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Chapter 1                                                                                 Introduction

Overview

This chapter begins with an introduction on DESs, highlighting their types, 

physicochemical properties and applications in different fields. Following this, a brief 

description of various photophysical studies, such as solvation dynamics, rotational

diffusion dynamics and translational diffusion dynamics exploiting the fluorescence 

behavior of suitable molecular systems, carried out for the work presented in this thesis, 

are provided. In the later part of the chapter, introductory remarks on the structures and 

dynamics of protein molecules are presented. This is followed by a description of how 

their structural stability and conformational dynamics are studied using fluorescence 

spectroscopy. The chapter is concluded by describing the motivation behind the work 

presented in this thesis.
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Chapter 1                                                                                 Introduction

1.1. Deep Eutectic Solvents

1.1.1. A Brief Introduction

Solvents play a very crucial role in almost all areas of chemistry.1 Due to their increasing 

demand in academic laboratories and industries, huge amount of chemical substances is

used as solvents in both physical and chemical processes. Most of these conventional 

solvents are volatile organic compounds. These common solvents cause undesirable 

negative impacts on both humans and the environment due to their high level of toxicity

along with high volatility, especially when used in bulk scale for industrial purposes.2-4

Therefore, a significant effort has been directed towards the design and development of 

less hazardous, environmentally benign alternatives to the conventional solvents, over the 

last few decades.3-5 This has led to the realization of the importance of a number of 

alternatives, such as supercritical fluids and ILs, as the reaction media.

Among these, ILs have gained special attention due to their unique properties and number 

of advantages over conventional solvents, such as low vapor pressure, wide liquidous 

range, tunable properties, moderate to high polarity, high thermal and chemical stability, 

and non-flammable nature.6-10 Another key advantage of ILs is that they can be designed 

for specific applications by different combinations of cations and anions, due to which ILs 

are considered as a class of “Designer Solvent”.11 Several ILs have been designed and 

synthesized for various applications in diverse fields. However, the potential of ILs in 

large-scale applications has not been realized as, in addition to the high cost of the raw 

materials, later developments have indicated considerable toxicity and poor 

biodegradability of many of these solvents.12-14 To overcome these limitations, 

developments of greener, cheaper and sustainable solvent systems started. In this context, 

the concept of DESs was introduced at the beginning of this century by Abbott and 

coworkers.15-17

In recent years, DESs are widely considered as an emerging class of environment-friendly

green alternative not only to common organic solvents, but also to the ILs in a variety of 

applications.17-25 This is because most of the DESs offer many additional advantages over 

the conventional ILs, such as relatively inexpensive raw materials, ease of preparation 

with 100% atom-economy, often made of natural and biodegradable constituents along 

with important properties similar to the ILs.
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DESs are generally composed of a mixture of Lewis or Bronsted-Lowry acids and bases

which are capable of associating with each other.19, 22 Mixing of two or more such 

components in a certain mole ratio forms a eutectic system which is a stable liquid with 

melting point lower than either of the individual pure constituents. DESs are most often 

liquid at temperatures below 373 K.22 Figure 1.1 schematically illustrates a representative 

phase diagram of a two-component system with eutectic behavior. Extensive interspecies 

hydrogen-bonding interactions between Lewis base (anion or HBA) and a HBD moiety is

mainly responsible for depression of freezing points of the mixtures. It is important to 

mention here that the DESs are different from ILs primarily due to two reasons;22 first, 

unlike ILs, they are not formed from systems composed entirely of ionic species and 

second, they can also be obtained from only non-ionic species.

Figure 1.1. Schematic representation of phase diagram of a eutectic system of two 
components (A and B) with different melting points. TA = melting point of pure A, TB

= melting point of pure B, TE = melting point of mixture at eutectic composition (XE). 

A large number of DESs with desirable properties can be obtained by choosing 

appropriate starting components as well as by varying the stoichiometric molar ratio of the 

constituents.19, 22 This flexibility allows convenient solvent engineering yielding a large 

number of DESs. This is why DESs are also termed as “Designer solvent”.
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1.1.2. Classification

Since the report of the first DES (a mixture of metal chloride and quaternary ammonium 

salt) in 2001 by Abbott et al.15 large numbers of DESs have been reported in the 

subsequent years.

DESs can generally be expressed by the following formula: CatၰX‾zY.22

where, Cat+ is the cation of any quaternary ammonium or phosphonium or sulfonium salt.

X‾ is the Lewis base, generally a halide anion.

Y is the Bronsted-Lowry or Lewis acid and z represents the number of Y molecules.

Based on the nature of the complexing agents used for the formation of various DESs, they

are classified into four types.22, 26 A summary of the classification and their corresponding 

general formulae is presented in table 1.1.

Table 1.1. Classification of DESs in different categories along with their general 
formula.

Type General formula Terms

Type I CatၰX‾zMClx M = Zn, In, Fe, Sn, Ga, Al, Ag

Type II CatၰX‾zMClx·yH2O M = Cr, Ni, Co, Cu, Fe

Type III CatၰX‾zRP P = COOH, CONH2, OH

Type IV MClx + zRP M = Zn, Al and P = CONH2, OH 

Type I DESs are considered to be analogous to systems that contain imidazolium salts 

with metal halides. Examples of some type I DESs are chloroaluminate/imidazolium salt 

melt and mixtures of imidazolium salts like EMIC with various metal halides including 

AgCl, LiCl, SnCl2, ZnCl2, FeCl2, LaCl3 etc.

Type II DESs are slightly different from type I because they are associated with the 

hydrated metal halides instead of anhydrous metal halides. They are more popular than 
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type I because of larger availability and lower cost of hydrated metal halides as compared 

to nonhydrated ones used in the former.

Type III DESs are generally formed by mixing quaternary ammonium salts with various 

HBDs, such as amide, alcohol, amine, carboxylic acid, etc. This type of DESs is the most

common due to the availability of a large number of HBDs. Their properties can easily be 

tuned for specific uses. They have  been  of  major focus due  to  their  ability  to  dissolve  

a  wide  range  of  transition  metal  species. The preparations of these DESs are quite 

simple and they are relatively unreactive with water.

Type IV DESs are those formed from metal halides and HBDs. Generally, inorganic 

cations do not form low melting eutectic solvents due to their high charge density. It has, 

however, been shown that the formation of type IV DESs is possible between metal 

halides and different HBDs with successful incorporation of transition metal salts (ZnCl2)

into DES by reacting with acetamide, urea, ethylene glycol, and hexanediol.26

In addition to those described above, some DESs are reported recently which do not 

belong to any of the above mentioned categories. For example, eutectic-based solvents 

which are composed of purely molecular constituents, such as mixture of acetamide and 

urea,27 polyethylene glycol and acetamide,28 N-methylacetamide/lauric acid mixture,29

mixtures of acetamide and urea derivatives,30 lauric acid/menthol mixture,31 glycerol/lactic 

acid, and menthol/decanoic acid mixtures,32 etc. Considering these, DESs can then be 

classified into two categories: ionic and non-ionic DESs. Ionic DESs can be formed by 

selecting one of the constituents as ionic, whereas in non-ionic DESs, both the constituents 

are non-ionic in nature.

However, among the aforementioned four classes of DESs, type III eutectic solvents, 

whose starting materials are readily available and are very easy to prepare and handle, has 

received considerable attention in the recent years for large-scale applications.22 For the 

entire research presented in this thesis, we have worked specifically with only type III 

DESs. The structure of some halide salts and HBDs used for the preparation of various 

type III eutectic solvents are presented in Chart 1.1. Though, in principle, a large variety of 

DESs are possible to prepare simply by varying the combination of the constituents, most 

extensively studied ones are those consisting of a particular quaternary ammonium salt, (2-

hydroxyethyl)trimethylammonium chloride, commonly known as choline chloride in 

combination with various HBDs like amine, amide, alcohol, carboxylic acid, etc.19, 22
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Chart 1.1. Structure of some common salts and HBDs used in the formation of type 
III DESs. (Adapted from reference 19)

1.1.3. Properties

DESs have gained considerable attention as unique novel media due to their various 

promising and attractive properties, such as negligible vapor pressure, often non-toxic, 

high thermal and chemical stability, wide liquidous range, moderate to high polarity, 

ability to dissolve both polar and nonpolar molecules, and many more.19 As mentioned 

earlier, task-specific DESs with desirable physicochemical properties, such as freezing 

point, density, viscosity, conductivity and polarity, can easily be tailored by appropriate

selection of the constituents as well as by varying their composition,22 because the 

Halide Salts Hydrogen bond donors
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properties of DESs are strongly dependent on the individual constituents. The key 

physicochemical properties of commonly available DESs are discussed below.

Freezing Point: Although most of the DESs reported till date have freezing point below 

373 K, the number of DESs with freezing point below room temperature (298 K) is still 

very limited.19, 22, 33 However, there are several examples for which the exact freezing point 

is very difficult to measure as they undergo glass formation, and hence show glass 

transition temperature.33-37 Among those DESs whose freezing point is reported, it has 

been observed that the freezing point of different DESs varies widely with change of either 

of the constituents, though a clear correlation has not been observed. For instance, DESs 

composed of 1:2 molar mixtures of different ammonium salts and urea show very different 

freezing points ranging from 235 K to 386 K. Further, the molar ratio of a particular 

salt/HBD combination also significantly affects the freezing point of DESs. It has also 

been observed that even a small change in the structure of the DESs constituents (whether 

it is the anion/halide of the salt or the number of a particular functional group in HBD) has 

considerable impact on the freezing point of different DESs. For example, the freezing 

point of a set of choline salt-based DESs follows the order, F‾ > NO3‾ > Cl‾ > BF4‾.19 In 

another case, lowest freezing point is reported for 2,2,2-trifluoroacetamide, when 

compared a set of DESs based on ChCl with urea, thiourea, 1-methyl urea, 1,1-dimethyl 

urea, acetamide and 2,2,2-trifluoroacetamide.19 This is presumably due to the difference in 

hydrogen bond forming ability of the DESs constituents.

Density: The density of DESs is found to be much higher than that of the conventional 

solvents.19 Most of the commonly reported DESs have densities in the range of 1.0−1.35 g 

cm‾ 3 at room temperature.19, 38 However, the density values for those containing metallic 

salts, such as ZnCl2–acetamide (1:4) and ZnCl2–urea (1:3.5) are relatively higher, and lies 

in the range of 1.3−1.6 g cm‾ 3. It has been found, as seen in the case of freezing point, that 

the type of constituents of DESs and the salt to HBD molar ratio at which the solvent is 

formed, have a significant effect on the density of DESs.19, 33 For instance, among DESs 

formed by ammonium and phosphonium-based salt with a particular HBD (say ethylene 

glycol), the former solvent shows lower density compared to the later. In another report, it 

is shown that the density of ChCl-glycerol DES increases with increasing percentage of 

glycerol.39 The density of DESs consisting of HBD with only difference in the number of 

hydroxyl groups (glycerol and ethylene glycol) shows an increase of the value with the 

number of hydroxyl groups.33 In case of ChCl and dicarboxylic acid-based DESs, density 
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decreases with gradual increase of the chain length of the diacids and follows the order:

oxalic > malonic > glutaric.33 Similarly, increasing the cation alkyl chain length in case of 

tetraalkylammonium bromide-based DESs decreases the density.33 The observed trend of 

the density is attributed to a difference in molecular organization or packing of the 

constituents of DESs and thus, explained in terms of free volume available in the DESs.

The temperature dependence of the density is also studied for ChCl-glycerol/ethylene 

glycol/urea DESs. In all cases, the density decrease with increase of the temperature due to 

thermal expansion.40-42

Viscosity: The use of many eutectic-based solvents has been limited due to their high 

viscosity as compared to the common organic solvents.19, 33 In general, most of the 

common DESs have viscosities greater than 100 cP at room temperature. However, some 

DESs where ethylene glycol, phenol are used as HBD exhibit significantly low viscosity 

values (3-4 folds lower than 100 cP). The presence of extensive hydrogen-bonding

network between the constituents of the DESs resulting in a lower mobility of the 

constituents is mainly responsible for their high viscosity. In this context, it is important to 

note that the reported viscosities for a particular DES from different sources show large 

difference.33 This is probably due to the presence of any impurities, particularly water. As 

many DESs are highly hygroscopic in nature, their viscosity is expected to be extremely 

sensitive to the air moisture. Therefore, proper characterization of the water content is very 

crucial for reporting a reliable and reproducible viscosity data for any DES. Like the other 

physical properties discussed above, viscosities of DESs are closely dependent on the

molecular structure of the DES components, salt/HBD molar ratio, etc. The viscosity of all 

DESs decreases significantly with increase of the temperature. Therefore, highly viscous 

DESs, which are not suitable for applications at room temperature, can easily be employed 

for applications at higher temperatures. The temperature dependence of the viscosity for 

DESs is described by using both Arrhenius and VFT model (equation 1.1). However, this 

dependence is best described by the VFT equation.33, 38, 40, 43

ߟ ൌ ݌ݔ଴݁ߟ  (
ܤ

ܶ െ ଴ܶ
) ǥ ǥ ǥ ǥ Ǥ Ǥ ሺͳǤͳሻ

where,  is the viscosity at absolute temperature T, 0 is the viscosity at infinite 

temperature, B is the fragility parameter, and T0 is a characteristic temperature for which 

diverges.
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Although, Abbott and co-workers analyzed the viscosity of DESs using the hole theory,22

which was applied earlier for molten salts and ILs, later developments suggested that the 

hole theory solely cannot explain the viscosity of DESs as strong intermolecular

interactions in these solvents and the size of the involved constituents have to be 

considered as well.19, 33

Conductivity: Considering the use of DESs as an electrolyte in electrochemical 

applications, the knowledge of their transport property like conductivity is very crucial. As 

conductivity is strongly correlated with viscosity, one can expect low conductivities for 

most of the DESs owing to their high viscosity. As anticipated, most of the studied DESs 

show conductivities lower than 1 mS cm-1 at room temperature.19 However, ethylene 

glycol and imidazole-based DESs exhibit significantly large electrical conductivities due 

to their relatively low viscosities.33, 44 In general, conductivity of DESs increases with 

increasing temperature due to decrease of viscosity. In line with the viscosity, the 

temperature dependence of the conductivity is also satisfactorily described by both the 

Arrhenius and the VFT model.33 The conductivity of DESs also increases gradually with 

increasing concentration of the ionic constituents. However, this behavior is not generic

for all DESs as it also depends on both the nature of the salt and the HBD, and various 

interactions between them.

Polarity: The polarity of a solvent is one of the most important physical properties that 

plays key role in controlling the ability to dissolve various substances. Despite this fact, 

the number of studies on the polarity measurements of DESs is relatively less. The 

microscopic polarity of DESs is characterized by using different polarity parameters, such 

as ET(30) or N
TE and various solvatochromic probe molecules (both absorption and 

fluorescence based probes) shown in Chart 1.2.45 The polarities of most of the commonly 

studied DESs are found to be significantly high.46-48 These values are comparable or

slightly higher than those of the primary alcohols like methanol, ethanol, but less than 

water.47 In this context, one may note that the polarities of DESs are significantly higher 

than those of the many common and popular ILs.47 However, like other physical 

parameters, polarity of the DESs depends on the nature of the constituents and their 

composition.46 For example, among the DESs consisting of ChCl combined with different 

HBDs, such as urea, ethylene glycol, glycerol, and malonic acid, the largest ET(30) values 

are observed for glycerol-based DESs, which is followed by ethylene glycol and urea. On 
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the other hand, the ET(30) values for glycerol-based DESs studied at various molar ratios 

increase with increasing ChCl percentage in a linear fashion.48

Chart 1.2. Structure of some solvatochromic probe molecules commonly used for 
estimation of polarity.

Refractive Index: The refractive index of DESs can be used sometimes for their 

characterization. The refractive indices for most of the reported DESs are close to or 

greater than 1.50 (ranges between 1.47 and 1.67). For example, the refractive indices of 

DESs composed of ChCl and urea, ethylene glycol and glycerol are found to be 1.5044, 

1.4620 and 1.4868, respectively.33 The refractive indices of another set of DESs containing 

benzyltriethylammonium salt and different HBDs, such as p-toluene sulfonic acid, citric 

acid and oxalic acid are found to be 1.5484, 1.5307 and 1.5172, respectively.41 Like 

density, the refractive index of DES decreases monotonically with increasing temperature. 

This is due to the fact that the decrease in density with temperature provides more freedom 

for the light to pass through the solvents.33, 41

Thermal Stability: The thermal stability of DESs is determined in terms of decomposition 

temperature by using thermogravimetric analysis. The decomposition temperature (at 10% 

weight loss) of a series of DESs based on benzyltrialkylammonium salt with various 
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glycols is found to be in the range of 373 to 443 K, and follows the order: glycerol > 

triethylene glycol > diethylene glycol > ethylene glycol.49 The thermal stability of some 

choline-based DESs, however, is found to be relatively higher with the decomposition 

temperatures between 543 and 553 K, which are comparable to many ILs.50 Clearly, the 

thermal stability depends significantly on various factors, such as type of the salt and 

HBD, and chain length of the HBD. However, these values are well separated from their 

freezing point values, which imply quite a large liquidous range of the DESs.50

Volatility: DESs are generally expected to have negligible vapor pressure due to non-

volatile nature of one of their constituents. Although studies dealing with the vapor 

pressure of DESs are very scarce, this parameter is reported for few DESs based on 

ammonium and phosphonium salt in combination with urea and glycerol. As expected, 

these DESs exhibit extremely low but detectable vapor pressure. The vapor pressures of 

these DESs are found to be in the range of 0.14 to 2.16 Pa at 343 K.51 The lower vapor 

pressure for urea-based DESs as compared to glycerol-based DESs is in accordance with 

the very low vapor pressure of urea itself.51

Structural and Dynamical Features: The microscopic structural and dynamical features 

of a solvent are important for understanding various interactions operating in it as well as 

for controlling any chemical reactions in that solvent. These features are investigated both 

theoretically and experimentally only for some selected DESs and hence, are still not 

understood completely.28, 29, 31, 52-62 However, these studies have revealed that the liquid 

state structure of these solvents is quite complex due to the presence of extensive 

interspecies hydrogen-bonding network and most of the DESs are spatially (structurally)

and/or dynamically (temporally) heterogeneous in nature. The structural heterogeneity of 

DESs is determined by monitoring the steady-state excitation-wavelength dependent 

emission behavior of dipolar fluorescent molecules using fluorescence spectroscopy.52-54

The heterogeneous structure of DESs containing polar and non-polar domains are 

proposed, and verified by FTIR and 2DIR spectroscopic studies.29, 55, 56 Simulation studies 

have also shown the formation of heterogeneous domain-like structures in DESs owing to 

molecular-scale segregation of the solvent constituents.57-60 The dynamical heterogeneity 

of DESs is confirmed through solute and solvation dynamics studies using time-resolved 

fluorescence spectroscopies.28, 31, 52, 54 Furthermore, these studies have revealed that both

these microscopic features are sensitive to the structural identity of HBAs as well as HBDs 

of the DESs.
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1.1.4. Applications

Due to their attractive properties, DESs have found potential applications in a variety of

fields. The initial usage of most of the DESs was limited to two major areas, metal

processing and synthesis.22 As DESs can dissolve various metal salts that include metal 

oxides and hydroxides, these have found application in electrochemical processes, such as 

metal extraction, metal recovery and metal finishing (electropolishing and 

electrodeposition) for metals that are normally difficult to process.63-66 DESs have also 

been applied as environmentally benign alternatives for synthesis. They are successfully 

employed as reaction media in various organic syntheses.18, 21, 67-69 They are also used in 

synthesis of many inorganic materials including metal organic frameworks, zeolite-type 

materials and carbon materials through the ionothermal synthesis strategy.70, 71 Very 

recently, DESs have been used as an efficient media for synthesis of various functional 

materials and shape controlled synthesis of nanoparticles.25, 72 DESs are also used in 

electrochemistry as promising electrolytes for dye-sensitized solar cell.73, 74 Further, DESs 

are also used for the dissolution of some poorly soluble drugs, such as griseofulvin, 

itraconazole, danazol and so on.75 Another interesting and emerging application of DESs is 

purification of biodiesel by extraction of glycerol from biodiesel.76-78

In recent years, with their developments, DESs have been successfully used as 

environmentally sustainable media in numerous fields, such as catalysis,79, 80

biotechnology,81, 82 polymerizations,83, 84 carbon dioxide adsorption,85, 86 and many more. 

However, a careful survey of the literature reveals that only a narrow range of commonly 

available DESs have been utilized so far for aforementioned applications, and there still 

lies huge scope of development of novel DESs for more widespread applications.

1.2. Photophysical Studies

Study of photophysical processes, such as rotational diffusion, translational diffusion, 

solvent relaxation, electron transfer, proton transfer, etc. in any unknown solvent is one of 

the useful approaches for understanding the nature of the solvent of interest.87, 88 These 

dynamical processes offer an insight into the microscopic structure, dynamics and 

different types of interactions operating in the solvent, which play a key role in controlling 
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the rates of chemical reactions taking place in it, and help us to better understand the 

solvent.

Among the aforementioned dynamical processes, we exploit primarily the rotational 

diffusion, translational diffusion and solvation dynamics of various molecular systems by 

employing various fluorescence spectroscopic techniques to obtain an in-depth 

understanding of the microscopic physicochemical properties of the DESs studied in this 

work.

1.2.1. Solvation Dynamics

Solvation is a process in which a dissolved solute molecule in a solvent is stabilized by 

reorganization of the surrounding solvent molecules through various interactions between 

the solute and solvent molecules.89 Solvation dynamics refers to the reorganization of the 

solvent molecules with time around the solute molecule until the system reaches an 

equilibrium and the time associated with this solvent reorganization is called solvent 

relaxation time (often popularly called solvation time).89 The dynamics of solvation of a 

solvent system can be studied by many experimental techniques, such as dielectric 

relaxation,90, 91 three-pulse photon echo peak shift,92, 93 infrared spectroscopy56, 94 and time-

resolved fluorescence spectroscopy.95-97 Among them, time-resolved fluorescence 

spectroscopy is the most commonly used one for this purpose due to its high temporal (a

tens of fs) resolution.95, 98

As solvation leads to a significant shift of the emission spectrum of a dipolar fluorescent 

molecule in polar solvent, the dynamics of solvation is studied by monitoring the TDFSS 

of the molecule in the time-resolved fluorescence experiment.97, 99 In this study, the 

equilibrium charge distribution of a dipolar fluorescent molecule is suddenly perturbed by 

a short optical pulse excitation. This leads to a redistribution of charges in the solute 

molecule and creates a large change in the dipole moment. In response to this change, the 

solvent molecules start to rearrange and reorient themselves with time to attain the 

equilibrium again by stabilizing the newly created charge distribution of the system. 

During the stabilization, the fluorescence spectrum of the solute molecule shifts gradually 

towards longer wavelengths until a relaxed equilibrium state is reached. This time

dependent shift of the fluorescence spectrum of the dipolar molecule is called as dynamic 

Stokes shift (or TDFSS).87 This phenomenon is illustrated in Scheme 1.1.
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Scheme 1.1. Schematic illustration of solvent relaxation around a dipolar fluorescent 
molecule along with the dynamic Stokes shift.

The procedure for estimation of the TDFSS of a dipolar fluorescent molecule usually 

involves the following steps. First, one needs to measure the fluorescence decay profiles of 

the solute molecule at various wavelengths across the entire steady-state fluorescence 

spectrum. Then, TRES is constructed from these decay profiles and the steady-state 

fluorescence intensities. A detailed analysis of the TRES gives the TDFSS, which is used 

to calculate a dimensionless spectral shift correlation function (also called as solvation 

response function), S(t), given by equation 1.2.87

ܵሺݐሻ ൌ  
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where, (0), (t), and (∞) are the peak frequencies (in cm-1) immediately after laser 

excitation (t = 0), at any given time (t), and at a sufficiently long time for relaxation of the 

excited solute molecule to be complete (t = ∞).

The time-dependence of the spectral shift correlation function provides quantitative 

information on the nature and timescales of the solvation dynamics.87, 97 It is pertinent to 

mention here that a dipolar molecule must fulfill the following criteria to be a good probe 

for the study of solvation dynamics;87 a large change in dipole moment on excitation and 

sufficiently long fluorescence lifetime so that solvent relaxation is complete during this 

time. The molecular structures of some dipolar molecules, commonly used for the study of 

solvation dynamics using this method, are given in Chart 1.3.

Chart 1.3. Structure of some dipolar probe molecules commonly used in the study of
solvation dynamics.

1.2.2. Rotational Dynamics

The diffusive motion of a solute molecule in a solvent can generally be described by the 

change in its orientation (rotation diffusion) and position (translation diffusion).100 The 

dynamics of these diffusion processes refer to the rate at which the solute molecule 
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diffuses in the solvent through the respective diffusive motion. The rate of these diffusive 

motions are mainly dependent on the shape and size of the solute molecule, interactions

between the solute and solvent molecules, and the viscosity and temperature of the 

solvent, and thus provides valuable information about the solvent of interest.87

The rotational diffusion dynamics of a solute in a solvent can be studied by measuring the 

average angular displacement of the solute molecule by monitoring its time-dependence of 

the fluorescence anisotropy.87 The fluorescence anisotropy is a measure of the extent of 

depolarization of the fluorescence of a solute molecule when excited with a polarized 

light. As rotational diffusion of solute molecule occurring between the times of absorption 

and subsequent emission causes depolarization of the fluorescence, one can study the 

rotational dynamics by looking into the time-dependence of the fluorescence anisotropy of 

the solute. The measurement of fluorescence anisotropy relies on the principle of 

photoselective excitation of the probe molecule using a polarized light. Generally, solute 

molecules are randomly oriented in a solution. Upon selective excitation, only those solute 

molecules preferentially absorb the excitation light whose absorption dipole moments are 

aligned towards the polarization of the excitation light. Immediately after the excitation,

the fluorescence from the excited molecules is also polarized parallel to the polarization of 

the excitation light. As rotational diffusion of the excited solute molecules occur during its

excited state lifetime, the direction of the emission dipole moment of the molecules 

changes with progress of time. This leads to depolarization of the fluorescence with time. 

