K for tetracene in ([C4C4Im][NTF2]) 

with its fit to KWW function. 

  

  

(a)

(a) (b) 
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     In order to collect the total fluorescence                  , a polarizer must be 

placed before the PMT. Without a polarizer, only the intensity             is collected 

by the PMT. We make use of the fact that emission is cylindrically symmetric about the 

y-axis, which corresponds to the direction propagation of the reading beam, and therefore 

           . Therefore the total fluorescence will be given by             . To obtain 

the total fluorescence, a polarizer set at 54.7
0 

relative to the y-axis is place in front of the

PMT. This can be shown as follows. 

    (54.7
0
) = 0.333 and                   which gives 1:2 proportionality that is 

required to find the total fluorescence intensity       . Therefore, the intensity of the light 

passing through this polarizer is given by 

                  
                 

         

                                

                        

(17) 

When the EOM (electro optical modulator) is activated, the detection system will  detect 

the time-dependence difference,                  , and the time-dependent average 

fluorescence intensity,        [           ] as shown in  Figure 2.8 (a). 

     
    

                
(18) 

The time dependent anisotropy can be represented as in the equation (18). Here B is the 

fluorescence intensity before bleaching 
46

.
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     The term                                 is proportional to the fraction of 

probe molecules which have been bleached. The orientation correlation function CF(t) 

which is equal to         ⁄  is related to the molecular reorientation by Equation 19. 

         [         ]   (19) 

where   is the absorption transition dipole for the probe,   is the second Legendre 

polynomial, and the bracket represents an ensemble average. The average correlation 

time   
41

can be obtained as: 

   ∫        
 

 

 (20) 

As shown in figure 11, data can be approximately fit by the Kohlrausch- William-Watt 

(KWW) function                  , where the solid lines are KWW fits to the 

Evaluating the integral in Eq. (20) gives 

      ⁄      ⁄   (21) 
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CHAPTER III

ROTATIONAL DIFFUSION OF TETRACENE IN C4C4IMNTF2

NEAR AND BELOW GLASS TRANSITION TEMPERATURE 

3.1. Background 

         A detailed scrutiny of the temperature dependence of relaxation time has been 

performed extensively. The aim of the study was to determine the dynamic heterogeneity 

and the causes of dynamic heterogeneity at the supercooled regime. Dynamics slow down 

dramatically in the supercooled regime and most studies state that this dramatic 

slowdown is due to the heterogeneous behavior of the glass forming materials 
6
. Fragile

supercooled liquids show non-Arrhenius temperature dependency and the relaxation 

process is characterized by the non-exponential relaxation function. The knowledge about 

the fragile liquids and the underlying nature of the glass transition is still in dispute 
38

.

Due to the lack of information about the molecular motion at or below glass transition 

temperature, our understanding about the glass transition temperature and the 

supercooled state is limited. In this study, the non-exponential relaxation function can be 

expressed in two ways. One can imagine that a given set of heterogeneity environments 

relax exponentially but the relaxation times differ from one environment to another and 

one can imagine that a given set of homogeneous environments in the supercooled 

regime relax in a non-exponential manner 
42

. Cicerone et.al 
46

 suggested that cooperative

dynamics must play a role in dynamics at the glass transition temperature. For an 

example, the apparent activation energy at glass transition for a typical glass former is 
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around 500KJ/mol. Typically this is equivalent to the energy required to break  chemical 

bonds, but it unlikely represents the energy barrier for a single molecule to change the 

orientation relative to its fixed neighbor. The degree of cooperativity in the relaxation 

mechanism increases with the change of activation energy with temperature. In our study, 

two ionic liquids 1, 3-dibutylimidazolium bistriflate and 1-butyl-3-methylimidazolium 

bistriflate are used. Recently Bardak 
48

  investigated the anion effect on the dynamic 

heterogeneity in ionic liquids near Tg. In his studies, he used 1-butyl-3-

methylimidazolium bistriflate (BmimNTf2) and 1-butyl-3-methylimidazolium 

hexafluorophosphate (BmimPF6). The [    ]
 anion was used in this study because an 

ionic liquid with this anion has a low viscosity compared to other ionic liquids with other 

anions and is less sensitivity to moisture. To the best of our knowledge, no one has 

