
 

 

MEASUREMENT OF ULTRASLOW ROTATIONAL DYNAMICS OF PROBES IN 

IMIDAZOLIUM-BASED IONIC LIQUIDS NEAR AND BELOW THE GLASS 

TRANSITION TEMPERATURE:  STUDYING THE ROLE OF STRUCTURAL 

HETEROGENEITY ON DYNAMIC HETEROGENEITY 

 

by 

 

KAYLA DIANE MENDOZA, B.S. 

 

A THESIS  

 

in 

 

CHEMISTRY 

 

Submitted to the Graduate Faculty 

of Texas Tech University in 

Partial Fulfillment of 

the Requirements for 

the Degree of 

 

MASTER OF SCIENCE 

 

 

 

Approved 

 

 Dr. Edward L. Quitevis 

Chair of Committee 

 

 

Dr. Sindee Simon 

 

 

Dr. Dominick Casadonte 

Interim Dean of the Graduate School 

 

 

 

 

December, 2013 



 

 

 

 

 

 

 

 

 

 

 

Copyright 2013, Kayla Diane Mendoza 

 

 

 

 

 

 

 

 



Texas Tech University, Kayla Diane Mendoza, December 2013 

 

ii 

 

ACKNOWLEDGEMENTS 

I would like to thank Dr. Quitevis for being my advisor and welcoming me into 

his research group. It has been a privilege to work under his supervision during my MS at 

Texas Tech University. I would also like to thank Dr. Sindee Simon for serving on my 

MS committee. I am grateful to my research group members for supporting and helping 

me along the way while always providing a friendly atmosphere in the laboratory. I owe a 

special thanks to Dr. Fehmi Bardak and Udugama Rakhitha for the daily help they 

provided to me. It was a privilege working on the same research project with them, and I 

am grateful for their dedication to research and the insight which they provided me.   

 I would like to express my deep gratitude for my parents, Ruben and Lena 

Mendoza, and my sister, Margo, for their unconditional love and for always supporting 

me throughout my education. I am also extremely thankful for my extended family and 

my friends, both old and new, who made it possible for me to survive graduate school by 

always putting a smile on my face. I owe a special thanks to my best friends, Taylor 

Broaddus, Ashley Hernandez, and Amber Ebencamp for always being there for me when 

I needed them the most.  

 This research was partially funded by the National Science Foundation (CHE-

0718678 and CHE-1153077). I would also like to acknowledge the Texas Tech 

University Provost Fellowship which funded me during my first year of graduate school. 

This dissertation is dedicated to the loved ones I lost during my time as a graduate 

student at Texas Tech University:  my grandpa, Miguel Mendoza, my uncle, Robert 

Mendoza, and my two great grandmothers, Petra Mendoza and Olfelia Lopez Fernandez.  



Texas Tech University, Kayla Diane Mendoza, December 2013 

iii 

TABLE OF CONTENTS 

ACKNOWLEDGEMENTS…………………….…………………………………………ii 

ABSTRACT……………………………………………………………….………………v 

LIST OF TABLES……………………………………………….……………………….vi 

LIST OF FIGURES………………………………………………….…………………..vii 

1 IONIC LIQUIDS..........................................................................................................1 

1.1. Ionic Liquids ......................................................................................................1 

1.1.1. Properties of Ionic Liquids .............................................................................2 

1.2. Structural Heterogeneity in Ionic Liquids ............................................................4 

1.3. Motivation for Studying Ultraslow Dynamics of Ionic Liquids ...........................7 

1.4. References ..........................................................................................................9 

2 INTRODUCTION TO GLASS TRANSITIONS AND DYNAMICS OF 

   SUPERCOOLED LIQUIDS ....................................................................................... 11 

2.1. What is a glass? ................................................................................................ 12 

2.1.1. Glass Formation ........................................................................................... 13 

2.1.2. Glass Transition Temperature ...................................................................... 16 

2.2. Slow Dynamics ................................................................................................. 17 

2.3. Non-exponential Relaxations ............................................................................ 19 

2.3.1. The Relaxation Function .............................................................................. 21 

2.4. Non-Arrhenius behavior ................................................................................... 23 

2.4.1. VFT Equation .............................................................................................. 26 

2.4.2. Fragility ....................................................................................................... 28 

2.5. Dynamic Heterogeneity .................................................................................... 30 

2.6. References ........................................................................................................ 34 

3 FLUORESCENCE RECOVERY AFTER PHOTOBLEACHING: 

   THEORY AND EXPERIMENT ................................................................................. 37 

3.1. Measuring Rotational Motion Using FRAP ....................................................... 39 

3.2. Probe Molecules ............................................................................................... 41 

3.2.1. Photobleaching Mechanism ......................................................................... 42 

3.3. Theoretical Background .................................................................................... 44 

3.4. Experimental Apparatus .................................................................................... 51 

3.4.1. Data Collection ............................................................................................ 56 



Texas Tech University, Kayla Diane Mendoza, December 2013 

iv 

3.5. Materials........................................................................................................... 60 

3.5.1. Ionic Liquids ................................................................................................ 60 

3.5.2. Probe Molecule ............................................................................................ 61 

3.6. Sample Preparation ........................................................................................... 62 

3.6.1. Loading the Sample for FRAP Experimentation ........................................... 64 

3.7. References ........................................................................................................ 66 

4 RESULTS AND CONCLUSIONS ............................................................................. 68 

4.1. FRAP Data for [C7C1im][NTf2] ........................................................................ 68 

4.2. Analysis of [C7C1im][NTf2] FRAP Data ........................................................... 71 

4.2.1. Time-Temperature Superposition ................................................................. 71 

4.2.2. Arrhenius Plot .............................................................................................. 73 

4.2.3. Vogel-Fulcher-Tamman Plot ........................................................................ 75 

4.2.4. VFT Extrapolation to High-Temperature Regime ......................................... 77 

4.2.5. Fractional Debye-Stokes-Einstein ................................................................ 80 

4.3. FRAP data for [C4C1im][NTf2] and [C4C4im][NTf2] ......................................... 82 

4.4. Comparison of [C4C1im][NTf2], [C4C4im][NTf2], and [C7C1im][NTf2] ............. 85 

4.5. Role of Structural Heterogeneity on Dynamic Heterogeneity ............................ 87 

4.6. Conclusions ...................................................................................................... 93 

4.7. References ........................................................................................................ 95 



Texas Tech University, Kayla Diane Mendoza, December 2013 

v 

ABSTRACT 

Room temperature ionic liquids have many favorable properties, such as low 

volatility, low melting points, high ionic conductivity, and a wide liquid range. They are 

typically composed of a bulky, organic cation paired with an organic or inorganic anion. 

The large number of potential anion and cation combinations offers task-specific 

customization, and the low vapor pressure and non-flammability of ionic liquids bring 

forth safety advantages. Ionic liquids supercool easily, and their wide liquid range makes 

it possible to study the glass transition. Ionic liquids have the potential to replace 

conventional solvents, but before they may be put to wide use, a full inquiry of their 

physical properties must be carried out. In this experimental study, we studied the ultra-

slow rotational dynamics of organic probes in three imidazolium-based ionic liquids 

containing the bistriflate anion near their glass transition temperatures by utilization of 

the fluorescence recovery after photobleaching method.  Near the glass transition, the 

dynamics of supercooled liquids slow down dramatically and become spatially 

heterogeneous. Ionic liquids exhibit structural heterogeneity as a result of being 

composed of a negatively charged anion and a cation with a polar headgroup and non-

polar alkyl tail. The purpose of this study was to observe the role of structural 

heterogeneity on dynamic heterogeneity. 
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CHAPTER 1 

IONIC LIQUIDS 

1.1. Ionic Liquids 

Room-temperature ionic liquids (ILs) are salts exhibiting a melting point (Tm) below 

the boiling point of water (100 °C); they are ambient-temperature liquids composed of 

only cations and anions
1,2

. The first reported ionic liquid, ethylammonium nitrate (Tm =

14°C) , was synthesized by Walden in 1914 via protonation of ethylamine with nitric 

acid; the reaction is shown below in Reaction 1.1
3
. A typical IL consists of a bulky 

organic cation and an organic or inorganic anion
4
. The potential number of anion and 

cation combinations has been estimated to be as large as one trillion
5
.  

NH2
+

N
+

O

O
-

OH

NH3
+

N
+

O

O
-

O
-

Reaction 1.1 Formation of the first reported IL, ethylammonium nitrate.  

Such a large number of anion/cation combinations leaves room for customization as 

more is learned about the effects of certain anions and cations on hydrophobicity, 

hydrophilicity, viscosity, conductivity, and other solvent characteristics. For example, the 

viscosity of ILs isn’t understood near well enough to be predicted, but it is known that the 

anion plays a large role in determining the viscosity behavior. ILs containing smaller 

anions which do not participate in any hydrogen-bonding are observed to be less 

viscous
1
. In a particular case where a high fluidity ionic liquid is desired, knowing how a 
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particular anion choice affects the viscosity would aide in making an informed decision 

on the best anion/cation combination to create the “ideal” IL for a particular application. 

There is a great deal of interest in ILs due to their customization and abundance of 

potential applications. 

1.1.1. Properties of Ionic Liquids 

Ionic liquids have a wide range of potential applications as a result of their unique 

physical properties.  Ionic liquids are known to exhibit low melting points, low vapor 

pressures, wide liquid ranges, high thermal stability, high ionic conductivity, and a wide 

electrochemical window
6
. The high ionic conductivity of ILs makes them potential 

replacements for traditional solvent-based electrolytes, and their non-flammability and 

low vapor pressure also brings forth safety advantages for these applications. The low 

volatility of ionic liquids makes them ideal for replacing volatile organic solvents 

commonly used as reaction media and other chemical processes, because ILs are 

recyclable and will reduce the release of harmful chemicals into the atmosphere. These 

environmentally friendly properties designate ILs as “green solvents.”
1
 

 ILs have the potential to replace conventional solvents because of their ability to 

dissolve a wide range of organic and inorganic compounds, and customization of specific 

anion and cation combinations would allow for selective solvation properties. Along with 

being green solvents, ILs are also labeled as “designer solvents.” Task-specific 

customization could allow for improved rate, specificity, and yield; i.e., possibilities 

which conventional solvents can’t offer. The non-volatility of ILs permits them to be 

used in high-vacuum environments without concern of evaporating solvent off. Also, the 
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non-flammability of ILs would prove to be beneficial when used as media for exothermic 

reactions.
1
 

ILs exhibit wide liquid ranges, with some as broad as 400 °C
7
. A wide liquidus 

range makes ILs suitable for use as solvents in typical organic liquid-phase reaction 

conditions, but also present a means to gain insight into the glass transition, which 

remains yet to be fully understood
6
. The ease with which ionic liquids can be supercooled 

past their melting point by avoiding crystallization has led to the broadened view of the 

liquid state of ionic liquids as extending below the melting point and ending in a glass 

transition
8
.  

The wide liquid range of ILs is caused by the asymmetry ordinarily present in 

either the cation or anion. The built-in asymmetry prevents the strong charge ordering 

caused by ionic interactions that occur in crystallizing salts
9
. In the case of the 1-alkyl-3-

methylimidazolium bistriflate ILs evaluated in this experimental study, the asymmetry is 

present in the cation. Molecular dynamics studies have been performed on ILs of these 

types, and it is interesting to find that as a result of containing a cation having a polar 

head group and non-polar alkyl tail, spatial heterogeneity arises
10,9

.  
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1.2. Structural Heterogeneity in Ionic Liquids 

The presence of spatial heterogeneity in ionic liquids was first observed in 

simulation work done by Wang and Voth using a multi coarse-graining method
10

. They 

observed the effects of increasing alkyl chain length on ILs having a 1-alkyl-3-

methylimidazolium cation paired with a nitrate anion and found that for alkyl chain 

lengths equal to and exceeding four carbons, aggregation of the alkyl chains led to 

formation of non-polar domains while the anions and polar head groups of the cations 

spread homogeneously throughout. Simulation work done by Lopes and Pádua
9
 using a 

more accurate explicit-atom model confirmed these findings and provided additional 

information. Rather than the cation rings and anions homogeneously distributing 

themselves, they were observed to form a continuous tri-dimensional network of ionic 

channels coexisting with the nonpolar domains formed by aggregation of the alkyl tails
9
. 

Figure 1.1 is a snapshot of the MD simulations done by Lopes and Padua.
9
 on 

[CnC1im][PF6]. The anion differs from the ILs in this experimental study, but the cations 

are of the same 1-alkyl-3-methylimidazolium family. Cations of the 1-alkl-3-

methylimidazolium family are labeled as [CnC1im]
+
 where the subscripts “n” and “1” are

the lengths of the alkyl chains protruding from the nitrogen atoms of the imidazolium 

ring, which is denoted by “im.” In Figure 1.1, the polar domains are color-coded red and 

the nonpolar domains are green. As the chain length increases, the nonpolar domains 

increase in size
9
.  
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Figure 0.1 Snapshot of MD simulations performed by Lopes and Padua on [CnC1im][PF6] 

ILs. (a) and (b) are both [C2C1im][PF6], but in (b) the color coding has been applied. Proceeding 

downward are:  (c) [C4C1im][PF6], (d) [C6C1im][PF6], (e) [C8C1im][PF6], and (f) [C12C1im][PF6]. 