Thus, fluorescence anisotropy measurements, which determine the average angular 

displacement of the solute molecules during its excited state lifetime, essentially determine

the rate and extent of rotational diffusion of the molecules. The principle and method of

measurement of the fluorescence anisotropy of a probe molecule is illustrated in Scheme

1.2.
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Scheme 1.2. Schematic diagram illustrating (a) principle and (b) method of
fluorescence anisotropy measurement.

The measurement of fluorescence anisotropy of a solute molecule starts with excitation of 

the sample usually by a vertically polarized light followed by collection of the 

fluorescence intensity at two different polarizations, parallel (III) and perpendicular (I⊥),

with respect to the excitation polarizer. These intensity values can be used to calculate the 

fluorescence anisotropy using equation 1.3.87

ݎ ൌ
ூூܫ െ ܫୄ

ூூܫ ൅ ୄܫʹ
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In time-dependent anisotropy measurement, fluorescence intensity decays is used instead 

of steady-state fluorescence intensity. Molecules with sufficiently long fluorescence 

lifetime can be good probes for the study of rotational diffusion dynamics. The molecular 

structure of some commonly used molecules for rotational diffusion dynamics studies are 

given in Chart 1.4.

(a) (b)
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Chart 1.4. Structure of some molecules commonly used for rotational and 
translational dynamics studies.

1.2.3. Translational Dynamics

Along with the solvation and rotational dynamics, study of translational diffusion 

dynamics of various molecular systems in a solvent is also helpful for understanding the 

solvent of interest.87 In order to monitor the translation diffusion process, one essentially 

needs to observe the extent and rate of mean-square displacement of a solute molecule 

with time. The dynamics of translation diffusion of a solute molecule in a solvent can be

studied by looking into the mean-square displacement of the molecule employing FCS

technique.87 A detailed discussion on the FCS measurements is provided in Chapter 2.

FCS is an advanced and powerful single-molecule based technique,87, 101, 102 in which the

measurement is performed using freely diffusing molecules in a solution and the time-

dependent fluorescence intensity fluctuations of extremely dilute solution of solute 

molecules (typically a nM) from a tiny observation/detection volume (a fL) is analyzed. 

When a solute molecule randomly diffuses into and out of the observation volume, 

effective numbers of the molecules in the volume fluctuate with time. This leads to 

fluctuations of the fluorescence intensity. The fluctuations in the effective numbers of 

molecules and hence, the fluorescence intensity, will be slow when the molecules diffuse 
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slowly through the observation volume and will be fast when fast diffusion of the 

molecules occur. These fluctuating fluorescence signals can then be correlated to generate 

a correlation function. By analyzing the time-dependence of the correlation function one 

can obtain valuable information on the rate and nature of translation diffusion of the 

diffusing molecule. It is pertinent to mention here that one has to be very careful while 

choosing a probe molecule for measurement of the translation diffusion dynamics using 

FCS, because in addition to the translation diffusion, the intensity fluctuations can also 

occur from many other dynamic processes which are faster than the diffusion. A molecular 

system, which shows intensity fluctuation only due to the translation diffusion, can be a 

suitable probe for this specific purpose. Chart 1.4 shows the structure of some commonly 

used molecules for the translational diffusion dynamics studies.

1.3. Proteins

1.3.1. Structure of Proteins 

Cells contain many highly complex molecules, commonly termed as macromolecules.103

There are three major types of macromolecules present in a cell: carbohydrates, proteins 

and nucleic acids. These are responsible for most of the basic phenomena of life. Among 

these, proteins are one of the most important and interesting biomolecules in life sciences.

Proteins form the very basis of all life. They are the most abundant biomolecules in cells, 

which fill up about 50 % of the total dry weight of cells.103, 104 They play a variety of 

crucial roles in cells and tissues, and involved in almost all life processes occurring in 

living systems. Proteins are polymers of amino acids.103, 105 In other words, they can also 

be described as a long polypeptide chain consisting of many amino acids. Amino acids are 

carboxylic acids that contain a carboxyl group, an amino group, a hydrogen atom and a 

side chain (only variable component in all amino acids) in the alpha position (Scheme 

1.3a) except proline. Large number of such amino acids linked covalently through the 

peptide bonds formed by the condensation reaction of two amino acid molecules with 

elimination of water (Scheme 1.3b) generates a long polypeptide chain.105 A polypeptide 

chain contains two key structural components: the repeating part that forms backbone of 

the chain and the variable part that consists of different side chains of amino acids 

(Scheme 1.3c). Two ends of the polypeptide chain are termed as N-terminus (free amino 
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group present) and C-terminus (free carboxyl group present). Some proteins also contain 

other covalently bound components, coordinated metal ions and prosthetic groups.105 It is 

important to mention here that proteins, which catalyze several biochemical reactions in 

all life-forms, are called enzymes.

Scheme 1.3. (a) General structure of an amino acid, (b) formation of a peptide bond 
through covalent linking of two amino acids, and (c) various components of a 
polypeptide chain.

There are four different orders of protein structure: primary, secondary, tertiary and 

quaternary (Figure 1.2).105, 106

Primary Structure: The linear structure formed by a sequence of amino acids in the 

polypeptide chain of a protein is called its primary structure. The primary structure of a 

protein always starts with the N-terminal and ends with the C-terminal. Each protein is 

composed of a unique sequence of amino acids, and it is the unique amino acid sequence 

which determines the overall structure and function of that particular protein. Elimination 

(a) (b)

(c)
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of any single amino acid or alternation its position can cause notable impact on both the 

structure and function of the protein.

Secondary Structure: Secondary structure of a protein comprises of stable and repetitive 

local patterns of adjacent amino acid residues in the polypeptide chain. It is stabilized 

through the formation of hydrogen bonding between the keto groups (partial negative 

charge) and the amino groups (partial positive charge) of different peptide bonds, either 

within the same polypeptide backbone or different. Depending on the pattern of the 

hydrogen bonds different types of the secondary structures can be formed. The most 

commonly found secondary structures of proteins are α-helices, β-sheets and turns. An α-

helix is the right handed coil of polypeptide backbone around an imaginary axis that 

resembles a curled ribbon. Though the stability of the helical structure is mainly governed 

by the hydrogen bonding, it also depends on the interactions between the side chains of 

amino acids. Bulky side chains of amino acids destabilize the helical structure. In the β-

sheet, two or many polypeptide chains are lined up next to each other and aligned in a 

zigzag fashion to form a blanket-like structure. Depending on whether the polypeptide 

chains are arranged in a parallel (all C-terminal ends are at the same side) or antiparallel 

fashion (different C-terminal ends are at the opposite side), the β-sheets are classified as

parallel and antiparallel. The main difference between the helix and sheet structure is that 

in the former case hydrogen bonds are formed between the keto and the amino groups of 

the same polypeptide chain, whereas in the other case they occur between the amino 

groups of one chain and the keto groups of the adjacent chain. Turns are the type of 

structures in protein where the polypeptide chain reverses its overall direction. This is the 

element that makes the bridges between the successive runs of α-helix and β-sheet.

Tertiary Structure: Tertiary structure of a protein describes its global conformation that 

depends on the way various secondary elements are organized in space. The secondary 

structures of a polypeptide chain are folded in a specific fashion, where the hydrophilic 

amino acids lie exposed on the outside surface of its three dimensional conformation and 

the hydrophobic amino acids are cluster towards the interior of the protein structure. 

Protein tertiary structure is usually stabilized by various interactions between the side 

chain groups of the amino acids in polypeptide chains, such as hydrophobic and 

hydrophilic interactions, dipole-dipole interactions and hydrogen bonding. In addition to 

these interactions, disulfide bond (that is stronger than the other interactions), which is a 
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covalent bond formed between the sulfur containing side chains of amino acid (cysteine), 

contribute significantly to the stability of the tertiary structure.105

Quaternary Structure: Quaternary structure of protein describes how association of 

multiple polypeptide chains (also known as subunits) forms a single complex functional 

protein. In many proteins, only aforementioned three orders of structure are observed. 

However, some proteins composed of multiple polypeptide chains (either same or 

different) giving the protein its quaternary structure. One example of such protein is 

hemoglobin which contains four subunits. The interactions, which stabilize the quaternary 

structure, are the same that contribute to the tertiary structure.

Figure 1.2. The primary, secondary, tertiary and quaternary structure of a protein. 
(Adapted from reference 106)

Primary Structure Secondary Structure

Tertiary Structure Quaternary Structure

α-helix  β-sheet 
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1.3.2. Stability, Dynamics and Function of Proteins

Soon after synthesis in ribosome, a polypeptide chain quickly forms a stable compact 

three-dimensional structure (or conformation). This particular conformation, which is 

essential for biological function of proteins, is called a native or folded state. As 

mentioned earlier, various stabilizing factors lead to such functional form. However, under

certain conditions, this specific conformation of proteins is completely disrupted leading to

a highly unstable conformation (which is nonfunctional in nature), called an unfolded or 

denatured state. In addition to these two conformations, various other structural changes 

often take place in proteins, which are commonly termed as intermediate states.107, 108 This 

indicates that proteins are highly dynamic/flexible in nature.

Dynamics of proteins is usually characterized by various motions of large number of 

atoms and groups present in the polypeptide chain, within a wide range of time (10-15 to 

104 sec) and energy (0.1 to 100 kcal mol-1).108, 109 The inherent dynamics of proteins play 

very important role in determining their function.109-111 This can be understood from the 

fact that the activity of a protein reduces with slowdown of the dynamics through

temperature reduction. Thus, both native structure and dynamics of a protein are essential 

for its proper functioning.

1.3.3. Probing Structural Changes and Dynamics of Protein using Fluorescence 

Spectroscopy:

Fluorescence spectroscopy is a popular and sensitive technique that has been used 

extensively to study the structural changes and dynamics of various protein molecules.87

Both intrinsic and extrinsic fluorescence of different protein molecules is used for this 

purpose.

Intrinsic Fluorescence: Unlike most of the macromolecules, proteins exhibit significant 

amount of fluorescence by itself, called intrinsic fluorescence.112 This fluorescence of 

proteins arises due to some specific amino acids, such as Trp, Tyr and Phe (Chart 1.5). 

Among these amino acids, fluorescence property of Trp is most commonly used in probing 

the structure of protein molecules for the following reason.87 It has sufficient fluorescence 

quantum yield. Selective excitation of only Trp is possible by exciting the protein at 295 

nm as other two amino acids does not absorb at that wavelength. Its fluorescence (both 

maxima and intensity) is highly sensitive to the local environments.  In general, Trp 



 

 
~ 25 ~

  

Chapter 1                                                                                 Introduction

displays an emission maximum around 350 nm in polar environment (water) at room 

temperature, but it appears ~ 10-20 nm blue shifted in relatively less polar environments. 

As a result, changes of the local environment around Trp residues during conformational 

change, protein-ligand binding, unfolding, subunit association and aggregation 

significantly affect their fluorescence property. Additionally, changes of the fluorescence 

anisotropies of both Trp and Tyr are sometimes used to probe dynamics of protein, 

because various motions such as the overall rotational diffusion and the segmental motion 

of protein alter this parameter (anisotropy). Thus, by carefully monitoring the changes in 

the intrinsic fluorescence properties of protein, valuable information regarding their 

structural changes and dynamics under various conditions can be obtained.113

Chart 1.5. Structure of amino acids responsible for intrinsic fluorescence of proteins.

Extrinsic Fluorescence: The use of intrinsic fluorescence of protein is not possible or 

difficult in many cases due to the following reasons.87 The intrinsic fluorescence of protein 

molecule is limited to only Trp and Tyr amino acids, and is extremely weak when present 

in less numbers (one or two). These amino acids absorb in the UV region where several 

solvents including ILs and DESs can cause large background during experiments owing to 

their own absorption. Additionally, the use of UV excitation is not advisable to study in 

cellular environment as it may cause serious damage to the cell organelles and tissues.

Presence of many Trp residues in different environment of proteins also sometimes causes 

complicacy in interpretation of the data. Thus, an alternative way to overcome these 

shortcomings in probing structure and dynamics of protein is to use fluorescence of 
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externally added fluorophore (called extrinsic fluorescence) of choice. The main 

advantages of this method are as follows: one can choose the fluorophore which has 

absorption and emission in the longer wavelength so that their signal does not interfere 

with the solvent background signal. These fluorophores have high fluorescence quantum 

yield and their fluorescence properties are highly sensitive to any structural and dynamical 

changes of protein molecules.

Chart 1.6. Structure of some fluorophores commonly used for extrinsic fluorescence 
of proteins.

The labeling of various protein molecules using external fluorophores can be done through 

either non-covalent or covalent binding (Chart 1.6). Some common examples of 

fluorophores that bind non-covalently to protein due to their stronger binding affinity are 

TNS and ANS.87 The examples of other category fluorophores that bind covalently to 

several proteins through reaction with an amino or thiol group are FITC (amine reactive),
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DNSC (amine reactive), A488 TFP ester (amine reactive) and A488 maleimide (thiol 

reactive). As any change of the protein structure leads to considerable change in the 

fluorescence properties of these fluorophore, it is possible to probe the protein structure 

and dynamics by carefully monitoring the variation of their fluorescence using different 

fluorescence-based spectroscopic and microscopic techniques.87, 114

1.4. Motivation behind the Thesis Work

The work presented in this thesis has been undertaken primarily to obtain a comprehensive 

understanding of the microscopic solution structure and dynamics of some alcohol-based 

DESs by studying photophysical processes, such as solvation dynamics, rotational

diffusion dynamics and translational diffusion dynamics of different fluorescent molecular 

systems in these media. Additionally, the structural stability and conformational dynamics 

of a protein have also been studied in such DESs to obtain insight on the biophysical

mechanism of protein-DESs interactions, which essentially govern the fate of the protein 

in such nonconventional media. It is important to mention here that even though a 

significant numbers of DESs have been explored, most of the studies have been focused 

on systems obtained by mixing of quaternary ammonium salts with amides and acids as 

HBDs, whose applications are often limited due to their high viscosity.19, 22 The alcohol-

based DESs can serve as useful media in such applications due to their much lower 

viscosity compared to the other DESs.19, 22, 38, 115-117 This motivated us to work specifically 

with alcohol-based DESs.

Even though the alcohol-based DESs serve as useful media useful in a variety of 

applications,17, 19, 22, 118 the microscopic solution structure and dynamics of these liquids are 

not well understood and issues like whether spatial and dynamic heterogeneity is a generic 

feature of all the ionic DESs is still unclear. Further, despite the fact that understanding of 

the solute-solvent interactions involving different solute molecules is very important for

realization of the potential of these media as solvents; this aspect remains almost 

unexplored for DESs. Keeping these points in mind, herein we have attempted to address 

some of these issues for a less viscous ionic DES consisting of a 1:2 molar mixture of 

ChCl and ethylene glycol (Chart 1.7) by studying the rotational and translational diffusion 

dynamics of a neutral (C153) and two charged (R123 and FL) probe molecules (Chart 1.8) 
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with the help of fluorescence anisotropy measurements in ensemble condition and FCS 

measurements in single-molecule condition, respectively.

As mentioned previously, various physical properties of the DESs alter considerably with 

changes of salt and HBD structure. Recently, it has been observed that a change of the 

hydrocarbon chain length and hydroxyl group position of the diols (HBD) significantly 

influences the physical properties of the alcohol-based DESs.119 In order to understand 

how such structural changes in HBD influence the microscopic structure, dynamics and 

interactions operating in these media, we have studied the rotational and translational 

diffusion dynamics of some carefully chosen molecules (both dipolar (C153 and 4-AP)

and nonpolar, ANT) (Chart 1.8) using fluorescence anisotropy and FCS measurements in a 

series of ChCl/alcohol based DESs (Chart 1.7) differing in hydrocarbon chain length and 

positioning of the hydroxyl group at the HBD. Both dipolar and nonpolar molecules are 

employed in this work to understand whether these molecules experience similar 

environment and interactions in these media irrespective of their nature.

Chart 1.7. Structure of salts and HBDs of the DESs studied in this work.
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A survey of the literature shows that large numbers of the works on DESs are application-

oriented and most of which have been carried out in ChCl-based DESs.19, 22, 118 Several 

new and promising DESs based on various other salts are gaining attention recently.33, 49, 59, 

120-130 However, the knowledge about the microscopic structural and dynamical features of 

these less-explored DESs is still lacking. Further, recognizing the fact that a change of the 

hydrocarbon chain length at HBD significantly modifies these fundamental features of the 

alcohol-based DESs, similar studies probing how the alkyl chain length attached to the 

cation of the salt influences these aspects need to be performed. Keeping these in mind, in 

this work, we aimed to obtain an in-depth insight into these aspects of a set of promising 

but less-explored eutectic solvents comprising tetraalkylammonium bromide salts and 

ethylene glycol (Chart 1.7) through characterization of the microscopic structure, 

dynamics, and solute-solvent interactions by monitoring the fluorescence response of two

dipolar (C153 and 4-AP) and a nonpolar (9-PA) solutes (Chart 1.8) in these media.

Chart 1.8. Structure of the probe molecules used for various photophysical studies in 
the DESs.
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As the dynamics of solvation often determines the fate of many chemical processes and 

can uncover unique characteristics of a solvent,97, 131 solvation dynamics has also been 

studied in some DESs in recent years.28, 52-56, 132 Although the overall nature of solvation 

dynamics in DESs is understood qualitatively, very little of the early part of the solvation 

dynamics has been explored till date due to limited time-resolution of the TCSPC

technique (the one employed in most of the cases). In view of the above, we have 

attempted to obtain insight into the complete solvation dynamics of C153 in some less-

explored DESs comprising ethylene glycol and tetraalkylammonium bromide salts (Chart 

1.7) with variable alkyl chain length. In order to capture the entire dynamics occurring in 

these solvents in a timescale of few femtoseconds to several nanoseconds, we have 

employed a combination of TCSPC and fluorescence UPC techniques for monitoring the 

TDFSS of C153 (Chart 1.8).

Very recently, DESs have received great attention in various bio-related fields like

biocatalysis, and extraction and preservation of several biomolecules, such as protein, 

DNA, etc.80, 133-137 Though few studies have been performed to explore the structure, 

stability and activity of some selected protein molecules in DESs,138-140 these reports are 

qualitative and do not shed complete light on the molecular level interactions. Moreover, 

all these studies are conducted in ensemble conditions without any report at the single-

molecule level, which gives better information about the structure and dynamics of the 

biomolecules. As protein molecules are highly dynamic in nature, it is very crucial to 

study the dynamics of the processes associated with them to completely understand their 

role in any biological function. Surprisingly, there are no studies so far on the 

conformational dynamics of any protein in these novel solvents. This motivated us to look 

into both the structural stability as well as conformational dynamics of protein molecule in 

DESs. In the present work, we have examined the influence of two DESs comprising 

betaine and ethylene glycol or glycerol (Chart 1.7) on the structural stability and 

conformational dynamics of a well-known protein, cytochrome c, both in single-molecule 

and ensemble conditions employing FCS and other biophysical methods, respectively.
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Overview

This chapter provides information on the sources of chemicals, and preparation, 

characterization and purification of different substances used in this study. The 

procedures of sample preparation for different spectroscopic and microscopic experiments 

are also described. The working principle, instrumental setup and methods for acquisition 

and analysis of picosecond TCSPC, femtosecond fluorescence UPC and single-molecule 

FCS data are discussed in details. In addition, a brief account of other instruments used in 

this study, such as UV-vis spectrophotometer, spectrofluorometer, spectropolarimeter, 1H-

NMR, FTIR and viscometer are also provided.
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2.1. Materials

Choline chloride (≥ 98%), betaine (≥ 99%), glycerol (≥ 99.5%), ethylene glycol/1,2-

ethanediol (≥ 99%), 1,3-propanediol (98%), 1,4-butanediol (99%), 1,2-butanediol (≥ 

98%), 1,3-butanediol (98%), and 2,3-butanediol (98%) were purchased from Sigma-

Aldrich. Tetraethylammonium bromide (> 98%), tetrapropylammonium bromide (> 98%), 

and tetrabutylammonium bromide (> 99%) were procured from TCI Chemicals. These 

chemicals were dried under high vacuum for 30-40 hours prior to use. 4-aminophthalimide 

and laser grade coumarin 153 dye were obtained from TCI Chemicals and Eastman 

Kodak, respectively. Rhodamine 123, rhodamine 6G, fluorescein, anthracene, and 9-

phenylanthracene were obtained from Sigma-Aldrich. Alexa Fluor 488 C5 maleimide dye 

was purchased from Molecular Probes, Invitrogen. All these dyes were used as received. 

Methanol, ethanol, hexane, acetone, ethyl acetate were procured from Merck. Deuterated 

solvent, methanol-d4 (CD3OD, ≥ 99.8 atom %D) was purchased from Sigma-Aldrich and 

used as received. Guanidine hydrochloride (≥ 99%), disodium hydrogen phosphate 

(Na2HPO4, ≥ 98%) and sodium dihydrogen phosphate (NaH2PO4, ≥ 99%) were obtained 

from Merck and used as received. Various drying agents, such as phosphorous pentoxide 

(P2O5), iodine (I2) and magnesium turnings as well as molecular sieves were obtained from 

local suppliers. Iso-1-cytochrome c from the yeast Saccharomyces cerevisiae and 

sephadex G-25 gel filtration medium were procured from Sigma-Aldrich. The purity of the

reagents was checked using NMR, UV-vis absorption and emission spectroscopy. Milli-Q 

water was used for preparations of buffers and other aqueous medium based experiments.

2.2. Purification of Conventional Solvents

Various conventional solvents used at different stages of the experiments were purified by 

following the standard procedures available in the literature.1 After drying, the purified 

solvents were stored in air tight glass bottles for further use with added molecular sieves to 

protect from the moisture.

Methanol and ethanol: Initially, refluxed for 3-4 hours with Mg turnings and iodine in a 

RB flask, and then distilled and stored under moisture free atmospheric conditions.

Hexane: The solvents were refluxed in presence of metallic sodium for 3-4 hours and then 

benzophenone was added after cooling. The dark solution was refluxed for another hour 

and then distilled and stored under moisture free atmospheric conditions.
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Acetone and acetonitrile: The solvents were first refluxed for 3-4 hours with anhydrous 

P2O5 and then distilled and stored under moisture free conditions.

Ethyl acetate: After stirring with P2O5 for 3-4 hours, the solvent was distilled and stored 

under moisture free conditions.

Water: Milli-Q grade water was obtained from Millipore, Synergy Pack water purification 

system.

2.3 Sample Preparation

2.3.1. Preparation and Characterization of DESs

All the DESs were prepared following previously reported procedures.2-5 Each salt/HBA

and HBD combination was mixed in a particular molar ratio (details are provided in the 

subsequent chapters) in a conical flask and heated at 333-353 K in an oil bath with 

constant stirring until a transparent homogeneous liquid was obtained. The liquids were 

then slowly cooled down to the room temperature (298 K) and stored in an inert 

atmosphere prior to experiments. The purity of the prepared DESs (and their constituents) 

was checked through 1H NMR spectroscopy (spectral data are provided in the 

Appendices). The structural identity of the DESs was confirmed by the FTIR spectra (see 

Appendices). Comparison of the NMR and FTIR spectra of the prepared DESs with the 

literature data of the DESs indicate that no side reactions occurred during the preparation 

of the DESs and the prepared liquids were pure.6-9 The viscosities of the prepared DESs 

were measured at 298 K (see subsequent chapters), and were found to be in agreement 

with previously reported values.3, 4, 10 The water content in the DESs was determined after 

drying under high vacuum for several hours, and the measured values (see subsequent 

chapters) were in good agreement with the literature data.8, 11

2.3.2. Preparation of Dye Solutions in DESs

Solutions of individual solutes were prepared in methanol/ethanol (except for ANT and 9-

PA, which were prepared in hexane). A few microliters of freshly prepared solution of the 

solutes was transferred into a reagent bottle and the solvent was then evaporated by 

flowing ultra-high purity N2 gas. Then, a measured amount of DES was added into the 

reagent bottle, tightly sealed with rubber septum and parafilm, and the solution was

slightly heated and mixed thoroughly to ensure complete dissolution of the solutes. The 
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solution was then allowed to cool down slowly to the room temperature and was stored 

under inert atmosphere prior to experiments and used as stock solution. For all steady-state 

and time-resolved measurements (fluorescence intensity and anisotropy decay), the 

samples were prepared maintaining the concentration of the solutions such that the 

absorbance was less than 0.2 at the excitation wavelength (for 1 cm optical path) to avoid 

unnecessary problems due to inner filter effects. However, for fluorescence UPC

measurements, a solution with absorbance value of around 1.5 at the excitation wavelength

(for 1 cm optical length) was used. As the studied DESs are hygroscopic, the sample 

containing cells in all experiments were tightly sealed with rubber septum and parafilm to 

avoid absorption of moisture. A micromolar (μM) solution of the DESs was used for 

steady-state and time-resolved fluorescence measurements while nanomolar (nM) solution 

was used for the FCS measurements.

