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Abstract 

In this Thesis we have investigated molecular level interactions and dynamics of various complex 

systems that have potential applications in different fields, such as, cryopreservation, energy 

storage and tapping, pharmaceuticals etc. The complex systems considered in this Thesis are 

cryoprotectants, electrolyte solutions (used in energy storage devices), aqueous solutions of 

various stimuli-responsive smart polymers etc. Steady state and time resolved fluorescence (TRF) 

spectroscopy have been extensively employed to understand different kinds of possible 

interactions and dynamics in the medium doped with foreign fluorophore solutes at micro-molar 

concentration. Dielectric relaxation spectroscopy (DRS) in kHz-GHz frequency regime has been 

utilized to study the reorientation dynamics of dipolar species in some of these media. Temperature 

and glucose concentration dependent reorientation relaxation dynamics and its decoupling with 

medium viscosity in biodegradable glucose/glycerol cryoprotectant solutions have been studied 

via DRS measurements. Significant fractional viscosity dependence of dielectric relaxation 

observed in this glucose/glycerol solutions is the manifestation of medium dynamic (temporal) 

heterogeneity. Signature of strong spatio-temporal heterogeneity in the same glucose/glycerol 

cryoprotectant solutions has been registered via steady state and TRF spectroscopy measurements 

of the dissolved fluorophore solutes, coumarin 153 (C153) and coumarin 343 (C343). Furthermore, 

steady state and TRF emission studies employing reactive (trans-2-[4-

[(dimethylamino)styryl]benzothiazole (DMASBT)) and non-reactive (C153) fluorophores 

indicate significant impact of gradual increase of higher dielectric constant cosolvent, ethylene 

carbonate (EC) in the interaction and relaxation dynamics of Li-ion battery electrolyte solution 

consist of lithium perchlorate (LiClO4), EC and propylene carbonate (PC). Fractional viscosity 

dependence of solute (C153) rotation and translation diffusion time as well as solution dynamics, 

the signature of dynamic heterogeneity in medium, have been registered in the polymer gel 

electrolyte (PGE) systems, consist of lithium perchlorate (LiClO4), propylene carbonate (PC) and 

polypropylene glycol (PPG425) using TRF and fluorescence correlation spectroscopy (FCS) 

techniques. Cloud point driven interaction and relaxation dynamics of aqueous solutions of 

amphiphilic thermoresponsive copolymers have been explored via steady state and TRF 

measurements employing hydrophilic (C343) and hydrophobic (C153) solute probes of 

comparable sizes. Probe centric interaction and dynamics in aqueous polymer solutions are mainly 



 

dictated by a balance between the hydrophobic/hydrophilic segments in the studied 

thermoresponsive polymer molecules. TRF and DRS measurements in aqueous solution of pH 

responsive copolymers contain structure, interaction and relaxation dynamics. 

Chapter 1 of this Thesis presents an introduction to the work and the relevant literature. In chapter 

2, a concise description of the used experimental techniques and data analysis protocols are 

provided. Chapter 3 presents reorientation relaxation dynamics and viscosity coupling of 

biodegradable glucose/glycerol cryoprotectant solutions via DRS measurements. The spatio-

temporal heterogeneity in the glucose/glycerol solutions studied via steady state and TRF emission 

spectroscopy are elaborated in chapter 4. Chapter 5 reveals impact of gradual increase of higher 

dielectric constant cosolvent in the interaction and relaxation dynamics of Li-ion battery 

electrolyte solution. Translation-rotation decoupling at well above (~100 K) the glass transition 

temperature of the polymer gel electrolyte solution has been discussed in chapter 6. In chapter 7, 

cloud point driven relaxation dynamics in aqueous solution of thermoresponsive copolymers are 

compared with criticality driven relaxation dynamics. Chapter 8 contains structure, interaction and 

relaxation dynamics of aqueous solution of pH responsive copolymers. The Thesis ends with 

concluding remarks and some important future problems in chapter 9. 
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Chapter 1 

 

Introduction 

Tremendous development in science and technology in the last few decades demands new 

materials and appropriate reaction media through liquid solvent engineering for synthesizing 

exotic materials via large scale synthesis. The properties (even states) of the matter depend on 

the interaction of their constituent components (atoms, molecules, ions etc.). Out of the three 

states of matter, the liquid state is ubiquitous and extensively utilized medium for a variety of 

purposes such as reaction media,1-7 preserving formulations,8-16 delivery agents,17-19 electrolyte 

solution in electrochemical devices20-26 etc. Often the property of a given medium can be 

modified to change the interaction and associated dynamics within it; this could be done either 

by changing the identity of the neat liquid or using a multi-component mixture. 

Biodegradability, recyclability, cost effectiveness etc. are some of the fundamental aspects that 

need prior consideration irrespective of their projected applications.25,27-31 Apart from this, a 

subtle balance between medium polarity (dielectric constant, s ) and viscosity ( ) is a dictating 

factor for carrying out any reaction in a liquid medium.25,26,32,33. On the other hand, high glass 

transition temperature (Tg), good hydrogen bond (H-bond) forming ability, non-toxicity etc. 

are relevant for solvent engineering focussing on preservation formulations.11,34-37 The above 

mentioned parameters are largely controlled by microscopic interactions and dynamics. The 

inter-relationship between interactions and dynamics in neat and multi-component mixtures 

tremendously influence technological and industrial applications of liquid solvents. Therefore, 

understanding interactions and dynamics is critical for engineering designer reaction media for 

tailoring reactions leading to desired products. Several experimental38-53 and computational 

tools54-64 are now available to investigate microscopic structure, interactions and dynamics of 

complex chemical systems. 

In this Thesis several potential complex systems, having prominent significance in both 

fundamental aspects as well as technology sector, have been carefully selected for thorough 

and systematic investigation. For low temperature preservation of biological important 

materials such as cells, tissues, organs, proteins etc., several osmolytes, for example, dimethyl 

sulfoxide (DMSO), ethylene glycol (EG), propylene glycol (PG), glycerol, trehalose, sucrose, 

glucose, polyethylene glycol (PEG) etc. are used as preserving formulations.8 Such osmolytes 
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also termed as cryoprotectants increase the cell viability in cryopreservation by minimizing 

ice-crystal formation. Biocompatibility, high glass transition temperature,34,35,65-67 strong H-

bond forming ability36,37 of a cryoprotectant formulation have been found to increase the 

stability of preserved bio-molecules. Crystallization process of preserved substances is dictated 

by interaction and dynamics of host cryoprotectant systems. Being glassy in nature, inherent 

heterogeneity of cryoprotectant formulation might have potential role in their preserving action 

and ability. Thus exploring interaction, dynamics and heterogeneity aspects of cryoprotectant 

formulations are of utmost importance for development of cryopreservation technology. The 

focus of our research interest has been further extended to interaction and dynamics of 

electrolyte material, used in various electrochemical devices such as Li-ion battery, dye 

sensitized solar cells, super capacitors, sensors etc.68-73 Concentration of electrolyte salt, 

viscosity and polarity of solvent and ion transport are fundamental factors that regulate function 

and efficiency of an electrolyte material.25,49,74-77 We are also interested in biodegradable and 

biocompatible synthetic smart polymers, that exhibit sharp reversible changes in properties in 

response to external stimuli such as pH,78,79 temperature,80-82 ionic strength,83,84 chemical 

agent,81 light,85,86 redox potential,87,88 electric89 and magnetic field90. These smart materials 

have potential application in drug delivery,17,18 gene carrier,17,19 tissue engineering,91 

chemo/bio-sensors,92,93 environmental remediation etc. Understanding the microscopic 

interaction and relaxation dynamics in aqueous solutions of different stimuli-responsive 

polymers is necessary for optimization and development of these materials for various 

applications. 

Steady state UV-Vis absorption, fluorescence emission and time-resolved fluorescence 

emission spectroscopy49,94-96 have been employed extensively to study interaction and 

dynamics of these complex systems. Reactive and non-reactive external fluorophore solutes 

(also termed as ‘dye’ and ‘probe’ in this Thesis) dissolved in systems under investigation play 

the role of a local reporter in the UV-Vis absorption and fluorescence spectroscopic 

measurements. Non-reactive coumarin 153 (C153), coumarin 343 (C343) are the most used 

dyes in the experiments described in this Thesis. Coumarin dyes are standard fluorophores and 

the fluorescence as well as UV-Vis absorption features of these molecules are sensitive to local 

environment.97,98 Hydrophobic probe C153 and hydrophilic C343, owing to their different 

chemical nature, report qualitatively different local environments.95,99-101 The reactive probe 

trans-dimethyl amino styryl benzothiazole (trans-DMASBT or simply DMASBT) having 

much shorter fluorescence lifetime ( life  of DMASBT ~ 200-500 ps49,102 while for 
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C153/C343 are ~ 2-5 ns95,97,101) than C153/C343 is also occasionally employed in order to 

detect the relatively faster density fluctuations that are not captured by coumarin dyes in 

experimental systems.48,49,53 Dielectric relaxation spectroscopy (DRS), on the other hand, is 

employed in some of the works presented in the Thesis to investigate inherent relaxation 

dynamics (i.e. without any foreign solute such as fluorophore) of dipolar systems. 

Steady state fluorescence emission spectroscopy has been extensively applied to investigate 

the solution phase structure exploiting the fluorophore solute-medium interaction. Generally, 

fluorescence emission of a photo-excited fluorophore occurs from lowest vibrational level of 

completely energy-relaxed first electronic excited state (i.e. singlet, S1) irrespective of the 

excitation wavelength ( exc ) (according to Kasha’s rule).103,104 However, in several complex 

systems, fluorescence emission of dissolved fluorophore has been found to shift towards red 

edge upon changing exc to longer wavelength values.48,55,105-108 Such exc  dependent red 

shifted fluorescence emission spectra arises when fluorophores surrounded by different 

microscopic solvation shell (also termed as micro-domain) and the inter-conversion timescale 

of these different solvation shell is larger or comparable to life  of the fluorophore. This exc

dependent fluorescence emission reflects heterogeneous solvation environment around the 

probe molecules. 

Time-resolved fluorescence (TRF) technique has been employed for comprehensive 

understanding of medium relaxation dynamics in two ways: Stokes shift dynamics and time-

resolved fluorescence anisotropy. In dynamic Stokes shift measurements, the underlying 

principle is that upon photo-excitation, dipolar fluorophore surrounded by an equilibrated 

solvent configuration (i.e. in ground electronic state, S0) undergo ultrafast (in femtosecond) 

electronic transition to first excited electronic state (S1) followed by charge redistribution. Due 

to this charge redistribution, the solvent configuration surrounding excited fluorophore 

experience a non-equilibrium situation. In this scenario solvent dipoles rearrange themselves 

to achieve an equilibrated solvent configuration surrounding excited fluorophore, and energy 

of S1-state of the excited fluorophore gradually gets minimized. The time evolution of this 

energy minimization process is captured in time-resolved emission spectra (TRES) of the 

fluorophore. Therefore, dynamic Stokes shift obtained from such TRES carry information 

about fluorophore-centric medium dynamics.49,53,97,98 On the other hand, time-resolved 

fluorescence anisotropy is an important method where rotational diffusion of photo-excited 
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fluorophore is monitored. Fluorescence anisotropy of a fluorophore decays with time from a 

maximum value (~ 0.4) just after photo-excitation to zero at time much longer than the 

characteristic rotation correlation time of the fluorophore.106 The anisotropy decay (r(t)) and 

obtained rotational correlation time ( rot ) provide information about friction exerted by the 

medium on a rotating fluorophore solute dissolved in that medium. According to hydrodynamic 

rotational diffusion model (i.e. the Stokes Einstein Debye, SED model), rotational correlation 

time is linearly proportional to temperature reduced medium viscosity 








T


.109 In several 

complex medium, fractional 
T


 dependence of rot , following the equation: ,

p

rot
T

A 










  

has been observed.55,99,101 Such fractional viscosity dependence of diffusion timescale is well 

observed phenomena in various heterogeneous systems such as glass, super cooled liquids 

etc.110-115 

Furthermore, dielectric relaxation spectroscopy (DRS), an important experimental technique 

to probe the orientation relaxation dynamics of dipolar species, has been employed in some 

systems described in this Thesis to enrich the discussion of results obtained via fluorescence 

spectroscopy. Unlike the dynamic Stokes shift measurements where foreign fluorophore 

molecule is utilized as a reporter to investigate medium dynamics, inherent relaxation dynamics 

of medium can be directly probed via DRS measurements. 

Research works described in this Thesis includes dielectric relaxation (DR) dynamics of 

cryoprotectant solutions and aqueous solution of stimuli-responsive polymers. Steady state and 

time-resolved fluorescence spectroscopic measurements are performed in cryoprotectant 

solutions, battery electrolyte materials and aqueous solution of stimuli responsive polymers. 

Dielectric measurements actually strongly help to clarify the relevant Stokes shift dynamics. 

In addition, some other relevant experiments such as medium viscosity, refractive index, 

dynamic light scattering (DLS), fluorescence correlation spectroscopy (FCS), differential 

scanning calorimetry (DSC) etc. have been carried out as and when required. 

The present Thesis consists of nine chapters with the first chapter being the introduction. 

Chapter 2 is devoted to the discussion of experimental techniques, data recording and methods 

of data analyses employed while investigating the interaction and dynamics of the complex 

systems considered in the present Thesis. In chapter 3, DRS measurements of glucose 

(Glu)/glycerol (Gly) cryoprotectant mixtures are described where temperature (T= 300-333 K) 
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and Glu concentration (0, 5, 15 and 25 wt% Glu) dependent DRS features are investigated. 

DRS measurements have been performed with two different instruments covering frequency 

window 20 kHz to 10 MHz (impedance analyzer) and 200 MHz to 50 GHz (network analyzer), 

respectively. Complex dielectric spectra in neat Gly (i.e. 0 wt% Glu) are adequately described 

by 3-Debye model with a dominant (~ 80%) ~ 1200 ps time component along with ~ 200 ps 

and ~ 50 ps time components at 300 K. These relaxation time components become faster with 

gradual increase of solution temperature and concomitantly decrease of medium viscosity. 

Temperature dependent dielectric relaxation times ( DR ) and medium viscosity are well 

described by Arrhenius equation although activation energy required for dielectric relaxation (

DR

aE = 42 kJmol-1) is smaller than activation energy associated with medium viscosity (


aE = 56 

kJmol-1). Departure of 
DR

aE  from 


aE  has also been manifested in the fractional temperature-

reduced viscosity 








T


 coupling of DR  according to 

p

DR
T

A 










 with p ~ 0.7. Upon 

increasing Glu concentration beyond 5 wt%, a long time component (~ 25-30 ns) emerges and 

its magnitude increases with increasing Glu wt% in the Glu/Gly solution. Apart from this slow 

component, other three Debye time components observed in most of the temperatures and Glu 

concentrations reflect the solution viscosity effect. Like neat Gly, temperature dependent 

average DR relaxation times ( DR ) and   in Glu/Gly solutions also exhibit Arrhenius 

temperature dependence. In Glu/Gly solutions, viscosity decoupling of DR  results fractional 

p value ~ 0.6. Such partial viscosity decoupling of dielectric relaxation time is signature of 

dynamic heterogeneous systems.110-114,116 

Temperature (T= 283-343 K) and concentration (0, 5, 15 and 25 wt% Glu) dependent steady 

state and time-resolved fluorescence emission spectroscopic studies in Glu/Gly cryoprotectant 

solutions are discussed in chapter 4. Two dipolar fluorophore, hydrophilic C343 and 

hydrophobic C153, are employed as local reporters in the fluorescence measurements. With 

increase of solution temperature, steady state fluorescence emission spectra of C153/C343 

show red shift. With increase of Glu concentration, steady state absorption and fluorescence 

emission of C153 gradually shifts to blue end while for C343, prominent red shift after 15 wt% 

Glu has been found. The maximum exc  dependent steady state fluorescence emission peak 

shift which is a signature of medium spatial heterogeneity has been detected in Glu/Gly 

solutions with highest Glu wt% (here 25 wt%) for both C153 and C343. Rotational diffusion 
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profile of C153/C343 measured via time-resolved fluorescence anisotropy decay show two 

widely different time-components:~100 ps and a dominating several nanoseconds time 

component. Strong viscosity decoupling of solute rotation )(

p

rot
T

A 










  is observed in 

these Glu/Gly cryoprotectant solutions and extent of decoupling increases with Glu wt% in the 

solutions. For C153 (p ~ 0.5) fractional power p is slightly greater than C343 rotation (p ~ 0.4). 

Temperature dependent rotation of C153/C343 can be described by Arrhenius equation. 

Activation energy required for solute (C153/C343) rotation (~ 30 kJmol-1) is much smaller than 

the activation energy associated with medium viscosity (~ 60 kJmol-1). In high viscosity 

regime, rotational motions of both fluorophore solutes (C153/C343) exhibit sub-slip diffusion 

(non-hydrodynamic movement such as jump dynamics117). Pronounced viscosity decoupling 

of solute rotation and fractional power (p~0.4-0.5) much lower than unity indicate temporally 

heterogeneous dynamics in the present Glu/Gly cryoprotectant solutions. On the other hand, 

dynamic Stokes shift has been detected for both C343 and C153 dissolved in Glu/Gly solutions. 

Solvation response function of C153 shows bi-exponential decay characteristics while it is tri-

exponential for C343. Temperature dependent average solvation times ( s ) of C343 in the 

present Glu/Gly solutions show Arrhenius dependence with activation energy ~ 15-30 kJmol-

1. C343 reports increase of fractional viscosity dependence of solvation time (p~0.5 in neat Gly 

to 0.1 in 25w% Glu) with Glu wt% in the present cryoprotectant solutions. Study of strong 

spatio-temporal heterogeneity in these Glu/Gly cryoprotectant solutions probed via steady state 

and time-resolved fluorescence techniques are systematically discussed in chapter 4. 