performed  rotational diffusion experiments for both of these ionic liquids near the glass 

transition temperature. From recent small wide angle x- ray scattering (SWAXS) data, it 

was found that the spatial correlation length           ⁄  is the same for both ionic 

liquids which tells us the structural heterogeneity is the same for both  ionic liquids at 

room temperature 
36

. So, we examined the dynamic heterogeneity in 1, 3-dibutyl 

imidazolium bistriflate near the glass transition temperature Tg and compared our results 

with Bardak’s data for 1-butyl-3-methylimidazolium bistriflate to see whether this 

dynamic heterogeneity is due to the structural heterogeneity near Tg. In our experiment, 

we focus on the rotational dynamics of the dye tetracene using the technique of 

fluorescence recovery after photobleaching (FRAP). For 1, 3-dibutylimidazolium 
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istriflate, the rotational anisotropy was measured in the temperature range of Tg to Tg – 4 

(tg = 185.7K 
36

).

3.2. Results and Discussion 

     In this section, we discuss the rotational anisotropy decays of tetracene in 1, 3-

dibutylimidazolium bistriflate and the temperature dependence on the rotational 

correlation times. Also, we discuss the relationship between the shear viscosity data at 

high temperatures and the rotational correlation times near Tg. 

3.2.1. Probe dynamics and rotational anisotropy of 1,3-

dibutylimidazolium bistriflate at or below glass transition temperature 

The time dependent anisotropy of the ground state molecules can be written as
38,

46
; 

     
             

              
(22) 

where       and       are time dependent intensities with the reading beam polarization 

parallel and perpendicular to the polarization of the  bleaching beam. The rotational 

anisotropy can be rewritten in terms of time dependent difference fluorescence      

            and the time dependent average fluorescence intensity      

   [           ] to give 

     
    

                
(23) 
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The constant B is the fluorescence intensity before bleaching. The orientational 

autocorrelation function can be obtained from the anisotropy by               ⁄ . A 

model independent average correlation time     can be defined as 

   ∫        
 

 

 (24) 

The data can be approximately fit with the KWW (Kohlrausch-Williams-Watts) function. 

               ⁄   (25) 

Using KWW fitting results, the average rotational correlation times can be calculated by 

   
    

    
 ⌈

 

    
⌉ (26) 

Figure 3.1 shows the rotational correlation function along with fits of the KWW function 

calculated for tetracene in   1, 3-dibutylimidazolium bistriflate at various temperatures at 

and below glass transition with fit parameters and rotational correlation times given in 

Table 2. In this experiment we were able to collect data only for a 5K temperature range 

from Tg-4 to Tg. 
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Table 2: KWW fitting results and calculated average rotational correlation times for tetracene in 1, 

3-dibutyl methylimidazolium bistriflate (C4C4ImNTF2) 

Temperature/K                 

186                      

185                        

184                         

183                        

182                          

Figure 3.1: Normalized rotational anisotropy decays for tetracene in C4C4imNTF2 from Tg-4 to Tg. 

Red solid lines are the KWW fittings. 
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     Often the viscosity and the relaxation times get very large as the temperature is 

lowered. The temperature dependency of rotational anisotropy data is well described by 

the Vogel-Fulcher-Tamman (VFT) equation 
6, 49

.

        ⁄           ⁄   (27) 

One question that this work addresses is whether the VFT equation predicts correctly the 

divergence of relaxation times at a temperature well above 0 K. 

         The VFT equation fits the data accurately as shown in Figure 3. 2, with the fit 

parameters         ,           , and            , which is the temperature 

below Tg  where    is assumed to be diverged. Although the temperature range is quite 

small, the data are well fit by the VFT equation in the temperature range of 182 K to 186 

K. So the most empirical way of analyzing data at the   relaxation regime is using the 

VFT equation.  