2.3.3. Protein Labeling and Sample Preparation

The covalent labeling of Cytc to its single free cysteine at position 102 with A488 dye was 

carried out following a reported method.12 A488 was dissolved in 100 mM sodium 

phosphate buffer (pH 7.0). A five-fold molar excess of A488 was added to Cytc dissolved 

in the same buffer. The mixture was then kept in the dark for two hours at room 

temperature for completion of the reaction. The labeled protein was separated from excess 

free dye using a sephadex G-25 column (30 cm x 1.3 cm) pre-equilibrated with the 

buffered solution. Dye labeling was confirmed using absorption and fluorescence 

spectroscopy (Figure A4.3 of Appendices). The dye/protein ratio in the labeled protein 

was calculated using absorbance and molar extinction coefficient values (106 mM-1 cm-1

for Cytc at 410 nm13 and 72 mM-1 cm-1 for A488 at 493 nm14) and was found to be ~ 0.98. 

Comparison of the absorption, fluorescence (Figure A4.3) and CD spectra (Figure A4.4) 

revealed that the labeling of A488 dye at position 102 of Cytc did not induce any 

detectable structural perturbation.12

The samples for all experiments were prepared in 100 mM phosphate buffered solution. 

Protein samples in various concentrations of DESs/GdHCl were prepared and kept 

overnight prior to experiments. The steady-state/time-resolved fluorescence and FCS 

measurements were performed with A488-labeled Cytc (Cytc-A488), whereas unlabeled 

Cytc was used for the CD and absorption measurements. The protein concentration in the 

samples used for steady-state (absorption or fluorescence)/time-resolved fluorescence and 
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CD measurements was about 4 and 40 M, respectively. For FCS measurements the 

samples were prepared keeping A488 concentration of ~ 2 nM.

2.4. Methods and Instrumentation

2.4.1. Picosecond TCSPC Setup

TCSPC is a time-resolved fluorescence technique widely used for many applications, such 

as measurements of fluorescence lifetime, rotational diffusion dynamics, and solvation

dynamics etc.15, 16 It is a digital counting technique that relies on statistical method of 

counting. It acts like a stopwatch, where a sample is generally excited by a pulsed laser 

with high repetition rate (> kHz) to start the event which then subsequently stops after 

detection of a single photon from the sample. The time duration from the excitation of the 

sample to arrival of a single photon in the detector is stored as a histogram which 

represents the probability distribution of detection of single photon at different time.

TCSPC can function both in forward and reverse modes. In the former case, a photon from 

the excitation laser source triggers the start signal, whereas the same job is done by a 

fluorescence photon from the sample in the latter case. Generally TCSPC instrument is 

used in the reverse mode, because in the forward mode, a major problem occurs due to a 

difference in rate between start and stop signal as the TCSPC electronics starts its signal 

by a high repetition rate laser with respect to the stop signal/emission photons from sample 

that has much slower detection rates (limited by the dead time of detectors).16

Various important components of a typical TCSPC setup operating in the reverse mode are 

shown in Scheme 2.1. The sequence of events for registering one detected photon of 

fluorescence is as follows. The experiment starts by the excitation laser pulse that 

simultaneously excites the samples and sends an excitation signal to a CFD (CFD1). The 

emitted photons from the sample are detected by a PMT after passing through a polarizer

and monochromator. This signal is then received by a second CFD (CFD2), which 

accurately measures the arrival time of the emitted photon and sends the signal towards the 

TAC that triggers the charging of a capacitor in the TAC (start pulse) to start the voltage 

ramp. The other part of the excitation laser pulse (reference pulse) received by the CFD1 is 

now directed to the TAC (stop pulse) that discharges the capacitor and stops the voltage 

ramp. An electronic delay is incorporated to the reference pulse to ensure that the pulse

arrives at the TAC after the start pulse. The resultant voltage developed in the voltage 

ramp of TAC is proportional to the time difference between the start and stop pulse (Δt). 
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This voltage is then amplified by a programmable gain amplifier (PGA) and later

converted to a digital number by an analog-to-digital converter (ADC). This numerical 

Scheme 2.1. Schematic diagram of a typical TCSPC setup operating in reverse mode.

value with the measured time delay is stored as a single photon event in the MCA. 

Repeating this whole single-photon counting cycle for a large number of times, a 

histogram of the fluorescence intensity with time can be constructed.

A picosecond TCSPC setup was used for carrying out various experiments, such as 

measurements of fluorescence intensity decay and fluorescence anisotropy decay.

2.4.1.1. Fluorescence Intensity Decay Measurements

For the entire thesis work, picoseconds/nanoseconds fluorescence intensity decay 

measurements were performed using a TCSPC spectrometer (Horiba JobinYvon IBH) in 

the reverse mode. The fluorescence intensity was collected at magic angle (54.7ၨ) with 

respect to the vertical polarization of the excitation laser beam to avoid any contributions 

from fluorescence anisotropy.15 PicoBrite diode lasers of 375, 405 and 481 nm (1 MHz 

repetition rate) were used as the excitation sources, and a micro-channel plate 
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photomultiplier tube (Hamamatsu R3809U-50) was used as the detector. The IRF of the 

setup, which is governed mainly by the FWHM of the excitation laser pulse (pulse width), 

was measured by placing a scatterer (dilute aqueous solution of Ludox) in place of the 

sample cell and was found to be in the range of 60 to 80 ps. The temperature dependent 

studies were performed using an external Julabo water circulator (model F32) bath. All the 

measured decay curves were analyzed by nonlinear least squares iteration method using 

IBH DAS6 (version 2.2) decay analysis software after deconvoluting the IRF from the 

decay curves. All the decay curves were fitted with an exponential function of the form 

given by equation 2.1 and the quality of the fit was assessed by the χ2 values and 

distribution of the residuals plot.

ሻݐሺܫ ൌ ∑ ܽ௜݁
ି௧ ఛ೔⁄
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where, i and ai are the time constant and associated amplitude, respectively.

2.4.1.2. Fluorescence Anisotropy Decay Measurements

The fluorescence anisotropy decay measurements were performed using the same TSCPC 

setup by placing a polarizer in the excitation beam path and another one in front of the 

detector. The fluorescence intensity in parallel (III) and perpendicular (I⊥) polarization 

(with respect to the vertically polarized excitation laser beam) was collected alternatively 

for equal interval of time until the count difference between the two polarizations (at t = 0) 

was  5 ࡱ���. The anisotropy measurements were performed at the respective fluorescence 

maxima of the probe molecules using a monochromator with a band pass of 2 nm. Time-

resolved fluorescence anisotropy, r(t), was calculated using the following equation15

ሻݐሺݎ ൌ
ூூܫ െ ܫୄܩ

ூூܫ ൅ ܫୄܩʹ       ǥ ǥ ǥ ǥ ǥ ǥ ሺʹǤʹሻ

where, G is the correction factor for the detector sensitivity to the polarization direction of 

the emission and was calculated following the same procedure as described above, but 

with only 5 cycles and horizontal polarization of the exciting laser beam. The rotational 

reorientation times for different systems were estimated by fitting the fluorescence 

anisotropy decay profiles following the same analysis procedure described for the 

fluorescence intensity decay measurements.
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2.4.2. Femtosecond Fluorescence UPC Setup

Time-resolved fluorescence UPC is a technique that works on the principle of frequency 

mixing by NLO process of sum-frequency generation.17 This technique has an advantage 

over TCSPC and other fluorescence-based techniques, such as streak camera, in terms of 

its temporal resolution, which is mainly limited by the width of the gate pulse (vide later

section). A temporal resolution of about 100 fs or lesser can be achieved by exciting the 

sample using an ultra-short pulse of light. Additionally, the ability of exciting different

samples over a wide range of wavelengths using ultra-short pulses of the tunable lasers

and also using the NLO phenomena, such as second and third harmonic generation, make 

this technique superior than others. In UPC measurements, a sample is excited using an 

ultra-short optical pulse and the observed fluorescence is upconverted by mixing with 

another ultra-short pulse called as gate/probe pulse in a NLO crystal. The upconverted 

signal is observed through sum-frequency generation, a process that occurs at a particular

orientation of the NLO crystal when the phase-matching conditions (equation 2.3) for both 

gate beam and fluorescence beam are satisfied (Scheme 2.2).18

݊௨௖߱௨௖ ൌ ݊௚ ௚߱ ൅ ݊௙߱௙       ǥ ǥ ǥ ǥ ǥ ǥ ሺʹǤ͵ሻ

where, ωuc, ωg and ωf are the frequencies of the upconverted/sum-frequency, gate/probe

and fluorescence beams, respectively, whereas nuc, ng and nf are the refractive indices 

corresponding to the three beams.

Scheme 2.2. Working principle of fluorescence upconversion technique.
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The time-evolution of fluorescence intensity is obtained by recording the upconverted 

signal at different delay time of the gate pulse with respect to the pump/excitation pulse.

The time interval between the pump pulse and the gate pulse is achieved by changing the 

path length of the gate pulse using a mechanical delay stage. The decay of the upconverted 

signal essentially represents the decay of fluorescence signal as the intensity of the gate 

pulse remains same for all the delay times. The intensity of the upconverted signal (Iuc) at 

any given delay time (τ) is proportional to the convolution function (equation 2.4) of the 

intensity of fluorescence (If) and gate beam (Ig).

௨௖ሺ߬ሻܫ ൌ ∫ ௙ܫ

ஶ

ିஶ

ሺݐሻܫ௚ሺݐ െ ߬ሻ݀ݐ      ǥ ǥ ǥ ǥ ǥ ǥ ሺʹǤͶሻ

The schematic diagram shown below (Scheme2.3) illustrates how time-evolution of the

fluorescence intensity from the excited sample is measured.

Scheme 2.3. Measurement of time-evolution of the fluorescence intensity at different 
delay time of the gate pulse using fluorescence upconversion technique.

The sub-picosecond fluorescence intensity decay profiles were measured using a UPC 

setup (FOG 100, CDP systems, Russia). The schematic diagram of the experimental setup 

of a typical femtosecond fluorescence UPC spectrometer is shown in Scheme 2.4. In our
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UPC measurements, the samples were excited using second harmonic generated optical 

pulses from a mode-locked Ti:sapphire laser (MaiTai, Spectra Physics, USA). The center 

wavelength of the MaiTai, set at 800 nm (80 MHz, ~100 fs), was directed to a BBO

nonlinear crystal (NLC1) to generate the second harmonic signal (400 nm). The output 

was then directed to a dichroic beam splitter, which reflected the 400 nm light (used as 

excitation beam) and transmitted the residual 800 nm light (used as gate beam). The 

excitation beam was then passed through a filter F1 (to cut off the residual amount of the

Scheme 2.4. Schematic diagram of the fluorescence upconversion setup. Mi= Mirror, 
Li = Lens, Fi = Filter, BS = Beam splitter, AP = Iris aperture.

gate beam) followed by a Berek wave plate and was focused onto the sample. Berek wave

plate is placed there in order to change the polarization of the excitation beam to magic 

angle (54.7q) with respect to the gate beam. The fluorescence signal from the sample was 

collected and collimated using a lens and was subsequently directed to a sum-frequency 

mixing BBO crystal (NLC2, 0.5 mm thick) after passing through a filter F2 (to remove the 

residual amount of e[citation beam). 7he gate beam, after passing through a motori]ed 

optical delay stage ( 4 ࡱ ns), was also directed to the N/&�. The fluorescence and the gate 

beam were mixed at NLC2 to produce the upconverted signal, which was then passed 

through a monochromator and directed to the PMT for detection. The monochromator 
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wavelength was adjusted to the same value as that of the upconverted signal. The IRF of 

the setup was estimated using the Raman scattering signal from water and was found to be 

~ 200 fs. The samples were kept in a rotating cell (1.0 mm path length) to avoid photo-

bleaching by exposure of the laser at a single spot. The data acquisition was performed 

with the Lumex software. All the intensity decay curves were fitted with an exponential 

function (equation 2.1) by nonlinear least squares iteration method using Igor pro (Version 

6.37, Wavemetrics) software. The goodness of the fit was assessed by the χ2 values and 

distribution of the residuals plot.

2.4.3. Time-Resolved CFM Setup

As its name suggests, the main aspect of a CFM is achieving a confocal geometry by using 

a high-power objective lens and placing a pinhole in the image plane of the optical 

pathway between the sample and detector.19 The conjugation of the excitation focus and 

the pinhole creates a spatial filter that eliminates all the fluorescence signals not coming 

from the defined confocal plane (out-of-focus signals), and allow the signals only from the 

confocal plane to enter into the detector.19 Optical layout of a typical CFM setup is 

presented in Scheme 2.5. The excitation laser beam is directed into a high-power 

Scheme 2.5. Optical layout of a typical confocal fluorescence microscope setup.
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microscope objective through a dichroic mirror, which focuses the laser beam onto the 

sample. The fluorescence signal from the sample is collected by the same objective and

focused onto a pinhole placed in the image plane. Afterwards, the fluorescence signal is

collected directly by a photon counting detector, preferably an avalanche photodiode or a 

photomultiplier with single photon sensitivity.

A time-resolved CFM setup was used to perform all the FCS measurements described in 

this thesis.

FCS Measurements

In FCS measurements, one analyzes the time-dependent fluorescence intensity fluctuations

(by correlating the fluctuating signal) of a diffusing solute from a tiny

observation/detection volume (Scheme 2.6a) to obtain valuable information on the 

dynamical processes occurring in a solution that results into the intensity fluctuations.15, 20, 

21 These processes are mainly translation diffusion, and some other processes like 

intersystem crossing, molecular interactions, conformational dynamics, excited-state 

reaction, etc. It is pertinent to mentioned here that, in order to observe an effective 

intensity fluctuation, these processes must occur within the diffusion time of the probe 

molecule (average time the molecule take to diffuse through the observation volume).15, 21

The phenomenon of translation diffusion of a solute molecule through the observation 

volume and typical fluorescence intensity fluctuations is illustrated in Scheme 2.6b. An

autocorrelation function can be generated by correlating this fluctuating fluorescence 

signal using the mathematical equation of the form:15, 21

ሺ߬ሻܩ ൌ
ݐሺܨߜሻݐሺܨߜ〉 ൅ ߬ሻ〉

ଶ〈ሻݐሺܨ〉 ǥ ǥ ǥ ǥ ǥ ǥ ሺʹǤͷሻ

where, ⟨F(t) , δF(t) and δF(t+τ) are the average fluorescence intensity, the fluctuations in 

intensity from the average value at time t and (t+τ)�respectively, and are expressed as:

ሻݐሺܨߜ ൌ ሻݐሺܨ െ 〈ሻݐሺܨ〉 ǥ ǥ ǥ ሺʹǤ͸ܽሻ  

ݐሺܨߜ  ൅ ߬ሻ ൌ ݐሺܨ ൅ ߬ሻ െ 〈ሻݐሺܨ〉 ǥ ǥ ǥ ሺʹǤ͸ܾሻ

Analysis of the decay of autocorrelation function with time provides important

information about the various dynamic processes occurring in the solution.
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It is important to note here that, presence of a single molecule or very few molecules in the 

observation volume is very crucial to observe an effective fluorescence fluctuation,

because a large number of molecules will not show any effective fluorescence fluctuation 

due to the presence of nearly same average number of molecules.15, 20 To achieve this 

condition, a highly dilute solution of the samples (~ nM) and a very small observation 

volume (~ fL) is required. That is why a CFM is suitable for FCS measurement, where a 

small observation volume is created by the combination of a focused laser beam, an

objectives lens with high numerical aperture (ideally > 0.9) and a pinhole.

Scheme 2.6. (a) Ellipsoidal observation volume in a CFM setup. (b) Working 
principle of FCS measurements.

The schematic diagram of the CFM setup (MicroTime 200, PicoQuant) used in our studies

is shown in Scheme 2.7. The microscope body of the setup was equipped with an inverted 

microscope (Olympus IX71) containing a water immersion objective (UPlansApo, NA 

1.2, 60X). In our FCS measurements, the samples were excited using picosecond pulsed 

diode lasers (405 and 485 nm with fwhm 176 and 144 ps, respectively) with a repetition 

rate of 20 MHz. The output of the laser was coupled with the main optical unit (MOU)

through a polarization maintaining single-mode optical fiber. In the main optical unit, the 

(a) (b)
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excitation beam was collimated and directed into the back aperture (entrance port) of the 

microscope through reflection of the beam using a dichroic mirror (two different dichroic

mirrors were used for 405 and 485 nm laser). The beam was subsequently focused onto the 

sample (~ 5� μ/) placed on a cover slip using the objective. A beam splitter was placed in 

the excitation path (before the dichroic mirror) in order to direct a part of the laser light to 

a PD which was used for controlling the excitation laser power and the other part to a 

CCD that was used for focusing and judging the excitation beam quality. The fluorescence 

signal from the samples was collected by the same objective, and passed through the 

dichroic mirror followed by an appropriate long-pass filter (430 and 510 nm long-pass 

filters for 405 and 485 nm laser sources, respectively) to remove any excitation light. The 

signal was then spatially filtered by focusing onto a 5� μm diameter pinhole to cut off the 

out-of-focus signals, recollimated, and directed onto a (50:50) beam splitter prior to 

entering into two SPADs for detection. The fluorescence correlation traces were generated 

by cross-correlating the signals from the two SPAD detectors, which improve the signal 

quality and remove artifacts introduced by the individual detectors that generally 

originates during the generation of autocorrelation function. The data acquisition was 

Scheme 2.7. Schematic diagram of the time-resolved CFM setup (adapted from 
PicoQuant MicroTime 200 user manual). Mi = Mirror, BS = Beam splitter, DM = 
Dichroic mirror, DFW = Detection filter wheel and PH = Pinhole.
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performed in TTTR mode using a SymPhoTime software controlled PicoHarp300 TCSPC 

module (PicoQuant). During all FCS measurements, the excitation power was kept 

between ∼3 to 15 μW. /ow e[citation power was used in order to avoid any contribution 

of background noise from solvents.

The decay of individual correlation data with respect to time was analyzed by fitting with

different appropriate model equations presented below, depending on the nature of the 

dynamic processes, using the SymPhoTime (PicoQuant) and Igor Pro (version 6.37, 

Wavemetrics) softwares. The goodness of the fit was assessed by the χ2 values and 

distribution of the residuals plot. The functional forms of different model equations are as 

follows:15, 22

1) Single-component three dimensional (3D) diffusion only model:
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2) Two-component 3D diffusion only model:
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where, ρ1 +�ρ2 = 1

3) Anomalous diffusion model:
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4) Single-component 3D diffusion model with an exponential term:
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5) Single-component 3D diffusion model with a stretched exponential term:
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In the above equations, N is the average number of fluorescent molecules in the 

observation volume, τD is the average time taken for the molecule to diffuse through this 

volume i.e. diffusion time and τ is the delay or lag time. β (� < β < 1) is the stretching 

e[ponent representing the distribution of τD. τR is the relaxation time for the exponential 

component and α (� < α < 1) is the stretching e[ponent representing the distribution of τR.

k indicates the structure parameter of the observation volume and defined as k = z0/r,

where r0 and z0 are the axial and lateral radii of the observation volume, respectively. As 

the dimensions (r0 and z0) of the observation volume can be affected by the excitation 

wavelength and diameter of the pinhole, it is very crucial to calibrate these parameters 

during FCS experiments in order to determine accurate diffusion coefficients. Thus, the 

instrument was calibrated using dilute aqueous solutions of Rh6G with a known diffusion 

coefficient value of 4�6 μm2s-1 and the estimated observation volume was found to be 0.45

fL and 0.8 fL for 405 nm and 485 nm excitation, respectively.23

The translation diffusion coefficients (Dt) of the probe molecules in the solutions were

calculated using the diffusion times (τD) obtained from the above fits employing equation 

2.12.

௧ܦ ൌ
଴ݎ

ଶ

Ͷ߬஽
  ǥ ǥ ǥ ǥ ǥ Ǥ Ǥ ሺʹǤͳʹሻ

2.4.4. Steady-State Spectral Measurements

2.4.4.1. Absorption and Fluorescence Measurements

Steady-state absorption and emission/excitation spectra of the samples were measured on a 

UV-Vis spectrophotometer (Cary 100, Varian) and spectrofluorometer (Fluorolog-3, 

HORIBA JobinYvon), respectively. The spectrophotometer consists of tungsten and 

deuterium lamps sources for the visible and UV regions, respectively and a PMT is used 

for detection. In the spectrofluorometer, Xenon lamp and PMT were used as the excitation 

source and detector, respectively. A quartz sample cell of 1 cm path length was used to 

record the absorption and emission/excitation spectra in the entire wavelength region. The 

fluorescence spectra were corrected for the instrumental response.
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2.4.4.2. CD Measurements

The CD spectra of protein samples were recorded using a spectropolarimeter (Jasco J-810, 

Japan), in which Xenon lamp and PMT are used as the excitation source and detector, 

respectively. Quartz sample cell of 1 cm path length was used to record the CD spectra in 

the wavelength region of 200 – 450 nm. The spectra were recorded at 1 nm intervals with 

a scan speed of 50 nm min-1. Each experiment was repeated in triplicate and an average of 

three scans was used for the final spectra. All the spectra were corrected for respective 

blank spectrum.

2.4.5. Other experimental techniques used in this work

The 1H NMR and FTIR spectra were recorded using an NMR spectrometer (Bruker

AVANCE, 500 MHz) and an FTIR spectrometer (Bruker Tensor II), respectively. The 

water contents of the DESs were measured using a Karl Fisher coulometer (METTLER 

TOLEDO DL39). The viscosity of the DESs and other viscous solvents were measured by 

a LVDV-III Ultra Brookfield Cone and Plate viscometer (1% accuracy and 0.2% 

repeatability). The temperature-dependent viscosity measurements were performed by 

using an external Julabo water circulator (model F32) bath.

2.5 Standard Error Limits

Standard error limits involved in the experimentally measured parameters are as follows:

λmax (absorption/emission) = ± 2 nm

Quantum yield = ± 2-3%

Rotational relaxation time = ± 5%

Fluorescence lifetime = ± 5%

Viscosity = ± 2%

The error limits associated with the data for a) solvation dynamics studies, b) rotational 

dynamics studies and b) FCS studies are provided in the subsequent chapters.
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Overview

DESs are an emerging class of environment-friendly media useful in a variety of 

applications. However, the microscopic structure of these liquids is quite unclear and 

issues like whether spatial and dynamic heterogeneity is a generic feature of the ionic 

DESs and whether the solute molecules experience similar environment and interactions 

with the medium irrespective of their charge are still open. In this work, we have 

attempted to address some of these issues for ethaline, a less viscous and ionic DES  

consisting of a mixture of 1:2 mole ratio of choline chloride and ethylene glycol by 

monitoring the fluorescence response of a number of carefully chosen neutral and charged 

probe molecules in ensemble and single molecule conditions. Specifically, we have 

examined the liquid state structure of ethaline by studying the rotational and translational 

diffusion dynamics of the solutes measured by monitoring the time-dependence of 

fluorescence anisotropy in ensemble condition and fluorescence correlation signal of 

extremely dilute samples diffusing through confocal volume. These studies clearly reveal 

dynamic heterogeneity of the medium, though no spatial heterogeneity is observable 

through excitation wavelength dependent fluorescence measurements. The insights 

obtained from this study will be helpful in understanding the nature of solute-solvent 

interactions in this type of complex media.
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3.1. Introduction

The past two decades witnessed intense research activities on ILs in quest of 

environmentally benign alternatives to the conventional volatile organic compounds, 

which are used as common solvents.1-8 However, the potential of ILs in large scale 

applications has not been realized as in addition to the high cost of the raw materials, later 

developments have indicated considerable toxicity and poor biodegradability of these 

solvents.9-11

DESs are now widely considered as novel environmentally benign alternative to the ILs 

because they not only exhibit many properties similar to the ILs, but also present 

significant advantages over the conventional ILs, such as low toxicity, biodegradability, 

cheaper raw materials and ease of preparation.10-20 In addition, one can tune the properties 

of DESs over a wide range by adjusting the nature of the components as well as molar 

fraction of the constituents. These features of the DESs have garnered much recent 

attention as potential and useful media in numerous fields such as organic synthesis,21-23

polymerizations,20, 24 biodiesel purification,25 electrochemistry,26, 27 carbon dioxide 

adsorption,28, 29 nanotechnology30, 31 and metal processing.32-35 The DESs are systems 

composed of mixture of a salt/HBA and a hydrogen-bond donor HBD forming a eutectic 

system with a much lower melting point than either of the individual components.12, 19

Hydrogen-bonding interactions between salt/HBA and HBD are the main cause of large 

depression of freezing points of the mixtures.15

Based on the choice of constituents, one can obtain a large number of ionic and non-ionic 

DESs. Ionic DESs can be formed by selecting one of the constituents as ionic,15 whereas in 

non-ionic DESs, both the constituents are non-ionic in nature.36 Though, in principle, a 

large number of DESs are possible by varying the combination of the components,12 most 

extensively studied ones are those consisting of the quaternary ammonium salt, (2-

hydroxyethyl)trimethylammonium chloride, commonly known as ChCl and HBDs like 

amine, amide, alcohol and carboxylic acid etc. Since the first report on DES (1:2 molar 

mixture of ChCl and urea, commonly known as reline) by Abbott et al.,18 several other 

combinations of HBDs and salts/HBAs have been explored and many theoretical and 

experimental studies have been carried out on these novel media.12, 37-43 Edler and 

coworkers have studied the liquid structure of DES employing neutron diffraction 

experiment.44 Very recently, Stefanovic et al.45 and Kashyap and coworkers46 have also 

investigated the nanostructure of some ChCl-based DESs theoretically, which reveal the 
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nature of interactions between the constituents of DESs. Abbott and coworkers47-50

investigated extensively diffusion and dynamics in these solvents to understand the nature 

of intermolecular interactions in these media using 1H pulsed field gradient NMR 

spectroscopy. Apart from these works, several fluorescence spectroscopic studies on 

different DESs have also been carried out.36, 51-59 Biswas and coworkers36, 51-56 have 

extensively studied (both theoretically and experimentally) a number of ionic and non-

ionic DESs to investigate the structural details of these liquids. These studies have 

revealed that most of the DESs are heterogeneous51, 54-56. For example, mixtures of 

ChCl/urea and acetamide/electrolytes (ionic DESs) show both spatial and dynamic 

heterogeneity; in contrast, acetamide/urea (non-ionic DES) does not show any 

heterogeneity. Thus, whether heterogeneity it is a generic nature of all ionic DESs is 

unknown. Moreover, most of the fluorescence studies mentioned above have focused on 

probing the rotational diffusion in these media and only neutral probe molecules have been 

used for this purpose. What is still lacking is the information on translational diffusion of 

solute molecules in these media. Fluorescence studies involving ionic solutes in DESs, 

which can help understanding whether different solute molecules experience similar 

solute-solvent interactions irrespective of their charge, are also missing. 