Moving down the figure, it is readily apparent that the nonpolar domains are growing with alkyl 

chain length.  (Adapted from Reference [9] with permission. Copyright 2006, American Chemical 

Society). 
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The nanoscale structural heterogeneities in ILs are thought to arise from 

competition between the electrostatic interactions of the charged anions and polar head 

groups of the cations and the short-range interactions of the neutral alkyl tails protruding 

from the ring of the cation
4
. The nonpolar domains increase in size with increasing alkyl 

chain length. Analysis of the end-carbon to end-carbon site-site radial distribution 

function (RDF) indicates that there is a stronger spatial correlation between the ends of 

the tails than between the carbons of the alkyl chain closer to the polar head group, 

analogous to the aggregation behavior of micelles
9
.  

The molecular-level picture of the existence of structural heterogeneities in ILs 

painted by molecular dynamics simulations may be observed directly by small-wide-

angle X-ray scattering (SWAXS) measurements, and the effects of these heterogeneities 

are reflected in the physicochemical properties of ionic liquids.
4
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1.3. Motivation for Studying Ultraslow Dynamics of Ionic Liquids 

The capacity of ionic liquids to replace conventional solvents and electrolytes 

demands a full inquiry of their physical properties before putting them to wide use. While 

the applications of ILs will most likely be in the vicinity of ambient temperatures, studies 

of the metastable low-temperature regime of ionic liquids are necessary to gain an 

understanding of these novel liquids with which the high-temperature properties may 

then be properly interpreted
8
. In this experimental study, we studied the ultra-slow 

rotational dynamics of organic probes in three imidazolium-based ionic liquids 

containing the bistriflate anion near their glass transition temperatures. 

Near the glass transition, the dynamics of supercooled liquids slow down 

dramatically and become spatially heterogeneous. As discussed in the previous section, 

ILs exhibit structural heterogeneity as a result of being composed of a negatively charged 

anion and a cation with a polar headgroup and non-polar alkyl tail. The purpose of this 

study was to observe the role of structural heterogeneity on dynamic heterogeneity. To do 

so three ionic liquids were cooled down to their glass transition temperature, and the 

rotational dynamics of a fluorescent, organic probe molecule were measured via the 

fluorescence recovery after photobleaching method. The ILs were chosen such that they 

could be supercooled easily without crystallizing and would allow for comparisons to be 

made based off of the structural heterogeneity of the ILs. The ILs compared in this 

experiment were 1-butyl-3-methylimidazolium bistriflate ([C4C1im][NTf2]), 1,3-

dibutylimidazolium bistriflate ([C4C4im][NTf2]), and 1-heptyl-3-methylimidazolium 

bistriflate ([C7C1im][NTf2]). Figure 1.2 shows the molecular structures of the cations. 
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[C4C1im][NTf2] and [C4C4im][NTf2] have the same sized alkyl chain lengths protruding 

from the imidazolium ring, and [C7C1im][NTf2] and [C4C4im][NTf2] are of the same 

molecular weight but differ in symmetry of the alkyl substitution. 

Figure 0.2 Molecular structures of the imidazolium-based cations chosen to compare with 

respect to structural heterogeneity. From top to bottom:  [C4C1im][NTf2], [C4C4im][NTf2], and 

[C7C1im][NTf2].  
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CHAPTER 2

INTRODUCTION TO GLASS TRANSITIONS AND DYNAMICS OF

SUPERCOOLED LIQUIDS 

In this experiment, the dynamics of ionic liquids are probed in the supercooled 

regime near the glass transition temperature by observing the fluorescence recovery after 

photobleaching of directionally oriented organic probe molecules. Ionic liquids have 

many potential applications at ambient temperatures, but probing the ultraslow dynamics 

at low temperatures (~ 110 K below room temperature, near the glass transition) will help 

to understand the dynamics of these novel compounds over their wide liquid range. 

Because the dynamics of the ionic liquids were probed in the supercooled liquid 

regime, some background information on supercooled liquids, glass transitions, glasses, 

and dynamic heterogeneity  needs to be well understood in order to interpret the findings 

of this study.  Glasses are materials everyone uses in their daily lives, whether it’s the 

windows in our cars, hard candy, or common house-hold plastics. Glasses behave 

mechanically like solids, but they are lacking in the sequential organization crystalline 

structures exhibit
1
. Much is still unknown about the properties of glasses and glass 

transitions; however, through experimental, computational, and theoretical efforts 

qualitative and quantitative understandings are slowly being developed. 
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2.1. What is a glass? 

When people hear the word “glass,” most think of windows, eye glasses, or 

glasses we drink from; however, many other materials are also considered glasses, 

despite popular preconceptions. The majority of polymers have glassy and semi-

crystalline domains, yet there are some polymers, such as polystyrene and poly(methyl 

methacrylate), which are considered glasses because of their non-crystallinity. Some 

glasses are even naturally occurring, such as volcanic glass
2
.  

Glasses are amorphous solids, resembling ordinary dense liquids in their lack of 

long-range ordering, yet exhibiting mechanical rigidity
3
. The simplest definition of a 

glass is a liquid which is no longer capable of flowing. Structurally, glasses and the 

liquids from which they were formed from are barely discernible
2
. As a liquid is cooled 

below its melting point and further cooled until a glass is formed, the timescale of 

molecular rearrangement becomes hopelessly long in comparison to the experimental 

timescale, so a glass may therefore be perceived as a liquid which is “frozen” on the 

timescale of observation
4
.  A glass can be considered neither a crystalline solid nor liquid 

crystal but alternatively a non-equilibrium solid lacking in any long-range ordering
5
. 

In order for a substance to be able to form a glass, crystallization must be avoided 

while undergoing cooling past the melting point and until the glass transition temperature 

is reached. While there are “good glass formers” which do not crystallize upon cooling 

under laboratory conditions, such as atactic polymers
6
 or B2O3, which remains in its

liquid form even under the introduction of seed crystals,
2
 there is no structural complexity 

requirement that must be met in order for other substances to vitrify
7
. Theoretically, any 
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liquid is capable of forming a glass, whether exhibiting structural complexities or not; 

what matters is having the adequate experimental setup to quench the liquid below its 

melting point quickly enough to avoid crystallization
6
. Even some pure elements have 

been vitrified in the laboratory:  selenium and sulfur, for example
8
.  

Glasses are interesting materials in that they have mechanical rigidity, as crystals 

do, yet lack any long-range ordering
3
.  Many different types of materials are capable of 

forming glasses:  polymeric, covalent, metallic, inorganic, and organic
9
, yet despite the 

vast range of glass-forming materials, there are typical phenomena observed across all 

the different types of glasses. Commonalities existing in glasses made of different 

materials include very slow molecular dynamics
4
, non-exponential relaxations, deviation 

from Arrhenius behavior
10

, and spatial heterogeneity  of dynamics
11

, all of which will be 

further explained. 

2.1.1. Glass Formation 

There are multiple ways to form glasses, and it is interesting to note that glasses 

formed by different methods result in what appear to be essentially the same material
12

; 

however, the properties of differently formed glasses will generally not be identical
6
, 

because the thermodynamics and dynamics of glassy states depend on their route of 

formation
4
. Different glass-forming techniques include vitrification, vapor condensation, 

compression of a crystalline structure, or by chemical reaction
2
. The focus of this section 

will be on glass formation via vitrification, the technique of quickly cooling a viscous 

liquid in the interest of avoiding crystallization
1
. 
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The scientific definition of a glass can be well understood by looking at a plot of 

the specific volume of a substance versus temperature; a typical plot for a hypothetical 

liquid is shown in Figure 2.1. On the right hand side of Figure 2.1 at the warmer end of 

the temperature range is the liquid state, and it can be seen by following the equilibrium 

line from right to left that the specific volume begins to decrease with decreasing 

temperature. If a liquid successfully surpasses the melting point, marked by “Tm,” 

avoiding crystallization, the supercooled liquid regime has been entered. Upon further 

cooling, the supercooled liquid’s specific volume continues to decrease along the 

extrapolated equilibrium line from the liquid region. Supercooled liquids are 

thermodynamically considered to be equilibrium states as long as no crystals begin to 

form
5
. The molecules move more and more slowly as the temperature is decreasing until 

there comes a point where the molecules are moving so slowly that they are unable to re- 

equilibrate, and thus the specific volume begins to deviate from the equilibrium line. 

When this deviation from the equilibrium line occurs, the glassy regime is entered, and 

depending on cooling rate, different glasses may be formed. A slower cooling rate allows 

the liquid to remain on the equilibrium line at lower temperatures, because there is more 

time for the molecules to rearrange and find the equilibrium specific volume
4
.  
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Figure 0.1 A plot of the specific volume for a typical liquid versus temperature is shown. The 

specific volume is the ratio of volume over mass for a substance and decreases as the temperature is 

lowered. Once Tm is surpassed moving from right to left down the equilibrium line the supercooled 

liquid regime is entered. A glass is formed once the specific volume begins to deviate from the 

equilibrium line, and as shown different glasses may be formed. Glass 2 is formed by cooling at a 

slower rate, which allows more time for molecular rearrangement, thus more time to equilibrate and 

remain on the extrapolated equilibrium line. (Adapted from Reference [4] with permission. 

Copyright 1996, American Chemical Society).  

Upon further cooling, as the specific volume veers further away from the 

equilibrium line, the timescale of molecular rearrangement becomes increasingly long, so 

much so that compared to the timescale of experimentation the liquid is considered 

“frozen” and named a “glass”
4
.  When the timescale of temperature- or pressure-

dependent degrees of freedom begin to exceed that of the experiment being used to study 

them, a change of properties occurs, and this is the basis of a glass transition
8
.     
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2.1.2. Glass Transition Temperature 

Glasses are formed by quickly cooling a viscous liquid past its melting point, 

avoiding crystallization, and continuing to cool to the glass transition temperature (Tg). 

The glass transition is defined with respect to the kinetic changes taking place upon glass 

formation, because the glass transition is not a phase transition; rather, it is a crossing 

over of experimental and molecular rearrangement timescales
5
.  

 The glass transition temperature can be defined in several ways. The first 

definition is with regard to the specific volume versus temperature plot at constant 

pressure of a glass-forming material; the glass transition temperature (Tg) is the 

temperature at which the liquid equilibrium line and vitreous region intersect
1
. An 

example of a volume versus temperature plot is shown in Figure 2.1. As mentioned 

before, different types of glasses can be formed based on the cooling rate, which also 

affects the value of Tg; a slower cooling rate allows for a supercooled liquid to remain on 

the equilibrium line of the extrapolated liquid region for lower temperatures
5
. However, 

the cooling-rate dependence of Tg is rather weak, changing by only 3-5 K for an order of 

magnitude change in cooling rate
4
.  

The second definition of Tg is with respect to the viscosity, which dramatically 

increases upon glass formation
5
, and is the temperature at which the viscosity is 

approximately 10
13

 Poise
6
. Another definition of Tg  is the temperature at which the 

structural relaxation time, τ, is equal to 100 seconds
11

.  

Lastly, another way to define Tg is with respect to the thermal expansion 

coefficient
5
 . The thermal expansion coefficient is equal to the slope of a plot of the 
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natural log of the specific volume versus temperature at constant pressure 

(=[d(lnVsp)]/dT]P)
4
. Referring back to Figure 2.1, it can be seen that the slope of the

liquid and supercooled liquid regions is noticeably different from that of the glass region; 

the temperature at which a distinct change of the thermal expansion coefficient occurs is 

defined as Tg. 

2.2. Slow Dynamics 

Upon approaching the glass transition temperature, a supercooled liquid’s 

viscosity increases dramatically. Viscosity is a measure of a liquid’s resistance to flow 

and reaches a value of 10
13

 Poise for a liquid cooled down to its glass transition 

temperature. For comparison purposes, the viscosity of benzene, water, and ethanol is on 

the order of 10
-2

 Poise at room temperature
4
, which is fifteen orders of magnitude smaller 

than that of supercooled liquids at Tg. 

Viscosity is a macroscopic representation of the dynamics of a liquid, and as the 

viscosity increases as the glass transition temperature is approached, the molecules move 

more and more slowly. It is not unexpected that the dynamics of a supercooled liquid 

slow as the temperature is lowered, since that is exactly what occurs when a liquid 

undergoes a phase transition into the crystalline state; however, it’s interesting that there 

is no obvious structural cause for the dynamics of a supercooled liquid to slow so 

dramatically at Tg
5
. While the dynamic properties of supercooled liquids change

drastically as the temperature is lowered, the structural and thermodynamic properties 

exhibit much weaker temperature dependencies, often exhibiting the same temperature-

dependence as the liquid regime above Tm
6
.
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Viscosity, η, is a measure of a material’s response to an imposed shear stress. The 

Maxwell equation shown in Eq. 2.1 depicts the relation between the viscosity and 

average relaxation time, τ, of a material’s response to the imposed shear stress. The two 

quantities are directly proportional to each other and related by a factor of an elastic 

material property known as the high-frequency shear modulus,   
2
. 

            (2.1) 

Viscosity is inherently proportional to the time scale of relaxation of a system 

back to equilibrium after a particular perturbation has been introduced, so an increase in 

viscosity from microscopic to macroscopic values upon cooling to the glass transition 

temperature region is directly reflected in the values of the observed relaxation times
13

. 

The time scale of relaxation increases over ten orders of magnitude upon cooling, just as 

the viscosity does, portraying the dramatic slow-down of molecular motion in 

supercooled liquids and glasses.  