       Figure 3.3 shows the     values obtained as a function of temperature for 

tetracene in C4C4imNTF2.    is definitely a material dependent parameter which is nearly 

temperature independent in this temperature range. The value of beta at the lowest 

temperature is clearly lower than the other four values. This suggests that   might be 

decreasing at this temperature and that more data at lower temperatures are needed to 

determine whether the   is constant or will continue to decrease at lower temperatures. 
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Figure 3.2: The log of the rotational correlation time as a function of time for tetracene in 

C4C4imNTF2 between 182 K and 186 K 
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Figure 3.3: The       value as a function of temperature for tetracene in C4C4imNTF2 between 

182 K and 186 K 
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  is a very important parameter for quantifying the relaxation time dispersion of the 

dynamic heterogeneity. An average value of                   is obtained for 

tetracene in C4C4imNTF2 in the given temperature range. We calculated the error bars by 

using 95% confidence level and obtained very reasonable low value of 0.01. The time 

temperature superposition (TTS) of rotational anisotropy as shown in Figure 3.4 further 

proves the temperature independency of the relaxation functions. McKenna and co-

workers have stated that the temperature dependency of the   parameter does not 

contradict the validity of time temperature superposition (TTS) since the isothermal 

experimental time window is short and that non-KWW behavior of the master curve 

might be fitted piece-wise by changing the KWW function 
2
.
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Figure 3.4: Time temperature superposition of normalized anisotropy decays for tetracene in 

C4C4imNTF2
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     The TTS master curve in Figure 3.4 shows the anisotropy decays of different 

temperatures and the master curve after TTS. Overlapping all normalized anisotropy 

decay curves into one single master curve indicates that the shape parameter   is the 

same for all anisotropy decay curves. That tells us that the relaxation function is the same 

for all temperatures in the range of our measurements. Moreover, the fitting of KWW 

function to the TTS master curve also gives the same average value for the breadth of the 

relaxation time distribution. 

3.2.2. Relationship between Rotational correlation time and viscosity 

at glass transition temperature Tg

Table 3: Viscosity data for C4C4imNTF2 in the temperature range274.15 K to 338.15 K 
36

.

Temperature(K) 338.15 323.15 313.15 303.15 295.15 288.15 280.15 274.15 187.5 

Viscosity(Pa.S) 17.76 25.34 37.03 50.96 67.81 107.65 155.13 221.25     

     Table 3 shows the viscosity data for high temperature values in the range 274.15 K to 

338.15 K. The viscosity at or near the glass transition temperature has not been measured 

and it was assumed to be     Pa-s at the glass transition temperature 
50

due to the 

definition of the glass transition temperature. Extrapolation of the VFT fitting (Figure 

3.5) was well matched with the reference point viscosity value at Tg. The fit parameters 

parameters were;         ,         and            . This reference point is a 

good approximation to find out the relationship between the viscosity and the rotational 

correlation time. 
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Figure 3.5: Viscosity for C4C4imNTF2 as a function of temperature from 274.15 K to 338.15 K. The 

VFT fit was extrapolated up to a reference point at Tg (186.7 K). Viscosity at Tg was assumed to be 

     Pa-s . 
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The comparison between rotational correlation times    and the   ⁄  can be shown by 

using the Debye – Stokes – Einstein (DSE) equation 
46

,

   
   

  
(28) 

where   is the solvent viscosity,   is the hydrodynamic volume through factors 

determined by probe shape and the hydrodynamic volume boundary conditions. 

     The DSE equation is commonly used to describe the rotation of rigid molecules 

surrounded by other molecules of similar size although the original equation was derived 

for the rotation of a large sphere in a viscous continuum. We have accurate viscosity data 

for C4C4imNTF2 across a wide viscosity range to test the DSE equation for tetracene 

rotation in C4C4imNTF2 ionic liquid 
51

. The DSE equation predicts that the temperature

dependency of the rotational correlation time should be the same as the temperature 

dependency of   ⁄ . Figure 3.6 shows Arrhenius plots of   ⁄  and the rotational 

correlation times    for tetracene in C4C4imNTF2. The red data points corresponding to 

viscosities at high temperature are well matched to VFT behavior while the blue data 

points related to the rotational correlation times slightly deviate from the VFT curve. 