In chapter 5, the heterogeneity aspect and solute-centred dynamics in lithium ion battery 

electrolytes have been explored by using two fluorescent probes, C153 and DMASBT. The 

electrolytes consist of ethylene carbonate (EC), propylene carbonate (PC) and lithium 

perchlorate (LiClO4). Concentration of the electrolyte solutions are ~ 1 M having composition, 

[9.795(xEC+(1-x)PC)+0.869LiClO4], where 9.795 is the total mole number of (EC+PC) binary 

mixtures and 0.869 denotes mole number of LiClO4 while ‘x’ is the mole fraction. Significant 

exc  dependent steady state fluorescence emission of DMASBT in electrolyte solutions, which 

is absent for C153, indicates for solution spatial heterogeneity with relatively faster domain 

inter-conversion times. The magnitude of exc induced total shift of emission frequency of 

DMASBT remain constant (~750 cm-1) for the studied temperature range T = 293-318 K. 

Dynamic Stokes shift measurements using C153 report ~700-900 cm-1 dynamic shifts in this 
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electrolyte systems with an estimated missing portion118 of ~ 40-50%. Dynamic Stokes shift 

and rotation dynamics in these electrolyte solutions measured using C153 are biphasic in 

nature. Temperature dependent rotation times for C153 suggests hydrodynamic viscosity 

coupling while those for DMASBT reflect strong fractional viscosity dependence. 

In chapter 6, frictional coupling of solute (C153) rotation and translation motion as well as 

medium relaxation dynamics in a polymer gel electrolyte (PGE) system using TRF and FCS 

technique are discussed. C153 and DMASBT are used in the fluorescence measurements. The 

polymer gel electrolyte system consists of LiClO4 as electrolyte salt, PC as organic solvent 

with high dielectric constant ( s =65 at 298 K) and PPG425 (also termed as PPG) as polymeric 

substance. Impact of increasing polymer content on interaction and dynamics in the polymer 

gel electrolytes are also explored. We varied the PPG concentration from 0 wt% to 60 wt% in 

PGE with composition [(PC+LiClO4)+wt%PPG]. In these PGE solutions, signature of spatial 

heterogeneity, probed via exc  dependent steady state fluorescence emission, has been reported 

by short lifetime (~ 200 ps) probe DMASBT and not by multi-ns lifetime fluorophore (here 

C153). Rotational diffusion of 153 dissolved in these polymer gel electrolytes are biphasic 

while monomodal character has been observed for translational diffusion of C153. Fractional 

power (p) dependence of solute (C153) rotation and translation diffusion times with viscosity 

is found although rotation reports comparatively greater p (~ 0.7) than translation diffusion 

time (p ~ 0.6). This result suggests that a mild translation rotation decoupling119-124 is present 

in the present PGE at temperature regime T = 293-318 K, much higher than their glass 

transition temperature (Tg ~170-200 K). Solvation time, obtained from dynamic Stokes shift 

measurements, becomes ~ 2 times faster with increasing polymer concentration from 0 to 100 

wt% in the solutions although medium viscosity increases ~ 10 times. A negative viscosity 

coupling (p ~ -0.5) of the average solvation time of C153 along with fractional viscosity 

decoupling of C153 rotation and translation motion emphasizes the presence of temporal 

heterogeneity in the medium. 

In chapter 7, cloud point driven interaction and relaxation dynamics of aqueous solutions of a 

series of amphiphilic thermoresponsive copolymers (P1, P2 and P3) comprised of methyl 

methacrylate (MMA) as hydrophobic segment and polyethylene glycol monomethyl ether 

methacrylate (PEGMA) as hydrophilic segment are explored through picosecond resolved and 

steady state fluorescence measurements employing hydrophilic (coumarin 343, C343) and 

hydrophobic (coumarin 153, C153) solute probes of comparable sizes. These thermoresponsive 
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random copolymers, with tunable cloud point temperatures (Tcp’s) between 298 and 323 K, are 

rationally designed, synthesized and characterized by a polymer research group at the IISER, 

Kolkata95. The polymers have hydrophobic/hydrophilic segment ratio in the order P1<P2<P3. 

The Tcp of P1, P2 and P3, determined via transmittance measurements of aqueous polymer 

solutions, are 323 K, 316 K and 301 K, respectively. Below individual Tcp, the aqueous polymer 

solutions are transparent which turn cloudy (milky white) on or above Tcp. DLS measurements 

also reflect phase separation near Tcp: below Tcp, polymers form small size particle (> 10 nm) 

while above Tcp, large size particle (~ 500 nm). A balance between the hydrophilic (PEGMA) 

and the hydrophobic (MMA) content dictates the critical aggregation concentration (CAC), 

with CAC ~ 2−14 mg/L for these copolymers in aqueous media. No abrupt changes in the 

steady state spectral features of both C153 and C343 in the aqueous solutions of these polymers 

near but below the cloud point temperatures have been observed. Interestingly, steady state 

spectral properties of C153 in these solutions show the impact of hydrophobic/ hydrophilic 

interaction balance but not by those of C343. More specifically, C153 reports a blue shift 

(relative to that in neat water) and heterogeneity in its local environment. This suggests 

different locations for the hydrophilic (C343) and the hydrophobic (C153) probes. In addition, 

the fluorescence lifetime, ( life ), of C153 increases with increase of hydrophobic (MMA) 

content in the copolymers and life  of C153 in polymer solutions are higher than neat water. 

However, C343 reports no such variations, although fluorescence anisotropy decays for both 

solutes are significantly slowed down in these aqueous solutions compared to neat water. 

Anisotropy decays indicates bimodal time-dependent friction for these solutes in aqueous 

solutions of these copolymers but monomodal in neat water. A linear dependence of the 

average rotational relaxation rates (
1

 rotrotk  ) of the type )/( cpcprot TTTk   with 

negative values for the exponent γ has been observed for both solutes. No slowing down of the 

solute rotation with temperature approaching the Tcp has been detected; rather, rotation 

becomes faster upon increasing the solution temperature, suggesting domination of the local 

friction. 

In chapter 8, steady state, time-resolved fluorescence (TRF) of C153 and MHz-GHz dielectric 

relaxation spectroscopic (DRS) studies in aqueous copolymer solutions are described. A series 

of pH-responsive random copolymers (DPL, DP20, DP40 and DP60) comprising of pH-

responsive moiety 2-((leucinyl)oxy)ethyl methacrylate (L-Leu-HEMA) and a hydrophobic 

methyl methacrylate (MMA) are synthesized and characterized by a polymer research group at 
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the IISER, Kolkata.125 A balance between the pH-responsive (L-Leu-HEMA) and the 

hydrophobic (MMA) content dictates the phase transition pH which is found ~ 5-7 for these 

aqueous copolymer solutions (1 mg/mL). DLS measurements in aqueous solutions of these 

polymers reflect small size particle (> 10 nm) at solution pH below their individual transition 

pH while large size particle (~ 200 nm) forms beyond their phase transition pH. No signature 

of phase transition pH driven abrupt change in static and dynamic properties of aqueous 

polymer solutions have been registered from pH dependent dielectric relaxation as well as 

solute (C153) -centric fluorescence measurements. Significant impact of varying L-Leu-

HEMA/ MMA segment ratio on steady state fluorescence emission and rotational anisotropy 

decay of the fluorophore solute (C153) has been observed. Bulk water like dielectric features 

are reflected from MHz-GHz dielectric relaxation spectroscopy in aqueous solutions of these 

pH-responsive polymers. 

The thesis ends with chapter 9 that contains a brief concluding remark and few relevant future 

problems. 
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Chapter 2 

 

Main Experimental Techniques and Data Analysis Protocols 

The main experimental techniques used to investigate various complex systems discussed in 

this Thesis are steady state UV-Vis absorption, fluorescence, time-resolved fluorescence based 

on time-correlated single photon counting (TCSPC) principle, and dielectric relaxation 

spectroscopy. This chapter mainly contains a brief description of these experimental techniques 

and data analysis protocols. Nearly all the complex systems reported in the Thesis are 

intrinsically non-fluorescent. Thus the two external fluorophores, coumarin 153 (C153) 1-4 and 

coumarin 343 (C343)5-7 have been used extensively to characterize the complex systems 

investigated. 

2.1 Steady State UV-Vis Absorption Spectroscopy 

Steady state UV-Vis absorption spectra presented in this Thesis have been recorded using UV-

2600 (SHIMADZU) spectrophotometer. A schematic description of an UV-Vis absorption 

spectrophotometer is provided in Figure 2.1. Two light sources, tungsten and deuterium lamp 

are used to cover the visible and ultraviolet wavelength region, respectively. The ray coming 

from lamp is directed by a mirror to pass through filter and fall on monochromator. 

Monochromator splits beam of polychromatic light into various monochromatic rays. The light 

of specific wavelength is split into two parts: one is directed to reference and the other one 

passes through sample. The transmitted light from both reference and sample reaches the 

photodiode detectors. After few sequential data processing steps like signal enhancement, 

analog to digital conversion, the final absorption spectra is recorded. 

The underlying principle of the UV-Vis absorption spectroscopy is based on the well-known 

Beer-Lambert Law: Absorbance (A) is proportional to the path length (l) and concentration (c) 

of the sample, εcl
I

I
logA 0

10  . Here I0 and I are the intensity of incident and transmitted 

light, respectively.   is the proportionality constant, known as molar extinction coefficient or 

molar absorptivity. All the absorption measurements discussed in this Thesis have been carried 

out by taking l = 1 cm and c ≤ 10-5 M. 
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Figure 2.1: Schematic representation of an UV-Vis absorption spectrophotometer. 

 

2.2 Steady State Fluorescence Spectroscopy 

Steady state fluorescence emission measurements mentioned in the Thesis are collected in 

fluorimeter (Fluorolog, Jobin-Yvon, Horiba). Figure 2.2 is the schematic diagram of a 

fluorescence spectrophotometer. Continuous xenon (Xe) lamp is used as excitation light 

source. The light from Xe lamp is passed through excitation monochromator where light is split 

into monochromatic one and blocked the undesired wavelengths (stray light). The equipped 

motor in monochromators allows auto selecting and scanning wavelengths. The 

monochromatic light of required wavelength is used to excite the sample under investigation. 

The emitted light reaches to an emission monochromator placed at perpendicular direction with 

respect to path of excitation light. Then the fluorescence emission detected by photomultiplier 

tube (PMT) is projected in the computer screen after amplification and appropriate electronic 

conversion. 
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Figure 2.2: Schematic diagram of a fluorescence spectrophotometer. 

 

2.3 Time-Resolved Fluorescence Measurement: Technique, Data Collection 

and Analysis 

Time-resolved fluorescence studies reported in the Thesis are mainly based on time-correlated 

single photon counting (TCSPC) technique.8-10 We have used 409 nm and 375 nm pulsed diode 

lasers in the time-resolved fluorescence measurements. 

2.3.1 TCSPC Technique 

The LifeSpec-ps from Edinburgh Instruments (Livingston, U.K.) is used for TCSPC 

measurements. We have recorded time-resolved fluorescence emission data form the TCSPC 

setup working in reverse mode. The schematic description of a typical TCSPC set-up in reverse 

mode is provided in Figure 2.3. Pulsed diode laser is used to excite the sample. The first 

excitation pulse (vertically polarized) from the laser excites the fluorophore molecules 

dissolved in sample kept in a quartz cuvette. Simultaneously, a signal is generated and passed 

through a constant fraction discriminator (CFD). The signal due to first photon emitted by 

excited fluorophores passes through CFD to record its arrival time and subsequently, the signal 

is passed to time-to-amplitude converter (TAC) where voltage ramp is triggered. The voltage 

in TAC will start to increase with time until the stop signal is detected. In reverse mode of 
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TCSPC, the simultaneous signal is generated, when the second excitation pulse from laser 

excites the sample, and is passed through CFD and subsequently to TAC to stop the voltage 

ramp. Then, the output pulse from the TAC which is proportional to the delay time )( t  

between the start and stop signal, processes through ADC and passes to a multichannel analyzer 

(MCA) for the numerical value generation. The multi-times repetition of the above described 

process generates a histogram of the decay containing photon count and time channel in MCA. 

 

Figure 2.3: Schematic presentation of a TCSPC set-up in reverse mode. 

 

2.3.2 Data Analysis 

Before collecting the emission decay of fluorophore dissolved in the systems, instrument 

response function is checked with a scattering medium. For example, magic angle (54.7°) 

intensity decay at 409 nm of a scattering medium (water) after excitation by 409 nm laser 

produced the FWHM of the instrument response function (IRF) ~ 85 ps. 

2.3.2.1 Solvation Dynamics 

For solvation dynamics (also called Stokes shift dynamics) studies, typically 14-16 magic angle 

(54.7°) decays at equally spaced wavelengths across the steady state emission spectrum of 

fluorophore dissolved in the sample were recorded. Only decay at the blue end and rise 
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followed by decay at the red end wavelength with respect to peak of steady state emission 

spectrum is the hallmark of dynamic Stokes shift. The fluorescence decay (N(t)) recorded in 

TCSPC is a convolution of IRF (R(t)) and sample response (I(t)). Iterative reconvolution 

method11 using a nonlinear least square analysis was used to extract I(t) from N(t) and R(t) data. 

A sum of multi-exponential function, )/exp()(
1

i

N

i

i ttI  


 where i  and i  are the pre-

exponential factors and characteristic lifetimes, respectively was used to fit experimental I(t). 

Time-resolved emission spectra (TRES) were then reconstructed from the collected intensity 

decays for each of the systems by following the standard protocol.1,8,11 As discussed above, the 

fluorescence decays collected at various wavelengths ( j ) were fitted with multi-exponential 

function, 
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where )( ji   denotes the pre-exponential factor, with .1)(  j

i

i  Subsequently, a new sets 

of normalized intensity decays were generated so that the time integrated intensity at each 

wavelength was equal to the steady state intensity at that wavelength ( )( jF  ). The 

normalization factor is 
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The normalization factor (H( j )) was multiplied with I( j ,t) to obtain the appropriate 

normalized function 
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                                                           (2.3) 

where ).()()(' jijji H   TRES at any wavelength and time can be calculated from 

),( tj . For further analyses, the TRES were converted to frequency representation after 

properly weighting the intensity with 
2 . Each of the TRES was fitted with log-normal shape 

function to get the continuous representation of the spectrum. The peak frequencies obtained 

from fitted spectra were used to construct the solvation response function S(t),1 
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where, )( 0 , )t(  and )(  represent the frequency (usually peak) for the reconstructed time-

resolved emission spectrum at t = 0 (immediately after excitation), at any given instant (t), and 

at a sufficiently long time (t = ∞) enough for complete solvent relaxation, respectively. Note 

S(t) is a normalized response function that decays from unity at t = 0 to zero at t = ∞ as the 

environment relaxes with time in response of instantaneous alteration of charge distribution of 

solute (fluorophore) due to photo-excitation. For a particular system, it is expected that )(  

will be equal to the steady state emission peak frequency. However, in several cases steady 

state emission spectrum is slightly blue shifted compared to time-resolved emission spectrum 

at t = ∞, that is, when excited fluorophore is surrounded by completely solvent-relaxed 

environment. Steady state emission from excited solute with incompletely relaxed solvent 

environment is responsible for the observed blue shift. Subsequently, the average solvation 

time, s , was obtained via time-integrating the measured S(t) decays as follows: 
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with 1


n

1i

ia . ia  and i  respectively denote the amplitude and time constants related to the i-

th component of S(t) decay. 

2.3.2.2 Rotational Dynamics 

TCSPC technique is also used to study reorientational dynamics of fluorophore dissolved in 

the medium and time-dependent frictional profile of the medium.8,11,12 The underlying principle 

of reorientational dynamics measurements is: the photoselective excitation of those 

fluorophores which have absorption transition dipole parallel to the electrical vector of 

polarized excitation light. The emission intensity decays collected through parallel (Ipara(t)) and 

perpendicular (Iperp(t)) emission polarizations depend on the reorientation of the excited 

fluorophore and vary with time. The difference between Ipara(t) and Iperp(t) gradually decreases 

with time. The loss of anisotropy is utilized to extract information about reorientational 

dynamics provided that the lifetime of fluorophore, dissolved in a given medium, should be 

comparable or larger than its reorientational time. Fluorescence anisotropy measurements were 

performed at the peak wavelength of the steady state emission spectrum by collecting the 

vertically (Ipara(t)), and horizontally (Iperp(t)) polarized emissions (with respect to the vertically 
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polarized excitation). The dynamic fluorescence anisotropy, r(t), was then generated as 

follows8 

.
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                                                                                                      (2.6) 

The polarization characteristics of the optical set-up have important influence to the measured 

anisotropy. Thus, a correction is required to minimize the error originating from the 

instrumental preference for a specific polarization. This correction factor, G, is usually known 

as geometric-factor and is defined as the ratio between the transmission efficiency for vertically 

polarized and that of horizontally polarized light )
)(

)(
(

tI

tI
G

perp

para
 . The geometric factor (G) is 

obtained by the tail matching of vertically (parallel) and horizontally (perpendicular) polarized 

fluorescence emission intensity decays. Now the corrected time-resolved fluorescence 

anisotropy, r(t), is represented as 
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The r(t) so obtained was then fitted with single and multi-exponential function as  

,)/exp()0()(  
i

ii trtr  with 1
i

i ,                                                                        (2.8) 

where r(0) is the initial anisotropy. i  and i  are the amplitude and time constant of the i-th 

decay component. In this Thesis, we have fixed r(0) at 0.376 for C15312, 0.35 for C3435 and 

0.38 for trans-2-[4-(dimethylamino)styryl]-benzothiazole (trans-DMASBT)13 while fitting the 

r(t). 