As, understanding the solute-solvent interactions involving different solute molecules is 

key to the realization of the potential of these media as solvents, we undertake this work 

on a less viscous ChCl-based ionic DES, ethaline (mixture of 1:2 mole ratio of ChCl and 

ethylene glycol, Chart 1.7), wherein we have used several neutral and charged fluorescent 

probe molecules (Chart 1.8). Specifically, to understand the solvent environments in this 

medium, we have studied the excitation wavelength dependence of the steady state 

fluorescence maximum of C153 and ANF, and the dynamics of rotational and translational 

diffusion of three carefully chosen fluorescent molecules of comparable sizes but 

differently charged, R123 (cationic), FL (anionic) and C153 (neutral), in ethaline with the 

help of time-resolved fluorescence anisotropy and FCS measurements.

3.2. Results and Discussion

3.2.1. Steady-State Measurements

The steady state absorption and emission spectra of C153, R123 and FL in ethaline at 

room temperature (298 K) are shown in Figure 3.1. The absorption maxima of C153, R123 
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and FL appear at 428, 513 and 497 nm, respectively and the corresponding emission 

maxima ( max
emm

) appear at 540, 535 and 524 nm. Large Stokes shift of C153 is consistent 

with its environment sensitive fluorescence properties.60 One can obtain an idea about the 

polarity of the microenvironment around C153 by comparing the measured max
emm

values in 

ethaline and in other conventional solvents of known polarities. This comparison indicates 

that C153 experiences methanol-like environment in ethaline.  

Figure 3.1. Normalized absorption (a) and emission (b) spectra of the solutes in 
ethaline at 298K. The emission spectra are recorded by exciting the samples at their 
respective absorption peak.

As the DESs are viscous media like the ILs, the dynamics of solvation in these media is 

much slower than that in conventional solvents like acetonitrile, water or ethanol. 

Consequently, in these media, it is possible to observe emission, which does not originate 

from the fully solvent-equilibrated state of the solute molecule. If the microenvironments 

around the fluorescent molecules are not identical, then under this condition one observes 

an excitation wavelength dependent shift of the fluorescence maximum of dipolar 

molecules reflecting the microheterogeneity of the medium.61-65 As C153 has been used 

earlier for probing the heterogeneity in other DESs,53, 54 we have examined its dependence 

of max
emm

on the excitation wavelength, exc . However, unlike in other cases,53, 54 this 

dependence is found to be insignificant (Figure 3.2a). As fluorescence lifetime (f ) of a 

molecule is an important factor in determining whether it will emit from an unrelaxed or 

fully-equilibrated state and that molecules with shorter f  are more likely to exhibit 
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excitation wavelength dependent fluorescence behavior,64 we have also examined the exc

excitation wavelength dependence of max
emm

of ANF, whose f (f < 50 ps in 2-

propanol66) is much shorter than that of C153 (f  = 4.7 ns in ethanol). However, ANF also 

presents a very similar picture (Figure 3.2b) and does not indicate any spatial 

heterogeneity of the medium. This observation is interesting as Biswas and coworkers 

observed significant excitation wavelength dependence of C153 and DMASBT in other 

ionic DESs such as (CH3CONH2 + LiNO3/Br/ClO4 ) mixtures53 and reline (ChCl + urea)54

indicating their spatial heterogeneity. It is thus evident that spatial heterogeneity is not a 

generic feature of all ionic DESs; rather, it depends significantly on the constituents of the 

DESs and various interactions between them.

Figure 3.2. Dependence of the emission maximum ( ) on the excitation wavelength 
( ) for C153 (a) and ANF (b) at 298K in ethaline. The excitation spectra of the 
individual solutes are also shown.

3.2.2. TRFA Measurements

The rotational dynamics of a molecular system is determined by the friction experienced 

by it in a medium and hence, it can provide valuable information on the 

microenvironments around the probe including solute-solvent interactions. To investigate 

the rotational motion, we studied time-resolved fluorescence anisotropy of C153, R123 

and FL over a temperature range of 298–343 K. Representative anisotropy decay profiles 

of three solutes in ethaline at different temperatures are displayed in Figure 3.3. It is 
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evident that at any given temperature (for example 323K, Figure 3.3a), anisotropy decay 

of the neutral solute, C153, is significantly faster compared to the ionic solutes R123 and 

FL (both show similar decay profiles). As the sizes of the solute molecules are comparable 

(vide later), the observation indicates that the ionic solutes experience more friction in 

ethaline compared to the neutral one.

Figure 3.3. (a) Anisotropy decay profiles of the three solutes in ethaline at 323 K. The 
panels (b), (c) and (d) show the effect of temperature on the anisotropy decay profiles 
of C153, R123 and FL, respectively. The solid lines represent single exponential fit to 
the experimental anisotropy data. The excitation and monitoring wavelengths for 
C153 are 405 and 540 nm, respectively, while for R123 and FL, the excitation 
wavelength is 481 nm and monitoring wavelengths are 535 and 524 nm, respectively.

It is also seen that the anisotropy decay becomes faster for all three solutes at higher 

temperatures due to lowering of viscosity of the medium. The rotational reorientation 
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times (r) of the solutes, estimated from single exponential fit to the experimental data are 

shown in Table 3.1 along with the measured viscosities of ethaline at different 

temperatures. The viscosity of the medium is found to follow  the VFT equation67 Figure 

3.4 shows the temperature dependence of the viscosity.

Figure 3.4. Viscosity (points) of ethaline at different temperatures together with the 
fit (solid line) according to the VFT equation. 

Table 3.1. Estimated rotational reorientation times (ns) of the solutes in ethaline at 
different temperatures.

Temp. (K) Viscosity (cP)
Rotational reorientation time (ns)

C153 R123 FL

298 42 2.25 5.62 5.10

313 23 1.28 3.40 2.78

323 16 0.93 2.38 2.08

333 12 0.70 1.79 1.49

343 08 0.51 1.39 1.15

Careful inspection of the data collected in Table 3.1 reveals that at any given temperature, 

the r values of R123 and FL are higher than that of C153 by a factor of > 2. As the sizes 
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of three solutes are similar, the higher r values for R123 and FL indicate their association 

with the solvent through electrostatic or hydrogen-bonding interaction. 

We have analyzed the experimental results using SED hydrodynamic theory,68, 69 which 

considers the solvent as a structureless continuum and according to which the rotational 

reorientation time (τr) of a solute in a solvent is given by 

߬௥ ൌ  
ܥ݂ܸߟ
݇஻ܶ ǥ ǥ ǥ ǥ ǥ Ǥ ሺ͵Ǥͳሻ

where, V, f and C are the van der Waals volume, shape factor and boundary condition 

parameter of the solutes, respectively. �kB and T are the solvent viscosity, Boltzmann 

constant and absolute temperature of the system, respectively. The shape factor (f), which 

describes nonspherical nature of the solute, is a function of axial ratio of the semi axes. C

indicates the degree of solute-solvent coupling, which in two limiting cases are stick (Cstick

= 1) and slip (0 < Cslip < 1). The axial radii, van der Waals volumes, boundary conditions 

and shape factors for the probe molecules, C153, FL and R123 are collected in Table 3.2. 

Table 3.2. Solute dimension, van der Waals volume, shape factor and boundary 
condition parameters calculated from the SED hydrodynamic theory.

Solute Axial radii (Å
3
)

van der Waals 

volume, V  (Å
3
)

Shape factors (f) C
slip

C153a 6.1 x 4.8 x 2.2 246 1.71 0.240

R123 7.0 x 5.5 x 1.8 289b 2.10b 0.155b

FLc 6.4 x 5.5 x 1.8 267 1.93 0.139

a,c taken from ref. 66 and 68, respectively. b calculated using ref. 65, 69 and 70.

While these parameters for C153 and FL were obtained from literature,70, 71 for R123, the 

V value was calculated using Edward’s volume increment method72 and the shape factor 

and boundary conditions were calculated following reported procedure.69, 73 Briefly, the 

friction coefficients (ξ) for the stick and slip boundary conditions were obtained along 

three principal axes of rotation treating each solute as an asymmetric ellipsoid.74 The 
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diffusion coefficients (Di) were then computed along three axes using the Einstein 

relation,75

௜ܦ ൌ  
݇஻ܶ

௜ߦ
ǥ ǥ ǥ ǥ ǥ Ǥ ሺ͵Ǥʹሻ

The rotational reorientation times (r) of the solutes were calculated from the Di values 

along a, b and c axis (assuming the transition dipole along the long axis of the solute) 

using following equation76

߬௥ ൌ
ͳ

ͳʹ (
Ͷܦ௔ ൅ ௕ܦ ൅ ௖ܦ

௕ܦ௔ܦ ൅ ௖ܦ௕ܦ ൅ ௔ܦ௖ܦ
) ǥ ǥ ǥ ǥ Ǥ ሺ͵Ǥ͵ሻ

The parameters, f and Cslip were then estimated from the calculated r value for stick and 

slip boundary conditions using equation 3.1.

The τr values are plotted against T for all three solutes, indicating the slip and stick lines 

in Figure 3.5. Table A1.1 summarizes the predicted slip and stick rotation times. The 

Figure 3.5 shows that the rotational times of neutral solute C153 lie between the slip and 

stick lines, whereas for positively charged R123 and negatively charged FL, the rotational 

behaviour is very similar and the dynamics follows stick predictions of the SED theory 

indicating strong association of these solutes with the solvent.73 As these solutes are 

charged, this association is likely to be due to electrostatic interaction between the 

positively charged solutes R123 and the chloride anion of the ethaline, and between 

negatively charged FL and choline cation of ethaline. However, as hydrogen-bonding 

interaction of R110 (which is very similar to R123) and FL is known to be the major 

reason for their stick behavior in ILs,77 it is most likely that the stick behavior in ethaline is 

primarily due to the hydrogen-bonding interaction between R123 (or FL) and constituents 

of ethaline as both ChCl and ethylene glycol possess hydrogen-bond forming 

functionalities.

A fit of the experimental data to r = A( T)P (dashed lines in Figure 3.5) shows significant 

nonlinearity, which is evident from the departure of the ‘p’ value from unity, highlighting 

the deviation of r from the SED hydrodynamic theory.
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߬௥ ൌ ሺͳ͵Ǥ͵ͺ േ ͲǤ͸͸ሻሺ ܶ⁄ ሻ଴Ǥ଼଼േ଴Ǥ଴ଶ                                      ሺ� ൌ ͷǡ � ൌ ͲǤͻ ሻ  ��� �ͳͷ͵  

߬௥ ൌ ሺʹ͹Ǥ͹Ͳ േ ͳǤͷͻሻሺ ܶ⁄ ሻ଴Ǥ଼ଵേ଴Ǥ଴ଶ                                      ሺ� ൌ ͷǡ � ൌ ͲǤͻͻ ሻ  ��� �ͳʹ͵

߬௥ ൌ ሺʹͺǤͶͷ േ ͳǤͺ ሻሺ ܶ⁄ ሻ଴Ǥ଼଻േ଴Ǥ଴ଷ                                       ሺ� ൌ ͷǡ � ൌ ͲǤͻͻ͸ሻ  ��� 	�

Figure 3.5. Plots�of�τr Vs�η/T�for�C153�(a),�R123�(b)�and�FL(c)�in�ethaline.�The�solid
triangles indicate the experimentally measured rotational times and the dashed lines 

represent fit to the data according to τr = A( T)p.�The�‘p’�values�obtained�from�the�
fits are shown in the figure. The stick (red) and slip (black) lines, computed using 
SED theory are also shown.

The ‘p’ values obtained from the fits lie between 0.81 and 0.88, indicating viscosity-

diffusion decoupling in ethaline. As this ‘p’ value is very close to 1 for common organic 

solvents, which are homogeneous in nature, this fractional viscosity dependence of 
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rotational diffusion time (i.e. a breakdown of hydrodynamic behavior) is due to the 

dynamic heterogeneity of the medium, as found in recent studies.53, 54 This dynamic 

heterogeneity is shown to be the result of hydrogen-bond fluctuation and consequent 

motion of particles, which is very different from hydrodynamic diffusion,47 such as 

orientational jumps and it can cause viscosity-diffusion decoupling.78, 79 We thus conclude 

that fluctuation of hydrogen-bond network in ethaline due to such orientational jumps 

contribute to this kind of observation. That dynamic heterogeneity of a medium does not 

require the presence of spatially distributed microenvironments (spatial heterogeneity), is 

well documented for other systems.80

3.2.3. FCS Measurements

To further understand the nature of the medium, we have studied the translational 

diffusion of the molecules in single molecule condition using FCS technique. To the best 

of our knowledge, no measurement based on FCS technique has been made so far to study 

the translational motion of a solute molecule in these media. Figure 3.6 shows the time-

dependence of fluorescence correlation of the three systems in ethaline. The data was 

analyzed using both single-component diffusion (equation 2.7) and anomalous diffusion 

model (equation 2.9). However, the anomalous diffusion model, which considers 

stretching exponent,  (a parameter that quantifies the degree of deviation from normal 

diffusion) to describe the decay of fluorescence correlation, fits the data much better 

compared to the single-component diffusion model (as decided by the residuals and χ2 

values) for all three systems. This point is illustrated through single-component fits to the 

data (Figure 3.6) and fit residuals using both models in Figure A1.3. In addition to these 

two models, one could have also fitted the data to two-component (bimodal) diffusion 

model (equation 2.8), which considers diffusion of solutes in different subpopulations 

(spatially distributed microenvironments). However, as we could not observe such 

microenvironments through excitation wavelength dependence measurements, we did not 

fit the data to two-component diffusion model.
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Figure 3.6. Fluorescence correlation curves for the diffusion of the solutes in ethaline. 
The points are the experimental data and the solid lines represent best fit to the data 
using an anomalous diffusion model (Left panel: a, b, c) and a single-component 
diffusion model (Right panel: d, e, f). The excitation wavelengths are 405 nm for 
C153 and 485 nm for R123 and FL.
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The diffusion coefficients of three solutes estimated from these fits are collected in Table 

3.3 along with the �values. The latter, which lies between 0.84 and 0.86, indicates a 

distribution of translational diffusion time (D), and suggests that the dynamics of 

translational diffusion of chosen molecules are diverse in nature. As these solute 

molecules exhibit single component translational diffusion (��) in conventional 

homogeneous solvents, the anomalous diffusion of solutes in ethaline can be attributed to 

the dynamic heterogeneity, which describes that the mean square displacement of solute 

molecules follows a sub-diffusive behavior, ⟨r()2⟩ ∝ β, (�) instead of the normal 

Brownian diffusion (��). In this context, we note the recent observation of anomalous 

diffusion of Nile Red in ILs and its interpretation in terms of dynamic heterogeneity in 

ILs. 81

Table 3.3. FCS fittings parameters using the anomalous diffusion model.

Solute Dt ( m2s-1)

C153 17.8 0.84

R123 8.9 0.86

FL 10.9 0.86

Further, Table 3.3 shows that the observed diffusion coefficients (Dt) of the ionic solutes 

are significantly smaller than that of the neutral solute. It is evident that the translational 

diffusion of C153 is faster by a factor of almost 2 as compared to R123. These 

observations can be explained considering stronger association of the ionic solutes with 

ethaline due to electrostatic and hydrogen-bonding interactions between the ionic solutes 

and the constituents of ethaline. These findings are in good agreement with the results 

obtained in ensemble condition using time-resolved fluorescence anisotropy 

measurements. Thus, both translational and rotational motions of charged solutes in 

ethaline are significantly different than those of neutral one, and the formers are 

experiencing stronger solute-solvent interactions in this ionic medium.
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3.3. Summary

The translational and rotational diffusion dynamics of the molecular systems reveal 

dynamic heterogeneity in ethaline though no static heterogeneity of the medium could be 

detected. Specifically, the dynamic heterogeneity in the medium is established from the 

departure of the reorientation times of the solutes from their hydrodynamic behavior and 

anomalous translational diffusion observed for solutes in FCS measurements. 

Furthermore, both translational and rotational diffusion dynamics show the charged 

solutes to experience stronger solute-solvent interactions in ethaline as a consequence of 

mutual effect of the electrostatic and hydrogen-bonding interactions between solutes and 

constituents of ethaline. The present findings are likely to be helpful towards the 

development and applications of this class of novel solvents.
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Overview

Some of the interesting properties of DESs have stimulated investigations on the 

microscopic solution structure, solute-solvent interactions and solute/solvation dynamics 

in these media. Even though the alcohol-based DESs, due to their low viscosity, serve as 

useful media in various applications, little is known about the structure and dynamics of 

these solvents. In order to obtain insight into the microscopic structure and interactions 

operating in these media, we have studied the rotational and translational diffusion 

dynamics of some carefully chosen molecular systems (both dipolar and nonpolar) using 

TRFA and FCS techniques in a series of choline chloride/alcohol based DESs differing in 

hydrocarbon chain length and positioning of the hydroxyl group at the HBD. The results 

reveal an increase of both spatial and dynamic heterogeneity upon increase in chain 

length of one of the components of these solvents. No significant variation of 

heterogeneity, however, could be observed with change in the hydroxyl group position. 

The analysis of the experimental results indicate that solute-solvent hydrogen-bonding 

interaction plays a dominant role in determining both rotational and translational 

diffusion dynamics of 4-AP in these DESs.
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4.1. Introduction

DESs have garnered considerable attention in recent years as new environmentally benign 

solvents with potential applications in diverse fields such as organic synthesis,1, 2

catalysis,3 metal processing,4-6 polymerizations,7, 8 biodiesel purification,9

electrochemistry,10, 11 nanotechnology,12, 13 biotechnology14 and carbon dioxide 

adsorption.15, 16 Due to several important features such as low toxicity, biodegradability, 

biocompatibility, ease of preparation from cheaper raw materials and wide tunability of 

properties, most of these novel media have emerged as better alternatives not only to 

common molecular solvents,2, 17, 18 but also to the ILs.19-23

DESs generally consist of a salt or HBA and a HBD. Mixing of two or more such 

components in a certain mole ratio forms a eutectic system, which shows large depression 

of melting temperature (much lower than either of the individual pure constituents) owing 

to extensive interspecies hydrogen-bonding interactions.19, 24 A large numbers of DESs can 

be obtained by appropriate selection of individual components as well as by varying molar 

ratio of the constituents.23 This flexibility makes convenient solvent engineering yielding a 

large number of ionic and non-ionic DESs with desirable properties. The most common 

and popular DESs are composed of quaternary ammonium salts like ChCl as HBA and 

readily available materials like amides, alcohols, acids, sugars etc. as HBD.23

Several theoretical and experimental studies have been performed in recent years to 

explore the structure, dynamics, and molecular level interactions of these media.17, 25-42

Abbott and co-workers have studied diffusion and dynamics in these media using 1H 

pulsed field gradient NMR spectroscopy.17, 25, 26 Biswas and co-workers have investigated 

structural as well as dynamical aspects of several DESs both theoretically and 

experimentally.29-34, 43 Even though a large number of DESs has been explored, most of the 

studies have focused on systems obtained by mixing of quaternary ammonium salts with 

amides and acids as HBDs. Not much is known, however, about the structure and 

dynamics of the alcohol-based eutectic systems, which are quite useful as media in various 

applications19, 24 44-46 due to their significantly lower viscosity compared to the other DESs. 

As understanding of the physicochemical properties of a solvent system is key to its 

exploitation of its potential in applications, we recently studied the microscopic solution 

structure and solute-solvent interactions in one of the alcohol-based DESs, namely, 

ethaline.47
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Recognizing the fact that a change of the hydrocarbon chain length and hydroxyl group 

position of the diols (one of the components of DESs) significantly influences the physical 

properties of the alcohol-based DESs,48 we investigate how these factors influence the 

microscopic solution structure, diffusion dynamics of solute molecules and nature of 

solute-solvent interactions in this class of DESs. For this purpose, we have chosen three 

fluorescent systems, whose rotational diffusion dynamics is studied by monitoring time-

dependence of the fluorescence anisotropy and translational diffusion by fluorescence 

correlation spectroscopy measurements in a series of DESs comprising ChCl (as HBA) 

and six different diols (as HBD). The six diols chosen in this study (Chart 1.7) differ in 

their chain length or hydroxyl group position. The compositions of the DESs along with 

their abbreviations are presented in Table 4.1. The first three DESs contain diols of 

different chain length, whereas in last four, the diols vary in their hydroxyl group position 

maintaining the same chain length. Dipolar solutes, C153 and 4-AP and nonpolar solute, 

ANT (Chart 1.8) are chosen as the fluorescent probe molecules. Of the two dipolar solutes, 

4-AP is chosen for high sensitivity of its fluorescence properties to hydrogen-bonding 

interactions.49, 50 ANT is chosen for its tendency to reside in relatively nonpolar region of 

an organized assembly comprising  regions with different polarities.49, 51

Table 4.1. Description of the DESs used in this study.

Sl. 
No.

Salt HBDs Mole ratio

(Salt: HBD)

Abbreviation Water content 
(wt %)

1 ChCl 1,2-ethanediol 1:3 CC12ED 0.160

2 ChCl 1,3-propanediol 1:3 CC13PD 0.122

3 ChCl 1,4-butanediol 1:3 CC14BD 0.133

4 ChCl 1,2-butanediol 1:4 CC12BD 0.205

5 ChCl 1,3-butanediol 1:4 CC13BD 0.218

6 ChCl 2,3-butanediol 1:4 CC23BD 0.164
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4.2. Results and Discussion

4.2.1. Steady-State Measurements

The steady-state excitation ( ) and emission maxima ( max
emm

) of C153, 4-AP and ANT 

in six DESs at room temperature (298 K) are collected in Table 4.2 and the corresponding 

spectra are displayed in Figure 4.1. It is evident that the values of the solutes do not 

vary with change of solvents. As far as the max
emm

values are concerned, though ANT shows 

very similar emission behavior in all solvents, the max
emm

values of C153 and 4-AP show 

significant solvent dependence. Nearly 9-10 nm blue shift of max
emm

is observed for these 

two systems with increasing hydrocarbon chain length. No effect of the hydroxyl group 

position is observed on the max
emm

value of C153 except in CC14BD. The latter is 

presumably due to different salt:HBD mole ratio (see Table 4.1) in this DES. For 4-AP, a 

small variation of max
emm

is observed with change in hydroxyl group position, but no clear 

trend could be identified. This small variation of max
emm

is a reflection of the sensitivity of 

the fluorescence properties of 4-AP on hydrogen-bonding interactions.52 The blue shift of 

the max
emm

values of C153 and 4-AP with increasing hydrocarbon chain length of HBDs 

suggests these probes to experience a less polar environment in DESs comprising longer 

alkyl chain length diols. 

Table 4.2. Steady-state excitation and emission maxima (nm) of C153, 4-AP and ANT 
in six DESs at room temperature (298 K).

DESs
C153 4-AP ANT

max
exc

max
emm

max
exc

max
emm

max
exc

max
emm

CC12ED 426 540 371 514 360 404

CC13PD 426 536 371 508 360 404

CC14BD 426 533 371 505 360 403

CC12BD 426 530 371 510 360 403

CC13BD 426 530 370 505 359 403

CC23BD 426 530 371 509 359 403
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Figure 4.1. Normalized excitation (left panel) and emission (right panel) spectra of 
the� solutes� in� six� DESs� at� 298K.� Τhe emission/excitation spectra are recorded by 
exciting the samples at their respective maxima of excitation/emission spectra.
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We also examined the excitation wavelength ( ) dependence of max
emm

of the dipolar 

molecules, C153 and 4-AP to find out whether any signature of the microheterogeneity of 

these media could be observed.29, 47, 53 Biswas and co-workers indeed observed significant 

dependence of C153 in other DESs.29, 31 Figure 4.2a-b shows, however, that none of 

the two dipolar probes exhibits any dependent emission behavior in any DESs. 

However, as it is well known that molecules with shorter f  are more likely to exhibit 

excitation wavelength dependent fluorescence behavior in viscous media,53 we have also 

examined dependence of  max
emm

of ANF, whose f (f < 50 ps in 2-propanol54) is 

much shorter than that of C153 (f  = 4.1 ns in methanol) or 4-AP (f  = 6.8 ns in methanol). 