Initially the values of         for tetracene at the supercooled region were shifted by 

       to match with the VFT curve extrapolated above the    value. By looking at the 

inset of the Figure 3.6, we can see slight decoupling of rotational correlation time data 

below the glass transition temperature. Similar behavior has been reported by  Ediger and 

coworkers 
46, 51

. From this decoupling behavior, it is very clear that the rotational 

correlation times shows a weaker temperature dependency than   ⁄ . 
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The decoupling observed for rotational correlation time and the viscosity at high 

temperatures can be described by deviation plots since     ⁄   which should be a constant 

according to the DSE equation (Eq.28) for the entire temperature window of the 

experiment (Figure 3.7). Similar decoupling effect has been observed by Cicerone et.al 

and  Chang et.al in their study 
41, 52

. In early studies, the fractional Debye-Stokes- 

Einstein (FDSE) has been used to describe the decoupling of rotational correlation times 

at deeply supercooled regime and the viscosity at high temperatures 
37, 53

.

    
  

 
⁄  (29) 

The fractional DSE relation is represented by the equation (29) and the fractional power   

can be calculated from the slope from the plot of            versus        . 
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Figure 3.6: Arrhenius plot of   ⁄  and rotational correlation times   for tetracene in C4C4imNTF2.

Blue data points on the VFT plot show the rotational correlation times at the supercooled regime and 

red data points show the viscosity data points at high temperature. The shift factor       . 
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Figure 3.7: Deviation from the DSE relation in the deeply supercooled region. Typically the value 

should be equal to unity at the glass transition temperature (Tg). Gradient of the deviation plots m = 

0.02. 
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Figure 3.8: Fractional DSE relation test for Tetracene in C4C4imNTF2. Red line shows the 

linear fit to data form Tg-5 to Tg. 

     The fractional power for tetracene in C4C4imNTF2 is found to be             

(Figure 3.8). The value observed for the fractional power tells us that there is a 

decoupling effect near Tg. The slight deviation might be due to the physical aging 

problem or because of the difficulty of capturing the full relaxation distribution. Usually, 

we wait long enough to avoid the physical aging problem. So, it was considered all the 

data was collected at the equilibrium. When the temperature is lowered the   value 

slightly becomes smaller and the lognormal value of the relaxation times becomes 

broader. As we can see from the inset of Figure 3.6, for low temperatures the rotational 

correlation data deviate more from the DSE law compared to the high temperature values. 

It is required to wait long enough until the relaxation is completed. In our experimental 

window it was impossible to wait until the full relaxation distribution is completed 
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mainly because of two reasons. One is due to the liquid nitrogen hold time of the cryostat 

and the other one is due to the memory issue. We collect data until 10 times the average 

correlation time. But still we could not be sure whether we are capturing the full 

distribution of the relaxation times especially at the low temperatures. These reasons may 

explain the growing deviation of relaxation times from the DSE law at low temperature 

below Tg. 
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3.2.3. Effect of structural heterogeneity on dynamic heterogeneity at 

or below the glass transition temperature 

The reorientational relaxation of tetracene in BmimNTF2 (1-butyl-3-

methylimidazolium bistriflate) is compared with the reorientational relaxation of 

tetracene in  C4C4imNTF2 (1, 3-dibutylimidazolium bistriflate) to determine what causes 

the dynamic heterogeneity near Tg 
48

. Bardak has shown that the rotational anisotropy of

tetracene in BmimNTF2 shows non exponential behavior clearly at the temperatures 

where the measurements were performed (Figure 3.9). As we know, this nonexponential 

behavior was described by the KWW equation [30]. 

          [       ⁄      ]           (30) 

The rotational anisotropy decays are nonexponential near Tg because the dynamics of the 

system are heterogeneous. Using the KWW fit parameters we can obtained the average 

rotational correlation times by equation [31]. 

   
    

    
 ⌈

 

    
⌉ (31) 

    KWW fit parameters and the calculated rotational correlation times are given in Table 

4. We were able to perform measurements for a 6 K temperature range for tetracene in

BmimNTF2 from Tg+1 k to Tg-5 K and for a 5 K temperature range for tetracene in 

C4C4imNTF2 from Tg-5 K to Tg. Only a few key experimental points about tetracene in 

C4C4imNTF2  are discussed in here since they were discussed previously. 
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     Results from the rotational measurements of tetracene in BmimNTF2 in Figure 3.9 and 

Table 4 Bardak’s dissertation are discussed here and compared with those for tetracene in 

C4C4imNTF2 . 