The average rotational correlation time was then estimated as follows: 
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2.4 Dielectric Relaxation Spectroscopy (DRS) 

Dielectric relaxation spectroscopy (DRS) is used to explore the relaxation of macroscopic 

electric polarization, which is the ensemble average of dipole-dipole correlation, of a liquid in 

presence of frequency dependent external electric field. As orientation motion of molecular 
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dipoles contributes significantly to the macroscopic electric polarization, DRS becomes an 

important tool to get the information of collective orientational motion of dipolar liquids.14 

2.4.1 General Discussion about DRS 

In room temperature liquid, to reach a certain polarization, microscopic particles like 

molecules, ions, atoms, electrons etc. require a characteristic time ~ 1 μs or less. If the electric 

field strength varies at a time period comparable with the characteristic time for particles 

motion, the macroscopic polarization cannot reach its equilibrium value. As a result the actual 

polarization value will lag behind the changing electric field. When the electric field varies 

slowly compared to the particle motion, the system gets enough time to reach its equilibrium 

polarization value.15 

Maxwell’s equations16 describe the interaction of electromagnetic field with matter as follows 

B
t

E



rot                                                                                                                      (2.10) 

D
t

jH



rot                                                                                                                  (2.11) 

edivD                                                                                                                            (2.12) 

and 

0divB                                                                                                                              (2.13) 

In the equations 2.10 to 2.13, E and H respectively represent the electric and magnetic field, D 

the dielectric displacement, B denotes the magnetic induction, j is the current density and 

density of charges is defined by e . For homogeneous, non-dispersive, isotropic material and 

weak electric field strength, D can be expressed by  

,0

* ED                                                                                                                           (2.14) 

where 0  (8.854 x 10-12 Fm-1) is the dielectric permittivity of the free space and *  represents 

the complex dielectric function. According to Maxwell’s equation, *  is time (or frequency) 

dependent when time dependent phenomena takes place within the sample. For a periodic 

electric field ),exp()( tiEtE  0  where   is the angular frequency and 1i , the 
*  is 

expressed as 
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),(")(')(*  i                                                                                                      (2.15) 

where '  and "  are the real (dielectric constant) and imaginary (dielectric loss) part of the 

complex dielectric function, respectively.  

2.4.2 Measurements of Dielectric Properties 

2.4.2.1 Instruments 

The dielectric measurements presented in this Thesis were measured using two instrumental 

set-ups. The E4990A impedance analyzer with liquid test fixture (16452A) covers frequency 

range from 20 Hz to 10 MHz. A schematic representation of the instrument is shown in the 

Figure 2.4. The 16452A and E4990A impedance analyzer use the “Capacitive Method” to 

obtain relative permittivity by measuring the capacitance of a material that is sandwiched 

between two parallel electrodes. Short compensation, measurement of air capacitance and 

subsequently capacitance of liquid sample measurements were carried out to get the complex 

dielectric spectra of the sample. 

 

Figure 2.4: Schematic diagram of DR measurement (impedance analyzer) set-up. 

 

PNA-L network analyzer (N5235B) combined with an open-ended coaxial probe kit 

(N1501A), shown in Figure 2.5, was used to perform the dielectric measurements of the sample 

in the frequency range of 50/2.0  GHz . Calibration of the instrument has been done prior 
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to each set of measurement using air, shorting block and water as open, short and load 

respectively. 

 

Figure 2.5: Schematic diagram of DR measurement (network analyzer) set-up. 

 

2.4.2.2 Different Mathematical Models and Data Analysis 

In order to have a comprehensive understanding about orientation polarization in the complex 

systems discussed in the Thesis, a number of mathematical models have been employed to 

define the collected DR data adequately. These models are discussed below. 

2.4.2.2.1 Debye Model 

Debye model is the simplest one to describe the complex dielectric response ( * ) of many 

systems. Debye Model17 is expressed as  

,
1

*

Di







                                                                                                              (2.16) 

where dielectric strength   is the difference between static dielectric constant ( s )

))('( 0  s and limiting infinity frequency dielectric constant ))('(   , 
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  s .   is the angular frequency and it is related to linear frequency   by  2  

and 
D is the characteristic Debye relaxation time. 

2.4.2.2.2 Non-Debye Model  

The symmetric broadening of the dielectric function is usually described by Cole-Cole model18 

which is expressed as  

,
)(1 1

*












cci
                                                                                                     (2.17) 

where the parameter   denotes a symmetric broadening of the dielectric function.   can have 

the any values within the range, 0≤ <1 and CC is the characteristic Cole-Cole relaxation 

time. 

On the other hand, asymmetric broadening of the dielectric function is defined by Cole-

Davidson model.19,20 The mathematical description of Cole-Davidson model is as below 






)1(

*

CDi


  ,                                                                                                     (2.18) 

where the parameter   denotes asymmetric broadening of the dielectric function.   can have 

the any values within the range, 0<  ≤1 and CD  is the characteristic Cole-Davidson 

relaxation time. 

Havriliak-Negami (HN) function21 is more general model used to characterize complex 

dielectric response with the expression 
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HNi
,                                                                                               (2.19) 

where   (0≤ <1) and β (0<  ≤1) are the parameters to define symmetric and asymmetric 

broadening, respectively. HN is the characteristic relaxation time. 

2.4.2.2.3 Combination of Models  

The dielectric response of many real systems may be described by superposition of multi 

relaxation modes. In this regards, the general expression of Havriliak-Negami (HN) model is 

as follow 
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2.4.2.2.4 Data Processing 

To extract physically significant information from complex dielectric response, choice of 

suitable mathematical models is very crucial. The quality of the fit was determined by checking 

both the ‘goodness-of-fit’ parameter (
2 ) and residual. 

2 is defined as22 
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,                                                                            (2.21) 

where m is the number of data triples ( )",',(  ),   denotes the number of adjustable 

parameters, i and )( i  are the residuals and standard deviations of the individual data 

points, respectively.  

2.4.2.2.5 Conductivity Corrections 

DC conductivity of medium contributes significantly to the imaginary component of complex 

dielectric response. Thus conductivity correction in the complex dielectric response for a 

conducting sample is expressed as15,23 
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Where   )(





2
  is the linear frequency,   is the DC conductivity of the sample and p  is 

the permittivity of the free space. 

This above mentioned conductivity correction has been employed in all the dielectric data 

fitting presented in the Thesis. 
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Chapter 3 

 

Dynamics in Glucose/Glycerol Cryoprotectant System: Temperature and 

Composition Dependent kHz-GHz Dielectric Relaxation Spectroscopic 

Studies 

3.1 Introduction 

Various inhabitant of low temperature environment (like sea ice) including bacteria, fungi, 

algae, protozoa, metazoan etc.,1 plants inhabiting harsh environments,2 polar marine fish,3 

some other lower vertebrates,4 terrestrial arthropods etc. adopt peculiar strategies to survive at 

extreme environment in their native habitat.5 Among them, some organisms are known to 

synthesize various metabolites including sugars, sugar alcohols for example glucose,4 

trehalose,6 glycerol,7 fructose etc. in high level to prevent formation of ice crystals in intra and 

intercellular fluid during extreme cold. Such natural mechanism to cope with extreme 

environmental stresses are exploited in food preservation technology as well as low 

temperature preservation (also called cryopreservation8) of living cells, proteins, tissues, 

organs in the field of biotechnology, pharmaceuticals etc.9-15 The chemical substances used in 

low temperature preservation are basically known as cryoprotectants.16 Among the common 

cryoprotectants, glycerol, a trihydroxy alcohol, is the most utilized one by a number of 

organisms17-20 as well as in cryopreservation technology.16,21 Glycerol is a very effective 

cryoprotectant agent due to its low inherent toxicity to cells21 and ability to maintain the 

structure of biological macromolecules.22,23 Glucose, a biocompatible and biodegradable 

monosaccharide, is also utilized in cryopreservation technology.24 It was evident that 

cryopreservation efficiency improved when multi-component cryoprotectants such as 

trehalose/proline,25 glucose/glycerol,26 trehalose/glycerol13 were utilized instead of single 

component alone.27,28 

In low temperature preservation of live cells, tissues, organs etc., dehydration arising from 

intracellular ice formation causes cell death. Optimum exposure of cyoprotectants play the vital 

role by minimizing ice formation and reduce cell injury.5 Vitrification, that is,  rapid cooling in 

order to avoid ice crystal formation by achieving a supercooled glassy state in presence of  

cryoprotectants at high concentrations had been proven to have more preservative efficiency 
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as compared to conventional cryopreservation.29 Good glass forming properties of glycerol 

(Glass transition temperature, Tg~ 190 K30-32) make this substance attractive in preservation 

technology. Due to high Tg of carbohydrates (Tg of Glucose ~ 300 K33), they are considered as 

promising cryoprotectant candidates for preservation of foods, proteins and peptides.34-36 The 

substances with high Tg are known to have strong hydrogen bonding (H-bonding) propensity.37 

Henceforth, irrespective of preservation techniques (conventional cryopreservation and 

vitrification), H-bonding interactions of cryoprotectant agents with water and biological 

moieties play a vital role.38-41 Cryoprotectant action is the result of relative preference of H-

bonding interactions among cryoprotectant-cryoprotectant, cryoprotectant-water and water-

water interactions.40 A number of computer simulations have reported that cryoprotectants 

disrupt tetrahedral arrangement of proximal water molecules due to its steric constraints and 

form stable H-bonds with the proximal water molecules. While doing so, cryoprotectants 

decreases H-bond propensity among water molecules.42-45 A comprehensive knowledge about 

the underlying working principle of cryopreservation is therefore essential for gaining control 

over the cryopreservation process and improve the efficiency. A proper and system-specific 

choice of suitable cryoprotectants and tuning their relative proportions in solutions for 

achieving optimized condition is critical for solvent engineering in this domain. 

Investigation of H-bond interaction of cryoprotectants with water was performed in the last 

few decades via various experimental and simulation techniques.38-40,46-50 Despite several 

attempts, a comprehensive insight about the impact of cryoprotectants on water H-bond 

network is yet to be elucidated. This lack of information demands a thorough understanding of 

structure, interactions, dynamics of cryoprotectants itself to generate the desired database. 

Dielectric and NMR relaxation studies on glycerol/DMSO mixtures,51 NMR measurements 

with propanol/glycerol mixtures,52 sugar alcohols,53 and neutron scattering studies on 

glycerol/trehalose mixtures54 were attempted. Time-resolved fluorescence spectroscopic 

measurements in combination  with molecular dynamics (MD) simulations of 

trehalose/glycerol cryoprotectant solutions30 reported solution dynamic heterogeneity (DH) at 

temperatures, T=298-353 K. It was proposed in that study that an interconnection between 

dynamic heterogeneity and cryopreservation properties of such systems might exist. Although 

DH is well studied phenomenon for supercooled system such as glycerol,55 very less is explored 

about DH at around room temperature and its impact on cryopreservation. The present study is 

prompted by this lacunae where solution heterogeneity has been explored via broadband 

dielectric relaxation spectroscopy (DRS) in the frequency regime 20 Hz to 10 MHz and 200 
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MHz to 50 GHz. We have considered glycerol (Gly) and glucose (Glu)/glycerol (Gly) solution 

for this purpose. 

Both Glucose and glycerol have poly hydroxyl ((−𝑂𝐻)𝑛) groups that exhibit high propensity 

to form H-bonds with water and other neighbouring molecules. In this way, they can obstruct 

water crystallization through a disruption of the tetrahedral hydrogen bond (H-bond) network 

structure. This bears a strong biological relevance and possesses application potential. Gly and 

Glu/Gly possess extensive inter and intra species H-bonding. Since dielectric relaxation 

spectroscopy probes the reorientation polarization of dipolar species present in the medium in 

presence of frequency dependent external electric field, it is anticipated that the impact of H-

bond network dynamics in Glu/Gly will be reflected in the DR response of solution. DR 

dynamics in Glu/Gly solutions and decoupling of relaxation from the medium viscosity is the 

main focus of the present study where solution DH has been explored through the analysis of 

the viscosity dependent average relaxation times. 

Four different compositions have been chosen: 0, 5, 15 and 25 wt% of Glu in Glu/Gly solutions 

in the temperature range T = 293-343 K. Notice here that the maximum amount of Glu that is 

completely soluble in Gly is 25wt%. 

3.2 Experimental Details 

3.2.1 Materials and Sample Preparation 

D-(+)-Glucose (≥99.5%), glycerol (≥99%) were purchased from Sigma Aldrich and used 

without further purification. The chemical structures of these molecules are shown in Scheme 

3.1. The cryoprotectant solutions of glucose (Glu) and glycerol (Gly) were prepared via 

dissolving at high temperature with continuous stirring for 3-4 hrs. The detailed strategies to 

prepare the three experimental Glu/Gly solutions (5, 15 and 25 wt% Glu in glycerol) were as 

follows: for 5 wt% Glu, required amount of Glu and Gly were weighed in an airtight glass vial 

and heated on a hot plate (fitted with magnetic stirrer) at ~333 K for 3 hrs at 400 rpm in a 

tightly humidity-controlled environment. This produced a transparent colourless solution. 

Similarly, 15 and 25 wt% Glu solution have been prepared by heating at 343 K for 3 hrs and at 

353 K for 4 hrs, respectively. The prepared solutions were then allowed to attain room 

temperature gradually before recording any experimental data. 
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Scheme 3.1: Chemical structures of glucose (Glu) and glycerol (Gly). 

 

3.2.2 Density and Viscosity Coefficient Measurements 

Temperature dependent densities (  ) and viscosity coefficients ( ) of Glu/Gly solutions were 

recorded by using an automated temperature-controlled density and sound velocity analyzer 

(Anton Paar, model DSA 5000) and automated micro viscometer (AMVn, Anton Paar), 

respectively.30,56 Measured   values are summarized in Table 3.1 while the   values are 

provided in Table A.a.1 (Appendix). 

Table 3.1: Temperature dependent viscosity coefficients ( /cP) values of Glu/Gly solutions 

at various Glu concentrations.a 

T/K Viscosity coefficients ( /cP) of Glu/Gly solutions 

0 wt% 5 wt% Glu 15 wt% Glu 25 wt% Glu 

293 1507 2143   

303 634 876 1586  

313 298 399 685 1446 

318 211 280 467 954 

323 153 201 327 647 

328 114 148 236 448 

333 87 111 172 317 

338 67 84 129 230 

343 53 66 98 170 
aViscosity coefficient values can be reproduced within ±10% of the reported values (based on 

limited set of measurements). 

 

 

 

HO

OH

OH

Glucose Glycerol 



Chapter 3 

33 
 

3.2.3 Refractive Index Measurements 

Refractive indices of the samples were measured using an automated temperature-controlled 

refractometer (RUDOLPH, J357).57 The measured refractive indices (n) are summarized in 

Table 3.2. 

3.2.4 Data Collection and Analysis for Dielectric Relaxation Spectroscopy 

Dielectric relaxation spectra of the liquid samples were recorded using two different dielectric 

set-ups, covering different frequency window. The E4990A impedance analyzer with liquid 

test fixture (16452A) covers frequency range from 20 Hz to 10 MHz. PNA-L network analyzer 

(N5235B) combined with an open-ended coaxial probe kit (N1501A) was used to perform the 

dielectric measurements of the sample in the frequency range of 50/2.0  GHzv . Details of 

measurements techniques and data analyses are the same as discussed in chapter 2 and 

references.57-62 Temperature dependent DRS measurements were performed in high frequency 

set-up ( 50/2.0  GHzv ) only. DRS measurements in the frequency window,   = 20 Hz - 10 

MHz, were recorded at room temperature (~ 300 K) because of inaccessibility to an appropriate 

temperature controller. 

3.3 Results and Discussion 

Temperature dependent real ( ' ) and imaginary component ( " ) of complex dielectric spectra 

in Glu/Gly solutions are represented in Figure 3.1. Multi-Debye fits required to describe the 

experimental DR spectra are shown (lines through the ε' and ε" data points) in the same figure. 

Combination of Debye, Cole-Cole, Cole-Davidson descriptions were attempted but multi-

Debye model has been found to provide the best simultaneous description for the real ))('(   

 and the imaginary ))("(   components of the recorded complex dielectric spectra for Glu/Gly 

solutions. Corresponding residuals are presented in Figure A.a.2. Note the main relaxation 

peaks of imaginary (the loss part) component around room temperature fall in lower frequency 

than 0.2 GHz which shifts gradually to the higher frequency and appears in the frequency 

window: 0.2≤ /GHz≤50 with rise of solution temperature. A representative dielectric 

spectrum of Glu/Gly solutions at ~300K in the broadband (kHz to GHz) frequency window is 

shown in Figure 3.2. Though a full experimental spectra is lacking due to non-availability of 

DR data in the 10-200 MHz region, a qualitative description of the full dielectric spectra 

covering the 1 kHz to 50 GHz range could be constructed from fit. Interestingly, dielectric 

studies of Glycerol in 50 MHz - 500 GHz range reported peak of imaginary component centred 

at ~ 145 MHz at 298 K63 which corroborates well with the relaxation peak ~ 147 MHz estimated 
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from fit of our experimental data points (T ~ 298 K) in this work. Multi-Debye fit parameters 

are summarized in Table 3.2 and Table 3.3. Before discussing about the impact of Glu 

concentration on DR dynamics of Glu/Gly solutions, relaxation dynamics of neat Gly needs to 

be measured first. 