Interestingly, as can be seen from Figure 4.2c, ANF shows appreciable dependence of 

Figure 4.2. Dependence of the emission maximum ( ) on the excitation wavelength 
( ) for C153 (a), 4-AP (b) and ANF (c) at 298K in DESs. Representative excitation 
spectra of the solutes are also shown by solid lines. 
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max
emm

on the excitation wavelength. This increasing excitation wavelength dependent 

fluorescence behavior in DESs with longer chain length diols indicates spatial 

heterogeneity of the solvents arising from the formation of nanoscale heterogeneous

structure through segregation of ionic and molecular domain/region. A similar line of 

reasoning has been used for other eutectic systems.31, 37, 38, 55 However, DESs formed 

between ChCl and different isomers of butanediol (which differs in position of hydroxyl 

groups) show identical dependence indicating very similar heterogeneous structure 

perhaps due to their same chain length.

4.2.2. TRFA Measurements

As stated earlier, in order to understand the microenvironments around the solute 

molecules and nature of solute-solvent interactions, we have studied the rotational 

diffusion of C153, 4-AP and ANT in these media by monitoring the time-dependence of 

fluorescence anisotropy of the systems over a temperature range of 298–343 K. 

Representative fluorescence anisotropy decay profiles of the solutes in six DESs at 298 K 

are shown in Figure 4.3. The rotational reorientation times (r) of the solutes in these DESs 

are obtained by fitting the anisotropy data to single-exponential function of the form:

. The measured r values of the solutes at 298 K are collected in 

Table 4.3, while those at all the temperatures are provided in Table A2.1. Table 4.3 shows 

that at 298 K, the r values are very similar for 4-AP and C153 in CC12ED. However, 

these values differ significantly with increasing chain length and hydroxyl group position 

of the diols. As the size of 4-AP is almost half than that of C153 (vide later), much higher 

r value of 4-AP compared to C153 in these solvents suggests hindrance of its rotational 

diffusion due to strong solute-solvent association/interactions. On the other hand, though 

the size of ANT is comparable with 4-AP, its r value is lowest in any given solvent 

indicating that it does not experience strong interaction (like that faced by 4-AP) with the 

solvents. The above results clearly indicate that these solute molecules experience very 

different interactions in any given DESs.
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Figure 4.3. Anisotropy decay profiles of the solutes in six DESs at isothermal (298 K) 
condition. The solid lines represent single-exponential fit to the decay profiles. The 
excitation wavelength for C153/4-AP and ANT are 405 and 375 nm, respectively. All 
the decay profiles are recorded by monitoring at respective emission maxima of 
solutes in six DESs.

We have also examined the fluorescence anisotropy decay profiles of the solutes in iso-

viscous condition (30 cP) by adjusting the temperatures of the solvents, and are shown in 

Figure 4.4. The r values of C153 and ANT measured under this condition (Table 4.4) 

show small variation with increasing hydrocarbon chain length and remain almost constant 

with change in hydroxyl group position; however, these values for 4-AP differ more 

significantly in both situations. These are very interesting observations, and a more 

detailed and quantitative discussion on rotational dynamics of the solutes in these media, 

therefore, is presented below using the SED hydrodynamic theory.56
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Table 4.3. Estimated rotational reorientation times (ns) of the solutes in various DESs 
at isothermal condition (298 K).

DESs Viscosity (cP)
Rotational reorientation time (ns)

C153 4-AP ANT

CC12ED 30 1.58 1.65 0.44

CC13PD 53 2.64 3.14 0.66

CC14BD 84.5 3.53 5.08 0.84

CC12BD 72 2.99 5.30 0.64

CC13BD 97 3.83 5.96 0.97

CC23BD 112 4.17 7.20 0.99

Figure 4.4. Anisotropy decay profiles of the solutes in six DESs at isoviscous (30 cP) 
condition. The solid lines represent single-exponential fit to the decays. The excitation 
wavelength for C153/4-AP and ANT are 405 and 375 nm, respectively. All the decay 
profiles are recorded by monitoring at respective emission maxima of solutes.
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Table 4.4. Estimated rotational reorientation times (ns) of the solutes in various DESs 
at isoviscous condition (30 cP).

DESs Viscosity (cP)
Rotational reorientation time (ns)

C153 4-AP ANT

CC12ED 1.58 1.65 0.44

CC13PD 1.59 1.89 0.41

CC14BD 30 1.46 1.93 0.35

CC12BD 1.45 2.36 0.33

CC13BD 1.45 2.07 0.33

CC23BD 1.44 2.26 0.34

According to this theory, the r value of a solute in a solvent continuum of viscosity �at 

temperature��is given by equation 3.1, where, V, f and C are respectively the van der 

Waals volume, shape factor and boundary condition parameter of the solutes and kB is 

Boltzmann constant. The shape factor (f), which is a function of axial ratio of the semi 

axes, describes nonspherical nature of the solutes, which are treated as asymmetric 

ellipsoids. C indicates the extent of coupling between the solute and the solvent; 

hydrodynamic slip (0 < Cslip < 1) and stick (Cstick = 1) are the two limiting cases. The V, f

and C values for the three solutes are taken from literatures49, 57 and collected in Table 4.5.

Table 4.5. Solute dimensions, van der Waals volumes, shape factors and boundary 
condition parameters calculated from the SED hydrodynamic theory.

Solute Axial radii (Å
3
)

van der Waals 

volume, V  (Å
3
)

Shape factors (f) C
slip

C153a 6.1 x 4.8 x 2.2 246 1.71 0.24

4-APb 5.0 x 3.5 x 1.8 134 1.60 0.11

ANTb 5.9 x 3.9 x 1.8 175 1.30 0.29
a values are taken from ref. 57. b values are taken from ref. 49.

Typical plots of the measured r values of the solutes versus T in CC12ED are shown in 

Figure 4.5 along with the slip and stick lines. The plots in other DESs are displayed in 

Figure A2.1, A2.2, and A2.3. Figure 4.5 shows that C153 reorientation times lie between 
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the slip and stick lines, 4-AP exhibits superstick behavior and ANT shows slip behavior. 

The superstick behavior of 4-AP is an indication of its strong association with the 

constituents of the solvent. This must be due to specific hydrogen-bonding interaction of 

4-AP with the hydroxyl groups of the eutectic solvent as this is well documented in both 

conventional solvents52 and ionic liquids.49, 58 The slip behavior of ANT is because of its 

lack of interaction with the solvent due to its nonpolar nature and location in the 

hydrocarbon dominated molecular domain/region.

Figure 4.5.�Plots�of�τr vs η/T�for� three� solutes� in�CC12ED�system.�The�solid�circles�
indicate the experimental rotational times and the dashed lines represent fit to the 

data according to r = A( T)p
. Computed stick (black) and slip (red) lines using SED 

theory are also shown.
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A similar analysis in other DESs reveals that the superstick behavior of 4-AP is more 

pronounced (Figure A2.1) with increasing chain length indicating stronger hydrogen-

bonding interaction with the latter members of the series (leading to a slower rotation). On 

the other hand, the r values of ANT changes from slip to subslip behavior (Figure A2.2) 

with increasing chain length due to lower friction experienced in larger solvents 

comprising a higher non polar fraction arising from increasing hydrocarbon chain length 

of the diols. In this context, it is noteworthy that the subslip behavior of rotational

dynamics is sometimes (like in ionic liquids50) considered to be due to void spaces created 

from increasing chain length, which reduce the rotational friction. However, unlike the two 

other probes, r values of C153 changes marginally towards the slip line with increasing 

chain length, that too only at low temperature. At higher temperature, it shows very similar 

behavior in all solvents (Figure A2.3).

The experimental r values of the solutes are fitted to r = A( T)p in each DES (shown as 

dashed line in the τr vs η/T plots). The A and p values obtained from these fits are 

presented in Table 4.6. The p values show significant departure from unity, indicating 

deviation of the rotational dynamics from the SED hydrodynamic behavior. This fractional 

viscosity dependence (or departure from the SED theory) is a reflection of the dynamic 

heterogeneity of the media,29, 31, 47 which arises from fluctuations of the hydrogen-bonding 

network in these media and consequent motion of its constituents.

Table 4.6. Parameters A [ns K (mPa s-1)] and p for the solutes obtained from least-
squares�fits�of�τr vs�η/T�plots�in�DESs.

DESs C153 4-AP ANT
A p A p A p

CC12ED 10.8 ± 0.2 0.84 ± 0.02 10.9 ± 0.2 0.85 ± 0.02 2.6 ± 0.2 0.82 ± 0.03

CC13PD 11.0 ± 0.3 0.81 ± 0.01 13.4 ± 0.2 0.84 ± 0.02 2.5 ± 0.1 0.80 ± 0.02

CC14BD 9.3 ± 0.3 0.77 ± 0.02 14.8 ± 0.3 0.85 ± 0.01 2.2 ± 0.1 0.76 ± 0.01

CC12BD 9.0 ± 0.2 0.77 ± 0.01 17.9 ± 0.3 0.85 ± 0.01 2.0 ± 0.1 0.77 ± 0.02

CC13BD 9.1 ± 0.3 0.76 ± 0.02 15.3 ± 0.3 0.83 ± 0.01 2.2 ± 0.1 0.77 ± 0.01

CC23BD 8.9 ± 0.3 0.76 ± 0.02 16.6 ± 0.2 0.84 ± 0.02 2.1 ± 0.1 0.75 ± 0.01
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As can be seen, the departure of the p values from unity for C153 and ANT increases with 

increasing hydrocarbon chain length. The p values, however, remain nearly constant upon 

change of hydroxyl group position. This suggests that dynamic heterogeneity is more 

pronounced in media comprising diols with longer chain length, but it does not vary with 

change in hydroxyl group position. Nearly constant (and high) p values for 4-AP in all six 

DESs indicate that 4-AP molecules experience relatively less and very similar dynamic 

heterogeneity in these media, perhaps due to its strong association with constituents of the 

solvents, which does not allow much fluctuations of the hydrogen-bonding network. 

Further, Table 4.6 shows that the A (= VfC/kB) values decrease marginally for C153 and 

ANT with increase in hydrocarbon chain length but remain almost constant upon change 

of the hydroxyl group position. Considering that f/kB is constant for a given solute and the 

volume of the solvents (V) increases with increasing chain length of HBDs, the decrease of 

the A values suggest a decrease of solute-solvent coupling with increasing chain length. 

Unlike C153 and ANT, the A values for 4-AP increase significantly with increasing chain 

length suggesting stronger coupling in the latter media. Some variation of the A value with 

change in the hydroxyl group position indicates change in coupling with the hydroxyl 

group position too.

To corroborate these conclusions, we have calculated the solute-solvent coupling constant 

(Cobs) from the experimental r values using Cobs = r/stick (where, stick is the rotational 

time calculated using SED hydrodynamic theory) and presented in Table 4.7. A careful 

inspection of the data reveals that the Cobs values decrease marginally for C153 and ANT 

with increasing chain length but shows no significant variation with hydroxyl group 

position. This trend is the same as seen for the A values in the previous section, indicating 

faster rotation of the solutes with increasing chain length. Interestingly, the Cobs values for 

4-AP increase significantly with increase of chain length, suggesting slower rotational 

diffusion due to an enhanced hydrogen-bonding interaction between the solute and 

constituents of the solvents. These observations can be rationalized considering formation 

of a nanoheterogeneous domain-like structure31, 37, 38, 55 consisting of ionic and molecular 

regions in DESs containing longer chain length diols, where different solute molecules 

reside in different environments (Scheme 4.1). 4-AP molecule resides in the ionic polar 

region, ANT resides specifically in molecular region (relatively nonpolar region), and 

C153 being larger in size, locates itself at the boundary between ionic and molecular 

regions. This heterogeneous structure becomes pronounced with increasing hydrocarbon

chain length of diols, but does not change with the position of the hydroxyl groups. A 
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similar picture also emerged from the steady-state measurements. With increase in the 

hydrocarbon chain length of HBDs, the fraction of molecular environment (nonpolar 

region) as well as overall size of the solvent increases offering a lower friction to C153 

and ANT leading to a decrease of the Cobs values. In contrast, as 4-AP molecules reside in 

ionic polar region of these solvents, an increase in nonpolar fraction (or hydrocarbon chain 

length of HBDs) forces the 4-AP molecules to come closer towards the hydroxyl groups of 

the diols offering stronger hydrogen-bonding interaction with the solvents resulting in an 

increase in Cobs values.

Table 4.7. Calculated solute-solvent coupling constants (Cobs) of the solutes in six 
DESs.

DESs
Cobs

a

C153 4-AP ANT

CC12ED 0.55 ± 0.01 1.12 ± 0.02 0.30 ± 0.01

CC13PD 0.56 ± 0.005 1.29 ± 0.01 0.26 ± 0.01

CC14BD 0.51 ± 0.01 1.33 ± 0.01 0.23 ± 0.01

CC12BD 0.51 ± 0.01 1.64 ± 0.02 0.21 ± 0.02

CC13BD 0.50 ± 0.015 1.41 ± 0.02 0.22 ± 0.005

CC23BD 0.49 ± 0.02 1.51 ± 0.01 0.22 ± 0.01
a average of Cobs values obtained at six temperatures from 298-343 K.

Scheme 4.1. A schematic representation showing different domain/region in DESs 
and possible location of various solutes in these regions.
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Unlike the other two solutes, Cobs values for 4-AP molecules vary significantly with the 

hydroxyl group position. A careful inspection of the data presented in Table 4.7 reveals a 

higher Cobs value and stronger solute-solvent association in solvents (CC12BD and 

CC23BD), where the hydroxyl groups are adjacent to each other.

4.2.3. FCS Measurements

We have studied the translation diffusion dynamics of C153 and 4-AP in these solvents by 

single-molecule based FCS technique. ANT could not be studied for its blue fluorescence 

and lack of suitable excitation source. Representative fluorescence correlation curves of 

C153 and 4-AP in CC12ED at 298 K are shown in Figure 4.6. The correlation curves G(τ) 

of the solute molecules in all media were fitted to both single-component diffusion 

(equation 2.7) and anomalous diffusion (β < 1) model (equation 2.9), but,  as judged by 

distribution of the residuals and χ2 values of the fits, the anomalous diffusion model fits 

the data much better compared to the single-component diffusion model.

Figure 4.7 compares the fitted (to anomalous diffusion model) correlation curves of the 

solutes in the DESs. The diffusion coefficients (Dt) of the solutes in the DESs, calculated 

using the D values obtained from fits, using equation 2.12 are collected in Table 4.8 along 

with the β values. It can be seen that the β values for both solutes deviate significantly 

from unity in these media. Considering the fact that these molecules show a single-

component diffusion in conventional solvents, this deviation of the β values from unity can 

be attributed to the dynamic heterogeneity of the media, as described in earlier reports.47, 59

The deviation of the stretching exponent β from unity suggests that the mean square 

displacement of the probe molecules follows a sub-diffusive behavior, ⟨r()2⟩ ∝ β (with 

�), instead of the normal Brownian diffusion (��) due to dynamic heterogeneity in 

these complex media.25, 47, 59 Further, the data presented in Table 4.8 shows that the 

deviation of the β value of C153 from unity increases with increase in chain length 

indicating greater dynamic heterogeneity in solvents containing HBDs with higher chain 

length. The near-constancy of the β value in solvents with different hydroxyl group 

position indicates negligible variation of dynamic heterogeneity. On the other hand, these 

values for 4-AP are very similar in both situations. These results are consistent with the 

trends observed for the rotational diffusion of the solutes.
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Figure 4.6. Fluorescence correlation curves of C153 (a,b) and 4-AP (c,d) in CC12ED 
DESs. The points are the experimental data, and the solid lines represent fit to the 
data using an anomalous diffusion model (left panel: a,c) and a single-component 
diffusion model (right panel: b,d). The residuals depicting quality of the fits are also 
shown at the top of each curve.
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Figure 4.7. The fitted correlation curves (normalized) of the solutes in six DESs using 
the anomalous diffusion model.

In addition, we note that the Dt value of each solute correlates nicely with the viscosity of 

the media. However, there are two interesting points to note. First, even though 4-AP is 

much smaller than C153, the Dt value of 4-AP is comparable or lower than that of C153 in 

these solvents. Second, the Dt value of 4-AP decreases more sharply compared to C153. 

These trends, which are similar to those observed for the rotational dynamics of the solutes 

in these media, confirm strong association of 4-AP molecules with the constituents of the 

solvents due to strong solute-solvent hydrogen-bonding interaction.

Table 4.8. Estimated diffusion coefficients (Dt in�μm2s−1) and stretching exponents ( ) 
obtained from the fits using anomalous diffusion model for the solutes in DESs.

DESs
C153 4-AP

Dt Dt

CC12ED 32.9 ± 4.2 0.87 ± 0.02 35.4 ± 3.6 0.86 ± 0.02

CC13PD 18.2 ± 2.4 0.85 ± 0.01 16.9 ± 3.5 0.86 ± 0.03

CC14BD 15.6 ± 1.5 0.82 ± 0.02 10.5 ± 2.0 0.87 ± 0.02

CC12BD 16.1 ± 0.8 0.83 ± 0.02 12.9 ± 1.3 0.86 ± 0.03

CC13BD 12.0 ± 1.0 0.83 ± 0.03 9.8 ± 1.1 0.85 ± 0.03

CC23BD 10.1 ± 1.2 0.82 ± 0.03 7.7 ± 0.9 0.87 ± 0.01
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4.3. Summary

In summary, we have studied the rotational and translational diffusion of some selected 

neutral fluorescent molecules in six ChCl-diol based DESs to find out the effect of 

hydrocarbon chain length and hydroxyl group positioning (at HBDs) of the eutectic 

systems on the respective diffusion dynamics. The results obtained from measurements in 

ensemble and single molecule conditions are in excellent agreement with each other and 

reveal several interesting outcomes. Specifically, the excitation wavelength dependent 

fluorescence studies reveal an evolution of spatial heterogeneity with increase in chain 

length of the HBDs in these solvents. The time-resolved fluorescence anisotropy and FCS 

studies show significant increase of dynamic heterogeneity with increasing chain length of 

the HBDs. The variation of spatial and dynamic heterogeneity with change in hydroxyl 

group position is found to be insignificant. Additionally, this study shows that the solute 

molecules reside in different environments of the nanoheterogeneous structure of these 

solvents and specific solute-solvent hydrogen-bonding interaction plays a crucial role in 

determining both rotational and translational diffusion dynamics of 4-AP in these DESs.
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Overview

Large numbers of the works on DESs have been focused on a particular ammonium salt, 

ChCl. In recent times, several new DESs based on various other salts have emerged 

across several fields. However, knowledge about the microscopic structural and 

dynamical features of these less-explored DESs that is essential for exploiting their 

potential is still lacking. In this work, we make an attempt to obtain some insight into these 

aspects of a set of less-explored DESs comprising tetraalkylammonium bromide salts and 

ethylene glycol by monitoring the fluorescence response of some carefully chosen dipolar 

(C153 and 4-AP) and nonpolar (9-PA) solutes in these media. Specifically, we have 

studied the translational and rotational diffusion dynamics of these molecular systems 

using single-molecule based FCS technique and ensemble-based TRFA measurements. 

These results point to spatial and dynamic heterogeneity of these DESs, which becomes 

prominent in systems comprising cation with a longer alkyl chain length. This study 

reveals that diffusion dynamics of the probe molecules are determined not only by the 

solvent bulk viscosity, but also depends on their microenvironments and solute-solvent 

interactions experienced in these media.
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5.1. Introduction 

DESs are an emerging class of environmentally sustainable solvents with potential to 

overcome many limitations of the conventional volatile organic solvents and ionic liquids 

ILs.1-7 While similar in many ways to the ILs, these DESs are more favoured green 

alternative to the organic solvents in a variety of applications because of relatively 

inexpensive starting materials, often made of natural and biodegradable constituents, ease 

of preparation and low toxicity.1-4, 6, 8-10 These solvents are generally obtained by mixing a 

salt/HBA and a HBD.1 A large number of such mixtures with desirable properties can be 

prepared by judicious choice of the constituents and also by varying their stoichiometric 

molar ratio.1, 11

A survey of the literature shows that most of the works on DESs are application oriented 

and fundamental studies directed towards understanding their physicochemical properties 

in terms of microscopic structure, dynamics, solute-solvent interactions, etc. are rather 

limited.1, 2, 5, 8-10, 12-21 These studies, most of which have been carried out in ChCl based 

DESs, have brought into light spatial and/or dynamic heterogeneity of these solvents, 

which contribute to some of the unique properties of these DESs. Several new but 

promising DESs based on various other salts are gaining attention recently.22-34 However, 

little is known about the microscopic structural and dynamical features of these less-

explored substances that are necessary for realization of the successful utility of these 

mixtures in different fields.

The objective of this study is to obtain an understanding of some of these promising, but 

less-explored eutectic solvents through characterization of the microscopic structure, 

dynamics, and solute-solvent interactions. Additionally, we probe how the alkyl chain 

length attached to the cation of the salt influences these fundamental aspects. For this 

purpose, we have chosen three DESs22, 34 based on tetraalkylammonium bromide salts with 

different alkyl chain length and ethylene glycol (Table 5.1) and examined their liquid state 

structure and dynamics by probing the translation and rotation diffusion dynamics of 

dipolar molecules, C153 and 4-AP and nonpolar molecule, 9-PA in these media. An 

identical salt/HBD molar ratio (1:3) in these DESs is chosen to ensure that observed 

changes in fluorescence properties of the probe molecules in different DESs are not due to 

any variation of the concentration of the salt or ethylene glycol (HBD). The translation 

diffusion dynamics of the solutes is studied using FCS technique, whereas, the rotational 
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diffusion dynamics is investigated by monitoring time-dependent fluorescence anisotropy 

of the systems. Chart 1.7 and 1.8 depicts the molecular structures of the constituents of the 

DESs and the solute molecules used in this study, respectively. The idea behind employing 

multiple probe molecules with different functional groups is that the chosen systems are 

expected to place themselves in different locations of a structured medium and together 

they will present a complete picture of all possible microenvironments and interactions 

operative in the media,35, 36 and provide comprehensive insights into the structural and 

dynamical aspects of these less-explored DESs.

Table 5.1. Description of the DESs used in this study

Sl. No. Salt HBD Mole ratio
(Salt: HBD)

Abbreviation Water content 
(wt %)

1 TEAB EG 1:3 TEAB-EG 0.09

2 TPAB EG 1:3 TPAB-EG 0.07

3 TBAB EG 1:3 TBAB-EG 0.08

5.2. Results and Discussion

5.2.1. Steady-State Measurements: Microscopic Polarity and Liquid Structure

The steady-state excitation and emission spectra of the probe molecules in DESs were 

measured at room temperature (298 K), and are presented in Figure 5.1. The spectral data, 

which is summarized in Table 5.2, shows that the excitation maxima ( ) of all solute 

molecules are independent of the solvents, whereas the emission maxima ( ) of the 

dipolar solutes (C153 and 4-AP) show noticeable solvent dependence (a blue shift of 6-9 

nm with increase in the alkyl chain length of the constituent cation of the DESs). The 

observed solvent dependence of and of the probe molecules is consistent with 

literature.37, 38 Only the values of C153 and 4-AP are sensitive to the solvent as 

emission of these two dipolar systems originates from ICT state, whose position is 

dependent both on polarity of the media and hydrogen bonding interaction with the 

solvent. The values of these two indicate that these molecules experience a less 
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polar environment with increase in alkyl chain length of the cation of the solvent.39 A

comparison of the measured values of the two molecules with those in other

conventional solvents and DESs reveals that the polarity of the microenvironment sensed 

by the two dipolar probes in the present DESs is similar to that of methanol and that 

experienced in ChCl-diol based eutectic solvents.15, 40

Figure 5.1. Normalized excitation and emission spectra of C153 (a), 4-AP (b) and 9-
PA (c) in three DESs at 298K. The emission/excitation spectra are recorded by 
exciting the samples at their respective maxima of excitation/emission spectra.
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Table 5.2. Steady-state excitation and emission maxima (nm) of the solutes in DESs at 
298 K

DESs

C153 4-AP 9-PA

max
exc

max
emm

max
exc

max
emm

max
exc

max
emm

TEAB-EG 430 539 372 504 387 400

TPAB-EG 430 535 371 501 387 400

TBAB-EG 430 530 372 498 387 400

One of the approaches to examine whether a polar viscous medium like DES is spatially 

heterogeneous or not is by studying dependence of the value on of dipolar 

molecules, which fulfill certain criteria.41-43 A dipolar molecule can exhibit excitation-

wavelength-dependent shift of its in viscous polar environment, when excited at its 

long-wavelength absorption edge. The phenomenon, known as “red-edge effect”, is 

observed in polar viscous media for molecules which exhibit a large change in dipole 

moment on excitation and are characterized by short fluorescence lifetime.41, 43 In order to 

explore the microscopic liquid structure of the present DESs in terms of the spatial 

heterogeneity, if any, we have examined exc dependence of 
max
emm of ANF, a molecule 

which exhibits a huge change in dipole moment (= 25 D41) on excitation and 

characterized by a very short excited state lifetime (f) (f < 50 ps in 2-propanol44) 

compared to C153 (f  = 4.1 ns in methanol40) and 4-AP (f  = 6.8 ns in methanol40), which 

do not exhibit any excitation wavelength dependent fluorescence behavior (Figure A3.3). 