Figure 3.9:Normalized rotational anisotropy decays for tetracene in BmimNTF2 from Tg+1K to Tg-5 

K,(Tg=186). Solid lines represent the KWW fittings 
48

.
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Table 4: KWW fitting results and calculated average rotational correlation times for tetracene in in 

BmimNTF2 
48

.

Tetracene in BmimNTF2 

Temperature/K                 

187 2.0                 

186 6.8                 

185 15.7                  

184 28.6                  

183 171.6                    

182 530.9                    

181 2832.3                      
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The temperature dependancey of rotational correlation times for tetracene in BmimNTF2 

is analyzed using the Vogel-Fulcher-Tamman (VFT) equation 
54, 55

.

        ⁄           ⁄   (32) 

       The VFT equation fits of the data are shown in Figure 3.10, where        , 

         and               , which is the temperature below   , where the    is 

assumed to diverge. Although the temperature range is quite small, the data are well fit 

by the VFT equation with the temperature range of 181 K to 187 K. 
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Figure 3.10:Rotational correlation time    versus temperature for tetracene in BmimNTF2 between 

181 K and 187 K 

     Figure 3.11 shows     parameters obtained as a function of temperature for 

tetracene in C4C4imNTF2 and for tetracene in BmimNTF2. These      parameters were 

nearly temperature independent with                        and            

            for the temperature windows. The values of     are less than one 

because they occur at temperatures that are at the same distance near Tg. So, the 

difference in      is due to a difference in material properties near Tg. 
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Figure 3.11: Stretching parameter     versus temperature for tetracene in C4C4imNTF2 and 

BmimNTF2. Data for tetracene in BmimNTF2 taken from the dissertation of Bardak
48

.
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     Figure 3.12 shows an excellent time temperature superposition (TTS) of rotational 

anisotropy decays for tetracene in BmimNTF2. Also we have shown the temperature 

independent character of tetracene in C4C4imNTF2 using TTS in the previous section. 

Formation of the master curve without any dispersion from individual curves proves that 

the relaxation function is same for the entire temperature range for both ionic liquids. 

Moreover the fitting of the KWW function to the master curve shows the same average 

value of beta                         obtained from fits of individual curves at 

the different temperatures. 
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Figure 3.12: Time temperature superposition of normalized anisotropy decays for tetracene 

in BmimNTF2 
48

.
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3.2.4. Relationship between rotational correlation time and viscosity 

near glass transition temperature Tg 

     High temperature viscosity values for BmimNTf2 were measured in a previous study 

from 283.15 K to 373.15 K. Figure 3.13 shows the temperature dependency of viscosity 

fitted by the VFT law using a reference point at the glass transition temperature Tg. 

Angell and coworkers 
50

 used the same methodology to describe the VFT law for high

and low temperatures. To our knowledge the viscosity has not been found near the glass 

transition temperature for BmimNTF2. So we used the same method as we did in the last 

section for C4C4imNTF2 by fitting the VFT function from high temperature viscosity 

values to a reference point at Tg where the viscosity is assumed to be      Pa-s 

according to the dynamical definition of the glass transition temperature 
50

. Extrapolation

of the VFT fitting was well matched with the reference point viscosity value at Tg and

Fitting parameters were;        ,            and            .This reference 

point is a good approximation in which to determine the relationship between the 

viscosity and the rotational correlation time. 
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Figure 3.13:Temperature dependency of viscosity for BmimNTF2 from 283.15 K to 373.15 K. 

Viscosity of the reference point at Tg is      pa-s according to the dynamical definition of the glass 

transition 
48

.
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     The comparison between rotational correlation times    and the   ⁄  can be showed 

by the DSE equation, 

   
   

  
(33) 

where   is the solvent viscosity,    is the hydrodynamic volume which contain   factors 

determined by probe shape and the hydrodynamic volume boundary conditions. 