This dramatic slowing down of molecular dynamics in supercooled liquids allows 

the dynamics to be probed experimentally due to the substantial increase in molecular 

motion time scales.  The rotational times of low molecular-weight molecular liquids 

increase from being on the order of nanoseconds/picoseconds at higher temperatures well 

above Tg, to on the order of seconds, ranging from 10 to 10
4
 seconds

5
. The dynamics of 

supercooled liquids may be studied by perturbing the equilibrated system and observing 

the relaxation of the anisotropic system back into equilibrium.   
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2.3. Non-exponential Relaxations 

Because of the dramatic slow-down of the molecules in a supercooled liquid state, 

the system may be perturbed in such a way so that the response may be observed and 

captured experimentally as a function of time.  The return of the system back to its initial 

unperturbed equilibrium state is called relaxation. Near the glass transition temperature 

when the relaxation timescales are on the order of 100 ns to 1 s, viscosity fails to capture 

the complexity of a supercooled liquid’s dynamics
14

, and as a result many different 

experiments and simulations probing the molecular responses of glass-forming liquids 

near their glass transition temperature have been performed to gain better insight of the 

intensely slowed molecular dynamics. The indication of an apparent “complexity” that 

arises in the dynamics as a supercooled liquid is cooled down to temperatures near its 

glass transition becomes apparent upon comparing the manner in which substances relax 

as both a liquid, at temperatures nearer the boiling point, and as a supercooled liquid, at 

temperatures below the melting point and closer to Tg. At higher temperatures when a 

liquid is perturbed, a relaxation that is exponential in character follows
8
; however, in the 

supercooled liquid regime, non-exponential relaxation curves are observed for nearly all 

experiments investigating the structural relaxation phenomena of supercooled liquid 

systems
14

. The universality of non-exponential structural relaxations in supercooled 

liquids has been exemplified by several different types of experiments. 

Non-exponential responses are typical for vitrified substances and have been 

observed using a variety of experimental techniques on numerous glass-formers
10

, but 

there are a few exceptions. While supercooled liquids are notorious for relaxing in a non-
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exponential fashion, in hydrogen-bonded organic supercooled liquids, especially 

“normal” or aliphatic monohydric alcohols, a dielectric response that is more exponential 

than expected is found to occur
8,10

. 

Relaxations of varying types with different related correlation functions are being 

observed, and though the curves may not be identical, they are all signatures of the 

primary relaxation process in liquids that is responsible for structural relaxation, viscous 

flow, and glass transitions
14

; the relation of different relaxation functions to each other is 

of great interest in the field of viscous liquids and glassy solid dynamics
15

.  

Relaxations of many types have been studied using different experimental 

techniques. The dielectric response function is the simplest and most accurately 

measured, but it is not the most fundamental. Volume and enthalpy relaxations, measured 

by neutron scattering methods and specific heat spectroscopy respectively, are found to 

be the most fundamental; both responses involve observing the decay of fluctuations 

about the equilibrium thermodynamic states
15

.  Examples of other experimental 

techniques that enable the observation of different relaxation curves of supercooled 

liquids include shear or bulk modulus of mechanical methods, dynamic heat capacity 

experiments, nuclear magnetic resonance techniques, photon correlation spectroscopy, 

and Brillouin scattering. 

Another set of experimental techniques used to observe relaxation functions in 

supercooled liquids involves introducing low concentrations of “probe” molecules into a 

glass-forming liquid, as was done in this experimental study, to sense the dynamics of the 

supercooled liquid system indirectly. Techniques involving optically active probe 
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molecules are dipolar and mechanical solvation dynamics, fluorescence and 

phosphorescence probe rotation techniques, photobleaching, and transient grating 

measurements
14

. The technique used to study the ultraslow rotational dynamics of the 

imidazolium-based ionic liquids in this study was fluorescence recover after 

photobleaching (FRAP), and will be further elaborated on in Chapter 3. 

Relaxation of a supercooled liquid may be studied in a variety of ways, and 

though the different curves may not be identical, all glass-formers show a commonality in 

their response to an external perturbation. While liquids, whether glass-forming or not, 

respond to external perturbations exponentially at higher temperatures well above the 

melting point and closer to the boiling point, non-exponential relaxation curves are the 

norm for supercooled liquids at lower temperatures near the glass transition
8
. Except at 

very high temperatures, the response of viscous supercooled liquids and glasses cannot be 

described by a simple, single exponential function
15

. 

2.3.1. The Relaxation Function 

Many different types of relaxations with different corresponding correlation 

functions have been observed experimentally, and it is interesting that near the glass 

transition supercooled liquids respond similarly to different types of perturbations by 

undergoing non-exponential relaxations. Instead of a simple exponential function to 

describe a supercooled liquid’s response, a more complex equation must be used to 

properly fit the data, and it is found that the Kohlrausch-Williams-Watts (KWW) 

equation is appropriate. The KWW correlation function is shown in Eq. 2.2. 
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The KWW function has two experimental parameters: β, which gauges the extent 

of non-exponentiality, and the relaxation time, τ. β varies from zero to one, with     

corresponding to the simple exponential case. As the value of β decreases, the 

exponential becomes more “stretched,” hence less exponential. β varies for different 

materials and is generally found to be temperature and/or pressure dependent
14

. In the 

liquid regime at temperatures above the melting point, Tm, the response to an external 

perturbation is exponential, so β = 1. β decreases as the temperature is lowered towards 

Tg in many supercooled liquid systems
4
. Near Tg, materials of varying types have been

found to exhibit β values ranging anywhere from 0.3 to 0.8
10

. There is no way to predict 

the value or temperature-dependence of β for a supercooled liquid system, so it must be 

determined experimentally
14

. 

For certain materials, within a certain temperature range, the β parameter may 

remain constant for a series of experiments performed at different temperatures
6
. A 

constant β value means the shape of the relaxation curve is temperature-invariant, and the 

relaxation process is claimed to abide by time-temperature superposition (TTS)
14

. If the 

TTS principle is obeyed, plotting the relaxation functions versus t/τ for each temperature 

will cause all the response curves to overlap resulting in one temperature-independent 

master curve
6
. Typically TTS is only valid within a small range of temperatures when the 

relaxation times aren’t varying by more than a few orders of magnitude of each other, so 

very few substances “truly” follow TTS. To prove that a substance truly follows TTS 

data must be collected for the same correlation function for the same material across all 
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time scales ranging from picoseconds to hours, and until recently that has not been 

experimentally possible
15

.   

 β approaches unity in the high fluidity regime and is typically found to decline as 

the temperature is lowered
2
; however, the temperature dependence of β may change 

depending on the temperature range considered. The KWW function is the most 

economical fitting equation for characterizing the deviation from exponentiality 

occurring as a supercooled liquid responds to an external perturbation
15

. It has been made 

very clear by multiple experiments on a wide variety of materials that the relaxation 

curves of supercooled liquids deviate from a simple exponential curve; however, the 

cause of this recurring non-exponentiality has not yet been proved experimentally. Two 

scenarios have been developed to explain the origin of non-exponential relaxations in 

supercooled liquid systems and are both plausible, yet based on highly opposing views. 

Before explaining the origin of non-exponential relaxations there is another recurring 

phenomenon in supercooled liquids to be touched on:  deviation from Arrhenius 

behavior. 

2.4. Non-Arrhenius behavior  

 Along with non-exponential relaxations, another distinguishing feature of 

supercooled liquid and glassy dynamics is non-Arrhenius temperature-dependence. 

“Arrhenius behavior” or “Arrhenius temperature-dependence” refers to the viscosity, η, 

or relaxation time, τ, obeying the Arrhenius rate law.  The Arrhenius rate law is shown in 

Eq. 2.3. 
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In Eq. 2.3, η0 and E, the activation energy, are temperature-independent, and kB is 

the Boltzmann constant. Note that in Eq. 2.3  ( ) may be replaced with  ( ). Plotting 

the natural logarithm of the viscosity or relaxation time versus the inverse temperature 

gives a straight line with a slope proportional to the activation energy for a system 

exhibiting Arrhenius behavior. Most condensed phases respond to an external 

perturbation in a manner obeying the Arrhenius law, as do chemical and naturally 

occurring rate processes
8,12

.  

At high temperatures most liquids follow Arrhenius temperature-dependence
6
, but 

at intermediate and low temperatures below Tm and down to Tg the viscosities and 

relaxation times of supercooled liquids begin to deviate from Arrhenius behavior
11,15

. It is 

typically found that the dynamic properties of supercooled liquids follow a temperature-

dependence stronger than that governed by the Arrhenius rate law and exhibited by 

liquids above Tm
6
.

Figure 2.2 shows an Arrhenius plot of the logarithm of viscosity versus 1000/T 

for an assortment of supercooled liquids ranging from oxides to molecular liquids. The 

line drawn at log(viscosity/poise) = 13 corresponds to the glass transition temperature of 

each compound. The curves are spread across a wide range of temperatures, since the 

various compounds all have different characteristic melting points and glass transition 

temperatures. 
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Figure 0.2 Arrhenius plot depicting the temperature dependence of the viscosities of an 

assortment of liquids with varying Tg values. The line drawn at Log(viscosity/poise) = 13 corresponds 

to the Tg value of each substance, since η(Tg)=10
13

 Poise. (Adapted from Reference [2] with 

permission. Copyright 1995, American Association for the Advancement of Science). 

 Figure 2.2 makes the deviation from Arrhenius behavior readily apparent, because 

of the deviation from linearity. The curvature and steepness of the lines show how a small 

decrease in temperature may result in a considerably larger increase in viscosity, hence 

the general dramatic molecular dynamical slow-down as Tg is approached for glass-

formers of all types; most polymeric systems also exhibit similar behavior despite the 

absence of any examples included in Figure 2.2
6
. 

 C. A. Angell has argued that the “almost universal departure from the familiar 

Arrhenius law is perhaps the most important canonical feature of glass-forming 

liquids”
2,12

. However, while this phenomenon is a recurring event in supercooled liquids, 

the extraordinary temperature sensitivity and slow down of dynamical processes near Tg 

remain unpredictable and lacking in an adequate understanding of origin. Although the 
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viscosity and relaxation times at low temperatures may not fit to an Arrhenius equation, 

the dynamical behaviors of supercooled liquids have been described by a wide variety of 

other equations
15

; the most commonly used is the Vogel-Fulcher-Tammann (VFT) 

equation
8
.  

2.4.1. VFT Equation 

The VFT equation is widely used to fit the viscosity or relaxation time data for 

systems deviating from Arrhenius temperature-dependence. The original form
16

 of the 

VFT equation is shown in Eq. 2.4, and the logarithmic form is shown in Eq.2.5 with the 

viscosity interchangeably replaced by the relaxation time. In Eq. 2.5, A = log10(η∞), B = 

(T∞-T1)log10(η∞), and T0 = T∞
14

. The VFT equation implies a non-zero Kelvin

temperature, T0, at which the viscosity and relaxation time diverge and the 

configurational entropy disappears
17

. Whether or not a divergence actually occurs is 

questionable. Recently, McKenna and coworkers performed calorimetric and stress 

relaxation measurements on a 20-million-year-old sample of amber and found a lack of 

divergence occurring in the relaxation times at the predicted T0 value
18

.

        [
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In polymer science, the Williams-Landel-Ferry (WLF) equation is more 

commonly used to describe the temperature dependence of the viscosity or relaxation 

times
19

.  The WLF equation is mathematically equivalent to the VFT equation and is 

shown below in Equation 2.6. In the WLF equation,    and    are empirically determined 
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constants, Tref is a reference temperature normally taken to be Tg, and    is the ratio of 

the relaxation time at a temperature, T, over the relaxation time at the reference 

temperature (i.e.,     
 ( )

 (    )
).  

   (  )   
   (      )

   (      )
(2.6) 

The VFT equation may be the most frequently used fitting equation for 

supercooled liquids and glasses, but it is by no means a perfect fit across all temperatures 

and for every type of system portraying any degree of deviation from Arrhenius behavior. 

Unless time-temperature superposition (TTS) is obeyed, the relaxation curves will be 

dispersed differently, and the relaxation times may not show the same temperature 

dependence across the entire liquid regime
14

. The VFT equation works best for systems 

deviating only slightly from Arrhenius behavior, and for data ranging within 2-4 orders of 

magnitude of each other; systems showing greater deviations from Arrhenius behavior 

cannot be fit by a single set of parameters
15

.   

Setting T0 = 0 K in Eq. 2.5 yields the Arrhenius equation, and the experimental 

parameter B is then proportional to the activation energy by a factor of the Boltzmann 

constant. For non-Arrhenius processes, an apparent activation energy may be calculated 

by evaluating the slope at any given temperature of an Arrhenius plot and taking into 

account the Boltzmann constant (Equation 2.7)
4
. 

    [
 (   )

 (
 

 
)
] (2.7) 

For systems displaying Arrhenius behavior, the activation energy is a 

temperature-independent constant, but for systems showing varying degrees of curvature 
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on an Arrhenius plot the activation energy is temperature-dependent and increases with 

decreasing temperature
6
. These two types of behavior have led to a classification system 

of defining supercooled liquids as being either “strong” or “fragile.”  

2.4.2. Fragility 

 The Arrhenius plot shown in Figure 2.2 reveals that supercooled liquids of 

varying types deviate from Arrhenius temperature-dependence. However, because the 

different supercooled liquids in the plot have different Tg’s, the data is spread across a 

wide temperature range and is not portrayed in a way which allows comparisons to be 

made. As it turns out, the degree of deviation from Arrhenius behavior is material-

specific
14

; supercooled liquids that more closely follow Arrhenius temperature-

dependence are coined “strong,” and  those which deviate more from Arrhenius behavior 

are classified as “fragile.” The terms “strong” and “fragile” are used to indicate a liquid’s 

sensitivity to temperature change
8
; the more fragile a liquid, the more affected its 

structure is with respect to fluctuations in temperature
12

.  