3.3.1 Dielectric Relaxation in Neat Gly 

3-Debye fit parameters, summarized in Table 3.2 and Table 3.3 for neat Gly in the temperature 

range, T = 300 to 333 K, indicate three steps relaxation process characterizes the collected DR 

spectra. The main relaxation process at 300 K corresponds to a relaxation time, 
1  ~ 1200 ps. 

With the rise of medium temperature, the magnitude of 
1  decreases with the relaxation 

amplitude remaining nearly unchanged. Similar observation has also been observed for the 

other two components (
2  and 3 ). DR response mainly probes the reorientational polarization 

relaxation and is therefore linked to rotational diffusion of medium dipolar molecules. 

Rotational diffusion time for a Gly molecule calculated via the Stokes-Einstein-Debye (SED) 

relation, 
Tk

V

B

rot




3
 , with V being the van der Waals volume of Gly (=86.82 Å3)64 and   the 

medium viscosity (for   values, see Table 3.1), results 
DR  ~100 ns at 300 K. Such a long 

diffusion time is approximately two orders of magnitude slower than the experimentally 

observed slowest time ( 1 ) at this temperature. Therefore, full molecular rotation of Gly cannot 

account for this experimentally detected ~1ns relaxation time. The question is then what could 

be the possible sources of multiple relaxations times that feature the recorded dielectric spectra 

of neat Gly? 
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Figure 3.1: Temperature dependent real ( ' ) and imaginary ( " ) components of the complex 

dielectric spectra recorded for Glu/Gly solution at different Glu concentrations. Experimental 

data points are shown as symbols while lines passing through them represent multi-Debye fits. 

All representations are colour-coded. 

 

3.3.1.1 Origin of DR Time Constants in Neat Gly 

Fit parameters summarized in Table 3.2 suggest that the dominating DR component at 333 K 

is characterized by a time constant, 1 = 235 ps. This corroborates well with the time 

corresponding to the peak frequency of "  spectrum ( peak ~ 800 MHz), 
peak

peak



2

1
  ~ 200 

ps, suggesting a descripting of data by the corresponding fit. Highly viscous liquid glycerol 

possesses extensive hydrogen bond network, and it is expected that the signature of H-bond 

dynamics will be registered on the DR data. Temperature dependent individual DR time 

constants as well as the average relaxation times in glycerol exhibit Arrhenius-type temperature 

dependence, 









RT

E
A aexp



1
, shown in Figure 3.5 and Figure 3.6. This is generally 
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associated with β-relaxation process.63,65 Molecular dynamics simulation study66 reported three 

characteristic relaxation times of H-bond network dynamics in glyerol. Among those, the time 

component ~ 20 ps at temperature T=320 K was attributed to the exchange of neighbours 

forming the cage structure of a molecule. Similar relaxation time constant has been observed 

in our DRS measurements ( 3 ). A previous work66 has suggested that glycerol molecules 

exhibit conformation jump dynamics with ~ 100 ps/ jump at T~320 K. Interestingly, the DR 

time 
2  obtained in the present measurements match quite well with this reported 

conformational jump dynamics.66 Thus, the dielectric relaxation times, 
2  and 3  obtained in 

our measurements are attributed to conformational jump dynamics and exchange of neighbours 

forming the cage structure, respectively. 

/ GHz
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Figure 3.2: Glu concentration dependent real ( ' ) and imaginary ( " ) components of complex 

dielectric spectra in Glu/Gly solutions at ~ 298 K. Experimental data points are shown as 

symbols while lines going through the data points depict multi-Debye fits. All representations 

are colour-coded. 

 

Now what are the possible origins of slowest DR time (
1 ) in glycerol. The slowest DR time 

reported for molten urea67 was ~ 100 ps, which is close to the estimated centre-of-mass 

diffusion (translational motion ~ 150 ps) and the longest time component of the simulated 
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structural H-bond relaxation (130 ps). It was pointed out in that work that the translational 

diffusion through the cooperative H-bond fluctuations dynamics is coupled to the slowest DR 

time. MD simulation studies performed earlier66 for neat glycerol showed a good correlation 

between the translational diffusion coefficient and the slowest time component (~ 500 ps at 

320 K) of the hydrogen bond network dynamics. But translation diffusion time calculated for 

Gly molecule using the Stokes-Einstein formula, shown in Table 3.4, is much higher than the 

slowest DR time component in present study. Thus, the idea of DR response exclusively 

controlled by the centre-of-mass diffusion may not be valid. If we look at the DR study in 

(Acetamide+Urea+PEG) deep eutectic solvent (DES),62 a system that possesses an extensive 

H-bond network, provides the following: the second slowest relaxation time component 
2 , 

arising from the reorientation coupled to H-bond dynamics, was 164 ps at 313 K. Note the 

medium viscosity ratio between (Acetamide+Urea+PEG) DES62 and glycerol (our study) at 

313 K, 
DES

Glycerol




~5, while the ratio 

DES

Glycerol

2

1




 is ~4. This suggests that the most probable origin 

of 
1  for neat glycerol is reorientational motion coupled to H-bond fluctuation dynamics. 

3.3.1.2 Partial Viscosity Coupling of Dielectric Relaxation Dynamics in Neat Gly 

With increase of temperature, the average dielectric relaxation times decrease. This is because 

rise in temperature decreases medium viscosity. The partial decoupling of relaxation dynamics 

with medium viscosity has been investigate using the power dependence relation: 

p

T











  

which results a fractional ‘p’ value ~ 0.7 (<1). This is shown in Figure 3.4. Interestingly, 

fractional viscosity dependence of relaxation times is well-known for dynamically 

heterogeneous systems, such as, super-cooled liquids, ionic liquids, and deep eutectic 

solvents.67-72 

3.3.2 Impact of Glu Concentration (in wt%) on DR in Glu/Gly Solution 

3.3.2.1 Glu Concentration Dependence 

With increasing Glu concentration in Glu/Gly solutions, DR dynamics becomes slower. Figure 

3.3 presents the imaginary and real components of complex dielectric spectra of Glu/Gly 

solutions at four different concentrations of Glu at a representative temperature (313 K). 

Corresponding residuals are shown in Figure A.a.3 (Appendix). Note in none of the Glu 

concentrations, '   reaches a plateau in the low frequency limit. The relaxation peak of "  
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shifts toward lower frequency with increase of Glu concentration and the main relaxation peak 

moves further to the lower frequency regime beyond 0.2 GHz at Glu concentration 15 wt% or 

higher. Glu concentration dependent change of dielectric spectra at room temperature can be 

well understood from the kHz-GHz DR measurements, shown in Figure 3.2. The corresponding 

fit parameters, summarized in Table 3.3, suggest the estimated value of the static dielectric 

constant s , ( )( 0 ) decreases gradually as Glu concentration in the solution increases 

and the main relaxation peak shifts toward lower frequency value. Note at lower Glu 

concentration (5 wt%) the 3-Debye model, similar to neat Gly, adequately describes the 

experimental DR spectra. Further increase of Glu concentration imparts a new slow component 

with a time constant ~ 25-30 ns; amplitude of this component increases with the increase of 

Glu concentration in solution. The other three time constants also slow down with the increase 

of Glu concentration as the increase of latter in solution increases the medium viscosity. 

Dipolar species (Gly) reorientation coupled with structural H-bond relaxation, as observed for 

neat Gly, contributes to the component with a time constant of a few nanoseconds. This is the 

main relaxation mode in the Glu/Gly solutions. The inter-species H-bonding interaction 

between Gly and Glu and subsequently increased solution viscosity is manifested in 

lengthening of this timescale with increase of Glu concentration. Note that the amplitude of 

this component decreases as the wt% of Glu in Glu/Gly solution increases which not only 

eliminates the participation of Glu reorientation-coupled structural H-bond dynamics, but 

suggests also  Glu-induced reduction of  the corresponding dispersion amplitude. No significant 

impact of increasing Glu wt% on the individual amplitudes of the other two relatively faster 

components ( 2  and 3  for neat Gly) are observed; a slowing down of these time constants is 

registered. MD simulations are required to fully understand the origin of these timescales in 

terms of H-bond fluctuation dynamics and collective single particle reorientational relaxation. 
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Figure 3.3: Real ( ' ) (upper panel) and imaginary ( " ) (lower panel) components of complex 

dielectric spectra for various Glu concentrations in Glu/Gly solutions at a representative 

temperature 313 K. Experimental data points are shown as symbols while lines going through 

the data points depict multi-Debye fits. All representations are colour-coded. 

 

Now, what could be the likely origin of the slowest time constant which is a few tens of 

nanoseconds (~ 20-30 ns)? From the concomitant increase of amplitude and magnitude of this 

time component as Glu wt% varies from 15 to 25, we may ascribe this component to the 
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restricted dynamics of Glu. To have a comprehensive understanding about the origin of this ~ 

20-30 ns time component, further investigation employing NMR measurements and MD 

simulation are required. The emergence of such a slow relaxation mode and its Glu 

concentration dependence suggests that Glu/Gly system can be an efficient candidate for 

cryopreservation application where ‘plasticity’ of the system can be tuned rather easily.  

3.3.2.2 Temperature Dependence 

Impact of temperature on DR has been explored in the frequency window 0.2≤ /GHz≤50 only. 

With rise of solution temperature, the peak frequency of )("   gradually shifts towards higher 

value. This is shown in Figure 3.1 and can be explained in terms temperature-induced decrease 

of medium viscosity. The estimated values of the static dielectric constant, summarized in 

Table 3.2, show a decrease by ~ 10% with an increase of solution temperature by ~35 K. In the 

lower Glu concentration regime ( ~5wt%), experimental DR spectra are well described by 3-

Debye model throughout the temperature range, T=298-333 K. All the three DR time constants 

become faster with the increase of solution temperature. Emergence of new relaxation modes 

in higher Glu concentrations (15 and 25 wt%), particularly at higher temperatures, demand 4-

Debye fit to adequately describe the DR spectra. From the fit data summarized in Table 3.3, it 

can be anticipated that a slow component with a time constant longer than ~30 ns may exist in 

the Glu/Gly binary mixture even at lower temperature; this could not be detected simply 

because the relevant relaxation peak remained at a frequency lower than the low frequency 

accessed in the frequency window, 0.2≤ /GHz≤50. With the rise of temperature solution 

dynamics becomes faster because of decrease in medium viscosity, allowing the slower 

component of the DR entering into the frequency window accessed in the present 

measurements. Hence it is expected that Glu concentration induced emergence of slow time 

component (provided in Table 3.1) will be manifested in the temperature dependent DR of this 

binary mixture. Similar observation of a slow relaxation mode at higher temperature (> 310 

K), which was absent at a comparatively lower temperature (298 K), was also reported in highly 

viscous trehalose/glycerol cryoprotectant system via the fluorescence Stokes shift dynamics 

measurements.30 
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Table 3.2: Multi-Debye (3-Debye/4-Debye) fit parameters of temperature dependent 

experimentally measured DR spectra (frequency regime: 0.2≤ /GHz≤50) for various Glu 

concentrations in Glu/Gly solutions.a 

T/K 
s  1  

1

/ps 
2  

2

/ps 
3  

3

/ps 

4  
4

/ps 
  n2 

DR

/ps 

Glycerol (0 wt% Glu) 

300 41.95 29.78 

(81)b 

1185 

 

5.27 

(14) 

225 1.87 

(5) 

40 - - 5.03  990 

303 40.97 28.70 

(80) 

1103 5.50 

(15) 

215 1.83 

(5) 

37 - - 4.95 2.17

0 

913 

308 40.91 28.07 

(78) 

843 5.99 

(17) 

174 1.77 

(5) 

30 - - 5.08  691 

313 40.20 26.98 

(77) 

642 6.30 

(18) 

140 1.66 

(5) 

25 - - 5.26 2.16

7 

522 

318 39.17 26.23 

(78) 

492 6.18 

(18) 

110 1.48 

(4) 

20 - - 5.27 2.16

7 

402 

323 37.95 25.79 

(79) 

380 5.69 

(17) 

84 1.25 

(4) 

14 - - 5.22 2.16

6 

315 

328 38.01 25.13 

(77) 

306 6.11 

(19) 

75 1.25 

(4) 

13 - - 5.52 2.16

6 

251 

333 37.02 24.90 

(79) 

235 5.58 

(18) 

57 1.11 

(3) 

8 - - 5.43 2.16

5 

196 

5 wt% Glu 

298 39.96 28.24 

(81) 

1640 4.73 

(14) 

305 2.02 

(6) 

56 - - 4.97  1368 

303 39.5 26.87 

(78) 

979 5.52 

(16) 

201 1.93 

(6) 

39 - - 5.18 2.17

7 

801 

308 39 26.22 

(77) 

828 5.87 

(17) 

173 1.81 

(5) 

32 - - 5.10  672 

313 38.56 25.33 

(76) 

662 6.26 

(19) 

147 1.74 

(5) 

28 - - 5.23 2.17

5 

532 

318 38.02 24.24 

(74) 

518 6.85 

(21) 

123 1.62 

(5) 

22 - - 5.31 2.17

5 

411 

323 37.66 23.89 

(74) 

464 6.82 

(21) 

113 1.56 

(5) 

20 - - 5.39 2.17

5 

368 

328 37.29 23.81 

(75) 

388 6.65 

(21) 

94 1.38 

(4) 

17 - - 5.45 2.17

4 

311 

333 36.62 23.60 

(76) 

312 6.38 

(20) 

75 1.23 

(4) 

13 - - 5.41 2.17

4 

252 

15 wt% Glu 

298 39.5 28.05 

(82) 

2493 4.06 

(12) 

443 2.3 

(7) 

86 - - 5.09  2090 

303 39.2 25.82 

(76) 

1736 6.18 

(18) 

318 2.1 

(6) 

54 - - 5.10 2.19

3 

1375 

308 39 24.76 

(73) 

1243 6.95 

(21) 

246 2.01 

(6) 

42 - - 5.28  966 

313 38.7 24.09

(72) 

1025 7.54 

(23) 

201 1.8 

(5) 

32 - - 5.27 2.19

2 

786 



Chapter 3 

42 
 

318 38.4 16.21 

(49) 

1138 13.17 

(40) 

318 3.29 

(10) 

58 0.49 

(1) 

10 5.24 2.19

2 

689 

323 38 15.79 

(48) 

918 13.01 

(40) 

276 3.32 

(10) 

54 0.52 

(2) 

9 5.36 2.19

1 

560 

328 37.5 10.62 

(33) 

942 16.33 

(51) 

291 4.09 

(13) 

66 0.89 

(3) 

15 5.57 2.19

0 

471 

333 37 5.66 

(18) 

1226 20.01 

(63) 

250 4.87 

(15) 

56 0.98 

(3) 

10 5.48 2.19

0 

388 

25 wt% Glu 

298 38.80 27.47 

(81) 

3250 - - 4.47 

(13) 

432 2.01 

(6) 

69 4.86  2693 

303 38.50 26.44 

(79) 

2634 - - 5.24 

(15) 

365 1.97 

(6) 

53 4.85 2.21

1 

2139 

308 38.25 23.86 

(71) 

2217 6.02 

(18) 

493 2.37 

(7) 

119 1.17 

(4) 

30 4.83  1672 

313 38.00 23.12 

(70) 

1693 6.37 

(19) 

382 2.49 

(8) 

94 1.06 

(3) 

24 4.97 2.21

0 

1266 

318 37.80 21.53 

(66) 

1387 7.72 

(24) 

314 2.69 

(8) 

67 0.77 

(2) 

16 5.09 2.21

0 

996 

323 37.65 16.67 

(51) 

1180 11.12 

(34) 

337 3.49 

(11) 

79 1.20 

(4) 

19 5.17 2.20

9 

726 

328 37.26 15.05 

(47) 

984 12.08 

(38) 

283 3.73 

(12) 

65 1.08 

(3) 

15 5.32 2.20

9 

578 

333 37.07 16.59 

(52) 

570 11.42 

(36) 

172 3.17 

(10) 

38 0.82 

(2) 

6 5.07 2.20

8 

362 

aIndividual amplitudes and time constants can be reproduced within ±5% of the reported 

values. 

bNumber in parenthesis indicates dispersion amplitude of a given dispersion step in percentage. 