     We have accurate viscosity data across a wide temperature range to test the DSE 

equation for tetracene rotation in BmimNTF2 ionic liquid. The DSE equation predicts that 

the temperature dependency of the rotational correlation time should be the same as the 

temperature dependence of   ⁄ . Figure 3.14 shows Arrhenius plot of   ⁄  and rotational 

correlation times   for tetracene in C4C4imNTF2 and BmimNTF2. The red and black data 

points corresponding to viscosities at high temperature are well matched VFT behavior 

while the data points related to the rotational correlation times (low temperatures) slightly 

deviate from the VFT curve. Initially the values of         for tetracene in C4C4imNTF2 

and BmimNTF2 at near Tg  were shifted by        and        respectively to match 

with the VFT curves extrapolated above the    value. The inset of the Figure 3.14 shows 

some slight decoupling for both of the ionic liquids at or below the glass transition 

temperatures and it is very clear that the rotational correlation times showed weaker 

temperature dependency than   ⁄ . The decoupling observed for rotational correlation 

times and the viscosity at low temperatures can be represented by deviation plots (Figure 
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3.14) since     ⁄   should be constant and equal to unity at Tg as the logarithm of     is 

shifted by a constant “a” to match with the VFT curve extrapolated below Tg. Similar 

decoupling effect has been observed by Cicerone et.al in his early studies and the 

fractional Debye-Stock- Einstein (FDSE) has been used to describe the decoupling of 

rotational correlation times near Tg 
37, 53

.    The fractional DSE relation is represented by

    
  

 
⁄   and the fractional power   can be calculated by getting the slope from the plot

of            versus        . 
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Figure 3.14: Arrhenius plot of   ⁄  and rotational correlation times   for tetracene in C4C4imNTF2

and BmimNTF2. Red data points on the VFT plot near Tg shows the rotational correlation times for 

tetracene in C4C4imNTF2 and black data points near Tg shows the rotational correlation times for 

tetracene in BmimNTF2 
48

.
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Figure 3.15: Deviation from the DSE relation in the deeply supercooled region for tetracene in 

BmimNTF2. Typically the value should be equal to unity at the glass transition temperature (Tg). 



Texas Tech University, Udugama Rakhitha, August 2013 

72 

Fractional power for tetracene in C4C4imNTF2 and BmimNTF2 were found to be 

            and             respectively (Figure 3.16). The values observed 

for fractional powers tell that there is decoupling effect near Tg in these two ionic liquids. 

This consistency in fractional powers further proves that the decoupling is the same 

degree for both ILs and is not a material dependent rather phenomenological or technical 

characteristic of the measurement in the deeply supercooled state of glass forming 

liquids. As we discussed in previously the observed slight deviations might be due to the 

physical aging problem or because of the difficulty of capturing the full relaxation. We 

overcame the problem of physical aging by waiting long enough for the system to come 

to the equilibrium. Similar observations have been reported by Ito and Richert 
37

for 

solvation times which are well described by     
     

 
⁄   and modulus relaxation 

follows     
     

 
⁄  for BmimPF6. This strong decoupling of modulus relaxation 

was due to the failure of electric modulus in ionic system to reflect the temperature 

dependence of structural relaxation near Tg. As we discussed, when the temperature is 

lowered the lognormal values for the relaxation times becomes broader. It was impossible 

to wait until the relaxation process completed and that might be a reason to observe a 

growing deviation of relaxation times from the DSE low. 
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Figure 3.16: Fractional DSE relation test for tetracene in C4C4imNTF2 and BmimNTF2. Red 

and black data points show the deviation from the DSE law for tetracene in C4C4imNTF2 and 

BmimNTF2 
48

.



Texas Tech University, Udugama Rakhitha, August 2013 

74 

3.2.5. Effect of cation symmetry on the relaxation time dispersions 

     Structural relaxation in molecular liquids is mainly a result of the rotation of 

molecules in the liquids. Measurement of mechanical properties such as shear relaxation 

and dielectric spectroscopy are the main techniques used in determining structural 

relaxation. Other techniques such as rotational FRAP measure relaxation processes that 

are coupled the structural relaxation but may not give the true distribution of relaxation 

times because they are associated with correlation functions that are different than those 

for shear relaxation. The temperature independence of the stretching parameter   for 

tetracene in C4C4imNTF2 (         ) and BmimNTF2 (         ) is shown in 

Figure 3.17 and no significant temperature dependency was observed.   SWAXS  data
36

shows (Figure 3.18) that the spatial correlation length         ⁄  for C4C4imNTF2 

should be equal to  BmimNTF2 and that tells the structural heterogeneities are similar to 

each other at room temperature. Therefore, if structural heterogeneity determines 

dynamics heterogeneity                   equals to                . Further, we have 

observed two distinct values for                   and                 and those 

values lead us to plot the scaled nonexponential parameter   versus the ratio of guest to 

host (    ⁄ ) relaxation times (Eq. 34) as done by Huang, Wang and Richert 
56, 57

.