A Tg-scaled version of an Arrhenius plot, commonly called an “Angell plot” 

allows for fragilities of different liquids to be compared to each other. An Angell plot is 

shown in Figure 2.3; it is essentially an Arrhenius plot with each curve scaled by its glass 

transition temperature, making the x-axis unitless. Since Tg is based on a kinetic 

definition, all curves will converge at Tg/T=1 at either log10((η(Tg) = 10
13

 P)/P) = 13 or 

log10((τ(Tg) = 100s)/s) = 2 depending on whether the relaxation times or viscosities are 

being evaluated
14

. Strong liquids will appear more linear on an Angell plot, and fragile 

liquids will exhibit more curvature.  
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Figure 0.3 Angell Plot of log10(τα/s) vs. Tg/T for three intermediate glass formers. They fall 

between the two extremes depicted by dotted lines of a prototypical strong and fragile liquid, which 

correspond to m=16 and m=170 respectively. All of the curves converge at Tg/T, since an arbitrary 

relaxation time is used to designate Tg; τ(Tg) = 100 s, so log10(τα(Tg)/s) = 2. The unitless axis allows for 

direct comparisons to be made between the fragilities of different glass formers by comparing the 

amount of deviation from linearity. (Adapted from Reference [14] with permission. Copyright 2012, 

John Wiley & Sons, Inc.). 

To gain a more quantitative measure of fragility, the steepness index may be 

calculated (Equation 2.8). The steepness index is the slope of log(η(T)) versus Tg/T 
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evaluated at Tg
6
. The larger the slope, the more affected the viscosity is by a slight

temperature change, hence the greater the fragility. 

    
        

 (
  

 ⁄ )
|

    

(2.8) 

It is found that strong glass formers, such as SiO2, tend to have a more open 

network while fragile systems are more compact
6
. Since strong liquids are known to be 

the least-closely packed, fragility gives some physical insight into a system and is 

strongly dependent on density
12
. Classifying liquids as either “strong” or “fragile” and 

quantifying fragility has proven to be beneficial in gaining a better understanding of the 

vitrification process in terms of fundamental thermodynamic quantities from which other 

material properties may be calculated
10

. However, fragility is not understood well enough 

at the microscopic level to allow for accurate predictions based on knowledge of the 

chemical structure of the components of a liquid alone
6,14

.  

2.5. Dynamic Heterogeneity 

Non-exponential relaxations are a recurring phenomenon in supercooled liquids 

which have no readily apparent structural origin.  Spatially heterogeneous dynamics have 

been attributed as the cause of the stretched exponential decay observed in glass formers
5,

14,20
.  “Spatially heterogeneous dynamics” or “dynamic heterogeneity” refers to the 

existence of independent, spatially separated, and exponentially decaying domains with 

varying  relaxation rates
14

; the dynamics of one cluster may be orders of magnitude faster 

than a neighboring cluster no more than a few nanometers away, and the resulting 

averaged relaxation curve is non-exponential
5
. Opposing the “heterogeneous picture” is 
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the “homogeneous picture,” which implies that each molecule relaxes in an intrinsically 

non-exponential and practically identical fashion
5
. The idea of dynamical heterogeneity is 

no longer considered the “alternative view” for explaining the non-exponential decay in 

supercooled liquids and has proven to be necessary in interpreting experimental work 

performed on supercooled liquids
5,14

.   

A pictorial representation of the heterogeneous and homogeneous views of 

supercooled liquid dynamics is shown in Figure 2.4.  Heterogeneity refers to a spatial 

distribution of exponentially relaxing domains with varying rate constants
21

. In the 

heterogeneous picture shown in Figure 2.4 the spatially dispersed sites depicting the local 

plots of      versus time will be linear but vary in their time dispersion. On the right 

hand side of Figure 2.4 is the homogeneous picture where each site is shown to be 

relaxing in a nearly identical, intrinsically non-exponential fashion. The resulting average 

relaxation curves are the same on both sides. 
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Figure 0.4 Side by side comparison of the homogeneous and heterogeneous interpretations of 

supercooled liquid dynamics. Each plot represents a localized site in a supercooled liquid system.   is 

an arbitrary relaxation function. Log( ) vs. time is linear in the heterogeneous picture, because each 

site is relaxing exponentially but at different rates; the resulting average relaxation curve is non-

exponential. In the homogeneous picture each site is relaxing uniformly in a non-exponential fashion, 

which also results in an overall non-exponential relaxation curve. (Adapted from Reference [20] with 

permission. Copyright 1994, Elsevier.).  
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Differing views on the origin of non-exponentiality in supercooled liquid systems 

evoke contrasting interpretations of the correlation function. The inverse Laplace 

transform of the correlation function (Equation 2.2) yields Equation 2.9
5,14

. 

 ( )    ∫  (   )   
 ⁄     

 

  
(2.9) 

In the heterogeneous picture, Equation 2.9 may be interpreted as a superposition 

of exponentials with varying relaxation times where g(lnτ) represents the probability 

density function for the distribution of relaxation times
14

. In the homogeneous picture 

g(lnτ) does not have a straight-forward physical rendition
5
.  

Computational work has been done to gain more perspective on spatial 

heterogeneity of dynamics in liquids, but it cannot be considered conclusive. Simulations 

are limited to simple molecules and relaxation times on the order of nanoseconds, 

whereas in the laboratory the dynamics of molecular liquids of varying complexity are 

observed on the order of seconds
5
.  

Dynamic heterogeneity has arisen as an important concept in the field of 

supercooled liquids and amorphous solids, and it would not have become so if a direct 

connection between structural properties and non-exponential relaxations had been 

clearly established and proven experimentally
3
. 
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CHAPTER 3

FLUORESCENCE RECOVERY AFTER PHOTOBLEACHING:

THEORY AND EXPERIMENT 

The technique utilized to observe the ultraslow rotational dynamics of 

imidazolium-based ionic liquids in this study was fluorescence recovery after 

photobleaching (FRAP). The exceedingly long relaxation times of supercooled liquids 

near their glass transition temperature require experimental means which are capable of 

measuring long relaxation times on the order of seconds, minutes, or longer. 

Fluorescence anisotropy decay may be used to study the rotational motion of molecules 

in solutions but is unsuitable for supercooled liquids due to the timescale limitations 

brought about by the short fluorescence lifetime of probe molecules ranging between 

only 10-100ns
1
. As stated in Chapter 2, the relaxation time of supercooled liquids at Tg is

100 seconds, so using fluorescence alone to study the dynamics of supercooled liquids is 

not a possibility at low temperatures. Transient optical techniques and NMR have 

previously been used to study the single particle relaxations in viscous liquids, but neither 

method is capable of monitoring the ultraslow rotational dynamics of supercooled liquids 

near their glass transition temperature. Dielectric methods allow for timescales as long as 

10
4
 seconds to be monitored but don’t always reveal a straightforward connection to 

molecular motion, since collective rather than single particle relaxations are observed by 

these methods
2
. 
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FRAP is a pump-and-probe technique; the name arises from the fact that 

fluorescent probe molecules dispersed throughout a liquid matrix are selectively 

“pumped” into a state which no longer exhibit fluorescence, and the resulting anisotropic 

distribution of ground state molecules is “probed” as a function of time
3
. Photobleaching 

is an irreversible process, so this allows for relaxations of indefinitely long times to be 

measured, which is perfect for studying the dramatically slowed dynamics of supercooled 

liquids as they approach the glass transition temperature
3
. FRAP is suitable for dynamical 

studies ranging on the order of tens of microseconds up to more than seconds
4
. 

Limitations on shorter time scales are brought about by the kinetics of the photobleaching 

reaction, and longer timescales are limited only by the ability to maintain a supercooled 

liquid at a constant temperature far below its melting point while avoiding 

crystallization
2
.  

FRAP was first developed by Smith et al. as a way to study translational and 

rotational diffusion in biological membranes
1,5

. Fluorescent lipid molecules were used as 

probes, and rotation times ranging from 0.6-800 seconds were observed. Cicerone and 

Ediger developed a modified table-top version of the FRAP experiment to study the 

rotational diffusion of probe molecules in glassy materials and provided the basis for our 

experimental set up. They observed the rotational diffusion of tetracene in the fragile 

glassformer o-terphenyl (OTP) at temperatures near and below Tg ranging on a timescale 

of seconds to kiloseconds
2,6

. 



Texas Tech University, Kayla Diane Mendoza, December 2013 

39 

3.1. Measuring Rotational Motion Using FRAP 

Utilization of the FRAP technique allows us to measure the single-particle P2 

orientation autocorrelation function of probe molecules in supercooled and glassy 

materials
6
. More details will follow on the mathematics and theoretical background 

behind FRAP, but first a simple explanation of how exactly the photobleaching and 

fluorescence recovery process of probe molecules may be carried out in such a way as to 

reveal information on the rotational dynamics in a liquid matrix will be given. 

Initially, all the probe molecules are fluorescently active and found to be 

isotropically dispersed throughout a liquid sample. At time t=0, a brief, intense pulse of 

linearly polarized light irradiates the sample. This causes the probe molecules whose 

transition dipole moments are aligned with the polarized light to be photobleached and 

rendered permanently non-fluorescent.  Photobleaching by polarized light creates an 

anisotropic distribution of bleached and unbleached probe molecules. After bleaching, a 

probe beam is used to capture the fluorescence intensity both parallel and perpendicular 

to the bleaching beam. The probe beam originates from the same source as the bleach 

beam but is attenuated by neutral density filters so as to not invoke further 

photobleaching. An intensified probe beam would yield a stronger fluorescence signal but 

causes substantial amounts of residual bleaching, which would obscure the true rotational 

dynamics from being observed
6
.  

The fluorescent probes parallel to the bleaching beam have been preferentially 

bleached, so immediately following photobleaching the fluorescence signal parallel to the 

bleach beam will be absent; bleached molecules do not fluoresce, so there will be no 
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signal. On the other hand, the fluorescence signal perpendicular to the bleach beam will 

be much stronger immediately after photobleaching, because these molecules have 

remained unbleached. In time the two signals will become identical as molecular motion 

returns the system back to an isotropic distribution of fluorescently active probes; the 

anisotropy decay is facilitated only by rotational motion of the probe molecules. The 

fluorescence signal parallel to the bleaching beam increases, and the signal perpendicular 

to the bleaching beam decreases as the molecules begin to randomize themselves in an 

isotropic dispersion of bleached and unbleached probes. A schematic picture of what is 

occurring to the tetracene molecules during the FRAP experiment is shown below in 

Figure 3.1. 

The fluorescence signal parallel to the bleaching beam is “recovered” on the 

timescale of molecular motion. The use of linearly polarized light is what makes it 

possible to gain insight into the rotational dynamics; unpolarized bleach and probe beams 

reveal information on the translational diffusion of fluorescent probes
4
. By using FRAP, 

information is obtained on the rotational diffusion of a liquid; however, it is done so 

indirectly by the use of probe molecules. The introduction of probe molecules brings 

forth both advantages and disadvantages which need to be taken into consideration. 
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Figure 0.1 Schematic diagram of rotation of tetracene molecules upon photobleaching. The 

yellow ovals represent fluorescently active tetracene molecules, and the gray pentagons represent 

liquid molecules. Immediately after photobleaching the molecules oriented parallel to the bleaching 

beam have been preferentially bleached, creating an anisotropic distribution. Upon reorientation, an 

isotropic distribution of bleached and unbleached tetracene molecules arises.  

3.2. Probe Molecules 

 Measuring rotational diffusion of a liquid using the FRAP technique doesn’t 

allow us to observe the rotational dynamics directly. Rather, the dynamics are observed 

indirectly by measuring the fluorescence of organic probe molecules introduced in low 

concentrations. The FRAP technique involves bleaching a subset of fluorescently active 

probe molecules with a selected orientation and then interpreting the rotation of the 

probes by measuring the fluorescence of the remaining ground state probe molecules at 

orientations parallel and perpendicular to the bleaching beam.  

 The fact that probe molecules must be introduced in order to use the FRAP 

technique could be considered a potential disadvantage of this technique. However, dilute 

concentrations are employed, because FRAP is sensitive to low fluorescence intensities. 
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Consequently, viscosity, Tg, and other macroscopic properties of a liquid are not strongly 

affected by the addition of fluorescent probes. An advantage of using fluorescent labels to 

study macromolecular dynamics is that they allow for the observation of dynamics on a 

range of different length scales by simply varying the probe molecule
6
. The use of 

fluorescent probe molecules is also advantageous, especially for the study of dynamics of 

supercooled and glassy systems, considering the fact that dynamics of indefinitely long 

time scales may be studied due to the permanence of the photobleached state. 

Choosing which probe molecules to use for FRAP experimentation depends on 

the laser in operation, because the laser must generate light at the wavelength 

corresponding to the maximum absorption wavelength, 𝜆max, of the probe. The 

chromophores are able to undergo photobleaching and generate fluorescence only from 

the excited state.  For our experimental FRAP studies of the rotational dynamics of 

imidazolium-based ionic liquids, tetracene was chosen as the probe molecule.  Tetracene 

has a 𝜆max of 478 nm, and the Argon ion laser used in our experimental setup generates 

light at a wavelength of 476 nm, which is suitable for adequate photobleaching and 

fluorescence. 