Figure 5.2 show that ANF exhibits significant excitation wavelength dependence of 
max
emm

in all three DES indicating heterogeneous nature of theses solvents. That, C153 and 4-AP 

do not show any exc dependence, but only ANF does, is primarily because as τf of ANF 

is much shorter than the average solvent relaxation time (τs) of common DESs,45, 46 and 

hence, the emission, instead of originating from a fully solvent-equilibrated state, occurs 

from a state determined by the exc value. A more prominent excitation wavelength 

dependent emission behavior in longer alkyl chain length containing DESs indicates an 

enhanced spatial heterogeneity of these media. This enhanced spatial heterogeneity of the 
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long alkyl chain length containing DESs is very similar to that observed for various ILs.39, 

47-49 Hence, by drawing an analogy with the ILs one can infer that the spatial 

heterogeneity of these DESs arises from the formation of hydrophobic and hydrophilic 

domain-like structure due to segregation of the alkyl chains from the ionic moieties of the 

cation and hydroxyl moieties of the HBD.13, 39, 47-50

Figure 5.2. Dependence of the emission maximum ( ) on the excitation wavelength 
( ) for ANF at 298 K in three DESs. Representative excitation spectrum of ANF is 
also shown.

5.2.2. FCS Measurements: Translational Diffusion Dynamics

As diffusion of a molecule depends on its surrounding environment and the interactions it 

experiences with the solvent, one can obtain an understanding of the nature of the medium 

by monitoring the diffusion dynamics of the probe molecules. Single-molecule based FCS 

technique is a powerful and sensitive tool for studying diffusion and hence, for 

characterization of microscopic structural and dynamical features of complex media like 

ILs and DESs.40, 47, 51, 52 We have studied the translation diffusion of C153 and 4-AP in the 

chosen DESs using this technique. Figure 5.3 shows representative time-dependence of the 

fluorescence correlation data of the two probe molecules in TPAB-EG at 298 K (data in 

other DESs are in Figure A3.4 and A3.5). As the fits of the correlation data to a single-

component diffusion model (equation 2.7) were found unsatisfactory, the data were fitted 

to anomalous diffusion model (equation 2.9), according to which the mean square 
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displacement of the solute molecules follows a sub-diffusive behavior, ⟨r()2⟩ ∝ β (with 

�), instead of normal Brownian diffusion (��).53

Figure 5.3. Normalized fluorescence correlation data of C153 and 4-AP in TPAB-EG.
The solid lines represent fit to the data using anomalous diffusion model (left panel: 
a, c) and single-component diffusion model (right panel: b, d).�The�β�values�obtained�
from the fits are shown in the figure. The residuals showing the quality of the fits are 
also shown at the top of each panel.
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Table 5.3. Estimated diffusion coefficients (Dt in�μm2s−1) and stretching exponents ( ) 
for the solutes in DESs.

DESs Viscosity 
(cP)

C153 4-AP

Dt Dt

TEAB-EG 28.0 31.6 ± 4.7 0.87 ± 0.02 25.0 ± 3.9 0.90 ± 0.03

TPAB-EG 72.5 14.5 ± 1.9 0.81 ± 0.03 8.1 ± 2.5 0.91 ± 0.02

TBAB-EG 98.0 11.4 ± 1.6 0.72 ± 0.03 4.8 ± 1.1 0.88 ± 0.02

It is seen that the Dt value of both solutes decreases substantially from TEAB-EG to 

TBAB-EG mainly due to increasing viscosity of the solvents. Another point to note is that 

the Dt value of 4-AP is smaller than that of C153 in all the solvents, even though the size 

of 4-AP (134 Å
3
) is almost half than that of C153 (246 Å

3
).40 This observation clearly 

suggests strong association of 4-AP with the constituents of DESs, which must be through 

strong solute-solvent hydrogen-bonding interaction, as 4-AP is well-known for such 

interaction both in molecular solvents54 and ILs.35, 48 Another point to note is that the Dt

value of 4-AP decreases more sharply compared to C153 with increasing cation chain 

length of the DESs (Figure 5.4). This indicates that the change in the Dt values is not 

solely due to solvent viscosity.

Figure 5.4. Viscosity dependence of the Dt values (normalized) of C153 and 4-AP in 
DESs.
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An important point to note here is that the stretching exponent β deviates notably from 

unity for both solutes in these solvents. As these solute molecules show single-component 

translational diffusion in homogeneous media,49 the observed deviation in the present case 

indicates dynamic heterogeneity in these solvents, which results from the fluctuations of 

the hydrogen-bond network and consequent motion of the constituents of these media.45, 55

In this context, it is pertinent to note that FCS studies have been performed earlier to study 

the translation diffusion dynamics of several solute molecules in ILs and DESs.40, 47, 49, 56

Wu et al. observed anomalous diffusion dynamics of Nile Red in ILs, which they 

explained in terms of dynamic heterogeneity of the solvent.56 We have also recently 

attributed similar anomalous diffusion dynamics of dipolar molecules in a series of ChCl-

diol based DESs containing different hydrocarbon chain length of the HBD (diol) due to 

dynamic heterogeneity of the media.40

Further, Table 5.3 shows that, while the deviation of the β value for C153 is more 

prominent in solvent containing cation with longer alkyl chain length, for 4-AP, the β 

value is almost constant (and high) in all three DESs. These indicate that unlike C153, 

which experiences increasing dynamic heterogeneity in solvents containing larger cation, 

4-AP experiences relatively less and very similar dynamic heterogeneity in these solvents. 

The latter can be explained considering strong association of the 4-AP molecules with 

constituents of the solvents. Our previous study also revealed a similar increase of 

dynamic heterogeneity of the ChCl-diol based DESs with increase in hydrocarbon chain 

length of the HBD.40

5.2.3. TRFA Measurements: Rotational Diffusion Dynamics

To probe the microenvironments around the probe molecules in these solvents, we have 

also studied time-resolved fluorescence anisotropy of C153, 4-AP and 9-PA in all three 

DESs over a temperature range from 298-348 K. Representative anisotropy decay profiles 

(Figure 5.5) of the solutes highlight the influence of solvents. The decay profiles are found 

to be bi-exponential for C153, but single-exponential for the other two systems in all DESs 

at all temperatures.

The measured rotational reorientation times (τr) of the solutes at six different temperatures 

are plotted in Figure 5.6 and Table A3.1. At any given temperature (for example, 298K, 

Table 5.4) in a given DES, the τr values of C153 and 9-PA are much smaller than that of 4-

AP even though two former solutes are twice as large compared to the latter. The 
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difference in τr values of 4-AP from other two solutes is more prominent in longer alkyl 

chain length containing solvents, where it is more associated with the solvent. As

expected, the τr values of the solutes decrease with increasing temperature in all DESs due 

to decrease of solvent viscosity (Table A3.1). We have also measured and compared the τr

values of the solutes in isoviscous condition by adjusting the temperatures of the media to 

find out the difference in interactions between the probe molecules and solvents (Table 

5.4). Under isoviscous condition, the τr values of C153 and 9-PA are lower in higher alkyl 

chain length containing solvent, but for 4-AP the trend is quite opposite. This also 

indicates that the solute-solvent interactions experienced by the probes are quite different.

Figure 5.5. (a) Anisotropy decay profiles of C153 in DESs at 298 K. Panel (b) 
compares the anisotropy decay profiles of the three solutes in TEAB-EG. The solid 
lines represent fit to the experimental data. The excitation wavelengths for C153 and 
4-AP is 405, while for 9-PA, the excitation wavelength is 375 nm. In all cases the 
monitoring wavelengths are steady-state emission peak maxima.
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Figure 5.6.�(a)�Temperature�dependence�of�the�τr�values�of�the�solutes�in�TEAB-EG 
(a), TPAB-EG (b), and TBAB-EG (c).

Table�5.4.�Estimated�τr values (ns) of the solutes in DESs under different conditions.

DESs

Viscosity 
(cP)

Isothermal (298 K) Isoviscous (28 cP)

C153a 4-AP 9-PA C153a 4-AP 9-PA

TEAB-EG 28.0 1.57 2.10 1.27 1.57 2.10 1.27

TPAB-EG 72.5 3.30 6.16 2.76 1.46 2.51 1.18

TBAB-EG 98.0 4.05 9.75 3.20 1.39 2.90 1.11

aaverage τr values (ns).

We now analyze the measured rotational diffusion dynamics in terms of the SED 

hydrodynamic theory;52, 57 according to which the reorientation time (τr) of a probe 
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molecule in a solvent of viscosity  at temperature T is given by equation 3.1, where, V 

and f are the van der Waals volume and shape factor of the molecule, respectively, and kB

is Boltzmann constant. The shape factor (f) describes non-spherical nature of the probe 

molecules, which are treated as asymmetric ellipsoids. C is the boundary condition 

parameter that represents two limiting cases for the degree of solute-solvent interactions, 

where Cstick = 1 for stick condition and 0 < Cslip < 1 for slip condition. The V, f and C

values for the probe molecules are taken from literatures36, 40 and collected in Table 5.5.

Table 5.5. Solute size, shape parameters and boundary condition parameters (Cslip) of 
the solutes calculated from the SED hydrodynamic theory.

Solute Axial radii (Å
3
)

van der Waals 

volume, V  (Å
3
)

Shape factors 
(f)

C
slip

C153a 6.1 x 4.8 x 2.2 246 1.71 0.24

4-APa 5.0 x 3.5 x 1.8 134 1.60 0.11

9-PAb 5.7 x 5.5 x 1.8 236 1.73 0.12
a taken from ref. 40. b taken from ref. 36.

Figure 5.7 depicts plots of the measured τr values of the solutes against T in TEAB-EG 

along with the hydrodynamic stick and slip lines. Similar plots in other two solvents, 

TPAB-EG and TBAB-EG, are provided in Figure A3.6. It is evident that the τr values of 

both C153 and 9-PA lie between the slip and stick lines in TEAB-EG. They, however, 

gradually shift toward the slip boundary condition at low temperature, with increasing 

cation alkyl chain length of the DESs. In contrast, 4-AP exhibits a super-stick behavior in 

TEAB-EG and the super-stick nature increases with increasing alkyl chain length. This 

super-stick behavior of 4-AP is reported previously both in conventional solvents and ILs 

and attributed to strong association of 4-AP with the solvents through hydrogen-bonding 

interactions.35, 48, 52, 58 A similar stick/super-stick rotational dynamics of 4-AP is also

observed in ChCl-diol based DESs due to the same reason.40 The other two systems (C153 

and 9-PA) are, however, not associated like 4-AP and exhibit faster rotation. We have also 

estimated the solute-solvent coupling constant (Cobs) from the experimental r value and 

calculated rotational reorientation time (stick) for stick boundary conditions using Cobs = 

r/stick. These values (Table 5.6) are lower for C153 and 9-PA in longer alkyl chain length 

containing solvents, but for 4-AP, the trend is very opposite. This observation is in 

agreement with the trend observed earlier.



 

 
~ 110 ~

 

Chapter 5                            Liquid�Structure�and�Dynamics…

Figure 5.7.�Plots�of�τr vs η/T�for�three�solutes�in�TEAB-EG. The solid circles are the 
measured rotational times and the dashed lines represent fit to the data according to 

r = A( T)p. The p values obtained from the fits are shown in the figure. The stick 
(black) and slip (red) lines, computed using SED theory, are also shown.

Table 5.6. Calculated Cobs values of the solutes in six DESs at 298 K.

DESs
Cobs

C153 4-AP 9-PA

TEAB-EG 0.55 ± 0.02 1.44 ± 0.02 0.46 ± 0.02

TPAB-EG 0.45 ± 0.01 1.63 ± 0.02 0.38 ± 0.015

TBAB-EG 0.41 ± 0.01 1.91 ± 0.03 0.33 ± 0.01
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Next, we check the linearity of the measured τr values with T by fitting the data to 

equation r = A( T)p, where any deviation of the value of parameter (p) from unity would 

indicate a departure from the SED hydrodynamic behavior and the degree of viscosity-

diffusion coupling.45, 51 The p values obtained from fits of the r values using this equation 

(dashed lines in Figure 5.7 and Figure A3.6) are presented in Table 5.7. The deviation of 

the p values from unity (p <1) reflects viscosity-diffusion decoupling due to dynamic 

heterogeneity of the media.45, 50 A larger deviation of the p values from unity for both 

C153 and 9-PA with increase in cation alkyl chain length indicates an enhanced dynamic 

heterogeneity of these media. For 4-AP, the p values are high in all three DESs and they 

hardly vary with cation alkyl chain length suggesting that it experiences relatively less and 

similar dynamic heterogeneity in these media due to strong interaction with the solvents. A 

similar increase of  the heterogeneity in ChCl-diol based DESs with increasing 

hydrocarbon chain length of the HBD is also reported recently.40

Table 5.7.  p values obtained from least-squares�fits�of�τr vs�η/T�plots�in�DESs.

DESs
C153 4-AP 9-PA

p p p
TEAB-EG 0.88 ± 0.02 0.92 ± 0.02 0.93 ± 0.01

TPAB-EG 0.83 ± 0.03 0.90 ± 0.03 0.87 ± 0.02

TBAB-EG 0.76 ± 0.02 0.91 ± 0.02 0.82 ± 0.02

This steady change of the coupling constants as well as the degree of nonlinearity of the τr

values on T with increasing cation alkyl chain length can be explained considering the 

existence of spatial heterogeneities in these DESs (which is indeed observed from the 

steady-state measurements) due to the formation of organized domain-like structure 

consisting of polar and nonpolar regions. The association of the alkyl chains attached to 

the cations induces formation of nonpolar domains, whereas the Coulombic interactions 

between the ionic moieties and hydrogen-bonding interactions with hydroxyl moieties of 

the HBD give rise to the ionic polar domains.13, 50 The formation of this type of domains 

owing to molecular scale segregation in other DESs has already been established by 

neutron diffraction studies and simulations.23 The experimental data presented here 

suggests that 4-AP molecules reside in the polar region, 9-PA resides specifically in 
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nonpolar region, and C153 aligns itself at the interface of nonpolar and polar regions. As 

the cation alkyl chain length increases, the size of the nonpolar domain and excluded 

volume due to lower packing (void space) also increases, As a consequence, a reduced 

friction is experienced by C153 and 9-PA molecules and their rotation diffusion becomes 

faster. On the other hand, with increasing hydrophobic chain length, as overall nonpolar 

fraction of the solvents increases, more 4-AP molecules move closer towards the -OH 

groups in the polar region and the solute rotation diffusion becomes slower due to 

enhanced hydrogen-bonding interaction. Similar effect of domain formation on rotational 

diffusion of probe molecules has already been described in ILs.48

5.3. Summary

We have studied translational and rotational diffusion dynamics of some selected solute 

molecules in a series of less-explored DESs by monitoring their fluorescence response to 

obtain an understanding of the liquid state structure of these solvents. The results suggest 

both spatial and dynamic heterogeneity in these media, which becomes more pronounced 

in longer alkyl chain containing more viscous solvents. The spatial heterogeneity of these 

media, which arises from molecular scale domain formation due to segregation of the ionic 

moieties (along with the hydroxyl moieties of the HBD) and the hydrophobic alkyl chain 

of the salt, becomes more pronounced in longer chain length containing solvents. As the 

probe molecules reside in the different regions of the solvents, they experience different 

solute-solvent interactions and exhibit translational and rotational dynamics. The present 

findings and recent results40 show that the spatial and dynamic heterogeneity of the ionic 

DESs can be modified significantly by tuning the hydrocarbon chain length of both HBA 

and HBD of the solvents.
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Overview

In order to obtain insight into the structure and dynamics of some less-explored DESs 

comprising ethylene glycol and tetraalkylammonium bromide salts with variable alkyl 

chain length, we have captured complete dynamics occurring in these solvents in a 

timescale of few femtoseconds to several nanoseconds by monitoring the TDFSS of C153 

employing a combination of TCSPC and fluorescence UPC techniques. The solvent 

response function constructed from the measured data reveals a sub-picosecond 

component (~ 0.8 ps, 20-35%) in addition to a slow component (180-475 ps) with a 

distribution of relaxation time. The slow time component is found to be strongly dependent 

on the viscosity of the medium, indicating that it arises from the diffusive motions of the 

solvent constituents into and out of the solvation shell, whereas the ultrafast time 

component, which is nearly independent of the solvent viscosity, arises from fast local 

motions of the constituents in the immediate vicinity of the solute molecule.
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6.1. Introduction

Due to their attractive properties, the DESs have gained considerable attention in recent 

years as environment-friendly designer solvents in various fields.1-6 These are composed of 

two or more components (usually a salt/HBA and a HBD), which self-associate through 

hydrogen-bonding interactions forming a stable liquid with melting point lower than that 

of the pure components.4, 5 A large number of eutectic mixtures can be obtained by varying 

the constituents and their molar ratios.4, 7 Due to the ease of preparation, relatively 

inexpensive starting materials, often natural and biodegradable constituents and the 

possibility of designing task-specific solvents, the DESs can be a potential green 

alternative to the conventional volatile organic solvents and the ILs.1, 4-6, 8

Notwithstanding their applications, 4, 9-24 the structure and dynamics of the DESs are not 

very well understood from the studies made so far on the diffusion dynamics of 

constituents of the DESs6, 25-28 and translational and rotational diffusion dynamics of 

organic probe molecules in these media.29-36 While Abbott and co-workers investigated 

molecular and ionic diffusion of the constituents in these solvents using pulsed field 

gradient NMR spectroscopy,6, 25, 26 Biswas and co-workers studied rotational diffusion of 

several molecular systems in a number of DESs to understand the dynamics of these 

liquids.33-36 We have recently investigated the translational and rotational diffusion 

dynamics of some probe molecules employing fluorescence correlation spectroscopy and 

time-resolved fluorescence anisotropy measurements.29-31 These studies have revealed 

significant to moderate spatial and/or dynamic heterogeneity of these DESs, depending on 

the constituents.

As the dynamics of solvation often determines the fate of many chemical processes,37, 38

and can uncover unique characteristics of a solvent such as its microheterogeneity, 

solvation dynamics has also been studied in some eutectic mixtures in recent years.32-36, 39-

41 Since solvation leads to a significant shift of the emission spectrum of a dipolar solute 

molecule in polar media, the dynamics of solvation is frequently studied by sudden 

perturbation of the charge distribution of a dipolar fluorescent molecule by a short optical 

pulse excitation and then monitoring the TDFSS of the system.38, 42-44 In addition to the

studies based on this methodology,32-36 Cui et al. and Chatterjee et al. have independently 

studied solvation dynamics of an ionic probe molecule recently in ChCl-based DESs using 

FTIR and 2DIR spectroscopy.39, 40 In another study, Subba et al. have examined solvation 

dynamics in an non-ionic DES employing transient absorption spectroscopy.41 These 
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studies indicate that solvation in DESs is significantly slower than in common organic 

solvents and is quite similar to that in ILs. The timeresolved component of the dynamics is 

bimodal in nature and the average solvation time is dependent on the viscosity of the 

media. Though the slow nature of solvation dynamics in DESs is understood qualitatively, 

very little of the early part of the solvation dynamics has been explored till date. The 

TDFSS measurements carried out so far could not capture the fast solvation response due 

to limited time-resolution (typically 25-50 ps) of the technique.42, 44 On the other hand, the 

FTIR and 2DIR studies could not reliably estimate the slower component (occurring in a 

timescale ranging from hundreds of picoseconds to nanoseconds) of the solvation 

dynamics due to short vibrational lifetime of the probe used.40, 45 Another point to take 

note of in this context is that majority of the studies carried out so far were focused on 

ChCl-based DESs leaving many other salt-based DESs unexplored.

In view of above, herein we focus on a set of less-explored DESs and attempt to capture 

the complete solvation dynamics (occurring between few femtoseconds and several 

nanoseconds) of C153 by monitoring its TDFSS using a combination of femtosecond 

fluorescence UPC and TCSPC techniques. We have chosen for this study a homologous

series of DESs29 comprising 3:1 molar mixture of ethylene glycol and 

tetraalkylammonium bromide salts with variable alkyl chain length (Table 6.1). The 

choice of the molecular probe (C153) is guided by its rigid structure, large change of 

dipole moment upon electronic excitation (∆µ = ~ 7.0 D), large shift of emission 

maximum as a function of the solvent polarity, relatively long fluorescence lifetime (~ 4.5 

ns), and its extensive use as a probe for the study of solvation dynamics in a variety of 

media including ILs and DESs.43, 44, 46-48 Table 6.1 provides necessary details of the DESs 

along with their abbreviations. Chart 1.7 and 1.8, respectively, provides molecular

structure of the DESs components and the probe molecule used in this study.

Table 6.1. Description of the DESs used in this study.

Sl. No. Salt HBD Mole ratio
(Salt: HBD)

Abbreviation

1 TEAB EG 1:3 TEAB-EG

2 TPAB EG 1:3 TPAB-EG

3 TBAB EG 1:3 TBAB-EG
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6.2. Results and Discussion

6.2.1. Steady-State Measurements

The steady-state absorption and emission spectra of C153 in the chosen DESs at room 

temperature (298 K) are shown in Figure 6.1 and the corresponding peak positions are 

collected in Table 6.2. The spectral shapes are found to be very similar in all three DESs 

and they closely resemble those in conventional polar solvents49, 50 like water and 

methanol or in ILs51, 52 and other DESs.31, 50 As far as the absorption and emission peak 

positions are concerned, they appear at wavelengths similar to those observed in ChCl-

based DESs, indicating that the microenvironment around C153 in these solvents is 

comparable to that in ChCl/alcohol-based DESs.31, 50 Comparable absorption and emission 

maxima of C153 in these DESs and various commonly used ILs also suggests a similar 

environment is experienced by the probe molecule in these two types of solvents.48, 53

While the absorption maximum appears at ~ 430 nm in all three DESs, the emission peak 

position shifts towards lower wavelength (from 540 to 530 nm) with increase in alkyl 

chain length of the cationic constituent of the solvents. The enhanced sensitivity of the

emission peak position on the solvent is consistent with a higher excited state dipole

moment of C153,54 and the observed peak shift indicates a less polar nature of the solvent 

containing a longer alkyl chain length.48, 52, 55

Figure 6.1. Steady-state absorption (a) and emission (b) spectra of C153 in chosen 
DESs at 298 K. The emission spectra are recorded by exciting the samples at 430 nm.
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Before studying the dynamics of solvation, we have estimated the static solvation 

parameters, solvation free energy difference (solG) and solvent contribution to nuclear 

reorganization energy (sol) associated with the S0 ↔ S1 transition of C153 in these 

solvents using47, 48

οୱ୭୪
 ൌ
ͳ
ʹ ݄ሼߥୟୠୱ െ 
ሺλሻሽ െ οߥ଴ ǥ ǥ ǥ ǥ ሺ͸Ǥͳሻ

ɉୱ୭୪ ൌ
ͳ
ʹ ݄ሼߥୡୟ୪ሺͲሻ െ ሺλሻሽߥ ǥ ǥ ǥ ǥ ሺ͸Ǥ ʹሻ

where, νabs is the absorption peak frequency (in cm-1), νcal(0) and ν(∞) are the emission 

peak frequencies immediately after excitation (t = 0) and at a sufficiently long time (t = 

∞), when solvent relaxation is expected to be complete. The νcal(0) values are estimated 

following a procedure recommended by Fee and Maroncelli,56 whereas the ν(∞) values are 

obtained from the time-resolved fluorescence measurements (details in a later section). 

ΔG0 is the gas-phase free energy difference for C153 (296 kJ mol-1).48 The estimated solG 

and sol values for C153 in these DESs, which are presented in Table 6.2 along with the 

measured peak frequencies, are comparable to the respective values reported in various 

ILs.47, 48, 53 This is understood considering very similar values of the steady-state 

absorption and emission maxima of C153 in these DESs and various ILs.48, 53 A close 

inspection of the data reveals that both the parameters (solG and sol) change substantially 

with change in chain length of the cationic moiety, showing good correlation with the 

solvent polarity of these DESs and demonstrating its role in the solvation process in DESs.

Table 6.2. Peak positions, solG and sol values of C153 in the DES used in this study.

DESs

abs

(103 cm-1)

emn

(103 cm-1)

cal(0)a

(103 cm-1)

(∞)b

(103 cm-1)

- solG 

(kJmol-1)

sol  

(kJmol-1)

TEAB-EG 23.26 18.52 20.37 18.49 46.30 11.20

TPAB-EG 23.23 18.69 20.34 18.61 45.60 10.50

TBAB-EG 23.26 18.87 20.37 18.72 44.90 9.80
a estimated following ref. 56, b estimated from the time-resolved measurements.
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6.2.2. TDFSS Measurements

As stated earlier, we have studied the dynamics of solvation of C153 by measuring its 

TDFSS in these DESs. As solvation takes long time to complete in viscous media like ILs 

and DESs and that solvation also has a fast component,40, 41, 48, 57 which was not time-

resolved previously through TDFSS measurements, we have employed both UPC and 

TCSPC techniques to capture the complete dynamics ranging from few femtoseconds time 

scale to several nanoseconds. Figure 6.2 and 6.3 show that the fluorescence decay profiles 

of C153 are dependent on the monitoring wavelengths. The observation that at shorter 

wavelengths, fluorescence intensity decays steadily with time, but at longer wavelengths, 

the decay is preceded by a rise component is indicative of solvation dynamics in these

Figure 6.2. Representative wavelength-dependent fluorescence decay profiles of C153 

( exc = 400 nm) in the short time scale obtained from the UPC measurements in 
TEAB-EG (a), TPAB-EG (b), and TBAB-EG (c). The symbols denote the 
experimental data and the solid lines represent multi-exponential fit to the data using 
equation 2.1.
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solvents. In each solvent, we have recorded the decay curves at several (18-20)

wavelengths across the entire fluorescence spectrum of C153 (460 to 650 nm) using both 

UPC and TCSPC techniques. These decay curves are fitted independently to a multi-

exponential function (equation 2.1)

Figure 6.3. Representative wavelength-dependent fluorescence decay profiles of C153 

( exc = 405 nm) obtained from the TCSPC measurements in TEAB-EG (a), TPAB-EG 
(b), and TBAB-EG (c). The symbols denote the experimental data and the solid lines 
represent multi-exponential fit to the data using equation 2.1.