  (     )       ⁄  (34) 
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Similar glass transition temperatures (        ) are observed for both of these ionic 

liquids by the DSC method and that leads us to compare the rotational correlation times 

at   by the DSE equation. Both of the ionic liquids have the same glass transition 

temperature where the viscosities are equal to          by definition 

Figure 3.17:Relaxation time dispersion parameter   versus temperature for tetracene in 

C4C4imNTF2 and BmimNTF2 
48

.
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Figure 3.18: Plots of spatial correlation length         ⁄  versus single alkyl chain length 

  where       for [        ][    ] and     ⁄  for [(   ⁄ )
 
  ] [    ] 

36
.
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     If we assume that the structural relaxation is related to rotational motion in the IL and 

we assume that the structural relaxation time for the host IL is equal to 100 s at Tg, then 

based on the DSE, the hydrodynamic volume associated with the species that is rotating 

in the liquid should be the same for both ILs based on the DSE equation. 

                       
           

       
(35) 

Clearly this indicates that, the guest to host ratio (    ⁄ ) for both of the ionic 

liquids are the same at glass transition temperature and that leads us to observe the same 

  value (Figure 3.19). Knowing   values are the same and the        values, one can 

find       in terms of   and        from Eq. (35). 

   (    )      ⁄  

                               ⁄  

                             ⁄

(36) 

Since   reside in between 0 and 1, one can conclude that (Eq. 36); 

                                 (37) 

This result is different from what is implied by SWAXS data at room temperature, 

because SWAXS data indicates similar         values for both ionic liquids if dynamic 

heterogeneity is determined by structural heterogeneity. At Tg,        values are 

different from each other, which implies that the dynamic heterogeneity is not necessarily 

explained by structural heterogeneity near Tg. 
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Figure 3.19: Scaled nonexponential parameter   versus the ratio of guest to host relaxation 

time(    ⁄ ). Data point at 1000 is an estimated point where the dispersion appears for extremely 

slow guest dynamics. Green dash line is a guide to follow the trend in increasing of   with increasing 

guest/host size ratio from one ideal case of extremely fast guest dynamics (   ) to extremely slow 

guest dynamics (   ) 

                        

𝝉𝐂𝟒𝐂𝟒𝐢𝐦𝐍𝐓𝐅𝟐 𝐠𝐮𝐞𝐬𝐭  

𝝉𝐂𝟒𝐂𝟒𝐢𝐦𝐍𝐓𝐅𝟐 𝐡𝐨𝐬𝐭 
 
𝝉𝐁𝐦𝐢𝐦𝐍𝐓𝐅𝟐 𝐠𝐮𝐞𝐬𝐭  

𝝉𝐁𝐦𝐢𝐦𝐍𝐓𝐅𝟐 𝐡𝐨𝐬𝐭 
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3.2.6. Hydrodynamic volume of the guest molecule (Tetracene) in the 

vicinity of glass transition temperature 

     Further information about the rotational dynamics of tetracene can be obtained by 

using the DSE to calculate the hydrodynamic volume. To determine the hydrodynamic 

volume, we will take the shape of tetracene to be that of a prolate ellipsoid. This permits 

us to compare the rotational diffusion of tetracene to the prediction of the hydrodynamic 

model, which is given by the modified DSE 
58

  equation (38).

   
   

    
(38) 

  is the volume of the diffusing particle with stick boundary conditions,   is a friction 

coefficient which is equal to 1 for stick boundary conditions and less than 1 for slip 

boundary conditions, and S is a shape factor to account for the nonspherical ellipsoidal 

geometry which is given by the Perrin equation 
59

.