 

Table 3.3: Multi-Debye (3-Debye/4-Debye) fit parameters of experimentally observed 

dielectric data (kHz-GHz frequency) for various Glu concentrations in Glu/Gly solutions at ~ 

298 K. 

wt% 

of Glu /ps /ps /ps 

0 300 41.88 - - 30.08 

(82) 

1160 

 

4.97 

(13) 

211 1.80 

(5) 

39 5.02 981 

5 300 39.65 - - 28.75 

(83) 

1541 

 

4.04 

(12) 

262 1.89 

(5) 

54 

 

4.97 1313 

15 298 39.54 2.56 

(7) 

25510 25.72 

(75) 

2256 3.85 

(11) 

442 2.32 

(7) 

86 5.09 3532 

25 298 38.82 3.90 

(12) 

29201 23.24 

(68) 

2926 4.75 

(14) 

470 2.07 

(6) 

70 4.86 5564 

 

 

  
DR 4  

4 /ps 
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If we closely follow Table 3.1 and Table 3.2, the prominent anomaly between temperature 

induced variations of viscosity and the average DR time can be observed which is well 

summarized in Table A.a.4 (Appendix). Extent of such decoupling can be immediately 

quantified from the temperature-reduced viscosity (
T


) dependence of DR time according to 

p

T











  relation where a departure of ‘p’ from unity (according to the hydrodynamic 

prediction p=1) is considered as a signature of decoupling. Figure 3.4 illustrates the decoupling 

of DR   with 
T


  in double logarithmic fashion along with linear fits throughout the measured 

data. Note that in these Glu/Gly solutions, the value of p ranges between ~ 0.5 and ~ 0.8 

depending upon Glu wt% in the solutions. A global fit taking all the measured data points 

(which includes data at all Glu concentrations and temperatures considered) produces a value 

for the fraction power p ~ 0.6. Fractional viscosity dependence of DR time was reported in 

(Acetamide+Urea)67 and (Acetamide+Urea+PEG) DES62 and interpreted in terms of  temporal 

heterogeneity of the medium. Solvation times, explored via fluorescence Stokes shift dynamics 

in various media including DESs,56,73 molten mixtures,71 cryporotectant solutions30 etc. 

registered such a partial viscosity decoupling near room temperature. Note that in deeply 

supercooled liquids fractional viscosity dependence of diffusive time scales is a common 

observation and is explained in terms of temporal heterogeneity.68-72,74-77 Following this, 

fraction power (p ~ 0.6) obtained in the present DR measurements is attributed to the presence 

of substantial dynamic heterogeneity in Glu/Gly cryoprotectant solutions. 
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Figure 3.4: Temperature-reduced viscosity 








T


 dependence of the average DR time, ( DR ) 

at various wt% of Glu in Glu/Gly solutions. Solid lines passing through the data points 

represent fits. Different colours have been used to denote different wt% of Glu in this binary 

mixture. 

 

As discussed before, the DR time constants in neat Gly follow Arrhenius-type temperature 

dependence in the range T= 300-333 K. Consequently, attempts have been made to estimate 

the activation energies (Ea) associated with DR times in Glu/Gly solutions from the respective 

temperature-dependent DR measurements. Arrhenius-type dependencies have been found for 

both DR   and  . This is presented in Figure 3.6. Note that the activation energis associated 

with medium viscosity, (


aE ~ 60 kJmol-1) is ~ 1.5 times larger than those associated with DR  

(
DR

aE ~ 40 kJmol-1). Interestingly, 


aE  obtained from Arrhenius temperature dependencies of 

experimentally measured macroscopic viscosity   corroborates well with the estimated 

activation energy, 
est

aE )( 
 (

est

aE )( 
 ~ 65 kJmol-1) according to 

DR

DR

aest

a
p

E
E )(  72. Here 

DR

aE and 

DRp  are DR activation energy and fractional power obtained in Figure 3.4, respectively). This 

confirms that the relaxation dynamics probed via DR measurements in these Glu/Gly 
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cryoprotectant solutions is partially decoupled from the frictional resistance arising from the 

medium viscosity. This provides further support to the view of temporal heretogeneity of these 

Glu/Gly solutions. 
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Figure 3.5: Arrhenius-type temperature dependence of indiviual DR times ( x ) measured for 

glycerol. Solid lines passing through the data points represent the linear fits. Different colours 

have been used for individual time constants. Estimated activation energies have been 

mentioned. 
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Figure 3.6: Arrhenius-type temperature dependence of medium viscosity (upper panel) and 

average DR time ( DR ) (lower panel) for Glu/Gly solutions. Estimated activation energies at 

various wt% of Glu in Glu/Gly solutions are shown. Solid lines passing through the data points 

represent linear fits. Different colours have been used for various wt% of Glu. 
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Table 3.4: Estimated hydrodynamic molecular rotation time (
Tk

V

B

rot




3
 ) of Gly at 313 K using 

Stokes-Einstein-Debye (SED) relation for dielectric relaxation and translation time (

,
2

trans

trans
D


   where   denotes the diameter of diffusing species with diffusion constant 

R

Tk
D B

trans
6

   and R=
2


) according to Stokes-Einstein (SE) relation. The viscosity ( ) at 

T=313 K is 298 cP (Table 3.1) and van der Waals volume (V) of Gly, estimated from Reference 

42 is 86.82 Å3. 

Species 
rot / ns trans / ns  

Glycerol 17.97 107.82 

 

3.4 Conclusion 

To summarize, the present DR spectroscopic measurements have revealed pronounced 

temporal heterogeneity in the Glu/Gly cryoprotectant mixtures in the temperature range T = 

300-333 K. A significant slowing down of DR time with increasing Glu concentration in 

Glu/Gly solutions has been detected along with the emergence of a much slower component 

(with time constant ~ 20-30 ns) in the higher Glu concentration region (> 5 wt% Glu in Glu/Gly 

solutions). Due to emergence of such a slow dynamics for higher Glu wt% (~ 15 wt% and 

more) in the current solutions, Glu/Gly systems may be useful in designing more efficient 

cryoprotectant media. Temperature and composition dependent DR measurements covering 

KHz-THz frequency window are required for further exploration of a possible interconnection 

between dynamic heterogeneity and cryopreservation efficiency of these and other 

cryoprotectant systems. Strong spatio-temporal heterogeneity reported already for 

trehalose/glycerol cryoprotectant solutions30 motivates such a study for these systems 

employing  steady state and time-resolved fluorescence emission spectroscopic measurements. 
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Chapter 4 

 

Spatio-Temporal Heterogeneity in Glucose/Glycerol Cryoprotectant 

System: Probe Dependent Fluorescence Spectroscopic Study 

4.1 Introduction 

Cryoprotectants have now become indispensable for low-temperature preservation of living 

cells, tissues, organs, proteins etc.1 Cryoprotectants are the substances added to living cells, 

tissues etc. prior to low-temperature preservation (cryopreservation) to achieve higher post-

thaw survival rate.2 Importance of cryoprotectants in preservation technology has been inspired 

by natural mechanism adopted by living systems. For example, synthesis of different 

osmolytes, such as, sugars, polyalcohols, antifreeze proteins etc. in high concentration have 

been found to be carried by living bodies in order to survive in harsh environments, ranging 

from extreme cold, high salinity to sharp and large temperature change and drought-like 

situations.3-11 Such natural mechanism to cope with extreme environmental stress are exploited 

in food preservation as well as low temperature preservation (cryopreservation12) of living 

cells, proteins, tissues, organs in the field of biotechnology, pharmaceuticals etc.13-19 Glycerol 

was first used in cryopreservation in 1949.20 Cryoprotectants increase the viability of preserved 

substances mainly via decreasing free water (accessible to form ice crystal) in intracellular or 

extracellular fluid depending on individual physicochemical properties of cryoprotectants.21,22 

Generally, low molecular weight substances, such as, glycerol, ethylene glycol, propylene 

glycol, methanol etc. act as intracellular cryoprotectant agents (CPA) while high molecular 

weight glucose, sucrose, trehalose etc. function as extracellular agents.23 

Vitrification,  that is, rapid cooling to avoid ice crystal formation by achieving a glassy state in 

presence of high concentrated cryoprotectant formulation had been proven to have more 

preservative efficiency as compared to conventional cryopreservation.24 Glass formation can 

effectively slow down large-scale molecular transport which in turn enhances the preservation 

time.25,26 Thus the substances possessing high glass transition temperature (Tg), for example, 

carbohydrates (Tg of Glucose ~ 300 K27) are considered as promising cryoprotectant candidates 

for preservation of foods, proteins and peptides.28-30 Several groups suggested that high Tg of 

carbohydrates play the primary role for their protein preservation efficiency.31-35 Though an 
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alternative perspective on mechanism of protein preservation that includes importance of 

strong H-bond interaction of carbohydrates with protein has also been claimed.36,37 A strong 

glass-forming liquid has been found to enhance protein stability.38 One can therefore expect 

that glucose (carbohydrate with high Tg ~ 300 K), in combination with glycerol (good glass 

forming liquid, Tg ~ 190 K39-41), may act as a suitable preserving formulation. It is evident that 

cryopreservation efficiency can be improved when multi-component cryoprotectants, such as, 

trehalose/proline,42 glucose/glycerol,43 trehalose/glycerol17 are utilized instead of single 

component alone.44,45 

It is well known that host solvent (CPA) molecules strongly affect the structure and dynamics 

of biomoleclues and also play an important role to prevent intra- and extra-cellular ice 

crystallization.46-49 This crystallization process is strongly coupled to the microscopic 

interaction and dynamics of the host cryoprotectants solution.41 Moreover owing to inherent 

glassy nature of these cryoprotectants formulation, it can be anticipated that the intrinsically 

heterogeneous nature of these systems will exercise pronounced control over interaction and 

dynamics.50-57 Therefore, study of spatio-temporal heterogeneity in cryoprotectants solutions 

provides an opportunity to gain deeper knowledge of these technologically important media 

which may help in engineering new cryoprotectants for specific applications. 

Dielectric and NMR relaxation measurements with glycerol/DMSO mixtures,58 NMR 

relaxation measurements with propanol/glycerol mixtures,59 sugar alcohols,60 neutron 

scattering measurements with glycerol/trehalose mixtures61 etc. have been attempted to explore 

the inherent interaction and relaxation dynamics of cryoprotectants. A combined time-resolved 

fluorescence spectroscopy along with molecular dynamic (MD) simulations in 

trehalose/glycerol cryoprotectant solution in the temperature range T=298 to 353K have 

reported strong spatio-temporal heterogeneity in solution (at far above the Tg of solution) and 

proposed that there could be an interconnection between dynamic heterogeneity and 

cryopreservation properties of such systems.41 Although relaxation dynamics in neat glucose 

has been followed via dielectric relaxation spectroscopy (DRS),62 and differential scanning 

calorimetry (DSC)63 and other studies on interaction and dynamics in neat glycerol performed, 

no attempt has yet been made to systematically investigate the composite glucose/glycerol 

binary solution. This is somewhat surprising considering the fact that  glucose/glycerol solution 

possesses a strong potential in cryopreservation.43 These facts provide the necessary motivation 

for investigating the glucose/glycerol cryoprotectant solution via steady state and time-resolved 

fluorescence emission spectroscopic techniques. The existing solute-centric fluorescence 
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studies in glycerol41,64,65 will be supportive to explain the current fluorescence results in 

glucose/glycerol solutions. 

To investigate the impact of glucose (Glu) concentration and temperature on solution phase 

interaction and dynamics and subsequently on spatio-temporal heterogeneity in the 

glucose/glycerol cryoprotectant solutions, we have employed four different Glu wt% (0, 5, 15 

and 25 wt %) in solution in the temperature range T = 283-343 K. Note  the maximum amount 

of glucose that is completely soluble in glycerol is 25wt%. We have employed two well-known 

non-reactive external dipolar probe solutes, coumarin 153 (C153) and coumarin 343 (C343), 

in our present spectroscopic measurements.41,64-74 We have selectively chosen these two 

solutes, (with different chemical nature) hydrophobic solute C153 and hydrophilic C343 to 

extract information regarding the nature of interaction and dynamics of these binary mixtures. 

4.2 Experimental Details 

4.2.1 Materials and Sample Preparation 

D(+)Glucose (≥99.5%), glycerol (≥99%), coumarin 153 (dye content 99%), coumarin 343 (dye 

content 97%) were purchased from Sigma Aldrich and used without further purification. The 

chemical structures of glucose (Glu), glycerol (Gly), coumarin 153 (C153) and coumarin 343 

(C343) are shown in Scheme 4.1. The cryoprotectant solutions of glucose (Glu) and glycerol 

(Gly) were prepared following the same strategy as depicted in chapter 3. For preparing 5 wt% 

Glu/Gly solution, required amounts of Glu and Gly were weighed in an airtight glass vial and 

heated on a hot plate fitted with magnetic stirrer at ~333 K for 3 hrs at 400 rpm to get a 

transparent colourless solution. Similarly, 15wt% and 25wt% Glu solutions were prepared by 

heating at 343 K for 3 hours and at 353 K for 4 hours, respectively. As these solutions are 

highly viscous in nature, fluorophore dyes (C153/C343) were preloaded in glass vials before 

weighing Glu and Gly to prepare solutions for UV-Vis absorption and fluorescence 

measurements. This ensured complete dissolution of dye molecules in these solutions. 

Concentrations of these dyes (C153 or C343) maintained in the solutions were ≤ 10-5 M. 

4.2.2 Density and Viscosity Coefficient Measurements 

Temperature dependent densities (  ) and viscosity coefficients ( ) of the Glu/Gly solutions 

were  measured by using an automated temperature-controlled density and sound velocity 

analyzer (Anton Paar, model DSA 5000) and automated micro viscometer (AMVn, Anton 

Paar), respectively.41,73 Measured   values are summarized in Table 4.1. 
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Scheme 4.1: Chemical structures of glucose (Glu), glycerol (Gly), coumarin 153 (C153) and 

coumarin 343 (C343). 

 

Table 4.1: Temperature dependent viscosity coefficients ( /cP) values of Glu/Gly solutions 

at various Glu concentrations. 

T/K Viscosity coefficients ( /cP) of Glu/Gly solutions 

0 wt% 5 wt% Glu 15 wt% Glu 25 wt% Glu 

293 1507 2143   

303 634 876 1586  

313 298 399 685 1446 

318 211 280 467 954 

323 153 201 327 647 

328 114 148 236 448 

333 87 111 172 317 

338 67 84 129 230 

343 53 66 98 170 

  

 

 

C153 

C343 

Glucose 

Glycerol 
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4.2.3 Data Collection and Analysis for Steady State UV-Vis Absorption and Fluorescence 

Emission Measurements 

UV-Visible spectrophotometer (UV-2600, Shimadzu) and fluorimeter (Fluorolog, Jobin-Yvon, 

Horiba) were used for recording steady state absorption and fluorescence emission spectra, 

respectively.69,70 Peltier temperature controller (accuracy ± 0.5 K) was used to perform 

temperature dependent measurements. The standard spectral analysis procedure was followed 

to determine spectral frequencies.75,76 The typical instrumental resolution for the determined 

spectral frequencies and spectral widths (full width at half maxima, FWHM) were within ±200 

cm−1. Detailed description of the steady state UV-Vis absorption and fluorescence techniques 

are same as discussed in chapter 2. 

4.2.4 Data Collection and Analysis for Time-Resolved Fluorescence Emission Spectra 

Time-resolved fluorescence measurements77 were performed with a time-correlated single-

photon counting (TCSPC) set-up (LifeSpec-ps) from Edinburgh Instruments (Livingston, 

U.K.).78 409 nm laser excitation source was used to excite C153 or C343, dissolved in the 

cryoprotectant solutions using an excitation slit of 2 nm. Magic angle (54.7°) intensity decay 

at 409 nm of a scattering medium (water) after excitation by 409 nm laser that produced the 

FWHM of the instrument response function (IRF) ~ 85 ps. Temperature was controlled via a 

Julabo temperature controller (accuracy ±1 K). Lifetime emission decays (magic angle 

intensity decays) were recorded at the peak wavelength of corresponding steady state 

fluorescence emission spectrum for both the solutes (C153 and C343). Data collection and 

analysis for Stokes shift dynamics and fluorescence anisotropy were performed as described in 

chapter 2 and references.67,79-81 

4.3 Results and Discussion 

4.3.1. Steady State UV-Vis Absorption and Fluorescence Studies 

4.3.1.1 Impact of Temperature 

Figure 4.1 shows representative temperature-dependent absorption and emission spectra of 

C153 and C343 at 25 wt % Glu in Glu/Gly mixture. Temperature dependent changes in spectral 

peak frequencies )( em  and widths (FWHM, em ) of both C153 and C343 dissolved in 

Glu/Gly cryoprotectant solutions are presented in Figure 4.2 and Figure A.b.1 (see Appendix), 

respectively. Note that for both the probe solutes, spectral features are somewhat sensitive (~ 

100-500 cm-1 shift) to temperature variation in the range of T = 283-333 K. Though spectral 
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features are mildly temperature sensitive, the temperature dependence of absorption peak 

frequencies are found to be weaker than that of emission frequencies and they (absorption and 

fluorescence emission) exhibit opposite temperature dependencies. This is because temperature 

induced decrease of medium static dielectric constant ( s ) ( s  values are provided in Table 

3.2 in chapter 3) is manifested in the slightly blue-shift of absorption spectra. On the other 

hand, red shift of fluorescence emission spectra reflects that fluorescence occurs from more 

solvent relaxed environment with increasing temperature (decreasing medium viscosity). 

Similar temperature impact on absorption and fluorescence emission spectra has been reported 

in trehalose/glycerol cryoprotectants41 and high viscous deep eutectic solvents82. Note, 

temperature-induced emission red-shift of C153 (~ 500 cm-1) is larger than that of C343 ( ~ 

300 cm-1 ) for 60 K temperature change, observed in 25 wt% Glu solution. Because of different 

chemical nature of C153 (hydrophobic) and C343 (hydrophilic), it is quite expected that they 

would prefer to reside in different regions inside these solutions and respond differently to 

solution temperature variation.69,71 To understand the nature of these different regions probed 

by C153 and C343, we have successively varied Glu concentration in the Glu/Gly 

cryoprotectant solutions. 
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Figure 4.1: Temperature dependent steady state absorption (left panels) and fluorescence 

emission spectra (right panels) of C153 (upper panels) and C343 (lower panels) at 25 wt% of 

Glu in Glu/ Gly solutions. All presentations are colour-coded. Each of this emission spectrum 

has been recorded after excitation at the peak wavelength of the corresponding absorption 

spectrum. 
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Figure 4.2: Temperature dependent steady state absorption (upper panels) and fluorescence 

emission peak average frequencies (lower panels) )( em  of C153 (left panels) and C343 (right 

panels) dissolved in Glu/ Gly solutions. All representations are colour-coded. 