3.2.1. Photobleaching Mechanism 

The explicit photobleaching mechanism of tetracene is unimportant for our 

purposes, since the rotational dynamics of only the unbleached tetracene molecules are 

observed via fluorescence capture. Also, since the photobleaching reaction is 

instantaneous on the timescale of molecular reorientation
4
, it is especially not of concern 

for the study of ultraslow dynamics of supercooled liquids. The exact photobleaching 
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mechanism for tetracene is unknown, but based on the experimental parameter 

dependencies of the photobleaching reaction a mechanism has been proposed and is 

shown in Equation 3.1. The photobleaching reaction depends on the laser light intensity, 

fluorescent probe concentration, and dissolved oxygen concentration
7
. 

         

       
        

   (3.1) 

     
       

In the mechanism shown in Eq. 3.1, S is the sensitizer molecule (tetracene), and 

M is another tetracene molecule; the asterisks denote electronically excited states
6
. This 

mechanism is consistent with the observations that in the absence of oxygen no 

photobleaching reaction occurs and that the efficiency of the photobleaching reaction is 

directly proportional to oxygen concentration
2
.   

Upon irradiation in the presence of oxygen, tetracene molecules have a quantum 

efficiency of about 10
-4

 of undergoing a photo-peroxidation reaction to yield the 

permanently photobleached state
8
. The inefficiency of the bleaching reaction means 

many molecules simply relax to the ground state after being excited many times during 

the bleaching pulse, but Cicerone and Ediger found this energy dissipation to not be of 

concern with respect to causing artificially fast diffusion due to local heating
6
.  
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3.3. Theoretical Background 

 Now that a general representation of how rotational diffusion is measured by the 

introduction of fluorescent probes and using the FRAP technique has been given, the 

mathematics and theory behind this experimental technique may now be understood. The 

majority of this theoretical annotation is based off the work published by Lettinga et. al
4
.  

 In the FRAP experiment, originating from the same laser source is a bleaching 

beam and probe beam polarized in one direction and another probe beam oriented 

perpendicular to the bleaching beam; these two directions are denoted as vectors  ̂ and  ̂ 

respectively. From the sample cell, as a result of irradiation by the probe beams is an 

emanating beam of fluorescence which is collected through a polarizer oriented in the 

direction  ̂. The measured fluorescence intensity is given by Equation 3.2; the integration 

is over all the ground state molecular orientations and positions available within the 

sample volume, V, irradiated by way of the probe beam.   

(3.2)  

 ( )   ( )    ∫  ∫   ∫  ∫     (     ) ( ̂      |     )  ( )  ( ) 

 In Equation 3.2, the product of quantum efficiencies for photon absorption and 

emission and the detection efficiency of the fluorescent labels is represented by     . The 

variables r and   are the position and orientation degrees of freedom, and t is the time 

variable.  ( ̂       |     ) is the conditional probability density function (pdf) for the 

dye molecules following the bleaching pulse at time t=0  polarized in the direction  ̂, 

provided that the molecules were initially in positions    and orientations   . At t=0, 
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 (     ) is the equilibrium pdf for the molecules in positions    and orientations   . 

The equilibrium pdf for an isotropic system at t=0 is shown in Equation 3.3; before 

bleaching there is an equal probability of a dye molecule occupying any potential 

position and orientation. 

 (     )   
 

(    )
(3.3) 

The orientations,  , are expressed in terms of three Euler angles,      and  . 

Figure 3.2 depicts the angles used to designate the dye molecule coordinates. The angle   

represents the pure axial rotation. All values of   are presumed to be equally probable 

before photobleaching
1
.  

Figure 0.2 This figure simply depicts the Euler angles used to designate the orientations, Ω, 

of the dye molecules in solution. The angle γ represents the pure axial rotation of the probe 

molecules. (Adapted from Reference [4] with permission. Copyright 2004, American Institute of 

Physics). 
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In Equation 3.2,   ( ) is the probability of a probe molecule absorbing a photon 

with polarization  ̂ at time t, and   ( ) is the probability of photon emission polarized in

direction  ̂ at time t. As can be seen in Equation 3.2, the fluorescence intensity at time t

is proportional to these two probabilities
4
. The first factor in Equation 3.2, A(t), attributes 

the return of reversibly bleached probes to the ground state. 

 After photobleaching, the pdf of the probe molecules changes from that shown in 

Equation 3.3. The system is no longer isotropic, and the pdf becomes dependent on both 

the bleaching polarization,  ̂, and time, t. The pdf for the molecules after bleaching is

shown in Equation 3.4.   (  ) is the probability of a probe molecule being bleached at 

time t=0. 

 ( ̂       |     )   (     |     )     (  )  (3.4) 

The pdf defined in Equation 3.4 can be substituted into Equation 3.2 to yield 

Equation 3.5. The term  ( ) appears in Equation 3.5 and is used to represent the steady-

state fluorescence intensity in the absence of a bleaching pulse
4
, so  ( )   (   ).

 ( )   ( )   ( ) ∫   ∫    (     )  (  ) (3.5) 

               ∫  ∫   (      |     )  ( )  ( ) 

The bleaching contrast is shown in Equation 3.6. It is the difference between the 

fluorescence intensity as a function of time minus the intensity before photobleaching, 

and it should be noted that the value of the bleaching contrast is negative
4
. 

  ( )   ( )   ( ) (3.6) 
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 The probability of an individual probe molecule undergoing photobleaching, 

photon absorption, or photon emission depends on its orientation with respect to the beam 

polarizations, i.e. with respect to  ̂  ̂  and  ̂. A sketch of the experimental geometry is 

shown in Figure 3.3. The dependence of a probe molecule undergoing photon absorption 

or emission is dependent on these beam polarizations, because the probes have transition 

dipole moments for which the probability of photon absorption or emission is maximal. 

The probabilities of photon absorption (A) or emission (E) of a photon polarized in the 

directions  ̂ and  ̂ respectively are shown in Equations 3.7 and 3.8;  ̂ is the unit vector 

describing the direction of the transition dipole moment for either absorption or emission 

depending on the subscript.  
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Figure 0.3 A sketch of the experimental geometry used to study rotational motion using 

FRAP is shown. The polarization of the bleaching and probe beams are 90° apart and denoted by  ̂

and  ̂ respectively. The bleaching beam is angled 45° with respect to the vertical, and the probe beam

at -45°. The emitted fluorescence  ̂ is collected through a polarizer in the direction 54.7° with respect

to the horizontal. (Adapted from Reference [4] with permission. Copyright 2004, American Institute 

of Physics). 

The absorption dipole moments are dependent on the excitation wavelength, so in 

the FRAP experiment where the probe and bleach beams both originate from the same 

laser source, the corresponding dipole moments  ̂   and  ̂ are identical
4
.  

  ( )   | ̂ ( )   ̂|
 

(3.7) 

  ( )   | ̂ ( )   ̂|
 

(3.8) 

Assuming a first-order bleaching reaction, the probability of a probe molecule 

undergoing photobleaching by a photon emitted from the bleaching pulse polarized in the 
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direction  ̂ is given by Equation 3.9, and the definition of the parameter K is shown in

Equation 3.10
9
. The parameter K essentially describes the bleaching process, and it is 

proportional to the bleaching intensity,   , bleaching time,    , and a proportionality 

constant,   , which expresses the efficiency of the bleaching process
10

. 

  (  )        [  | ̂ (  )   ̂|
 
] (3.9) 

          (3.10) 

In the case of shallow bleaches, K=1, and Equation 3.9 can be approximated as 

shown in Equation 3.11. 

  (  )     | ̂ (  )   ̂|
 

(3.11) 

Before restating the bleaching contrast equation (Equation 3.6) with respect to the 

fully defined probability terms (Equations 3.7, 3.8, 3.11), one last term in Equation 3.5 

needs to be slightly altered. The pdf after photobleaching (Equation 3.4) is shown to be 

dependent on  ̂,  , and r and parameterized by t, which means the pdf contains

information on both rotational and translational motion. However, it turns out that if the 

spatial bleaching pattern is much greater in size by comparison to the probe molecule 

dimensions then the translational diffusion contribution is negligible and may be 

disregarded
4
. Because translational diffusion is not of concern, the pdf may be re-written 

as shown in Equation 3.12. 

 ( ̂       |     )    ( ̂     |  ) (3.12) 

Now that the probabilities of photon bleaching, absorption, and emission have 

been defined in terms of the dipole moments and polarizations and the pdf has been 
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altered to rid the contribution from translational diffusion, the newly defined terms may 

be inserted into Equations 3.5 and 3.6 to yield the bleaching contrast shown in Equation 

3.13. The brackets indicate an ensemble average over all probe molecule orientations.  

  ( )   
 

    ( )    〈| ̂   ̂ |
 

 
| ̂   ̂ |

 

 
| ̂   ̂ |

 

 
〉  (3.13) 

 By optimization of the experimental geometry, which will be explained in the 

next section, the anisotropy function may be written in terms of the bleaching contrasts 

and is shown in Equation 3.14.      ( ) is the total bleach contrast, and    ( ) and    ( ) 

are the bleach contrasts corresponding to the parallel and perpendicular directions with 

respect to the bleaching beam. In Equation 3.14,   ( ) is the difference in fluorescence 

intensities before bleaching and after bleaching; i.e.   ( )   ( )   ( ).6 The total 

bleaching contrast is defined as:       ( )     ( )      ( ).  

 ( )   
   ( )    ( )

     ( )
    (3.14) 

 The orientation autocorrelation function, CF(t),  is shown below in Equation 3.15 

in terms of the initial anisotropy and time-dependent anisotropy after the system has 

undergone polarized photobleaching.  

  ( )   
 ( )

 ( )
     (3.15) 

 The orientation autocorrelation function is related to molecular motion as shown 

in Equation 3.16, where an ensemble average is indicated by the angular brackets, P2 is 

the second Legendre polynomial, and  ̂ is the absorption transition dipole moment of the 

probe molecule
6
.  

  ( )   〈    ̂( )   ̂( ) 〉    (3.16) 
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The next section will thoroughly describe the experimental geometry and 

quantities obtained in order to calculate the bleaching contrasts, anisotropy, and 

correlation function of probe molecules in supercooled ionic liquids. The Kohlrausch-

Williams-Watts (KWW) function described in Chapter 2 will reappear, as it is utilized to 

fit the anisotropy decays and fulfills the role as the correlation function from which useful 

information may be derived. 

3.4. Experimental Apparatus 

A schematic layout of the experimental apparatus is illustrated in Figure 3.4
11

. 

The rotational FRAP experiment was originally set up by Dr. Justin R. Rajian, a post-doc 

who previously worked in Dr. Quitevis’s research group. The entire apparatus is located 

on a table which is designed for optical experiments and supported by pneumatic 

isolation mounts that prevent the table from ever being off-balance and minimize the 

effects of external vibrations. Beginning with the light source, an Argon ion laser (Innova 

90C, Coherent) is used, and the settings are adjusted to 0.4 Watts and set to emit light at a 

wavelength of 476 nm, which corresponds to the maximum absorption band of the probe 

molecule, tetracene. 
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Figure 0.4 Symbolic depiction of the FRAP experimental setup utilized in this experimental 

study. S is shutter, NDF is neutral density filter, P is polarizer, EOM is electro-optic modulator, PMT 

is photomultiplier tube, LPF is low pass filter. (Adapted from Reference [11] with permission). 

Following the Argon ion laser is a beam splitter, signified in Figure 3.4 by a thin 

diagonal black line, which splits the beam into two separate pathways:  the probe beam 

and the bleaching beam. S1 and S2 are shutters, which are controlled automatically 

through a shutter-controlling circuit which we communicate with through the Visual 

computer program written by Dr. Rajian. At the beginning of the experiment during the 

bleaching pulse, S2 is momentarily opened while S1 and S3 are closed. After bleaching 

S2 is closed for the remainder of the experiment, and S1 is opened to allow passage of the 

probe beam. 
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 The bleach beam follows the pathway through S2 and P2. The bolded diagonal 

black lines are mirrors which direct the bleaching beam in 90° angles without altering the 

intensity of the traveling beam. 

During the bleaching pulse, the shutter labeled as S2 is opened to allow passage 

of the bleaching beam through the polarizer labeled P2 which polarizes the light in the 

direction 45° with respect to the vertical. After passing through P2, the polarized bleach 

beam travels through another beam splitter and then reaches the sample cell to bleach the 

tetracene molecules whose absorption transition dipole moments are oriented 45° with 

respect to the vertical. The time allowed for bleaching varied depending on the 

temperature of experimentation, because temperatures further below Tg require longer 

bleaching times. It should be noted that before bleaching samples we ran the experiments 

in “no-bleach” mode by allowing only the probe beam to irradiate the sample to reveal 

the initial fluorescence intensity before bleaching. Typical bleaching times ranged 

anywhere from 1 to 10 seconds and were determined at the time of experimentation based 

on whether or not a change in fluorescence intensity was observed after the bleaching 

beam irradiated the sample. 

After the bleaching time is up S2 is closed, S1 is opened to allow passage of the 

probe beam to the sample, and S3 is opened to allow the fluorescence to reach the PMT. 