TRES at various times are then constructed using the obtained decay parameters and the 

steady-state emission data following a standard procedure.42, 46 Figure 6.4, which displays 

representative TRES of C153 at few selected times in three DESs, shows a shift of the 

fluorescence spectra to lower energy with time indicating stabilization of the emitting state 

of C153 through solvent reorganization/relaxation. In Figure 6.4, the spectra up to 100 ps

were reconstructed from the UPC data and those beyond from the TCSPC data. A slight
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mismatch of the peak positions measured by two techniques over 100-400 ps time range, 

as observed here, is not uncommon.48, 57 The spectra at the common time points (100-400 

ps) obtained from the two techniques were matched by uniformly shifting the UPC data 

following reported procedures.48, 57

Figure 6.4. Representative time-resolved emission spectra of C153 at different times 
in TEAB-EG (a), TPAB-EG (b), and TBAB-EG (c). The spectra up to 100 ps are 
reconstructed from the UPC data and the longer-time spectra are reconstructed from 
the TCSPC data. The solid lines represent fit of the experimental data to log-normal 
function (equation 6.3).

In order to parameterize the time-evolution of the reconstructed emission spectra and to 

estimate the peak frequencies at different times, the TRES are fitted to log-normal line 

shape function (equation 6.3), a commonly used representation of the emission spectra:57, 

58
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where, D��2Jp�and the four parameters,�p, I0, �and J describe the peak frequency 

(in cm-1), peak intensity, FWHM and asymmetry of the band-shape, respectively. Figure 

6.4 shows that the shapes of the reconstructed emission spectra are well described by this 

function (solid lines).Important to note here is that total dynamic fluorescence Stokes 

shifts ( = (∞)  (0)) observed for C153 in this study are 1766, 1687 and 1602 cm-1 in 

TEAB-EG, TPAB-EG, and TBAB-EG, respectively (Table 6.3). These values are 

significantly higher than the observed shift of C153 in other DESs.32, 33, 35, 36 This is not 

surprising as these TDFFS studies were based on TCSPC technique, where a large portion 

of the early part of the total dynamics was missed due to lower time resolution (typically 

50-100 ps).32, 33, 35, 36 It is important to note that the reported magnitude of the total shifts of 

C153 in earlier studies of solvation dynamics in common ILs,48 which captured the 

complete dynamics, are comparable to the present values.  This indicates that we have 

been able to capture almost the entire solvation dynamics in the present case. This is also 

evident from the fact that the missing component (miss) of the dynamics, as estimated 

following the procedure recommended by Fee and Maroncelli,56 is found to be only 3-6% 

(Table 6.3).

The normalized solvation response function, S(t), which is commonly used to describe the 

solvation dynamics in a medium, is constructed from the estimated peak frequencies of the 

TRES at different times using equation 1.2.59, 60 Figure 6.5 shows time-dependence of the 

normalized S(t) of C153 in different DESs. To obtained quantitative information on the 

solvation dynamics, the data is fitted to equation 6.4, which contains sum of a single 

exponential function with relaxation time τ1 and a stretched exponential function with 

relaxation time τ2.
47, 57

ܵሺݐሻ ൌ  ଵ݂ ���ሺെݐ ߬ଵ⁄ ሻ ൅ ଶ݂ ���ሺെݐ ߬ଶ⁄ ሻ ǥ ǥ ǥ ǥ ǥ ሺ͸ǤͶሻ

where, f1 and f2 are the amplitude associated with relaxation time τ1 and τ2, respectively,  

and D���D���is the stretching exponent representing distribution of the relaxation time 

τ2. It may be noted here that a simple biexponential fit (equation 6.4 with D  ) to 

the data, which described the time dependence of S(t) in ChCl-based DESs, 32, 33 is 

found unsatisfactory in the present case. This difference is not surprising since in previous 

studies a large portion of the early part of the total dynamics (as seen earlier) was missed.
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Figure 6.5. Time-dependence of S(t) in different DESs. The symbols denote the 
experimental data and the solid lines represent fit to the data using equation 6.4.

The time components of the dynamic solvation response, estimated from the fits (equation

6.4 with D��), are collected in Table 6.3. As can be seen, the solvation is characterized 

by a distinct ultrafast component, τ1 of ~ 0.8 ps and a slower component, τ2 (180  475 ps 

depending on the DESs) with a distribution of relaxation time. This kind of two solvation 

components of comparable values were also reported in ILs with similar viscosity.47, 48 The 

integral time corresponding to the slow stretched exponential component (τst) is calculated 

from the observed τ2 values using equation 6.5 (where Γ is gamma function).

߬௦௧ ൌ  
߬ଶ  ሺ ିଵሻ ǥ ǥ ǥ ǥ ǥ ሺ͸Ǥ ͷሻ

Table 6.3. Parameters obtained by fitting of S(t) to equation 6.6 in different DESs 
along with observed Stokes shift and missing percentage.

DESs (ps) f1 2 (ps) f2 st (ps)a  (cm-1)b c
miss

(%)

TEAB-EG 0.72 0.34 181 0.66 0.71 226 1766 6.10

TPAB-EG 0.80 0.23 424 0.77 0.60 638 1687 2.60

TBAB-EG 0.79 0.17 475 0.83 0.54 832 1602 2.60
a calculated using equation 6.5; b = (∞)  (0), is total observed dynamic fluorescence 
Stokes shift; ccalculated following ref. 56.
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It is clear from the Table that this slow stretched component of the relaxation time (τst) is 

strongly dependent on the solvent, unlike the ultrafast component (τ1). The plots in Figure 

6.6a and b show that the slow component is strongly dependent on the viscosity of the 

medium, much like that observed in ILs suggesting that this component is associated with 

diffusional motions of the solvent constituents surrounding the probe molecule.43, 44, 48

Further, Table 6.3 suggests that the slow component is not single-exponential rather have a 

distribution of time constant, which is represented by a stretched-exponential relaxation 

with values of D�less than unity. This broadly distributed time component may arise from 

heterogeneous diffusional motions present in the solvents. Another possible origin of this 

distribution could be the involvement of multiple processes arising from independent 

movements of each solvent constituent.63 However, as heterogeneity in these DESs is well

Figure 6.6. Dependence of the fast (a) and slow time components (b) of the solvation 
on viscosity of the DESs. The panel (c) shows the dependence of the slow time 
component on cationic radii of the DESs. The values of the cationic radii are taken 
from previous literature61, 62. The solid lines through the data represent the result 
of a linear fit.
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documented,29 we suggest that it is the heterogeneous diffusional motions, which 

contribute to the slow component. This can be due to nonhydrodynamic diffusive motions 

involving center of mass movements like rotation-translation coupling motions and/or 

jump moves of the solvent constituents into and out of the solvation shell leading to bulk 

structural reorganization.33, 40, 64 Here, we note that such rotation-translation coupling 

motions, jump moves of the solvent constituents are already demonstrated in case of 

DESs.27, 33, 34, 64 One more interesting observation from the Table 6.3 is that the D values 

associated with the slow component deviates further from unity (0.71 to 0.54) in solvents 

with longer alkyl chain length of the cation. The larger departure of the D�values from 

unity, which indicates a wider distribution of the slow time component, suggests 

heterogeneous diffusional motions as the main origin of the slow component and 

corroborates our assignment. This finding is in accordance with that made in an earlier 

study based on fluorescence correlation spectroscopy and time-resolved fluorescence 

anisotropy measurements, which indicated a greater heterogeneity for DESs comprising 

cations with longer alkyl chain length.29

In contrast, the ultrafast sub-picosecond component, which is nearly independent of the 

solvent viscosity, can be attributed to fast relaxation of the local environment created by 

DESs constituents that arises due to only minor readjustments of the intermolecular 

hydrogen-bonding, positions and orientations of the constituents present in immediate 

vicinity of the probe molecule within the solvation shell.33, 39, 40

In order to understand the influence of alkyl chain length (or ionic radius) of the cation on 

the individual solvation component, we have examined the dependence of the slow 

solvation time (τst) with the cation radius (i.e., size) in Figure 6.6c. A linear relationship 

between the two suggests that this slow solvation component, which arises from the 

diffusive movements in DESs, strongly depends on the size of cationic constituent of these 

solvents. As far as the ultrafast solvation component is concerned, Table 6.3 shows that 

even though this time constant does not vary significantly, the weightage (amplitude) 

associated with this component (f1) decreases significantly from 0.34 to 0.17 upon 

increasing cation alkyl chain length (i.e., size). The decrease in weightage of this 

component with increase in the chain length suggests reduction in contribution of the fast 

local motions of the constituents in DESs comprising longer alkyl chain cations; a similar 

observation is reported in ILs as well.48 A recent MD simulation and ab-initio

computational study in ChCl-based DESs also indicates that in-plane local motions in the 
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first solvation shell and translational motions into and out of the solvation shell of the 

cation influence the fast and slow components of the solvation, respectively.40 Hence, we 

conclude that the fast and slow components of the solvation response in these DESs arise 

respectively from the local motions and heterogeneous diffusive motions of the 

constituents, and the cationic moiety plays a significant role in defining the solvation 

dynamics in these DESs.

6.3. Summary

In summary, we have been able to capture the complete solvation dynamics of C153 by 

monitoring its time-dependence of the fluorescence Stokes shift using a combination of 

UPC and TCSPC techniques in a series of relatively less-explored DESs comprising 

ethylene glycol and tetraalkylammonium bromide salts with variable alkyl chain length. 

The study reveals temporally diverse nature of the solvation in these DESs, characterized 

by a distinct fast sub-picosecond component and a slow component with a distribution of 

the relaxation time. The ultrafast subpicosecond component arises from rapid local 

structural relaxation in the immediate vicinity of the solute molecule within the solvation 

shell, whereas the broadly distributed slow component arises from heterogeneous 

dynamical processes due to nonhydrodynamic diffusive motions of the solvent 

constituents into and out of the solvation shell that cause bulk structural relaxation. It is 

also found that the length of the alkyl chain and hence, the size of the cationic component

greatly influences the solvation dynamics in these solvents.
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Overview

DESs are a new class of environment-friendly media that recently received great attention 

in various bio-related fields like biocatalysis, and extraction and preservation of 

biomolecules. In order to understand the structure and function of proteins in these media, 

we study how two structurally related less-explored DESs comprising betaine and ethylene 

glycol (Bet-EG) or glycerol (Bet-GL) influence the structural stability and conformational 

dynamics of Cytc with the help of single-molecule-based FCS technique and several 

ensemble-based biophysical methods. The FCS studies on Alexa 488 dye-labelled Cytc 

allow the estimation of size (20.5 1.5 Å) of the protein and capture its conformational 

dynamics�(54�±�2�μs)�in�the�native�state.�It�is�observed�that�both�size and conformational 

dynamics of the protein are influenced by the DESs; the effect, however, is more 

pronounced in the case of Bet-EG. The ensemble-based measurements, such as steady-

state and time-resolved fluorescence on labelled Cytc and CD and UV-vis absorption on 

wild-type Cytc, reveals that the protein structure unfolds completely by Bet-EG; whereas 

the tertiary structure is slightly altered by Bet-GL. The findings of the present study 

clearly reveals that these DESs interact differently with the protein owing to the difference 

in the number of hydroxyl groups and/or viscosity of the DESs, and suggest that HBD of 

the solvents play a crucial role in controlling the structural stability and conformational 

dynamics of Cytc in these DESs.
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7.1. Introduction

Development of novel environment-friendly solvent systems is an important aspect in 

green chemistry.1 A neoteric class of solvents, commonly known as DESs,2 has gained 

considerable attention in recent years from both academic and industrial research 

communities due to their interesting properties.3, 4 These solvents, which generally formed 

by interaction between HBAs and HBDs,3, 4 have been found to be quite promising in a 

wide range of applications like biocatalysis, and extraction and preservation of various 

biomolecules, such as protein, DNA etc.4-10

As successful utilization of the DESs as media for biocatalytic reaction requires an 

understanding of the influence of the DESs on the structural stability of protein molecules 

in these media,11 few theoretical and experimental studies have been performed in recent 

years to explore the structure, stability and activity of some selected protein molecules in 

DESs.12-14 Esquembre et al. have studied the stability of hen egg white lysozyme in ChCl-

based DESs with the help of fluorescence and CD spectroscopy.12 Edler et al. have studied 

the effect of two ChCl-based DESs on lysozyme and bovine serum albumin by means of

CD and small-angle neutron scattering experiments.14 The effect of a DES, ChCl-Urea, on 

the structure of Candida Antarctica lipase B has also been studied using molecular 

dynamic simulations.13 These studies suggest that the structure and stability of proteins in 

these solvents depends considerably on the constituents of the mixtures. We note, 

however, that all the aforementioned studies are conducted in ensemble conditions that too 

are primarily focused only on ChCl-based DESs. Similar studies in other salt-based DESs, 

which are essential for better understanding of the protein-DES interactions, are lacking. 

Moreover, there is very little information available on the conformational dynamics of the 

proteins in DESs, which is crucial for realization of the function of proteins in these novel 

solvents because dynamics builds the gap between structure and funcion.15 Thus, to gain a 

deeper understanding of the biophysical mechanism of the protein-DES interactions, it is 

necessary to perform studies on both the structural stability as well as conformational 

dynamics employing different proteins and a wider variety of other DESs.

In view of the above, we have examined the effect of two structurally similar DESs 

comprising a less-explored salt, betaine and glycerol (Bet-GL) or ethylene glycol (Bet-EG)

(Chart 1.7), which differs in number of the hydroxyl groups, on the structural stability and 

conformational dynamics of a well-known protein, yeast iso-1-cytochrome c (Cytc, 108 

residues, ~13 kDa, Chart 7.1). Considering our recent work, where it has been observed 
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that single-molecule-based FCS is a sensitive tool for the investigation of structural change 

and conformational dynamics of Cytc in similar complex media like ILs,16 here we have 

employed this technique along with various ensemble-based biophysical methods, such as 

steady-state absorption, fluorescence, CD, and time-resolved fluorescence spectroscopy, 

for this purpose. We have also studied the effect of a protein denaturing agent, GdHCl, on 

Cytc, and compared it with the effect of the DESs. The reasons for selection of the 

betaine-based DESs are as follows. Betaine is a naturally occurring derivative of amino 

acid (glycine), it is non-toxic in nature, it is present as an osmolyte in various organisms 

and helps proteins to counteract the effect of different extreme environmental conditions.17, 

18 Further, recognizing the promising results of ChCl/Glycerol DES towards protein 

structure and reactivity, we have chosen glycerol and ethylene glycol as HBDs in this 

study to understand the role of hydroxyl group of the alcohol-based DESs on the protein 

structural stability and conformational dynamics. The choice of the particular protein as a 

model is governed by the fact that it has a single free cysteine at position 102 which allows 

easy site specific labelling by covalent binding of maleimide-based dyes (A488 in the 

present case) for probing the structural change and conformational dynamics of the protein 

using FCS measurements.19-21

Chart 7.1. Structure of (a) yeast iso-1-cytochrome c (PDB ID: 1YCC) and (b) Alexa 
fluor 488 C5 maleimide dye.

(a) (b)
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7.2. Results and Discussion

7.2.1. Steady-State and Time-Resolved Fluorescence Measurements

The steady-state fluorescence spectra of A488-labelled Cytc (Cytc-A488) in presence of 

different quantities (0 to 95%, v/v) of DESs in aqueous phosphate buffered solution 

(pH=7) at room temperature are shown in Figure 7.1a-b. With progressive increase in 

concentration of the DESs, the fluorescence of Cytc-A488 becomes more intense. In its 

native state of Cytc-A488, the fluorescence is largely quenched due to PET between the 

dye molecule and the amino acid residues (e.g., tryptophan, tyrosin etc.) of Cytc.16, 20

However, in the unfolded state of Cytc-A488 as PET is suppressed, the fluorescence of the

Figure 7.1. Fluorescence spectra of Cytc-A488 in aqueous phosphate buffered 

solution (pH = 7) containing different quantities of Bet-GL (a) and Bet-EG (b) ( exc =
480 nm). Panels (c) and (d) are plots of the peak fluorescence intensity of Cytc-A488 
versus the amount of the DESs and GdHCl, respectively.
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system goes up. This is why common denaturant like GdHCl, which unfolds the native 

structure of the protein, also enhances the fluorescence of Cytc-A488 (Figure A4.5). 

Hence, it is evident that the observed increase in fluorescence intensity upon addition of 

DESs is due to a structural transformation of Cytc from its native to the unfolded state.16, 20

A comparison of the fluorescence data suggests a stronger influence of Bet-EG on the 

protein native structure compared to Bet-GL.22, 23

The fluorescence decay profiles of Cytc-A488 in the presence of different quantities of 

DESs and GdHCl at room temperature are shown in Figure 7.2 and Figure A4.6, 

respectively. The decay profiles, in all the cases, are found to be biexponential in nature; 

I(t) = a1exp(-t/1)+a2exp(-t/2), where 1 and 2 are lifetime components and a1 and a2

Figure 7.2. Fluorescence decay profiles of Cytc-A488 for different concentration of 
DESs (a, b) in aqueous phosphate buffered solution (pH = 7). Panels (c) and (d) are 
plots of the average fluorescence lifetimes of Cytc-A488 versus the amount of the 

DESs and GdHCl, respectively. ( exc =481 nm, em = 515 nm)
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are associated amplitudes. The estimated decay parameters are presented in Table 7.1. The 

shorter (τ1) and longer (τ2) lifetime components (0.35 and 3.24 ns) in buffered solution 

represent the native and unfolded states of the protein, respectively.16, 20 With gradual 

addition of DESs, the shorter lifetime value changes to 1.19 ns and its amplitude decreases 

from 93 to 25% for Bet-EG, whereas these values changes to 0.90 ns and 48%, 

respectively, for Bet-GL. As far as the longer lifetime is concerned, though its value 

always lies between 3.3 to 3.4 ns in both the DESs, its contribution increases to 75 and 

52%, respectively, in case of Bet-EG and Bet-GL. As a result, the average lifetime values, 

which is considerably shorter in buffered solution, increases gradually with increasing 

concentration of the DESs. A close resemblance of this increase in Bet-EG and GdHCl, 

which is in line with the steady-state measurements, clearly indicates that Bet-EG shifts 

the equilibrium toward the unfolded state in significantly greater extent than by Bet-GL.

Table 7.1. Fluorescence decay parameters of Cytc-A488 for different concentration of 
the additives.

Solvent 1
[ns] (a

1
)

2
[ns] (a

2
)

avg 
[ns]a

Only buffered 

solution
0.35 (0.93) 3.24 (0.07) 0.55

25 % Bet-G 0.43 (0.68) 3.37 (0.32) 1.37

50 % Bet-G 0.52 (0.59) 3.40 (0.41) 1.70

75 % Bet-G 0.75 (0.52) 3.42 (0.48) 2.03

95 % Bet-G 0.90 (0.48) 3.35 (0.52) 2.17

25 % Bet-EG 0.95 (0.42) 3.42 (0.58) 2.38

50 % Bet-EG 1.20 (0.31) 3.48 (0.69) 2.77

75 % Bet-EG 1.17 (0.27) 3.45 (0.73) 2.83

95 % Bet-EG 1.19 (0.25) 3.47 (0.75) 2.90

1.0 M GdHCl 0.68 (0.52) 3.37 (0.48) 1.97

2.0 M GdHCl 1.00 (0.31) 3.36 (0.69) 2.63

4.0 M GdHCl 1.15 (0.25) 3.39 (0.75) 2.83

6.0 M GdHCl 1.19 (0.23) 3.37 (0.77) 2.87

a�avg= (a11+a22)/ a1+a2(where, a1+a2 =1).
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7.2.2. FCS Measurements

In order to obtain a more clear picture of the folding-unfolding of the protein in DESs, we 

have examined the fluorescence behaviour of Cytc-A488 using the single-molecule-based 

FCS technique, which is known to be a sensitive and powerful tool for studying the size 

and conformational dynamics of biomolecules.22-32 Figure 7.3 shows the time-dependence 

of the fluorescence correlation of Cytc-A488 in aqueous phosphate buffered solution at 

room temperature containing different quantities of DESs and GdHCl. As the correlation 

data does not fit satisfactorily to the single-component diffusion model (equation 2.7), but 

quite well to equation 2.11, which involves single-component diffusion along with a 

stretched exponential term, the later model is used for analysis of the data of Cytc-A488. 

Since a single-component diffusion model perfectly describes the correlation data of free 

Figure 7.3. FCS data of Cytc-A488 along with fits to model containing single-
component diffusion with a stretched exponential term (equation 2.11) for different 
concentration of DESs and GdHCl in aqueous phosphate buffered solution (pH=7). 
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A488 (Figure A4.7) even for excitation power (~ 45 μW) much higher than that used in 

our experiment (~ 15 μW),20 it is evident that processes like intersystem crossing, which 

become dominant for higher laser power, are not responsible for the exponential term in 

our measurements on Cytc-A488. Hence, the additional exponential component arises 

from conformational fluctuations of the protein, which occurs during its passage through 

the observation volume.22, 25

Figure 7.3 shows that with increase in proportion of the DESs in the medium, the G() 

values at  = 0 (henceforth represented as G(0)) decreases and the correlation traces shift 

towards a longer time, the latter is more clearly visible from the normalized traces (Figure 

7.4). The former suggests an increase in the effective number of molecules in the unfolded 

state within the observation volume that undergoing intensity fluctuation (G(0) is related 

to N as G(0) = 1/N(1+A), where A is ratio of the number of molecules present in the 

Figure 7.4. Normalized fitted (equation 2.11) correlation traces of Cytc-A488 for 
different concentrations of DESs and GdHCl in aqueous buffered solution (pH=7).
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native state to the unfolded state). The latter represents a slowing down of the diffusion of 

Cytc-A488, which could be either due to an increase of the viscosity of the solution and/or 

increase in the size of the protein.

Generally, the hydrodynamic radius (r
H
) of the protein is estimated from the measured 

diffusion coefficient (Dt= r0
2/4τD) value using the Stokes-Einstein equation (equation 

7.1),33

ுݎ ൌ
݇஻ܶ

͸ߨ ܦ   ǥ ǥ ǥ ǥ ǥ Ǥ Ǥ ሺ͹Ǥͳሻ

As addition of the DESs and GdHCl in aqueous buffered solution changes the viscosity 

and refractive index of the medium (which can leads to inaccurate estimation of r
H
),22, 23, 29

we have estimated the r
H

values after correcting for both viscosity and refractive index 

mismatches using equation 7.2.24, 28
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The r
H

value of the protein in the aqueous buffered solution is estimated to be 20.5 Å, 

which agrees well with the literature value of the horse-heart Cytc protein (104 

residues).16, 23, 34 The measured r
H

value of the protein in its native state is also in 

agreement with that predicted value (18.5 Å) by the empirical formula, r
H
= 4.75N0.29 Å 

(where N is the number of amino acid residues in the protein).35

The change in the r
H

values of Cytc with increasing concentrations of the DESs and 

GdHCl are shown in Figure 7.5, and the correspondence values are presented in Table 7.2. 

As can be seen, the r
H

values increases with addition of both the DESs, and reaches a value 

of 30.8 and 25.1 Å for Bet-EG and Bet-GL, respectively. The former value is very close to 

that observed in 6M GdHCl (31.5 Å), where the protein structure unfolds completely and 

that predicted for the unfolded state of Cytc (31.9 Å) according to the empirical formula, 

r
H

= 2.11N0.57 Å.35 The r
H

value for the maximum concentration (95 % (v/v)) of Bet-GL is 

same with that observed for lowest concentration (25 % (v/v)) of Bet-EG. This clearly 

implies that the change in the protein structure is significantly greater in Bet-EG compared 

to that in Bet-GL. This is in agreement with the steady-state and time-resolved 
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fluorescence data confirming that while Bet-EG destabilizes the protein structure almost 

completely, the extent of this deleterious effect is considerably less in case of Bet-GL.

Figure 7.5. Variation of the measured r
H

values of Cytc with increasing concentration 

of the DESs and GdHCl.

Table 7.2. Estimated parameters from the fitting of FCS data (to equation 2.11) of 
Cytc-A488 for different concentration of the DESs and GdHCl.