 

4.3.1.2 Glu Concentration Dependence 

Figure 4.3 represents the absorption and emission spectra of C153 and C343 in Glu/Gly 

solutions at 293 K. Both the dye molecules report substantial change in absorption and emission 

spectral features with variation of Glu concentration in binary miuxtures. Approximately 1000 

cm-1 blue shift in the absorption and the emission peak frequencies of C153 have been observed 

in 25 wt% Glu containing solution compared to neat Gly. This is in contrast to the observation 

for the other dye, C343, where a non-monotonic dependence with Glu concentration has been 

registered. Note, both the components (Glu and Gly) of present cryoprotectants solutions 

possess multiple hydroxyl groups along with hydrophobic backbone. Therefore, with 

increasing Glu concentration in solution, both hydrophobic and hydrophilic rich microscopic 

domains are expected to emerge. Owing to hydrophobic nature, the spectral characteristic of 

dipolar solute C153 is expected to probe predominantly the hydrophobic regions of Glu/Gly 
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solutions while C343 locates itself inside the hydrophilic domains. The apparent shift of C153 

and C343 absorption and emission peak positions in Gly and 25wt% Glu solution, shown in 

Figure 4.4, again emphasizes on Glu concentration induced modification of microscopic 

solution structure. Presence of such different microscopic environments in Glu/Gly 

cryoprotectant solutions can be explored further via monitoring the excitation wavelength 

dependent fluorescence emission of C153 and C343. 
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Figure 4.3: Steady state absorption (left panels) and fluorescence spectra (right panels) of 

C153 (upper panels) and C343 (lower panels) at different wt% of Glu in Glu/Gly solutions at 

293 K. All presentations are colour-coded. Each of this emission spectrum has been recorded 

after excitation at the peak wavelength of the corresponding absorption spectrum. 
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Figure 4.4: Steady state absorption (upper panels) and fluorescence spectra (lower panels) of 

C153 and C343 dissolved in neat Gly (left panels) and 25 wt% Glu in Glu/ Gly solutions (right 

panels) at 293 K. All presentations are colour-coded. 

 

4.3.1.3 Spatial Heterogeneity in Glu/Gly Solutions 

Presence of microscopic spatial heterogeneity has often been monitored via exciting the 

dissolved probe at various wavelengths ( exc ) across its absorption spectrum.83,84 Figure 4.5 

represents exc  dependent shift of fluorescence emission frequencies and changes in the 

corresponding FWHMs of C153 and C343 in Glu/Gly solutions under study. Shift of emission 

frequency for either of solutes C153/C343 with excitation energy (

exc

induced ~ 200-600 cm-

1 red shift for C153 and for C343 it is 300-700 cm-1) indicates that spatial inhomogeneity 

increases with increasing Glu concentration in the solutions. Temperature induced exc  

dependent total shift of emission frequency and FWHM is shown in Figure 4.6. This results 
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reveal that irrespective of the nature of environment occupied by the C153/C343, the Glu/Gly 

cryoprotectants solutions are spatial heterogeneous and it is highest in presence of 25 wt% Glu 

(highest Glu wt% considered in this work). Similar result was reported for trehalose/glycerol 

cryoprotectants where heterogeneity was found to increase with gradual increase of trehalose 

concentration.41 Note the 

exc

induced shift of em  is a manifestation of competition between 

fluorescence lifetime (
life ) of a dissolved fluorophore probe and the inter-conversion 

timescales of different solvation environments surrounding the probe molecules. This 

heterogeneous picture of a solution cannot be registered by a dissolved probe with too short or 

too long 
life compared to the inter-conversion timescale of different solvation 

environments.70,73,82,85 Therefore, lifetime of the probe solutes (C153 and C343) in these 

Glu/Gly solutions is important to get an idea about persistent time of the heterogeneous 

domains in the medium. 

Subsequently, excited state fluorescence lifetimes, life , of C153 and C343 in this Glu/Gly 

cryoprotectants solutions have been measured. Measured lifetime data summarized in Table 

A.b.2 (Appendix) indicates that life  of C153 varies substantially with temperature and 

composition of Glu/Gly solutions where as no significant change has been registered for C343. 

Similar life  variation of these two probes (C153 and C343) was reported in Glucose based 

DES.72,73 Note the life  of C153 and C343 summarized in Tables A.b.2 (Appendix) are ~ 2-

4 ns and ~ 3 ns, respectively which suggest few-ns inter-conversion timescale for solvation 

structure surrounding the probe molecules in this Glu/Gly solutions. Next, pico-second 

resolved fluorescence technique is employed to investigate the temporal behaviour of this 

cryoprotectants solution. 
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Figure 4.5: Excitation wavelength dependence (

exc

) of steady state fluorescence emission 

average peak frequencies, emv  (upper panels) and spectral widths (FWHM), em  (lower 

panels) of C153 (left panels) and C343 (right panels) at different wt% of Glu in Glu/Gly 

solutions at 293 K, respectively. All representations are colour-coded. 
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Figure 4.6: Temperature-induced 

exc

 dependent total shifts of emission frequency (upper 

panels) and FWHM (lower panels) of C153 (left panels) and C343 (right panels) in Glu/ Gly 

solutions. All representations are colour-coded. 

 

4.3.2 Time-Resolved Fluorescence Measurements 

4.3.2.1 Stokes Shift Dynamics  

Representative fluorescence intensity decays at blue and red end wavelength with respect to 

the steady state fluorescence emission peak wavelength for each of the dye molecules dissolved 

in 25 wt% Glu in Glu/Gly solution at 293 K are shown in Figure A.b.3. For both the dyes, only 

decay at blue-end wavelength and growth followed by decay at the red-end wavelength have 

been observed. This is a hallmark of dynamic Stokes shift of a dissolved dipolar solute probe 

because of the host particle rearrangement in response to the laser-induced sudden change in 

the charge distribution of the solute. Figure 4.7 is the representative time-resolved emission 
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spectra (TRES) of C343 and C153 in the Glu/Gly solutions at 293 K. The corresponding steady 

state emission spectra are also shown in each of the respective panels. Note the steady state 

emission spectra are blue shifted with respect to the emission spectrum taken at t=∞ which 

indicates that steady state emission spectra recorded in these solutions have arisen from excited 

solutes that possessed incompletely solvent-relaxed configurations. 
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Figure 4.7: Representative constructed time-resolved emission spectra (TRES) of C343 (upper 

panels) and C153 (lower panels) dissolved in Glu/Gly solutions for different time intervals at 

293 K. The corresponding steady state emission spectra of C343/C153 in these solutions are 

shown as dashed lines in each of the respective panels. All representations are colour-coded. 

 

Glu and Gly have multiple hydroxyl groups ((−𝑂𝐻)𝑛) and in solution these hydroxyl groups 

participate in extensive intra and inter-species hydrogen bonding. The collective intermolecular 

vibration and libration modes of H-bonded systems are known to contribute to the ultrafast 

sub-picosecond polar solvation response.86-88 Thus the solvation response observed using 

present ps-resolved set-up does not represent complete detection of the total Stokes shift 
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dynamics in these systems. Table 4.2 summarizes the total dynamic Stokes shift of C153/C343 

detected )( t

obs  in these solutions from the present measurements and the corresponding 

estimated total dynamic Stokes shift (
t

est ) via a well-known approximate method89. Because 

of broad temporal resolution employed, we have missed nearly 30-50% of the total dynamic 

Stokes shift. Since the density Glu/Gly solutions (~ 1.3 gcm-3) are higher than the nonpolar 

reference solvent (hexane, density ~ 0.7 gcm-3), the actual missing portion may vary90,91 from 

the values shown in Table 4.2. Overestimation of slow-time component is expected due to 

missing of total dynamic Stokes shift as observed earlier in ionic liquids.84,92,93 Nevertheless 

the solvation dynamic response captured in the present measurements will provide a qualitative 

and useful information of medium dynamics. 

Glu concentration dependent solvation response functions (S(t)), determined from the peak 

frequencies of time dependent emission spectrum, of C343/C153 in these Glu/Gly solutions at 

293 K are shown in Figure 4.8. Representative temperature dependent solvation response 

functions are represented in Figure A.b.4. The decay fit parameters are summarized in Table 

4.3. Solvation response functions of C153 are characterized by a few-100 ps and a slower multi-

ns time component. This slower component dominates with increasing Glu concentration in 

the solution. S(t) decay for other probe, C343 is characterized by a faster ~ 100-300 ps 

component, a sub-ns component and a slower one, ~ 3-6 ns component. A number of time-

resolved fluorescence studies reported solvation timescales for C153 (~ 1100 ps) and C343 (~ 

700 ps) in neat Gly (at T=~ 295 K) quite close to the solvation time obtained in our present 

measurements.64,65 Note DR measurements in the same Glu/Gly cryoprotectant solutions report 

average DR timescales )( DR , shown in Table 3.2 (see chapter 3), close to s  of C343 and 

C153 (for 25 wt% Glu at 303 K: DR = 2139 ps, 
153C

s = 1842 ps, 
343C

s = 1913 ps) although 

the individual relaxation times and the corresponsing amplitudes ( i , ia ) are different (as 

expected) from those found in solvation dynamics studies. Interestingly, s  for C343 in these 

solutions are slightly logner than that of C153. Moreover, a long 3-5 ns time-component in 

solvation response of C343 has been found to persist irrespective of solution temperature and 

composition which is absent for C153 in lower Glu concentration regime (≤15wt% Glu). 

Strong solute (C343)-medium interaction because of ionic nature of this probe is possibly the 

the reason for such a slow component with 3-5 ns timescale. 
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Table 4.2: Magnitudes of estimated (
t

est ), observed (
t

obs ) and missing portion of the total 

dynamic Stokes shift of C343 and C153 at different wt% of Glu in Glu/Gly solutions. 

C343 in Glu/Gly Solutions 

T/K t

est /cm-1 
t

obs /cm-1 % Missed 

C343 in Gly 

283 1904 1044 45 

293 1833 1003 45 

303 1846 944 49 

313 1791 820 54 

323 1620 755 53 

C343 in 5 wt% Glu 

283 1781 1115 37 

293 1812 986 46 

303 1786 946 47 

313 1879 890 53 

323 1856 808 56 

333 1682 744 56 

C343 in 15 wt% Glu 

283 2181 1052 52 

293 2205 1003 54 

303 2218 948 57 

313 2229 877 60 

323 2229 831 63 

333 2228 742 67 

C343 in 25 wt% Glu 

283 1268 792 38 

293 1337 800 40 

303 1352 783 42 

313 1312 705 46 

323 1351 655 52 

333 1347 590 56 

C153 in Glu/Gly Solutions at 293 K 

wt% Glu t

est /cm-1 
t

obs /cm-1 % Missed 

0 1085 725 33 

5 1049 681 35 

15 740 571 23 

C153 in 25 wt% Glu 

283 666 646 3 

293 918 625 32 

303 1014 595 41 

313 1106 546 51 

323 944 447 53 

333 1005 431 57 
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Figure 4.8: Solvation response function (S(t)) decays for C343 (upper panel) and C153 (lower 

panel) at different wt% of Glu in Glu/Gly at 293 K. Experimental data for S(t) are shown by 

circles; solid lines passing through the data represent the fits. All presentations are colour-

coded. 
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Table 4.3: Temperature dependent decay characteristics of solvation response function (S(t)) 

of C343 and C153 at various wt% of Glu in Glu/Gly.a 

T/ K 
1a  1 / ps 2a  2 / ps 

3a  3 / ps 
s / ps 

C343 in Gly 

283 0.27 261 0.26 787 0.47 3330 1853 

293 0.49 224 0.35 1090 0.16 4077 1155 

303 0.54 138 0.38 682 0.08 4540 705 

313 0.66 114 0.28 468 0.06 5232 512 

323 0.49 61 0.45 188 0.06 3182 315 

C343 in 5 wt% Glu 

283 0.16 138 0.32 522 0.52 3439 1985 

293 0.40 234 0.34 1006 0.27 3775 1436 

303 0.50 155 0.37 722 0.13 4475 933 

313 0.60 103 0.33 488 0.08 4796 617 

323 0.68 84 0.25 350 0.07 5349 514 

333 0.76 67 0.17 254 0.07 6489 519 

C343 in 15 wt% Glu 

283 0.33 310 - - 0.67 3722 2606 

293 0.27 209 0.28 742 0.45 3582 1877 

303 0.41 176 0.36 826 0.24 3994 1307 

313 0.53 156 0.31 712 0.16 4780 1059 

323 0.59 100 0.29 466 0.13 5083 838 

333 0.70 85 0.18 386 0.12 5151 730 

C343 in 25 wt% Glu 

283 0.26 275 - - 0.74 3981 3009 

293 0.38 323 - - 0.62 3724 2423 

303 0.34 189 0.25 796 0.41 4016 1913 

313 0.49 195 0.22 852 0.29 4157 1504 

323 0.56 150 0.18 578 0.26 4541 1375 

333 0.61 118 0.16 555 0.23 4900 1283 

C153 in Glu/Gly Solutions at 293 K 

wt% Glu a1 τ1/ ps a2 τ2/ ps a3 τ3/ ps <τs>/ ps 

0 0.79 453 0.21 1065 - - 584 

5 0.58 419 0.42 932 - - 634 

15 0.45 311 0.55 1456 - - 943 

C153 in 25 wt% Glu 

283 0.18 121 0.82 3942 - - 3254 

293 0.18 347 0.82 3694 - - 3091 

303 0.41 501 0.59 2774 - - 1842 

313 0.69 523 0.31 2383 - - 1100 

323 0.74 285 0.26 900 - - 445 

333 0.83 208 0.17 1129 - - 364 
aIndividual amplitudes and time constants can be reproduced within ±10% of the reported 

values.  
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Next we explored the coupling between average solvation time for the hydrophilic solute, C343 

and medium viscosity. Figure 4.9 describes the partial decoupling of the measured s  of 

C343 and medium viscosity in Glu/Gly solutions in double logarithmic fashion. Fits going 

through the experimental data points denote fractional viscosity dependence of the type, 

p

s TA )/(  , with fractional p values, ~ 0.1-0.5. Note for homogeneous systems one 

expects p = 1, which is hydrodynamic prediction. This substantial deviation of p from unity 

suggests pronounced decoupling of s  from medium viscosity and may be interpreted as 

arising from strong temporal heterogeneity of these cryoprotectant solutions.41,50,72,73,82,85,94-100  
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Figure 4.9: Temperature-reduced viscosity dependence ( T/ ) of average solvation time, 

)( s , of C343 in Glu/Gly solutions. Solid lines passing through the data points represent fits. 

All presentations are colour-coded. 

 

Viscosity decoupling has been further explored from the estimated activation energies 

associated with the temperature dependent solution viscosities and average solvation times of 

C343, shown in Figure 4.10. Clearly, these experimental quantities (  and s ) show 
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Arrhenius-type temperature dependencies. Note that the activation energy associated with 

viscosity, (


aE ~ 60 kJmol-1) is ~ 2-5 times larger than those associated with s . 
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Figure 4.10: Arrhenius-type temperature dependencies of medium viscosity (upper panel) and 

average solvation time (lower panel) of C343 in Glu/Gly solutions. Solid lines passing through 

the experimental data points represent the fits. All are colour-coded. 
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4.3.2.2 Time-Resolved Fluorescence Anisotropy Studies 

Time-resolved fluorescence anisotropy measurements of C343 and C153 in the Glu/Gly 

solutions were performed in order to explore the solute-medium frictional coupling. 

Representative fluorescence intensity decays of C343 and C153 at parallel and perpendicular 

polarizations (with respect to vertically polarized excitation) are represented in Figure A.b.5 

(see Appendix). Rotational anisotropy (r(t)) decays and corresponding bi-exponential fits of 

C343 and C153 in two representative temperature are shown in Figure 4.11 while the residuals 

of respective fits are presented in Figure A.b.6 (see Appendix). Representative Glu 

concentration dependent r(t) decays are shown in Figure A.b.7 (Appendix). Note pronounced 

non-exponential anisotropy decays for both the solutes. Temperature (313 ≤ T/ K ≤ 343) and 

Glu concentration dependent bi-exponential r(t) decay fit parameters are summarized in Table 

4.4. These r(t) decays are characterized by a fast timescale of ~ 100 ps and a dominant 

(~70−90%) slow component of multi-nanosecond time component. The average rotational 

times ( rot ) become slower with increase of Glu wt% and decrease of solution temperature 

due to increase of medium viscosity. 

Figure 4.12 describes the medium viscosity decoupling of solutes (C153 and C343) rot  in a 

similar fashion considered for solvation time. Note, for both the solutes, fractional viscosity 

dependence of rot  with p < 1 has been observed in all these solutions which again indicates 

about strongly temporal heterogeneity of solutions. Fractional viscosity dependence of solute 

rotation becomes more pronounced with increasing Glu wt% in the solutions and this 

dependence is more pronounced for C343 than C153. Next, we compare the measured rotation 

times with the hydrodynamic predicted rotation times from modified Stokes-Einstein-Debye 

(SED) relation, fC
Tk

V

B

rot


   employing stick and slip boundary limit for both C153 (volume 

of C153 (V) = 246 Å3, shape factor (f) = 1.71, C = 1 (stick) and 0.24 (slip))81 and C343 (= 243 

Å3, f = 1.99, C = 1 (stick) and 0.18 (slip))101, shown in Table A.b.8 (Appendix) and Figure 4.12. 