The probe beam has the same intensity of the bleaching beam, so it must be attenuated by 

neural density filters (abbreviated as “NDF” in Figure 3.4). The degree of attenuation is 

another parameter also determined at the time of experimentation; the probe beam must 

be attenuated so as to not cause further photobleaching but no so much so that it is unable 
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to induce fluorescence of the remaining unbleached probe molecules. The intensity of the 

probe beam is typically attenuated by a factor ranging from 10
-4

 to 10
-6

 of that of the 

bleaching beam. 

The attenuated probe beam then passes through P1 which polarizes the light 45° 

with respect to the vertical. The polarized probe beam then passes through the electro-

optic modulator (EOM- Model 350-80, Conoptics), which modulates the direction of the 

travelling beam between +45° and -45° with respect to the vertical; i.e. parallel and 

perpendicular to the bleaching beam. The EOM is controlled by a function generator 

operating at a voltage of 0.639 V. The probe beam then passes through the same beam 

splitter as the bleaching beam does before irradiating the sample; the bleaching and probe 

beams are aligned such that they are co-linear and identical in size. 

The fluorescence from the sample cell is captured 90° from the beam pathway and 

passes through a focus lens which then directs the fluorescence through a polarizer (P3) 

set at 54.7° from the horizontal. 54.7° is known as the magic angle, and the reason for the 

polarizer P3 set at this angle is to collect all the fluorescence in an unbiased fashion
4
. The 

total fluorescence intensity is equal to the sum of the fluorescent intensities along each 

axis,   ( )     ( )    ( ), where the y-axis is the direction of propagation. In the 

absence of P3, only   ( ) and   ( ) are collected. Since the emission beam is 

cylindrically symmetric,   ( )     ( ), and the total fluorescence emission intensity is 

therefore equivalent to    ( )     ( ). P3 accounts for the uncollected emission in the y-

axis direction by doubling the intensity along the z-axis. 
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Since cos
2
(54.7°) = 0.333  and cos

2
(35.3°) = 0.667, and the emission beam is 

cylindrically symmetric about the y-axis, the total fluorescence is detected by following 

the logic of Equations 3.17 a-c. The 1:2 ratio accounts for the lack of fluorescence 

collection in the x-direction.  

      ( )     ( )    (     )     ( )    (     ) 

      ( )     ( )         ( )       (3.17 a-c) 

        ( )     ( )     ( ) 

 After the polarizer is the photomultiplier tube (PMT) with a power supply of 820 

kV (THORN EMI 3000R). The PMT is extremely sensitive to light and may be easily 

damaged if care is not taken to prevent exposure from external light sources.  There are 

two shutters located in front of the PMT for protective purposes. S3 is shown in Figure 

3.4 and is automatically opened by the computer program after the bleaching pulse. The 

other shutter, not shown in the above figure, is controlled manually. The purpose of this 

shutter is simply to protect the photomultiplier tube (PMT) from light when there is not 

an experiment being performed. When an experiment is being run the overhead lights are 

turned off to prevent any outside light from being detected, but otherwise the lights are 

normally on and can cause damage to the PMT if care is not taken to close the manual 

shutter.  The PMT serves the purpose of signal amplification, and the next section will 

discuss how this signal is transferred and converted into data from which useful 

quantities such as the anisotropy and rotational correlation times may be calculated.  

Continuing along the pathway in Figure 3.4, the signal detected and amplified by 

the PMT is then sent to two locations. The first is the lock-in-amplifier (LIA) that is 
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referenced to the same function generator which controls the EOM. The LIA locks onto 

the frequency of the function generator so that stray light and noise is not taken into 

account. The second pathway originating from the PMT travels through an analogue filter 

(SIM 965, SRS) then to the analogue/digital converter (A/D converter). Both of these 

devices feed into the computer that exhibits the data output. The LIA and A/D converter 

both serve purposes in the data collection process, and the next section will describe what 

quantities are measured and how exactly they are done so during our rotational FRAP 

experiments. 

3.4.1. Data Collection 

The ultimate goal of performing the FRAP experiment on organic probes in 

various supercooled ionic liquids is to compare the anisotropy decays. The anisotropy 

function was shown in Equation 3.14 as a function of the differences in fluorescence 

intensities after photobleaching both parallel and perpendicular to the bleaching beam. 

Our data collection scheme allows to calculate the same anisotropy function but with 

slightly different variables.  We calculate the anisotropy as a function of the average and 

differences in the polarization components of the fluorescence. The average (A(t)) and 

difference (D(t)) terms are shown below in Equations 3.18 and 3.19. 

 ( )     ( )    ( ) (3.18) 

 ( )        ( )    ( )  (3.19) 

As mentioned before, the LIA and A/D converter play roles in the data collection 

process. The difference signal is measured at the LIA, and the average signal is measured 

with the low pass filter and converted by the A/D converter to a digital output. With A(t) 
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an D(t), the anisotropy function may be calculated by Equation 3.20. In Equation 3.20 the 

letter B is the average before photobleaching; i.e. A(0). Equation 3.20 is equivalent to 

Equation 3.14. 

 ( )   
 ( )

       ( )   ( )
(3.20) 

Figure 3.5 depicts a typical data output. Before photobleaching the FRAP 

experiment is run in “no bleach” mode by simply measuring the fluorescence of the 

solution with the probe beam. At this point the solution is still orientationally isotropic, so 

we expect A(t) to remain constant and D(t) to be constant and equal to 0. After 

photobleaching, some of the probe molecules have been bleached so the average 

fluorescence intensity shows an immediate decrease to a lower, constant value. If a 

decrease in A(t) is not observed this is an indication of poor photobleaching and typically 

requires that the bleaching time be increased. The probe molecules oriented parallel to the 

bleaching beam have been preferentially bleached, so   ( ) decreases in value. 

Immediately after bleaching D(t) is at its maximum value. D(t) slowly decays as the 

probes rotate to restore an isotropic distribution of bleached and unbleached probe 

molecules. Eventually   ( ) and   ( ) become equal again. 
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Figure 0.5 Typical data output for the rotational FRAP experiment. The red line is the 

average of the fluorescence intensity of the probe molecules parallel and perpendicular to the probe 

beam. The average drops at t=0 after the bleaching pulse depletes a portion of the fluorescently 

active probes. The average was divided by a factor of 10 in order to view both the average and 

difference in the same window. The black line is the difference between the intensities of the probes 

perpendicular minus the probes parallel to the probe beam. The difference is greatest at t=0 when 

the probes parallel to the bleaching beam have been preferentially bleached.  

Equation 3.15 shows that the correlation function is equal to the quotient of the 

anisotropy as a function of time after bleaching over the initial anisotropy at time t=0. A 

model-independent average correlation time (  ) may be calculated by Equation 3.21. 

The temperature-dependence of the correlation time will be evaluated in Chapter 4 for the 

ionic liquids evaluated in this study. 
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    ∫   ( )  
 

 
 (3.21) 

Figure 0.6 Normalized anisotropy decay for [C7C1im][NTf2] at Tg-1 K = 186K. The purple 

dots represent the anisotropy calculated as a function of time using the average and difference 

intensities, and the red line is the KWW fit to the data.  

Figure 3.6 shows a typical anisotropy decay for tetracene in [C7C1im][NTf2]. As 

can be seen in Figure 3.6, and as mentioned in Chapter 2 for the responses of supercooled 

liquids, the relaxation curves are fit well by a Kohlrausch-Williams-Watts (KWW) 

function. The KWW function is re-stated below in Equation 3.22. As a result of applying 

a KWW function as an approximate model for the correlation function, the average 
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rotational correlation time is determined by Equation 3.23 where   is the gamma 

function
6
.  

  ( )     (  ⁄ )
 

(3.22) 

    (   ) (   ) (3.23) 

In Chapter 4, the anisotropy decays for tetracene in three different imidazolium-

based ionic liquids will be shown along with evaluations of the temperature-dependencies 

of the   parameter and average rotational correlation times. Before discussing the results 

however, the properties and reasoning behind selecting the particular ionic liquids and 

probe molecule we chose will be explained in detail followed by the sample preparation 

and loading procedure. 

3.5. Materials 

3.5.1. Ionic Liquids 

Since we wanted to study the role of structural heterogeneity on dynamic 

heterogeneity of supercooled imidazolium-based ionic liquids, a series of ionic liquids 

needed to be chosen such that comparisons could be made based on the size of their 

structural heterogeneities. For this reason we chose to compare [C4C1im][NTf2], 

[C4C4im][NTf2], and [C7C1im][NTf2]. I will refer to these by shortened abbreviations as 

C4C1, C4C4, and C7C1. 

C4C1 was a good choice of ionic liquid for this study, because the butyl side 

chain has been observed in molecular dynamics simulations to be the shortest alkyl chain 

length of the 1-alkyl-3-methylimidazolium-based ionic liquids with which aggregation of 
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the alkyl chains to form nonpolar domains occurs
12,13

. The nonpolar domain sizes are 

determined by the alkyl chain length and increase with increasing chain length
13

.  Based 

on this conclusion, C4C4 was chosen as the second ionic liquid in this study, since the 

nonpolar domains are of the same size as C4C1. C7C1 was chosen as the third ionic 

liquid in this series, because its nonpolar domains are larger than those of C4C1 and 

C4C4, but it has the same molecular weight of C4C4. In conclusion, C4C1 and C4C4 

exhibit nonpolar domains of the same size, C4C4 and C7C1are of the same molecular 

weight, and C4C1 and C7C1 allow for direct comparison of the effects of increasing 

alkyl chain length. These three ionic liquids provide information on the role of structural 

heterogeneity on dynamic heterogeneity by comparing the results from the rotational 

FRAP experiment. The experimental work and analysis of C4C1 was done by Dr. Fehmi 

Bardak and that of C4C4 by Udugama Rakhitha, and both were done under the 

advisement of Dr. Edward Quitevis. All three ionic liquids were prepared by Dr. George 

Tamas. 

3.5.2. Probe Molecule 

Tetracene was chosen as the probe of rotational dynamics in this study of 

imidazolium-based ionic liquids. Tetracene was picked because of size and excitation 

wavelength considerations. A probe whose size isn’t comparable in size to the molecules 

or ions that comprise the liquid being evaluated won’t necessarily reflect the dynamics of 

the neat system or detect the dynamic heterogeneities, since larger probes tend to rotate 

slower and exhibit more exponential relaxations in supercooled liquids and glasses
14,15

. 

Excitation wavelength was taken into consideration simply to make sure we had the 
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appropriate laser to excite the tetracene molecules in order to both photobleach and 

induce fluorescence of the probe molecules. As stated earlier, our laser was able to excite 

tetracene at a wavelength of 476 nm, which corresponds to the maximum absorption peak 

of tetracene. The molecular structure of tetracene is shown below in Figure 3.8. 

Figure 0.7 Molecular structure of tetracene. 

3.6. Sample Preparation 

The ionic liquids were kept under high vacuum in order to keep the water content 

low (less than (100 µg H2O)/(1 g ionic liquid)). Before preparing an ionic liquid for 

FRAP experimentation, the water content was measured using a Karl-Fischer titration 

apparatus; low water content is vital, since the viscosity of ionic liquids is greatly 

affected by water content
16

. Once the water content was measured, 3-5 grams of ionic 

liquid was carefully measured out into a clean, unused glass vial. To prepare an 80 ppm 

sample of tetracene in the 3 grams of ionic liquid, it is unrealistic to measure out the 

required quantity of tetracene and directly add it to the ionic liquid, since the quantity is 

so small (   10
-4

 g). Instead, a tetracene/benzene stock solution was prepared, so that 

addition of the required moles of tetracene could be added to the ionic liquid solution 
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more accurately via micropipette. When preparing the benzene/tetracene stock solution 

and the ionic liquid sample for FRAP experimentation, the lights were turned off to 

reduce the risk of bleaching any of the tetracene in the sample. Tetracene was used as 

received from Sigma Aldrich (2,3- Benzanthracene, 98%, 228.29 g/mol); solid tetracene 

is a bright, fluorescent orange color and makes a pale yellow solution when dissolved in 

benzene. The tetracene/benzene stock solution was made in a 100 mL volumetric flask 

wrapped in aluminum foil to prevent any exposure to light. The glass vial containing the 

ionic liquid was wrapped with foil before addition of tetracene, and then the required 

amount of stock solution was added to the ionic liquid. To remove any excess water and 

the benzene solvent, the sample was put into a vacuum oven set at 55° C, and the 

pressure was slowly decreased to 25 PSI over a 30 minute interval. The window of the 

vacuum oven was kept covered with aluminum foil to further prevent light exposure, and 

the sample was left under these conditions for approximately two days. When it was time 

to remove the sample from the vacuum oven, the vacuum seal was released by allowing 

air to enter the vacuum oven through a column filled with DRIERITE, an anhydrous 

indicating desiccant composed of 98% CaSO4 and 2% CoCl2. The purpose of the drying 

column is to allow oxygen to enter the vacuum oven without any accompanying water 

molecules; oxygen is presumed to be necessary for the bleaching mechanism of 

tetracene
6
.  Once removed from the oven, the sample was capped and re-located to a 

covered desiccator, which prevents both light and water from contaminating the sample. 
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3.6.1. Loading the Sample for FRAP Experimentation 

400 µL of the tetracene/ionic liquid sample was transferred to the 500 µL sample 

cell, which is a rectangular-shaped hollow brass cell with silica windows on three of the 

four sides. The windows, purchased from Edmund Optics, are composed of fused silica 

and are 5 mm in diameter; the windows are attached to the brass cell with a high-

temperature epoxy (Duralco 4420).  Note that the entire sample-loading process was done 

with the lights off to minimize any bleaching of the tetracene molecules. Once 400 µL of 

the tetracene/ionic liquid sample was transferred to the brass cell via micropipette, Teflon 

tape was used to cap the cell and hold it in place at the end of the sample rod. 