Solvent D
(ms)

R
( s) r

H
( )

Only buffered 
solution 0.25r 0.02 54.0r 1.8 0.44r 0.02 20.5 r 1.5

25 %  Bet-G 0.60r 0.03 56.7r 1.5 0.48r 0.04 21.5r 1.0

50 %  Bet-G 2.10r 0.07 58.5r 1.5 0.55r 0.03 23.2r 1.2

75 %  Bet-G 10.10r1.25 59.8r2.1 0.60r 0.05 23.9r 1.5

95 %  Bet-G 48.00r3.50 60.7r 1.0 0.62r 0.02 25.1r 1.0

25% Bet-EG 0.55r 0.04 64.2r3.3 0.52r 0.03 25.4r 1.4

50% Bet-EG 1.45r 0.03 67.4r 1.4 0.60r 0.03 27.8r 2.0

75% Bet-EG 4.59r0.09 69.6r2.7 0.70r 0.03 29.3r 1.0

95% Bet-EG 11.28r1.50 72.3r3.5 0.76r 0.03 30.8r 1.7

2.0 M  GdHCl 0.33r 0.02 65.8r 1.6 0.59r 0.03 26.7r2.2

4.0 M  GdHCl 0.51r 0.03 68.6r3.0 0.70r 0.07 29.3r 1.9

6.0 M  GdHCl 0.85r 0.06 73.3r2.5 0.79r 0.04 31.5r 1.5
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The estimated time constant corresponding to the exponential term (
R
) in buffered 

solution is 54 s, which is very similar to the timescales observed for many proteins and 

attributed to the conformational dynamics of the proteins in their native state.16, 20, 22, 23, 36, 37

It is to be mentioned here that the 
R

values also corrected for viscosity of the medium (as 

done for the r
H
values) using the formula,

߬ோ ൌ ߬ோ
௨௡௖௢௥௥ ൈ

߬஽
௕௨௙௙௘௥

߬஽
௦௔௠௣௟௘   ǥ ǥ ǥ ǥ ǥ Ǥ Ǥ ሺ͹Ǥ͵ሻ

where, denotes the viscosity uncorrected relaxation time, and and are 

diffusion times of R6G in buffer and different solutions, respectively.

As can be seen, an increase in the 
R

value (Figure 7.6 and Table 7.2) for higher 

concentrations of the DESs indicating slowing down of the conformational dynamics in 

these media. A comparison of these values with those observed for 6M GdHCl (73.3 s) 

traces that the conformational dynamics is significantly slower in Bet-EG as compared to 

Bet-GL. This is understood considering the fact that in the case of Bet-EG, where the 

protein structure unfolded almost completely, the conformational fluctuation occur slowly 

because the side chain residues of quencher amino acids of the protein has to diffuse 

through a longer distance to quench the fluorescence of A488 dye.23 This is consistent with 

the increase in size of the protein in the DESs.

Figure 7.6. Variation of the measured 
R

values of Cytc with increasing concentration 

of the DESs and GdHCl.

0 20 40 60 80 100
50

60

70

80

% of DESs (v/v)

  Bet-EG
  Bet-GL

0 1 2 3 4 5 6
50

60

70

80

  GdHCl

[GdHCl] (M)



 

 
~ 143 ~

 

Chapter 7                         Structural Stability and Conformation…

Further, it can be seen that the observed conformational dynamics of the protein is best 

described by a distribution of the exponential term (
R

value) given by the stretching 

parameter �(equation 2.11), whose value is found to be 0.44 in the native state of Cytc. 

This indicates heterogeneous nature of the conformational dynamics arising from different 

short and long range fluctuations of the protein structures. Such heterogeneity in the 

conformational dynamics of proteins is expected considering the complexity of the 

conformational fluctuations, and similar results are indeed observed earlier for many 

proteins.38-41 A careful inspection of the �values estimated at different concentration of 

the DESs and GdHCl shows that, while this value increases from 0.44 (in buffered 

solution) to 0.62 in 95% (v/v) Bet-GL, it changes to 0.76 in 95% (v/v) Bet-EG, which is 

quite close to the value observed in 6M GdHCl (0.79). This is presumably due to the 

increase in the distance between the side chain residues of the quencher amino acids and 

the dye molecule upon unfolding, which leads to a decrease in the effective fluctuations 

(particularly the short range fluctuations) of the system and hence fluorescence intensity 

fluctuations.

7.2.3. CD Measurements

To understand the increase of size and slower conformational dynamics of Cytc on 

addition of the DESs, we have probed the structural changes of the protein for different 

concentrations of the solvents using CD spectroscopy. We have recorded CD spectra of 

Cytc in the near-UV and Soret-region. The far-UV measurements are not performed due to 

the presence of strong absorption of the studied DESs in this region. The change in the 

near-UV CD (250-350 nm) spectra, which provides information on the tertiary structure of 

the protein,42-44 with increasing concentration of the DESs and GdHCl are shown in Figure 

7.7. The spectra display two distinct minima at 282 and 289 nm in buffered solution, 

characteristics of the native state Cytc.16, 42, 45 Upon addition of 95% (v/v) Bet-EG, both the 

characteristic minima disappeared completely, similar to that observed for GdHCl, 

whereas these minima still exist in 95% (v/v) Bet-GL. This indicates that the tertiary 

structure of the protein is disrupted completely in the former DES, whereas in the latter 

case the structure is preserved significantly. This corroborates the earlier results observed 

through the fluorescence spectroscopy.
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Figure 7.7. Near-UV CD spectra of Cytc for different concentration of DESs and 
GdHCl in aqueous buffered solution.

As the Soret-region CD spectrum of heme-proteins strongly depends on the immediate 

environment of the heme moiety,42, 46 we have monitored the CD spectra of Cytc in this 
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structure of the heme crevice (Figure 7.8). In absence of the additives, Cytc exhibits a 

strong negative band at about 418 nm and a strong positive band at around 408 nm, which 

are characteristics of the native state Cytc.44, 46, 47 However, the negative band gradually 

disappears and converted completely to a single positive band in Bet-EG (similar to what 

is observed for GdHCl), whereas the negative band still exists with the positive one for the 

same concentration of Bet-GL. This indicates that the coupling between the heme iron and 
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in Bet-GL.45-47 The near-UV and Soret-region CD data, thus, clearly reveals that Bet-GL 

induces a partial unfolding of the native structure of Cytc, whereas Bet-EG results in 

complete unfolding of not only the global tertiary structure but also disrupts the local 

environment of the protein heme moiety.

Figure 7.8. Soret-region CD spectra of Cytc for different concentration of DESs and 
GdHCl in aqueous buffered solution.
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7.9. The band with a maximum around 409 nm in the buffered solution is characteristics of 

the native Cytc, which is an indicative of the presence of both axial ligands, His18 and 

Met80 to the heme iron.47, 48 A blue shift of the Soret band along with increase in the 

absorbance value is observed with increasing addition of the both the DESs. The changes 

in the absorbance value and band maxima, however, are significantly less in Bet-GL as 

compared to Bet-EG, clearly indicates that the latter DES disrupts the heme iron ligation 

completely and hence, the tertiary structure of the protein. However, the extent of this 

structural perturbation is significantly less in the former case.

Figure 7.9. Soret-region absorption spectra of Cytc for different concentration of 
DESs and GdHCl in aqueous buffered solution.
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structural stability and conformational dynamics of Cytc in these DESs. This perhaps 

arises from the difference in the hydrogen-bonding interactions between the alcoholic 

constituents of the DESs (due to number of hydroxyl groups) and the protein amino acid 

residues and/or water molecules adjacent to the protein surface which, in turn, affect the 

hydration layer of the protein around its surface resulting in changes of the conformation.49

Also, as ethylene glycol is smaller in size compared to glycerol, it can easily interact with 

the heme moiety and interfere with the heme ligation leading to substantial perturbation of 

the tertiary structure and hence, significant unfolding of the protein structure, whereas, 

being larger in size, glycerol molecules are preferentially excluded from such sites leading 

to minimal effect to the protein structure.50 Another factor that can also contribute to the 

difference in DESs behaviour is huge difference in the DES viscosity (Bet-EG, 65 cP vs 

Bet-GL, 1300 cP); higher viscosity of the Bet-GL imposes more restriction on the flexible 

movements of the protein amino acid residues as well as chain dynamics,12, 51 which 

results into a more compact and stable protein structure.

7.3. Summary

The influence of two betaine-alcohol based DESs on the structural stability and 

conformational dynamics of Cytc is studied. The results obtained by both single-molecule 

and ensemble measurements are in excellent agreement, and they reveal an interesting 

difference in influence on the structure of Cytc by the two DESs. It is quite interesting that 

even though the native structure of Cytc is disturbed by both the DESs; unlike Bet-EG 

(which unfolds the protein structure almost completely), Bet-GL holds the protein 

structure significantly and hence, the structural stability and conformational dynamics. 

This difference in the behaviour of the DESs is arising due to the difference in the mutual 

effect of the hydrogen-bonding interactions between the DESs and the protein amino acid 

residues and/or water molecules adjacent to the protein surface as well as DES viscosity. 

This study demonstrates how subtle change in structure of one of the constituents of the 

DESs can have a widely different outcome on the stability and conformational dynamics 

of the heme protein in the selected DESs. We believed that the knowledge acquired from 

this study will help designing better DESs for protein stabilization and its application in 

these media.
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Overview

This chapter summarizes the results of the investigations carried out during the course of 

the present thesis work. The scope of future studies based on the current findings is also 

discussed.
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8.1 Summary

The work reported in this thesis has been performed to obtain a comprehensive 

understanding of the microscopic solution structure and dynamics of some alcohol-based 

DESs by studying various photophysical processes of different selected fluorescent 

molecules in these DESs. Additionally, the structural stability and conformational 

dynamics of a protein has also been studied in such DESs to obtain insight into the 

mechanism of protein-DESs interactions, which essentially govern the fate of the protein 

in such nonconventional media. The findings of the work are summarized below.

As understanding the solute-solvent interactions involving different solute molecules is 

essential for realization of the potential of DESs as novel media, here we have attempted 

to investigate this aspect in a less-viscous ionic DES consisting of ChCl and ethylene 

glycol by studying the rotational and translational diffusion dynamics of C153, R123 and 

FL using time-resolved fluorescence anisotropy and FCS measurements, respectively.

These studies reveal the presence of dynamic heterogeneity in this solvent though no static 

heterogeneity of the medium could be detected. The dynamic heterogeneity in the DES is 

established from the departure of the reorientation times of the probe molecules from their 

hydrodynamic behavior and anomalous translational diffusion of the molecules in FCS 

measurements. Furthermore, both translational and rotational diffusion dynamics show the 

charged solutes to experience stronger solute-solvent interactions in this solvent as a 

consequence of mutual effect of the electrostatic and hydrogen-bonding interactions 

between probe molecules and constituents of the DES.

Considering that a structural change of the HBD significantly influences the physical

properties of the DESs, we have studied the rotational and translational diffusion dynamics 

of some dipolar (C153 and 4-AP) and nonpolar (ANT) solute molecules using time-

resolved fluorescence anisotropy and FCS measurements, respectively, in a series of 

ChCl-diol based DESs differing in hydrocarbon chain length and positioning of the 

hydroxyl group at the HBD to find out the effect of such structural changes on the 

microscopic structure, dynamics and solute-solvent interactions in these media. The results 

obtained from these studies reveal several interesting outcomes. Specifically, the 

excitation wavelength dependent fluorescence studies reveal an evolution of spatial 

heterogeneity with increase in chain length of the HBDs in these solvents. The anisotropy 

and FCS studies show significant increase of dynamic heterogeneity with increasing chain

length of the HBDs. The variation of spatial and dynamic heterogeneity with change in 
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hydroxyl group position is found to be insignificant. Additionally, this study shows that 

the probe molecules reside in different environments of the nanoheterogeneous structure 

of these solvents and specific solute-solvent hydrogen-bonding interaction plays a crucial 

role in determining both rotational and translational diffusion dynamics of the molecules

in these DESs.

Further, having understood that a change of the hydrocarbon chain length of HBD 

significantly modifies microscopic structural and dynamical features of DESs, we have 

attempted here to probe how the alkyl chain length of the cation of the salt influences these 

aspects for a set of promising but less-explored eutectic solvents comprising 

tetraalkylammonium bromide salts and ethylene glycol. The results suggest presence of 

both spatial and dynamic heterogeneity in this set of DESs too, which becomes more 

pronounced in longer alkyl chain containing solvents. The spatial heterogeneity in these 

DESs is arising from molecular scale domain formation due to segregation of the ionic 

moieties (along with the hydroxyl moieties of the HBD) and the hydrophobic alkyl chain 

of the salt, and becomes more pronounced in longer chain length containing solvents. This 

study also reveals that the probe molecules reside in the different regions of the solvents;

consequently, they experience very different solute-solvent interactions. Hence, present 

findings along with the previous work clearly suggest that the spatial and dynamic 

heterogeneity of the ionic DESs can be modified significantly by tuning the hydrocarbon 

chain length of either of the constituents of these solvents.

Considering the fact that study of solvation dynamics can uncover unique characteristics 

of a solvent, we have attempted to obtain an insight into the complete solvation dynamics 

of C153 in some less-explored DESs by monitoring its time-dependence of the 

fluorescence Stokes shift using a combination of UPC and TCSPC techniques. The study 

reveals temporally diverse nature of the solvation in these DESs, characterized by a 

distinct ultrafast subpicosecond component and a slow picosecond component with a 

distribution of the relaxation time. A detailed analysis of the results reveal that the ultrafast 

component arises from rapid local structural relaxation in the immediate vicinity of the 

probe molecule within the solvation shell, whereas the broadly distributed slow component

arises from heterogeneous dynamical processes due to nonhydrodynamic diffusive 

motions of the solvent constituents into and out of the solvation shell that cause bulk 

structural relaxation. It is also found that the length of the alkyl chain and hence, the size

of the cation of the salt greatly influences the solvation dynamics in these solvents.
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In the last work of the thesis, the influence of two betaine-alcohol based DESs, Bet-EG 

and Bet-G, on the structural stability and conformational dynamics of cytochrome c is 

studied by using FCS and various biophysical methods. The results obtained by both 

single-molecule and ensemble measurements are in excellent agreement, and they reveal 

an interesting difference in influence on the structure of Cytc by the two DESs. The results 

show that even though the native structure of Cytc is disturbed by both the DESs; unlike 

Bet-EG (which unfolds the protein structure almost completely), Bet-GL holds the protein 

structure significantly and hence, the structural stability and conformational dynamics.

This difference in the behaviour of the DESs is arising due to the difference in the mutual 

effect of the hydrogen-bonding interactions between the DESs and the protein amino acid 

residues and/or water molecules adjacent to the protein surface as well as DES viscosity.

This study clearly demonstrates how subtle change in structure of one of the constituents 

of the DESs can have a widely different outcome on the stability and conformational 

dynamics of the heme protein in the selected DESs.

8.2 Future Scope

As we have discussed earlier, several DESs are highly viscous, which sometimes limit 

their applications. The alcohol-based DESs can serve as useful media in such applications

due to their significantly lower viscosity. This is why we have worked specifically with 

the alcohol-based DESs here. Another practical approach that has been adopted for 

reducing the viscosity of many DESs is mixing with water or other molecular solvents. 

However, studies have indicated that addition of water or other molecular solvents

considerably alter most of the other physicochemical properties of these novel media. 

Thus, these systems need to be understood fully before their application in various sectors. 

Hence, it will be interesting to study the effect of such dilution on the microscopic 

structure and dynamics of these systems.

A survey of the literature suggests that most of the works on DESs have been carried out 

in systems based on a particular salt (i.e. ChCl). Several new but promising DESs based on 

various other salts are gaining attention recently. However, the microscopic structural and

dynamical features of such less-explored DESs that is necessary for realization of their

successful utility in various fields, is poorly understood. Here we have explored a set of 
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such new DESs. Hence, performing fundamental studies on many others DESs will be an 

important area of research for development of new DESs with desirable properties.

Knowing the importance of the solvation dynamics studies towards understanding the 

nature of the DESs, we have captured almost complete dynamics of the solvation of C153 

in a set of DESs. However, such studies are very few in numbers. Similar studies on 

different solute molecules capable of specific interactions with many other DESs 

employing various experimental and theoretical methods will be extremely useful for a 

comprehensive appreciation of this aspect.

Though few studies have been performed recently to explore the structure, stability and 

activity of some protein molecules in DESs, these reports are qualitative and do not shed 

complete light on the molecular level interactions. What we have understood from the 

findings of our study and the existing literature is that the structure and dynamics of 

proteins in DESs depend on the nature of both proteins and DESs, and the biophysical 

mechanism governing the protein-DESs interaction is yet to be understood clearly. This 

suggests that further studies on various protein molecules in a wide variety of DESs are 

necessary to improve our understanding on such systems. The findings of these studies 

will definitely contribute towards a better understanding of the nature of protein-DESs 

interactions which can be utilised for designing new DESs for various biotechnological

applications.
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Appendix 1

Figure A1.1. 1H-NMR spectra of choline chloride (ChCl), ethylene glycol (EG) and 
prepared ethaline (CD3OD as reference).

Figure A1.2. The fluorescence intensity time trace of ethaline only and R123 in 

ethaline ( exc = 485 nm).
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(ms) (ms)

Figure A1.3. Residuals of the fits of fluorescence correlation curve for C153 (a, b), 
R123 (c, d), and FL (e, f) using both single component and anomalous diffusion 
model.

Table A1.1. Reorientation times (ns) of solutes for slip and stick lines at different 
temperatures calculated using Stokes-Einstein-Debye (SED) hydrodynamic theory. 

Temp (K)
C153 R123 FL

Slip Stick Slip Stick Skip Stick

298 1.03 4.29 0.96 6.20 0.74 5.26

313 0.54 2.24 0.50 3.23 0.38 2.74

323 0.36 1.51 0.34 2.18 0.26 1.87

333 0.26 1.10 0.25 1.58 0.19 1.36

343 0.17 0.71 0.16 1.03 0.12 0.88
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Appendix 2

Figure A2.1.� Plots� of� τr vs� η/T� for� 4-AP in DESs. The solid circles indicate the 
experimental rotational times and the dashed lines represent fit to the data according 

to r = A( T)p. Computed stick (black) and slip (red) lines using SED theory are also 
shown.
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Figure A2.2.� Plots� of� τr vs� η/T� for� ANT in DESs. The solid circles indicate the 
experimental rotational times and the dashed lines represent fit to the data according 

to r = A( T)p. Computed stick (black) and slip (red) lines using SED theory are also 
shown.
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Figure A2.3.� Plots� of� τr vs� η/T� for� C153� in DESs. The solid circles indicate the 
experimental rotational times and the dashed lines represent fit to the data according 

to r = A( T)p. Computed stick (black) and slip (red) lines using SED theory are also 
shown.
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Table A2.1. Estimated Rotational Reorientation Times ( r) of the Solutes in DESs at 
Different Temperatures.

DESs Temp. 
(K)

Viscosity 
(cP)

Rotational reorientation time (ns)
C153 AP ANT

298 30.0 1.58 1.65 0.44
303 24.5 1.30 1.37 0.36

CC12ED 313 17.5 0.93 0.97 0.27
323 13.5 0.69 0.71 0.19
333 10.0 0.53 0.55 0.16
343 08.0 0.43 0.44 0.13
298 53.0 2.64 3.14 0.66
303 42.5 2.22 2.53 0.56

CC13PD 313 28.0 1.53 1.83 0.39
323 20.0 1.14 1.29 0.28
333 15.5 0.86 0.96 0.21
343 11.0 0.65 0.75 0.17
298 84.5 3.53 5.08 0.84
303 66.5 3.02 4.00 0.70

CC14BD 313 43.0 1.98 2.72 0.49
323 29.0 1.41 1.87 0.35
333 20.5 1.04 1.36 0.26
343 14.0 0.79 1.00 0.19
298 72.0 2.99 5.30 0.64
303 54.0 1.38 4.10 0.52

CC12BD 313 32.5 1.62 2.50 0.32
323 20.5 1.06 1.74 0.22
333 14.0 0.77 1.18 0.17
343 10.0 0.55 0.86 0.14
298 97.0 3.83 5.96 0.97
303 73.0 3.16 4.75 0.76

CC13BD 313 44.5 2.14 3.03 0.51
323 28.5 1.43 2.02 0.34
333 19.5 1.01 1.39 0.24
343 14.0 0.76 1.05 0.18
298 112.0 4.17 7.20 0.99
303 79.0 3.22 5.54 0.76

CC23BD 313 43.5 2.06 3.09 0.47
323 25.5 1.30 2.00 0.31
333 17.0 0.85 1.33 0.22
343 12.0 0.61 0.92 0.16
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Figure A3.1. 1H NMR spectra of the prepared DESs and their constituents in 
CD3OD. The vertical dashed line in each panel shows shift of the OH peak on 
formation of the DESs through hydrogen-bonding between the two constituents.
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Figure A3.2. FTIR spectra of the prepared DESs and their constituents. The 
important bands are shown in each panel: (A)�OH� stretching,� (B)�C−H� stretching,�
(C)�C−OH�bending,� (D)�C−O�stretching,� (E)�OH�wagging�and�(F)�CH�rocking.�The�
vertical dashed line in each panel shows shift of the OH stretching band on formation 
of the DESs through hydrogen-bonding between the two constituents.

Figure A3.3. Dependence of the emission maximum (      ) on the excitation 
wavelength (        ) for C153 (a) and 4-AP (b) at 298 K in three DESs. Representative 
excitation spectra of the solutes are also shown.

exc
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Figure A3.4. Normalized fluorescence correlation data of C153 and 4-AP in TEAB-
EG. The solid lines represent fit to the data using anomalous diffusion model (left 
panel: a,c) and single-component diffusion model (right panel: b,d). The residuals 
showing the quality of the fits are also shown at the top of each panel.

(a) (b) 

(c) (d) 
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Figure A3.5. Normalized fluorescence correlation data of C153 and 4-AP in TBAB-
EG. The solid lines represent fit to the data using anomalous diffusion model (left 
panel: a,c) and single-component diffusion model (right panel: b,d). The residuals 
showing the quality of the fits are also shown at the top of each panel.
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Figure A3.6. Plots� of� τr vs� η/T� for� three� solutes� in� TPAB-EG and TBAB-EG. The 
solid circles indicate the measured rotational times and the dashed lines represent fit 

to the data according to r = A( T)p. The stick (black) and slip (red) lines, computed 
using SED theory, are also shown.
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Table A3.1. Estimated rotational reorientation times (ns) of the solutes in three DESs 
at different temperatures.

DESs
Temp. 

(K)
Viscosity 

(cP)

Rotational reorientation time (ns)

C153 4-AP 9-PA

τr1 (a1) τr2 (a2) <τr>
# τr τr

298 28.0 0.16  (0.17) 1.86  (0.83) 1.57 2.10 1.27

308 18.5 0.18  (0.18) 1.33  (0.82) 1.12 1.38 0.87

TEAB-EG 318 13.0 0.20  (0.20) 0.94  (0.80) 0.79 1.03 0.61

328 10.0 0.21  (0.19) 0.69  (0.81) 0.60 0.76 0.45

338 8.0 0.11  (0.12) 0.52  (0.88) 0.47 0.58 0.33

348 6.6 0.09  (0.14) 0.43  (0.86) 0.38 0.44 0.25

298 72.5 0.92  (0.26) 4.31  (0.74) 3.30 6.16 2.76

308 42.0 0.17  (0.17) 2.22  (0.83) 1.87 3.87 1.74

TPAB-EG 318 26.0 0.25  (0.24) 1.71  (0.76) 1.36 2.33 1.12

328 17.0 0.18  (0.24) 1.18  (0.76) 0.94 1.50 0.69

338 12.5 0.13  (0.24) 0.86  (0.76) 0.68 1.04 0.49

348 9.0 0.09  (0.24) 0.70  (0.76) 0.55 0.82 0.38

298 98.0 0.95  (0.22) 4.92  (0.78) 4.05 9.75 3.20

308 57.0 0.34  (0.25) 3.33  (0.75) 2.58 5.93 2.10

TBAB-EG 318 35.0 0.23  (0.30) 2.32  (0.70) 1.69 3.49 1.33

328 22.5 0.25  (0.31) 1.67  (0.69) 1.23 2.38 0.87

338 16.0 0.20  (0.32) 1.36  (0.68) 1.00 1.61 0.63

348 12.0 0.15  (0.26) 0.98  (0.74) 0.76 1.16 0.46
#<τr>�=�τr1* a1 +�τr2* a2, where a1+ a2 = 1.
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Appendix 4

Figure A4.1. 1H NMR spectra (in CD3OD) of the prepared DESs and their 
constituents. The vertical dashed line in each panel is placed to monitor any shift of 
the OH peak following the formation of the DESs through hydrogen-bonding 
between the two constituents.
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Figure A4.2. FTIR spectra of the prepared DESs and their constituents. The vertical 
dashed line in each panel is placed to monitor any shift of the OH peak following the 
formation of the DESs through hydrogen-bonding between the two constituents.

Figure A4.3. Steady-state absorption and fluorescence spectra of wild-type Cytc, 
A488 and Cytc-A488 in aqueous phosphate buffered solution (pH= 7).

3750 3000 2250 1500 750

 

Bet

EG

Wavenumber (cm-1)

Bet-EG

3750 3000 2250 1500 750

Bet

GL

Bet-GL

Wavenumber (cm-1)

280 350 420 490 560 630

  WT Cytc                         A 488
  A 488            Cytc-A488
  Cytc-A488

Wavelength (nm)



 

 
~ 173 ~

 

Appendices

Figure A4.4. CD spectra of wild-type Cytc and Cytc-A488 in aqueous phosphate 
buffered solution (pH= 7).

Figure A4.5. Fluorescence spectra of Cytc-A488 for different concentration of GdHCl 

in aqueous phosphate buffered solution (pH= 7) ( exc = 480 nm).
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Figure A4.6. Fluorescence decay profiles of Cytc-A488 for different concentration of 
GdHCl in aqueous phosphate buffered solution (pH= 7) along with the fits to 

biexponential function ( exc = 481 nm, emm = 515 nm).

Figure A4.7. FCS data of free A488 in aqueous phosphate buffered solution (pH= 7) 
along with the fit to the simple single-component diffusion model (equation 2.7).
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