Interestingly, rot  of these solutes shows sub-slip behaviour in the high viscous region. The 

departure from hydrodynamic prediction in the more viscous region may arise from non-

Brownian moves such as angular jump.73,102-104 Such non-Brownian moves experience 

significantly less friction than predicted from the macroscopic viscosity, which results 

deviation of rot  from hydrodynamic predictions. Fractional viscosity dependence in 
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concomitant with sub-slip rotation motion indicates that these Glu/Gly cryoprotectants 

solutions are dynamically heterogeneous and this heterogeneity intensified with Glu 

concentration. 
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Figure 4.11: Rotaional anisotropy (r(t)) decays of C343 (upper panels) and C153 (lower 

panels) in Gly (left panels) and 25 wt% Glu in Gly (right panels) at two representative 

temperatures. Symbols represent the experimental data points while lines passing through the 

experimental data points are biexponential fits. All representations are colour-coded. 
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Table 4.4: Temperature dependent r(t) decay fit parameters of C343 and C153 at various wt% 

of Glu in Glu/Gly.o 

A: C343 B: C153 

T/ K 1a  
1 / ps 2a  

2 / ps 
rot / 

ps 

1a  
1 / ps 2a  

2 / ps 
rot / 

ps 

Gly Gly 

313 0.17 25 0.83 7610 6321 0.08 33 0.92 5236 4820 

318 0.19 28 0.81 5794 4698 0.04 33 0.96 4500 4320 

323 0.16 26 0.84 5081 4272 0.07 33 0.93 3855 3588 

328 0.09 29 0.91 4184 3810 0.06 33 0.94 2795 2630 

333 0.11 32 0.89 4027 3588 0.05 33 0.95 2333 2218 

338 0.16 28 0.84 3155 2654 0.10 33 0.90 1997 1800 

343 0.09 37 091 2340 2133 0.11 36 0.89 1480 1321 

5 wt% Glu 5 wt% Glu 

313 0.20 29 0.80 7994 6407 0.16 27 0.84 5945 4998 

318 0.18 38 0.82 7158 5876 0.15 24 0.85 4653 3959 

323 0.13 33 0.87 5945 5175 0.15 26 0.85 4344 3696 

328 0.17 24 0.83 5173 4298 0.17 27 0.83 3493 2904 

333 0.11 51 0.89 4244 3783 0.16 66 0.84 3122 2633 

338 0.17 40 0.83 3224 2683 0.16 33 0.84 2217 1867 

343 017 38 0.83 3098 2578 0.13 42 0.87 1734 1514 

15 wt% Glu 15 wt% Glu 

313 0.21 20 0.79 9276 7333 0.15 20 0.85 8026 6825 

318 0.14 20 0.86 8143 7006 0.09 26 0.91 5963 5429 

323 0.18 20 0.82 7452 6114 0.10 20 0.90 4623 4163 

328 0.21 20 0.79 7027 5556 0.13 30 0.87 4299 3744 

333 0.09 32 0.91 5206 4740 0.08 34 0.92 3827 3536 

338 0.15 32 0.85 5008 4261 0.10 100 0.90 3438 3104 

343 013 64 0.87 4354 3796 0.08 49 0.92 2467 2273 

25 wt% Glu 25 wt% Glu 

313 0.36 30 0.64 13495 8648 0.35 200 0.65 12853 8424 

318 0.23 44 0.77 10638 8202 0.31 200 0.69 9597 6684 

323 0.30 27 0.70 10730 7519 0.19 77 0.81 7435 6037 

328 0.20 37 0.80 8333 6674 0.16 78 0.84 6649 5598 

333 0.19 48 0.81 7123 5578 0.16 50 0.84 6207 5522 

338 0.18 37 0.82 6510 5345 0.18 70 0.82 5580 4588 

343 0.22 19 0.78 4757 3716 0.17 128 0.83 4854 4051 
oIndividual amplitudes and time constants can be reproduced within ±10% of the reported 

values.  
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Figure 4.12: Temperature-reduced viscosity ( T/ ) dependence of average rotation time, 

)( rot , of C343 (upper panel) and C153 (lower panel) at various wt% of Glu in Glu/Gly 

solutions. Solid lines passing through the experimental data points represent fits. Different 

colours have been used for various wt% of Glu. 

 

Subsequently the activation energies associated with solutes rotation (
rot

aE ) in these Glu/Gly 

cryoprotectant solutions have been determined from the temperature dependent measuremnts. 
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Arrhenius-type temperature dependence has been found for rotational relaxations of both the 

solutes, shown in Figure 4.13. The estimated activation energies (
rot

aE ) for each solutes are 

presented in the respective panel of Figure 4.13. These 
rot

aE for C153 and C343 are ~ 2-3 times 

smaller than that of 


aE  that further supports to the solute-medium viscosity decoupling, 

observed via fractional p value in Glu/Gly solutions. Note, the difference in activation energy 

(
rot

aE ) between C153 and C343 rotation. The extent of decoupling is regulated by the nature of 

solute-medium which may originate from two sources: different chemical nature of the solutes 

(C153 and C343) and the nature of the local environments experienced by the individual solutes 

dissolved in Glu/Gly cryoprotectant solutions. 
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Figure 4.13: Arrhenius-type temperature dependencies of C343 (upper panel) and C153 

rotation (lower panel) and the estimated activation energies at various wt% of Glu in Glu/Gly 

solutions. Solid lines passing through the experimental data points represent fits. Different 

colours have been used for various wt% of Glu. 
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4.4 Conclusion 

To summarize, spectroscopic study indicates strong spatio-temporal heterogeneity in  

cryoprotectant mixtures made of glucose and glycerol. Strong signature of spatial heterogeneity 

has been detected via the excitation wavelength dependent fluorescence emission peak shift 

with both the solute (C153 and C343) having lifetme ~ 3-5 ns. Highly non-exponential 

fluorescence anisotropy decay with two widely different time scales (~ 100 ps and several 

nanoseconds) have been observed for both solutes. Strong signature of temporal heterogeneity 

has been found via a pronounced fractional viscosity dependence of rot  of C153 and C343 

in these highly viscous Glu/Gly solutions. Dynamic Stokes shift measurements have revealed 

fraction power (p = 0.1-0.5, much less than unity) dependence of s  on medium viscosity. It 

is quite interesting to observe that the signature of medium spatio-temporal heterogeneity is 

registerd by both the neutral and charged dipolar solutes and this heterogeneity increases 

significantly upon increasing Glu concentration in solution. MD simulation studies with 

realistic interaction potentials are required to further understand the anomalous motional 

features of the medium particles and consequent spatio-temporal heterogebneity of these 

cryoprotectant solutions. 
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Chapter 5 

 

Solvent Dependent Relaxation Dynamics in Lithium Ion Battery 

Electrolytes: Coupling to Medium Friction 

5.1 Introduction 

Recent efforts are being increasingly focused on research and development of new materials 

that would possess potential for addressing the energy challenges ahead. Exotic and useful 

materials for rechargeable batteries are considered as important members in this domain.1-5 

Electrolytes are the key ingredients for electrochemical devices. In spite of diversity in 

applications, for example, batteries, capacitors, fuel cells etc., they execute the same role: 

transfer of charge by the charge carrier (ions in electrolyte medium) between pair of 

electrodes.6 Medium impact through frictional resistance on ion transport, which is at the heart 

of developing such energy storage devices, largely governs their suitability in storage and 

supply-on-demand applications. Another factor that dictates medium choice is the magnitude 

of static dielectric constant ( sε ) because solvents with large sε  facilitate electrolyte 

dissociation. Solutions of lithium salts, for example, lithium perchlorate (LiClO4), lithium 

fluoroborate (LiBF4), lithium trifluoromethanesulfonate (LiCF3SO3), in propylene carbonate 

(PC), ethylene carbonate (EC), and dimethyl carbonate (DMC) or their mixtures have immense 

potential in industrial applications in rechargeable lithium ion batteries.6,7 

Here our primary goal is to decode the structure-dynamic relationship of such electrolyte 

system, a thorough understanding of which is essential for further applications of these media 

in energy storage and supply devices. In our investigation we have considered electrolyte 

solutions of LiClO4 (sometime termed as ‘electrolyte system’ or even simply as ‘electrolytes’) 

in two widely used non-aqueous aprotic solvents, PC and EC, and their binary mixtures. This 

is to explore the impact of EC as cosolvent on ion-transport (conductivity) and it’s connection 

to structure and dynamics of electrolyte medium because EC is known to be an efficient 

cosolvent in rechargeable lithium-ion battery electrolytes.6,8,9 These two solvents are 

characterized by high dielectric constants, high flash points, large dipole moments, high boiling 

points (see Table 5.1)6,10 etc. which make them excellent media for the construction of Li-ion 

battery electrolytes. Several investigations have been carried out so far to elucidate the 
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interaction and dynamics of Li-salt solutions in these solvents or their mixtures employing 

different spectroscopic techniques such as infrared (IR), nuclear magnetic resonance (NMR), 

Raman spectroscopy etc.11-15 A few studies have already explored solute-centred non-reactive 

dynamics, via fluorescence-based techniques, in Li-salt solutions in neat polar solvents16-18 

though similar examinations employing binary solvent mixtures are very limited19. On this 

perspective, the present investigations not only provide information about structural and 

dynamic behaviour of these individual Li-ion battery electrolytes but also augment the 

understanding of dynamic behaviour of Li-salt in binary solvent mixtures. Pre-peak, often 

considered as a signature of long range spatial correlation, along with main peak have been 

observed in several solutions of Li-salt via small angle X-ray scattering (SAXS),20 molecular 

dynamics (MD) simulation,21,22 quasi-elastic neutron scattering (QENS),23 and neutron 

diffraction with isotopic substitution (NDIS)24. Moreover, it has been found that the solution 

structure as well as the dynamics of the medium strongly depends on the salt concentration 

(here LiClO4).
25,26 However, several dynamical aspects regarding the frictional profiles 

relevant to charge transport in neat EC and PC, and those in their binary mixtures are still not 

understood. These two solvents, individually strongly polar liquids with a significant difference 

in 0  but not so much in , offer a unique opportunity to decode the solvent polarity effects on 

friction that associates with ion transport. 

In this work, we have investigated the structural and dynamical aspects of [9.795{xEC+(1-

x)PC}+0.869LiClO4], where x represents mole fraction of EC. This has been done via the 

steady state and the time-resolved fluorescence spectroscopic measurements, employing 

fluorescent solute probes that differ strongly in their excited state average lifetimes. We have 

considered (PC+EC)/ LiClO4 mole ratio fixed at ~ 11.3, which corresponds to ~ 1M LiClO4. 

This is the optimal LiClO4 concentration that relates to the maximum value of DC conductivity 

in the medium.25 The used fluorescent probe molecules are coumarin 153 (C153) ( life  ~ 3-5 

ns)27-35 and trans-2-[4-(dimethylamino)styryl]-benzothiazole (trans-DMASBT) ( life  ~ 0.5 

ns)36,37. Note this difference in probe lifetimes allow these probes to separately report faster 

and slower density fluctuations that are present in these media. 
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Table 5.1: Physical propertiesa of EC and PC. 

Solvent Melting Point 

(Tm/K) 

Boiling Point 

(Tb/K)  

Flash Point 

(Tf/K)  

Dipole moment/ 

Debye 

Dielectric 

Constant ( sε )  

EC 309.4 521 433 4.61 89.78c 

PC 224.2 515 405 4.81 64.92d 
aRef. 6, 10, cat 313 K, dat 298 K 

 

5.2 Experimental Details 

5.2.1 Materials 

Lithium perchlorate (99 %, Alfa Aesar) was vacuum dried prior to use. Ethylene carbonate 

(EC, 99%, Alfa Aesar), propylene carbonate (PC, 99.7%, Sigma Aldrich), coumarin 153 

(C153, Sigma Aldrich), trans-DMASBT (henceforth abbreviated as DMASBT, Sigma Aldrich) 

were used as received without any further purification. The chemical structures of these 

materials are provided in Scheme 5.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 5.1: Chemical structures of EC, PC, LiClO4, C153 and DMASBT 

 

 

 
EC  PC 

 
C153 

 
LiClO4  

DMASBT 
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5.2.2 Sample Preparation 

Molten EC was prepared by gently heating solid EC at 310 K in a controlled environment. 

Required amount of PC and molten EC (in liquid state) were weighed and mixed in an air-tight 

glass vial to prepare the binary mixture of neat organic solvents of composition, 

[9.795{xEC+(1-x)PC}]. In this composition 9.795 mole (EC+PC) was taken and mole fraction 

of EC was denoted by ‘x’. For the preparation of electrolyte solutions of composition, 

[9.795{xEC+(1-x)PC}+0.869LiClO4] (in this composition of electrolyte solution 0.869 mole 

LiClO4 was dissolved in 9.795 mole of (EC+PC) binary solvent mixture), required amount of 

lithium perchlorate (LiClO4) was dissolved in the binary solvent mixture, [9.795{xEC+(1-

x)PC}]. Proper care was taken to ensure complete dissolution of the added electrolyte and to 

avoid moisture absorption. All these experimental solutions were prepared at room 

temperature. Optical measurements of these solutions were performed as follows: 2-3 μL of 

freshly prepared solutions of C153 in hexane (carrier solvent) was taken in a quartz cuvette of 

1 cm optical path length. The carrier solvent was then evaporated off by gently blowing hot air 

around the outer surface of the cuvette. Approximately 2.5-3 mL of sample solution was then 

poured into the cuvette. In different measurements, a few crystals of DMASBT were directly 

added to sample solution taken in a quartz cuvette. Proper care was taken to ensure the complete 

dissolution of DMASBT. Concentrations of C153/ DMASBT in each of these samples were 

maintained at ≤ 10-5 M. All temperature dependent measurements were performed after 

ensuring thermal equilibration for each solution before data collection. 

5.2.3 Measurements of Density and Viscosity Coefficients 

Measurements of solution densities (  ) and viscosity coefficients ( ) were performed by 

using an automated temperature-controlled density-cum-sound analyzer (Anton Paar, model 

DSA 5000) and automated micro viscometer (AMVn, Anton Paar), respectively.19,36 

Experimentally measured   and   values are provided in Table 5.2 and Table A.c.1 (see 

Appendix A.c) respectively. 

5.2.4 Conductivity Measurements 

Conductivity of the electrolyte solutions were measured by a bench-top multi-parameter 

electrochemical meter (SESHIN BIOTECH, Model: ECM-610). Experimental measured 

conductivity values are provided in Table 5.3. 
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5.2.5 Data Collection and Analysis for Steady State Optical Measurements 

Steady state absorption and fluorescence emission spectra were recorded by using a UV-

Visible spectrophotometer (UV-2600, Shimadzu), and a fluorimeter (Fluorolog, Jobin-Yvon, 

Horiba), respectively. Temperature was controlled by using a Peltier temperature controller. 

Steady-state absorption spectra were recorded at 2-nm slit width and fluorescence spectra 

collected using 2-nm slits at both the excitation and emission ends. Spectra were solvent blank 

subtracted and processed according to the standard spectral analysis procedure to estimate 

spectral frequencies and full-widths-at-half-maxima (FWHM).27,38-41 The typical error bar for 

the determined spectral frequencies was ±200 cm−1. Details of measurements technique are the 

same as discussed in chapter 2. 

5.2.6 Data Collection and Analysis for Time-Resolved Fluorescence Emission Spectra 

Time-resolved fluorescence measurements were performed with a time-correlated single-

photon counting (TCSPC) setup as described in chapter 2 and references.27,29,42-44 

 

Table 5.2: Temperature dependent viscosity coefficients ( ) of the solvent mixture 

[9.795{xEC+(1-x)PC}] and electrolyte solutions [9.795{xEC+(1-x)PC}+0.869LiClO4].  

T/ K Viscosity ( /cP) of [9.795{xEC+(1-x)PC}] 

xEC = 0 xEC = 0.204 xEC = 0.409
 

xEC = 0.613 xEC = 0.817 xEC =1
 

293 2.81 2.83 2.85 2.78 2.81 - 

298 2.46  - - - - - 

303 2.24 - - - - - 

308 2.09 - - - - - 

313 1.88 - - - - 2.00 

318 1.74 - - - - 1.77 

T/ K Viscosity ( /cP) of [9.795{xEC+(1-x)PC}+0.869LiClO4]  

xEC = 0 xEC = 0.204 xEC = 0.409
 

xEC = 0.613 xEC = 0.817 xEC =1
 

293 9.37 9.42 9.71 9.60 9.96 10.00 

298 8.08 8.10 8.35 8.26 8.55 8.62 

303 7.04 7.06 7.25 7.18 7.44 7.50 

308 6.20 6.20 6.37 6.32 6.53 6.57 

313 5.48 5.49 5.64 5.60 5.78 5.82 

318 4.90 4.91 5.03 5.00 5.16 5.20 
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Table 5.3: Experimental DC conductivity ( ) for three xEC in [9.795{xEC+(1-

x)PC}+0.869LiClO4] at 300±1K.  

[9.795{xEC+(1-x)PC}+0.869LiClO4] 
xEC Conductivity ( /mScm-1) Viscosity ( /cP) at 298K 

0 5.57 8.08 

0.613 6.65 8.26 
1 7.07 8.62 

 

5.3 Results and Discussion 

5.3.1 Steady State Spectral Characteristics 

Steady state absorption and emission spectra of C153 in EC, PC, their binary mixture, and in 

LiClO4 solutions of each of them are shown in Figure 5.1. Notice that absorption and emission 

spectra of C153 in these neat media do not show any solvent dependence although 0  of EC 

is ~30% larger than that for PC (see Table 5.1). This is because the reaction field,39 RF = 

2n

1n

2ε

1ε
2

D

2

D

0

0









, is the same (~0.7) for both these solvents, indicating the nuclear polarizability 

associated with solvent reorganization around a dipolar solute is not different for these two neat 

solvents. However, red shift in both absorption and emission spectra has been observed upon 

addition of LiClO4 in these neat solvents and their binary mixtures. Electrolyte-induced spectral 

red shift has already been observed for other pure solvents 16,45,46 and binary mixtures,19 and 

attributed to the additional stabilization because of probe-ion (dipole-ion) interaction.17 Similar 

observation has been made for DMASBT spectra in these solutions, shown in Figure. A.c.2 

(see Appendix). 