The sample rod was then inserted into the OpistatDN static exchange gas cryostat 

(Oxford Instruments) which was kept cold with liquid nitrogen. The cryostat is made up 

of an outer chamber which is manually filled with liquid nitrogen and an inner chamber 

where the sample rod is inserted through the top of the cryostat; there is a needle valve 

connecting the two chambers so that the flow of nitrogen, and therefore the cooling rate 

of the sample, can be controlled. Once the sample rod was inserted, it was aligned so that 

the windows on the brass cell at the end of the rod align correctly with the windows of 

the cryostat. To prevent any water from condensing inside of the cryostat upon cooling, 

the outer chamber was dried by using a small aquarium pump which circulates air 

through a plastic container containing DRIERITE to remove any excess water from the 

outer chamber environment. 

After being dried, the outer chamber of the cryostat was completely filled with 

liquid nitrogen. The needle valve was opened to begin cooling the ionic liquid/tetracene 
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sample down to the glass transition temperature. At first the valve was opened 

considerably to provide a fast initial cooling rate in order to avoid crystallization at the 

melting point. While the liquid nitrogen flow was controlled manually, an automated 

temperature controller (ITC503, Oxford Instruments) displayed the temperature of the 

sample chamber and automatically applies heat when needed. Once the temperature 

reached approximately 20 K above the temperature in which the rotational diffusion was 

to be evaluated, the valve was closed so that it was only slightly opened yet still allowing 

liquid nitrogen to cool the sample. Once the sample has been cooled to the desired 

temperature, the temperature controller will begin heating in order to retain isothermal 

conditions under the continuous flow of liquid nitrogen into the inner chamber.  The 

newly formed glass was left to equilibrate for approximately twelve to twenty-four hours 

depending on the proximity to Tg, with temperatures below Tg progressively needing 

more time for equilibration. The cryostat had to be filled periodically during the 

equilibration time and before experimentation, because the liquid nitrogen in the outer 

chamber completely evaporates after approximately eleven hours. 
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CHAPTER 4

RESULTS AND CONCLUSIONS 

4.1. FRAP Data for [C7C1im][NTf2] 

As explained at the end of Chapter 3 on the experimental set-up, our FRAP 

apparatus allows us to measure the average and difference of the fluorescent intensities 

both parallel and perpendicular to the probe beam. The anisotropy equation is re-shown 

in Equation 4.1. In Equation 4.1, B is the average before photobleaching, D is the 

difference, and A is the average between the fluorescent intensities parallel and 

perpendicular to the probe beam. The orientation autocorrelation function is defined in 

Equation 4.2. Once the normalized anisotropy decays are plotted, they are approximately 

fit by a Kohlrausch-Williams-Watts (KWW) equation, shown in Equation 4.3. 

 ( )   
 ( )

       ( )   ( )
   (4.1) 

  ( )   
 ( )

 ( )
(4.2) 

  ( )     (  ⁄ )
 

(4.3) 

To avoid confusion between the correlation time (  ) and the   value in Equation 

4.3, the value in the KWW equation will be referred to as     . The rotational 

correlation time is calculated by Equation 4.4 where   is the gamma function. 

    (      ) (   ) (4.4) 

Shown below in Figure 4.1 are the anisotropy decays for C7C1. It is readily 

apparent that the anisotropy curves decay non-exponentially. The   parameter in 
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Equation 4.2 is the “stretching” or “non-exponentiality” parameter, and the further it 

varies from unity, the less exponential the decay.  

Table 4.1 lists the experimental parameters calculated from the FRAP 

experimental data of tetracene in [C7C1im][NTf2].  The Tg value for [C7C1im][NTf2] is 

187.8 K
1
. We were able to collect data for Tg+1 K down to Tg-4 K.  

The Tg values for the ionic liquids (ILs) composed of the 1-alkyl-3-

methylimidazolium cation or the 1, 3-dialkylimidazolium cation paired with the 

bistriflate anion are calculated by the same empirically determined equation (Equation 

4.4), which is based on the number of carbons in the longest alkyl chain
1
. For the 

asymmetric ILs ([CN-1C1im][NTf2]), n=N-1, and for the symmetric ILs ([(CN/2)2][NTf2]), 

n=N/2.  

           
      

 
    (4.4) 
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Figure 0.1 Normalized anisotropy decay curves of tetracene in [C7C1im][NTf2] for Tg+1 K to 

Tg-4 K. The red lines are the KWW fits to the data. A logarithmic time scale is used  so that all the 

curves may be visualized in the sample plot.   

Table 0.1 Experimental parameters attained for 1-heptyl-3-methylimidazolium bistriflate. 

[C7C1im][NTf2] 

Temperature (K)      (s)        (s) 

188 9.38 0.58 ± .07 16 ± 2 

187 26.8 0.61 ± .01 39.4 ± .9 

186 71.8 0.60 ± .00 108 ± 3 

185 224.0 0.52 ± .02 430 ± 20 

184 687.9 0.49 ± .03 1500 ± 300 

183 3712.8 0.58 ± .08 6100 ± 700 
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4.2. Analysis of [C7C1im][NTf2] FRAP Data 

4.2.1. Time-Temperature Superposition 

 As can be seen in Figure 4.1, the anisotropy decays seem to be exhibiting the 

same curvature, and in Table 4.1 the similarity between the     values is also apparent. 

This indicates that the rotational anisotropy decays for tetracene in [C7C1im][NTf2] obey 

time-temperature superposition (TTS) in the temperature regime studied. 

 As a result of TTS, plotting the anisotropy curves on a logarithmic scale versus a 

natural logarithmic time scale allows for the relaxation curves to be shifted so that each 

curve overlaps to form a master curve. Figure 4.2 shows a plot in which the individual 

relaxation curves are depicted, and the master curve is shown on the right hand side. The 

  value calculated from the fit of the master curve is 0.57, which is nearly the same as the 

average of the   values (0.56) in Table 4.1, which confirms a temperature-invariant 

shaped relaxation curve.  

The master curve was formed by shifting the anisotropy curve at Tg manually to 

an arbitrarily later time and then shifting the other curves such that they overlapped with 

the Tg anisotropy decay. The amount that the curves were translated is called the shift 

factor, and Figure 4.3 shows a plot of the logarithm of the shift factors versus T-Tg. This 

plot was fit by a Williams-Landel-Ferry (WLF) equation, and the fit parameters obtained 

were c1= 20 ± 10 and c2 = 40 ± 20 K. The parameters in the WLF equation are 

empirically determined, but if Tg is chosen to be Tref, the universal WLF equation shown 

in Equation 4.5 should result
2
. The values  of c1 and c2 for [C7C1im][NTf2] are near those 
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of the universal WLF equation defined with respect to Tg, but data over a wider 

temperature range is necessary to improve the fit and decrease the error in the parameters. 

   (  )   
      (    )

(         )
(4.5) 

Figure 0.2 Plot showing TTS for tetracene in [C7C1im][NTf2]. The black data points are the 

master curve formed by overlaying all the anisotropy curves on top of each other.   
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Figure 0.3 Williams-Landel-Ferry plot of the shift factors by which the anisotropy curves 

were translated to yield the master curve. The point having a shift factor of zero corresponds to the 

glass transition temperature, which is 187 K for [C7C1im][NTf2]. 

4.2.2. Arrhenius Plot 

An Arrhenius plot of the logarithm of the average correlation times for each 

temperature is shown below in Figure 4.4. The resulting scatter was fit by an Arrhenius 

equation, and shown in Equation 4.6 is the Arrhenius equation with the experimental 

parameters obtained. 

   (  )       (
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Figure 0.4 Arrhenius plot of the logarithm of the average correlation times. 

The slope of the Equation 4.5 is equal to the negative of the activation energy 

divided by the gas constant, R. By multiplying the slope by negative R (-8.314 J/(K·mol), 

an activation energy of Ea = -150 ± 5 J/mol was calculated. 

While the rotational correlation times seem to be adequately characterized by an 

Arrhenius equation, there is a slight deviation from linearity present in the data set. 

Another equation which may be used to better characterize the temperature dependence 

of the correlation times is the Vogel-Fulcher-Tamman equation. 
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4.2.3. Vogel-Fulcher-Tamman Plot 

In the vicinity of Tg, the temperature-dependence of the logarithm of the average 

correlation times is best characterized by a Vogel-Fulcher-Tamman (VFT) plot. The VFT 

equation works best for systems deviating only slightly from Arrhenius behavior, and for 

data ranging within 2-4 orders of magnitude of each other; systems showing greater 

deviations from Arrhenius behavior cannot be fit by a single set of parameters
3
. The VFT 

equation is shown in Equation 4.7. 

     (
 

 
)     

 

(    )
(4.7) 

The VFT plot of the logarithm of the average correlation times is shown in Figure 

4.5. The fit parameters describing the VFT equation of the rotational correlation times of 

tetracene in [C7C1im][NTf2] are A = -9 ± 2, B = 230 ± 100, and T0 = 164 ± 4 K. T0 is the 

temperature at which the rotational correlation time is predicted to diverge. 
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Figure 0.5 The temperature dependence of the rotational correlation times for tetracene in 

[C7C1im][NTf2] is well described by a VFT function in the vicinity of Tg.  
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4.2.4. VFT Extrapolation to High-Temperature Regime 

As discussed in Chapter 2, the VFT equation describes the temperature 

dependence of the viscosity and correlation times interchangeably. According to the 

Debye-Stokes-Einstein (DSE) equation, the rotational correlation times are predicted to 

follow the same temperature dependency as  ( )  . The DSE equation is shown in 

Equation 4.8. The first term,  , accounts for hydrodynamic boundary conditions and 

molecular shape, V is the volume,   is the viscosity, k is the Boltzmann constant, and T is 

the temperature
4
. 

           (4.8) 

The DSE equation characterizes the rotation of rigid spheres in a viscous 

continuum, and the relation has also been used to describe the diffusion of probe 

molecules surrounded by molecules of similar size
5
. 

Table 4.2 lists the viscosity data at ambient and high temperatures
1
. The last term 

in the list corresponds to the Tg of [C7C1im][NTf2] and its viscosity value. It was not 

measured, but rather assigned since a viscosity of 10
13

 Poise (10
12

 Pa·s) is one of the 

definitions of Tg.   
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Table 0.2 High-temperature viscosity data for [C7C1im][NTf2]. (Adapted from Reference [1] 

with permission. Copyright 2011, American Chemical Society). 

 
[C7C1im][NTf2] 

 
 

Temperature (K) 
 

 
Viscosity (Pa·S) 

368.15 10.4 

358.15 12.94 

348.15 15.84 

338.15 19.9 

323.15 

313.5 

303.5 

295.15 

288.15 

280.15 

274.15 

187.5 K 

28.92 

38.44 

62.84 

89.1 

122.28 

200.73 

288.74 

1012 

 

Figure 4.6 shows the high-temperature viscosity data divided by their respective 

temperatures and the low-temperature rotational correlation times plotted versus 

temperature. The distribution was fit by a single VFT function, which is denoted by the 

red line.    

The data points on the right hand side correspond to the low-temperature-regime 

rotational correlation times. After fitting the high-temperature data to a VFT equation, the 
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fit was extrapolated to 10
12

 Pa·s at Tg = 187.5 K, and then the logarithm of the rotational

correlation times were incorporated into the plot by adding a constant (a=8.36) to the 

logarithm of the rotational correlation time at Tg such that it would coincide with the line 

determined by the high-temperature and glass transition data points. 

Figure 0.6 VFT plot of the viscosity of [C7C1im][NTf2] near ambient temperatures and the 

low-temperature rotational correlation times. (High-temperature viscosity data obtained from 

reference [1]. Copyright 2011, American Chemical Society). 

An obvious deviation from VFT behavior becomes apparent after seeing the 

enlarged window of the region near Tg in Figure 4.6 . This is due to the data spanning 

over many orders of magnitude and varying temperature dependencies across the broad 

temperature range. 



Texas Tech University, Kayla Diane Mendoza, December 2013 

80 

4.2.5. Fractional Debye-Stokes-Einstein 

The deviation of the rotational correlation times from the high temperature 

viscosity data in the VFT plot shown in Figure 4.6 indicate a pronounced decoupling of 

the probe motion from the temperature dependence of the bulk response of the liquid
3
.  

According to the DSE equation, the rotational correlation times are predicted to 

follow the same temperature dependency as  ( )  , so the direct proportionality shown 

in Equation 4.9 should hold. In cases where the rotational correlation times of probes are 

decoupled from the viscosity values predicted by the VFT fit, then a fractional DSE 

equation will better describe the relationship. The fractional DSE proportionality is 

shown in Equation 4.10. 