  
  [                     [             ]   ]

       
(39) 

  is the ratio of the major to the minor axis   ⁄ . Figure 3.20 shows the ellipsoid drawn 

around a tetracene molecule to find major and minor axis. From the figure the major axis 

determined to be a=9.9 ̇ and minor axis to be b= 4.8  ̇.  Hence, with these values of a

and b, S was calculated to be S=0.44. The volume was determined by the quantum 

chemistry program Spartan
TM

 to be 256.16 ̇.
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Figure 3.20: Represents major axis-a and minor axis-b axis of the tetracene molecule measured by a 

CPK space filling model. Where a=9.9  ̇ and b= 4.8 ̇.

     The rotational correlation time at Tg was considered to be 10 s for both ionic liquids 

from which the value            was calculated using equation (38). The calculated 

value indicates that the friction coefficient F is less than 1 and satisfies the slip boundary 

condition. From the experimental values of   and  , we calculate a hydrodynamic 

volume      which is given by    ⁄  in the slip limit, of 582.18 ̇ . 
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CHAPTER IV

CONCLUSIONS AND FUTURE DIRECTIONS 

4.1. Conclusions 

     Rotational diffusion of tetracene in C4C4imNTf2 near Tg was measured using the 

FRAP technique. The results were compared to results obtained for tetracene in 

C4C1imNTf2 by Bardak. For both ionic liquids, the ground-state anisotropies were non-

exponential. The anisotropy decays of tetracene in BmimNTF2 are more exponential than 

that of tetracene in C4C4imNTF2. The rotational correlation times of tetracene at Tg for 

both ionic liquids are nearly the same and no considerable temperature dependency was 

observed of the stretching parameter   within our temperature of the measurement. The 

temperature dependency of the rotational correlation times was examined on the basis of 

DSE relation and found to deviate from the DSE law. The fractional DSE equation 

describes the decoupling effect with fractional exponents of                       

and                    . These results indicate that probe relaxation dynamics 

slightly decouples from structural relaxation of the material by nearly the same amount 

for both ionic liquids. The dynamics of the probe molecules are found to be 

heterogeneous and the heterogeneity does not have any significant temperature 

dependency in the temperature of the measurement. If structural heterogeneity is the 

same at Tg as it is at room temperature, then the dynamic heterogeneity observed near Tg 

does not appear to be correlated to structural heterogeneity. 
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4.2. Future directions 

     This study can be extended to observe the chain length effect on the heterogeneous 

dynamics in ionic liquids near glass transiton and further to study the cation symmetric 

effect on the dynamics near Tg. It has been observed that the changes in the structure of 

ILs causes changes in the dynamics at Tg. One of the systematic way of tuning the 

imidazolim-based ILs is the variation of the length of the alkyl chain on the cation. 

Physical properties in the liquid state change due to the variation of the chain length have 

been reported by Androulaki et al. 
60

 using MD simulations, by Tokuda et al. 
61

 using

thermal analysis and pulsed-field-gradient spin echo NMR. These studies conclude  the 

slowing down of transport properties and higher degree of structural ordering with 

increasing chain length. To study this chain length effect, we have started the 

measurements of probe rotational diffusion of tetracene in 1-heptyl-3-methylimidazolium 

bis(trifluorosulfonyl)imide ([C7C1im]NTf2]), 1-hexyl-3-methylimidazolium 

bis(trifluorosulfonyl)imide ([C6C1im]NTf2]) and 1-butyl-3-metylimidazolium 

bis(trifluorosulfonyl)imide ([C4C1im]NTf2]). Preliminary results indicate higher degree of 

dynamic heterogeneity with increasing chain length. 

The symmetry of alkyl chains on the imidazolium ring is another aspect in the 

structural functionality of imidazolium based ILs. Asymmetric n-alkyl-3-

methylimidazolium and symmetric (n+1)/2-alkyl-(n+2)/2-alkylimidazolium cations can 

be used to observe the symmetric effect on the dynamics at Tg, where the 

physicochemical properties change significantly. To investigate further, whether 

dynamical  heterogeneity is controlled by structural heterogeneity in ILs, probe rotational 
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dynamics of tetracene in 1-heptyl-3-methylimidazolium bis(trifluorosulfonyl)imide 

([C7C1im]NTf2]) and 1,3-dibutylimidazolium bis(trifluorosulfonyl)imide 

([C4C4im]NTf2]) will be studied. For these two ionic liquids, the size of the cations are 

the same, but for asymmetric there is greater structural heterogeneity than the symmetric. 
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