     
 

 ⁄ (4.9) 

     
  

 
⁄  (4.10) 

As seen in Figure 4.6, the rotational correlation times deviate from the VFT fit of 

the high-temperature data as they exhibit a weaker temperature dependency. In Equation 

4.10, the   exponent takes account for the decoupling near Tg. A plot of the logarithm of 

correlation time multiplied by temperature versus the log of the extrapolated viscosity 

values from the VFT fit is shown below in Figure 4.7. By plotting the logarithm of the 

quantities on both sides of the proportionality in Equation 4.10 and fitting to a linear 

equation, the resulting slope is equal to  .  A value of               was calculated 

for tetracene in [C7C1im][NTf2]. 
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Figure 0.7 Log-log plot of the rotational correlation times multiplied by temperature versus 

viscosity to quantify the amount by which the correlation times and viscosity are decoupled from 

each other.  
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4.3. FRAP data for [C4C1im][NTf2] and [C4C4im][NTf2] 

In Tables 4.3 and 4.4 are shown the same parameters calculated for 

[C4C1im][NTf2] and [C4C4im][NTf2] which were calculated for [C7C1im][NTf2]. The data 

for [C4C1im][NTf2] was collected and analyzed by Dr. Fehmi Bardak
6
, and the data for

[C4C4im][NTf2] was collected and analyzed by Udugama Rakhitha
7
. [C4C1im][NTf2] has

a Tg of 186K, and data was collected from Tg+1 K down to Tg-4 K. [C4C4im][NT2] also 

has a Tg of 186 K, and FRAP data was collected from Tg through Tg-4 K. The anisotropy 

decay curves for these two ILs are shown in Figures 4.8 and 4.9. The curves also exhibit 

the signature non-exponential decay observed in supercooled liquids and obey TTS. 
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Figure 0.8 Data collected for the anisotropy decay of tetracene in [C4C1im][NTf2] from Tg+1 

K to Tg-4 K [6].  

Table 0.3 Experimental parameters obtained by Dr. Bardak for 1-butyl-3-

methylimidazolium bistriflate [6]. 

[C4C1im][NTf2] 

Temperature (K)      (s)        (s) 

187 2.0 0.63 ± .06 3.0 ± .3 

186 6.8 0.67 ± .03 9.2 ± .5 

185 15.7 0.64 ± .03 23 ± 3 

184 28.6 0.60 ± .02 44 ± 2 

183 171.6 0.68 ± .03 230 ± 10 

182 

181 

530.9 

2823.3 

0.59 ± .03 

0.56 ± .02 

820 ± 50 

4800 ± 200 
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Figure 0.9 Anisotropy decays for tetracene in [C4C4im][NTf2] [7]. 

Table 0.4 Experimental parameters attained by Rakhitha for 1,3-dibutylimidazolium 

bistriflate [7]. 

 
[C4C4im][NTf2] 

 
 

Temperature (K) 
 

 
     (s) 

 
     

 
   (s) 

186 8.69 0.58 ± .01 14 ± 1 

185 24.19 0.58 ± .02 38 ± 2 

184 102.5 0.58 ± .02 159 ± 5 

183 566 0.58 ± .02 790 ± 40 

182 1747.4 0.55 ± .01 3000 ± 100 
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4.4. Comparison of [C4C1im][NTf2], [C4C4im][NTf2], and [C7C1im][NTf2] 

The purpose of this study was to determine the role, if any, of structural 

heterogeneity on dynamic heterogeneity. Non-exponential relaxation curves are an 

indication of dynamic heterogeneity. Shown below for comparison purposes are plots of 

the anisotropy curves for [C4C4im][NTf2], [C4C1im][NTf2], and [C7C1im][NTf2]. For the 

rest of this chapter, these ILs will be referred to simply as C4C4, C4C1, and C7C1 

respectively. For comparison purposes, shown below in Figure 4.10 are the three sets of 

anisotropy decays measured using FRAP for C4C4, C4C1, and C7C1. All three ILs 

exhibit non-exponential anisotropy decays and obey TTS. 

Figure 0.10 Side-by-side comparison of anisotropy decays measured by the FRAP technique 

for tetracene in [C4C4-, [C4C1-, and [C7C1im][NTf2]. All the anisotropy curves are non-exponential 

[6], [7]. 
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The data for C4C1 and C4C4 was analyzed in just the same way as that of C7C1 

in the previous section. The rotational correlation times for C4C4 and C4C1 also deviate 

from VFT behavior. Figure 4.11 shows the VFT fits for both C4C4 and C4C1. 

Figure 0.11 Arrhenius plots of the logarithm of viscosity divided by temperature and 

logarithm of the low-temperature rotational correlation times. The red line is the VFT fit determined 

by the high-temperature viscosities and the assigned Tg viscosity of 10
13

 Poise. The constant “a”

added to the correlation times is simply to shift the rotational correlation times upward such that 

they coincide with the Tg viscosity value. The upper left hand corner of each plot shows an enlarged 

depiction of the deviation from VFT behavior occurring near Tg [6], [7]. (High-temperature viscosity 

data obtained from reference [1]. Copyright 2011, American Chemical Society). 

The decoupling of the correlation times and viscosities of C4C4 and C4C1 were 

also characterized by a fractional DSE equation. The fractional DSE plots for C4C4 and 
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C4C1 are shown below in Figure 4.12. Similar   values are obtained for these two ILs. 

For C4C4,               , and for C4C1               . 

Figure 0.12 Fractional DSE plots for [C4C4im][NTf2] and [C4C1im][NTf2] [6], [7]. 

4.5. Role of Structural Heterogeneity on Dynamic Heterogeneity 

The β parameter in the KWW equations used to fit the anisotropy decays gauges 

the extent of non-exponentiality. The non-exponential relaxations observed for 

supercooled liquids are thought to arise from spatially heterogeneous dynamics, so the   

parameter indicates the degree of dynamic heterogeneity present in a system. When a 

system relaxes exponentially,    . The greater the dynamic heterogeneity, the more the 

relaxation becomes stretched, and the smaller   will be. In Figure 4.13 the   values are 

plotted versus temperature for the three ILs of this study. Table 4.5 lists the average   

value obtained for each IL. From Table 4.5, it can be seen that the  ’s don’t vary much 
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for these three ILs, and viewing Figure 4.13 reveals the lack of any strong temperature 

dependence. 

Table 0.5 Average β values obtained for C4C1, C4C4, and C7C1 [6], [7]. 

Ionic Liquid Average β 

[C4C1im][NTf2] 0.62 ± .04 

[C4C4im][NTf2] 0.57 ± .01 

[C7C1im][NTf2] 0.56 ± .02 

Figure 0.13 Plot of the stretching parameter, β, versus temperature for each IL [6], [7]. 

7 

[C4C1im][NTf2] 

[C4C4im][NTf2] 

[C7C1im][NTf2] 
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The structural heterogeneity of these ILs is determined by the alky chain 

protruding from the imidazolium ring. Figure 4.14 depicts the spatial correlation length 

(D=2𝜋/Qmax, where Q is the momentum) versus alkyl chain length for symmetric and 

asymmetric imidazolium-based ILs
1
. The size of the nonpolar domains is proportional to 

the alkyl chain length, so the nonpolar domains in C4C4 and C4C1 are of the same size 

while those of C7C1 are larger. 

Figure 0.14 Plot of spatial correlation length versus n calculated from SWAXS data. For the 

asymmetric ILs, [CN-1C1im][NTf2],  n = N-1, and for the symmetric ILs, [(CN/2)2im][NTf2], n = N/2. 

(Adapted from Reference [1] with permission. Copyright 2011, American Chemical Society). 

From the weak dependence of   on alkyl chain length and cation symmetry, it can 

be concluded that structural heterogeneity does not play a strong role in determining 

spatial heterogeneity of dynamics for the ILs in this experimental study. 



Texas Tech University, Kayla Diane Mendoza, December 2013 

90 

Shown below in Figure 4.15 is a plot of the beta values versus T-Tg (K). The 

reason for plotting the beta values versus T-Tg rather than just T is to compensate for the 

ionic liquids having different glass transition temperatures.   In this way the β parameters 

are compared to each other at the same point with respect to Tg. 

Figure 0.15 Plot of β versus T-Tg for [C4C1im][NTf2], [C4C4im][NTf2], and [C7C1im][NTf2]. 

A Student’s t-test was performed to determine whether or not the β parameter 

exhibits significant temperature and/or structural dependencies. To evaluate the 

temperature dependence, the β values for the rotation of tetracene in each individual ionic 

liquid were fit separately by a linear equation, and a t-score test statistic was calculated 

by dividing the slope by the error in the slope. The degrees of freedom are equal to the 

number of observations minus two. The critical t-score is based on the degrees of 
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freedom and confidence level (95%), and by comparing this value to the statistical t-score 

it can be determined whether or not the null hypothesis may be rejected. In this case the 

null hypothesis is that the slope is equal to zero, which implies no temperature 

dependence. When tstat>tcrit, the null hypothesis is rejected. The parameters obtained are 

shown below in Table 4.6. In the case of [C4C1im][NTf2], tstat = tcrit, but for 

[C4C4im][NTf2] and [C7C1im][NTf2] tstat > tcrit. While viewing Figure 4.14 may not 

reveal any strong temperature dependence, the rejection of the null hypothesis 

indicates the presence of at least a weak temperature dependence of the β’s.  

Table 0.6 Tabulated values of the slope and standard error of the slope of the β values for 

each ionic liquid plotting versus T-Tg are shown along with the degrees of freedom, tstat, and tcrit 

values.   

 
Ionic Liquid 

 

 
Slope 

 
Error 

 
Degrees of 
Freedom 

 
tstat 

 
tcrit 

[C4C1im][NTf2] 
 

.018 .007 5 2.571 2.571 

[C4C4im][NTf2] .008 .002 3 4 3.182 

[C7C1im][NTf2] .03 .01 4 3 2.776 

  

The second t-test was done to see if the β’s of the different ionic liquid varied 

significantly from each other. In this case the null hypothesis is that the β’s are not 

different from each other and will be rejected for cases in which tstat > tcrit. The equations 

for calculating tstat and the degrees of freedom are shown in Equations 4.11 and 4.12 

where  ̅ is the average, s is the standard deviation, n is the number of observations, and 

the subscripts are used to distinguish sample sets.  These particular equations were used 
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because the sets of experimentally determined β’s for the rotation of tetracene in each of 

the three ionic liquids are of unequal variances and unequal sample sizes. 

       
 ̅   ̅ 

  ̅   ̅ 

         ̅   ̅ 
  √
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The β values for each of the three ionic liquid were compared to each other in 

pairs, and the parameters obtained are shown below in Table 4.7. It can be seen that when 

comparing the β’s of [C4C1im][NTf2] and [C7C1im][NTf2] to each other that tstat is 

greater than tcrit, but tstat < tcrit for the other two pairs of ionic liquids. This means the 

average β’s f r [C4C1im][NTf2] and [C7C1im][NTf2] are significantly different from 

each other.  The average β values of tetracene in [C4C1im][NTf2] and [C4C4im][NTf2] 

do not differ significantly from each other, and neither do those of [C4C4im][NTf2] 

and [C7C1im][NTf2]. 

Table 0.7 Degrees of freedom and statistical and critical t-scores calculated for the β’s 

describing the rotation of tetracene in [C4C1im][NTf2], [C4C4im][NTf2], and [C7C1im][NTf2]. 

Student’s t test 

Ionic Liquids Degrees of 
freedom 

tstat tcrit (0.05) 

[C4C1im][NTf2] vs [C4C4im][NTf2] 7 .96 2.365 

[C4C1im][NTf2] vs [C7C1im][NTf2] 10 2.4 2.228 

[C4C4im][NTf2] vs [C7C1im][NTf2] 5 .5 2.571 
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4.6. Conclusions 

The rotational dynamics of tetracene in [C7C1im][NTf2] were measured via 

fluorescence recovery after photobleaching. The data collected by Dr. Bardak and 

Rakhitha for [C4C1im][NTf2] and [C4C4im][NTf2] were compared with the data for 

[C7C1im][NTf2] to gain perspective on the role of symmetry and alkyl chain length on 

dynamic heterogeneity. All three ILs exhibited non-exponential relaxations for all 

temperatures observed. Based on the t-test, the   parameter describing the extent of non-

exponentiality for the rotation of tetracene in each IL exhibits a weak temperature 

dependence, so time-temperature superposition only holds approximately within the 

measured temperature range. Below Tg, the rotational correlation times decoupled from 

the structural relaxation, and this was apparent for all three ILs by the deviation from the 

extrapolation below Tg of the Vogel-Fulcher-Tamman fit determined by the high-

temperature viscosity data and the use of the fractional Debye-Stokes-Einstein equation 

to characterize the relation. The t-test performed to compare the average   values for 

tetracene in each of the three ionic liquids revealed that that there was no significant 

difference between those of [C4C1im][NTf2] and [C4C4im][NTf2], which is consistent 

with the structural heterogeneity being the same for these two ionic liquids since their 

protruding alkyl tails are of the same length, or between [C4C4im][NTf2] and 

[C7C1im][NTf2], which implies there is no cation symmetry effect; however, the t-test 

revealed that there is a significant difference between the average   values for tetracene 

in [C4C1im][NTf2] and [C7C1im][NTf2], suggesting a chain length effect. The invariance 
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of the average   values between [C4C1im][NTf2] and [C4C4im][NTf2] and between 

[C4C4im][NTf2] and [C7C1im][NTf2] is consistent with the conclusion that structural 

heterogeneity plays no role in dynamic heterogeneity. While the t-test reveals that the 

difference between the   values for tetracene in [C4C1im][NTf2] and [C7C1im][NTf2] is 

significant, they are similar enough in value to conclude that structural heterogeneity 

plays at most a weak role in dynamic heterogeneity. If structural heterogeneity played a 

strong role in determining dynamic heterogeneity, we would expect the   value of 

tetracene in [C7C1][NTf2] to vary considerably from  the values obtained for tetracene in 

both [C4C1im][NTf2] and [C4C4im][NTf2]. 
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