Composition dependent absorption and emission spectral frequencies and widths (FWHMs) of 

C153 at 293 K in binary solvent mixture, [9.795{xEC+(1-x)PC}] and in the electrolyte system, 

[9.795{xEC+(1-x)PC}+0.869LiClO4], are shown in Figure 5.2. Numerical values of these 

spectral features are summarized in Table A.c.3 (Appendix). Addition of electrolyte (~1 M) in 

the binary mixture leads to a red-shift of approximately 500 cm-1 in both the absorption and 

emission spectra of C153 throughout the composition. This red-shift occurs with concomitant 

broadening and narrowing (although limited to ~250 cm-1) of the absorption and emission 

spectra respectively. This spectral red-shift with broadening for absorption and narrowing for 

emission has been observed earlier for neat solvents with C153 as probe solute.27 Temperature 

dependent absorption and emission measurements in the range T(K)=293 -318, shown in 
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Figure A.c.4 (Appendix), do not reflect any peak shift with temperature, suggesting the 

interaction between the probe solute and the surround environment remains insensitive to the 

solution temperature.47 Note this insignificant impact of temperature in this range on the steady 

state absorption and emission spectra of C153 in electrolyte solutions renders validity to the 

comparison shown in Figure 5.1 and Figure 5.2 where spectra in neat EC were recorded at 313 

K while in other media at 293 K. 
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Figure 5.1: Steady state absorption (upper panel) and emission spectra (lower panel) of C153 

at three different mole fractions of EC (xEC) in the binary solvent mixture, [9.795{xEC+(1-

x)PC}], and in the electrolyte solutions, [9.795{xEC+(1-x)PC}+0.869LiClO4] at 293 K, and 

corresponding spectrum in neat EC at 313 K. All presentations are colour-coded. Each of these 

emission spectra was recorded after excitation at the peak wavelength of the corresponding 

absorption spectrum. 
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Figure 5.2: Absorption (upper panel) and emission frequencies (middle panel) and spectral 

widths (FWHMs) (lower panel) for C153 at various EC mole fractions in binary solvent 

mixture, [9.795{xEC+(1-x)PC}] and electrolyte solutions, [9.795{xEC+(1-

x)PC}+0.869LiClO4] at 293 K. For neat EC, T=313 K. All representations are colour-coded. 
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SAXS, QENS as well as simulation studies of electrolyte solutions of Li -salt suggested 

presence of mesoscopic structures.20-24 The existence of such ion-induced micro-domains or 

inhomogeneous density distributions in the present systems (electrolyte concentration ~1M), 

can be investigated by following the excitation wavelength ( exc ) dependence of the 

fluorescence emission from a dissolved probe solute.47-52 This has been done by monitoring the 

exc  dependence of the emission spectral frequencies ( emν ) of both DMASBT and C153 in 

[9.795{xEC+(1-x)PC}] and [9.795{xEC+(1-x)PC}+0.869LiClO4] solutions. Results from 

these measurements, shown Figure 5.3, indicate a weak dependence of em  (red-shift by ~300 

cm-1) on exc for C153 in presence and absence of electrolyte in these solutions. For DMASBT, 

in contrast, this dependence in presence of electrolyte is stronger with a shift of ~700 cm-1, 

although much weaker dependence is found in the absence of electrolyte. These emission 

energy shifts accompany a band narrowing of ~200 cm-1, suggesting a qualitative similarity in 

polarity-induced red-shift in emission peak frequency along with band narrowing between 

common solvents27 and these electrolyte solutions. 

Now the question is why do we see exc  dependence of emν  for DMASBT in electrolyte 

solutions but not for C153? Also, what does the exc  dependence of DMASBT in the presence 

of electrolyte and no-dependence in the absence of electrolyte in these solution suggest? It is 

known50,51 that if interconversion among different solvation environments (surrounding the 

dissolved probes) is much faster than the average fluorescence lifetime of the probe, the 

emission energy will report only a unique, dynamically averaged out, completely solvent-

relaxed environment. Otherwise, the fluorescence emission will occur from differently solvated 

states of the probe molecules, rendering exc  dependence of emν . As observed earlier,36,37,53 

the short lifetime of DMASBT in common solvents37 and in these solutions ( life ~ 0.2 ns, see 

Table A.c.5A, Appendix) is the key for observing exc dependent emν  for [9.795{xEC+(1-

x)PC}+0.869LiClO4] solutions. These results, therefore, suggest that the heterogeneous 

solvation environments (‘micro-domains’) that surround DMASBT in electrolyte solutions of 

these solvents persist approximately for sub-nanosecond duration. Effects of temperature on 

exc  dependence of emν  for DMASBT, entering through the increased rate of interconversion 

(and thus ‘homogenization’) of differing solvation environments, are shown in Figure 5.4. Note 



Chapter 5 

93 
 

the magnitude of total shift in emν  remains nearly unchanged (~700 cm-1) for the temperature 

range studied, 293 – 318 K. This near-constancy of exc -induced total emission shift is counter-

intuitive and may originate from competing intra-molecular processes in DMASBT37. Further 

experimental and computational study is therefore warranted to fully understand the medium 

influence on temperature dependent excited state intra-molecular dynamics of DMASBT in 

solutions. 
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Figure 5.3: Excitation wavelength dependence ( exc ) of steady state fluorescence emission 

frequency, em  (upper panels) and spectral width (FWHM), emΓ  (lower panels) of DMASBT 

and C153 at two mole fractions of EC in [9.795{xEC+(1-x)PC}] (right panel) and 

[9.795{xEC+(1-x)PC}+0.869LiClO4] (left panel) at 293 K, respectively. All representations 

are colour-coded. 
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Figure 5.4: Representative temperature-dependent excitation wavelength ( exc ) induced total 

emission shift ( em ), and total change in width ( emΓ ) of DMASBT in [9.795{xEC+(1-

x)PC}+0.869LiClO4] with xEC=0, where ),(),()( rexc,bexc, TxλTxΤx  , x= em or emΓ . 

bexc,  and rxc,e  are the shortest (bluest) and longest (most red) excitation wavelengths 

respectively. We have considered exc  from 360 nm (bluest) to 460 nm (most red) for 

DMASBT whereas from 380 nm (bluest) to 480 nm (most red) for C153 at 10 nm interval. The 

bluest and most red exc are -50 and +50 nm with respect to the individual peak wavelengths 

of the absorption spectra (
max

abs ). All presentations are colour-coded. 

 

5.3.2 Time-Resolved Measurements: Lifetime and Dynamic Stokes Shift 

Because the average fluorescence lifetime ( life ) of DMASBT depends both on solvent 

polarity and viscosity, and exhibits fractional viscosity dependence (that is, 
p

life    with 

p<1) in non-polar solvents,37 we explored the impact of solution composition and temperature 

on DMASBT lifetime in these electrolyte solutions. Representative temperature and 

composition dependent fluorescence emission decays are shown in Figure 5.5 along-with bi-

exponential fits. Fit parameters and life  obtained from them are summarized in Table A.c.5A 

(Appendix). Temperature and viscosity dependence of life  for DMASBT are displayed in 
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Figure 5.6. Similar results for C153 in these solutions are provided in Table A.c.5B and 

FigureA.c.6 (Appendix). Dependences shown in Figure 5.6 indicate that for DMASBT life , 

ranging between ~100-200 ps, decreases with temperature and exhibits a fractional viscosity 

dependence,  plife η/T  with p ~ 0.8. Note this value of p is larger than that reported (p ~ 

0.5) earlier from pressure dependent studies with DMASBT in non-polar solvents.37 This 

difference is a reflection of the polarity dependence of the isomerisation barrier that separates 

the radiative trans form from the non-radiative cis in its excited state. 
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Figure 5.5: Temperature (upper panel) and composition (lower panel) dependent fluorescence 

emission decays of DMASBT in [9.795{xEC+(1-x)PC}+0.869LiClO4]. All representations are 

colour-coded. 
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Figure 5.6: Temperature dependent (upper panel) and temperature-reduced viscosity ( T ) 

(lower panel) dependent average lifetime ( life ) of DMASBT at three xEC in [9.795{xEC+(1-

x)PC}+0.869LiClO4]. All representations are colour-coded. 

 

Next we explore the Stokes shift dynamics in electrolyte solutions by using the solvation probe 

C153. Fluorescence emission intensity decays collected at blue (490 nm) and red wavelength 

(640 nm) with respect to the peak wavelength of the corresponding steady state fluorescence 

emission spectrum of C153 dissolved in [9.795{xEC+(1-x)PC}+0.869LiClO4] with 0x
CE 



Chapter 5 

97 
 

solution are shown in Figure 5.7. Tri-exponential fits going through these data points, fit 

parameters, and instrument response function (black dotted lines) are shown in the same figure. 

A similar representation of intensity decay in [9.795{xEC+(1-x)PC}+0.869LiClO4] with xEC=1 

is shown in Figure A.c.7 (Appendix). Decay only at the blue wavelength, and rise followed by 

decay at the red wavelength is a typical signature of relaxation of environment (Stokes shift 

dynamics) in response to the sudden excitation of the solute dipole.54,55 Representative time-

resolved emission spectra (TRES) of C153 dissolved in [9.795{xEC+(1-x)PC}+0.869LiClO4] 

with xEC=0 solution are shown in Figure 5.8. The lines connecting the data points are generated 

from fits of the reconstructed data points to a log-normal line-shape function.32 Steady state 

emission spectrum of C153 in the same solution is shown by the dashed lines in the same figure. 

Note steady state emission spectrum is slightly blue shifted compared to time-resolved 

emission spectrum at t = ∞ i.e. when excited C153 is surrounded by completely polarisation-

relaxed environment. Steady state emission from excited solute with incompletely relaxed 

solvent environment is responsible for the observed blue shift. 

 

Table 5.4 summarizes the magnitudes of dynamic Stokes shift for C153 dissolved in 

[9.795{xEC+(1-x)PC}+0.869LiClO4] and the estimated missing components56 due to the 

limited time resolution employed in the present measurements. Estimated total dynamic Stokes 

shifts56 are also provided in this table. Previously reported experimental studies on solvation 

dynamics of C153 in PC indicate presence of multi-exponential decay with a substantial 

ultrafast time component in the sub-hundred femtosecond regime.27 It is therefore quite 

expected that in these electrolyte solutions faster solvation response (sub-10 ps) would 

contribute significantly. Results presented in Table 5.4 clearly indicate that present 

experimental set up with broad time resolution (FWHM of IRF ~85 ps) have missed nearly half 

of the total dynamic shift across the compositions considered. 
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Figure 5.7: Representative time-dependent fluorescence intensity decays of C153 in 

[9.795{xEC+(1-x)PC}+0.869LiClO4] with xEC=0, collected at blue (490 nm) and red end (640 

nm) wavelengths with respect to the peak wavelength of the corresponding steady state 

emission spectrum at 293 K. Experimental data are represented by circles; solid lines going 

through the data are fits. Black dashed lines depict the instrument response function. Multi-

exponential decay fit parameters are shown in the inset. All representations are colour-coded. 
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Figure 5.8: Representative constructed time-resolved emission spectra (TRES) of C153 in 

[9.795{xEC+(1-x)PC}+0.869LiClO4] with xEC=0 for different time intervals at 293 K. The 

steady state emission spectrum of C153 in this solution is shown by the dashed lines. All 

representations are colour-coded. 

 

Table 5.4: Magnitudes of estimated (
t

estΔ ), observed (
t

obsΔ ) and missing portion of the total 

dynamics Stokes shift for C153 in [9.795{xEC+(1-x)PC}+0.869LiClO4] at 293K. 

xEC t

estΔ /103cm-1

 
t

obsΔ /103cm-1 
% missed 

0 1.49 0.75 50 

0.204 1.52 0.82 46 

0.409 1.53 0.87 43 

0.613 1.55 0.75 52 

0.817 1.56 0.72 54 

1 1.58 0.73 54 

 

Representative solvation response function (S(t)) obtained from the time-resolved emission 

spectra are shown in Figure 5.9. Decays shown in Figure 5.9 as well as at other xEC are found 

to fit adequately to bi-exponential function. Associated fit parameters are summarized in Table 

5.5. Note in this table that the composition dependent S(t) decays are characterized by two 

nearly equal components: a relatively faster (sub-50 ps) component followed by a much slower 

(2-4 ns) one. The sub-50 ps component may originate from the relaxation of the free solvent 

molecules32 which are not complexed with the ions present in these electrolyte solutions. 
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Inspection of the dielectric relaxation data for pure PC at room temperature also support 

presence of such a timescale.57 Translational diffusion of Li+ 19 may also contribute to this 

relaxation component as the estimated translational diffusion time of Li+ is ~ sub-100ps (see 

AppendixTable A.c.8). Next, what is the origin of the slow, nano-second component? Within 

the continuum model one can immediately think of the charge-density relaxation whose 

timescale could be estimated from the Maxwell relaxation time. The estimated Maxwell 

relaxation times17 ( ) for the collective translational mode of ions from the static dielectric 

constant and the DC conductivity in the electrolyte solution, [9.795{xEC+(1-

x)PC}+0.869LiClO4], at various EC mole fractions lie approximately in the 1 ns range. These 

estimated relaxation times are ~2.5-3.5 times shorter than the slowest S(t) relaxation times 

measured here. Therefore, the slowest mode of the dynamic Stokes shift of C153 in these 

electrolyte solutions might have originated from molecular processes that involve motions of 

both ions and solvent molecules.17 For this we consider the following probable sources: 

translational diffusion of (i) free solvent molecules, (ii) 


4ClO  ion diffusion, (iii) relaxation of 

cation-solvent composite species25. Recent simulation study of electrolyte solutions containing 

LiBF4 salt at low concentration suggests that the solvent molecules are so strongly bound to 

the cations that no particle exchange between the first and the second solvation shell of lithium 

ion could be observed in 100 ps timescale, whereas several such exchanges can take place for 

the anion within the same timescale.58 It may therefore be plausible that the nanosecond 

component is arising from the solvent molecules that are bound to Li+. A relaxation peak 

around 100 MHz has been reported by dielectric relaxation studies of (PC+ LiClO4) solutions,59 

providing further support to presence of nanosecond solvation timescale in these electrolyte 

solutions. Both the relaxation time constants and average solvation time )( s , summarized in 

Table 5.5, become somewhat faster with increase of co-solvent, EC, in the electrolyte solution 

despite a mild increase of medium viscosity. Relatively faster rotational and translational 

movements due to smaller size of EC than PC may be a reason for this EC-induced decrease 

of solvation time. 



Chapter 5 

101 
 

Time/ ns

0 2 4 6 8 10

S
(t

)

0.0

0.2

0.4

0.6

0.8

1.0

293 K

x
EC

       a
1
    

1
/ ps     a

2
     

2
/ ps

0          0.51     41     0.49    3584

0.613   0.52     32     0.48    3540 

1          0.46     26     0.54    2662 

C153 in [9.795{xEC+(1-x)PC}+0.869LiClO
4
]

 

Figure 5.9: Solvation response functions (S(t)) for C153 at three xEC in [9.795(xEC+(1-

x)PC)+0.869LiClO4] at 293 K. Experimental data are shown by circles; solid lines through the 

data represent fits. Fit parameters are shown in the inset. All representations are colour-coded. 

 

Table 5.5: Decay characteristics of solvation response function for C153 in [9.795{xEC+(1-

x)PC}0.869LiClO4] at 293K. 

xEC 
1a  

1 /ps 2a  
2 /ps 

s /ps 

0 0.51 41 0.49 3584 1775 

0.204 0.53 34 0.47 3364 1599 

0.409 0.55 34 0.45 3482 1586 

0.613 0.52 32 0.48 3540 1716 

0.817 0.49 43 0.51 3405 1758 

1 0.46 26 0.54 2662 1449 

 

5.3.3 Time-Resolved Anisotropy (r(t)) Measurements: Solute Rotation and Viscosity 

Coupling 

Rotational anisotropy decay of C153 and DMASBT in [9.795{xEC+(1-x)PC}] and 

[9.795{xEC+(1-x)PC}+0.869LiClO4], have been investigated within the temperature range 

293 ≤ T/K ≤ 318. Representative r(t) decays showing the impact of electrolyte on rotation 

dynamics of these solutes are presented in Figure 5.10. As expected,60 r(t) decays become 

slower for both the solutes upon addition of electrolyte. However, the extent of slowing down 
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upon addition of electrolyte for C153 is nearly the same as the amount of increase in solution 

viscosity ( 3~/ solvelec  , see Table 5.2), whereas that factor for DMASBT is double 

6)~/(
solv

rot

elec

rot  ). This indicates that electrolyte-induced lengthening of the rotation time 

for DMASBT is arising not only from the enhanced solution frictional resistance but also from 

the modulation of the isomerisation barrier37 upon addition of electrolyte.  

Parameters from fit to r(t) decays for C153 and DMASBT collected at other compositions and 

temperatures are summarized in Table A.c.9 (Appendix). Data in this table suggest that 

anisotropy decays in these solutions are mostly bimodal for both the solutes in these electrolyte 

solutions. This reflects the non-Markovian nature of the underlying time-dependent medium 

friction exerted by the medium on the rotating solute. Note our measured rotτ  for neat solvent 

(PC) is in good agreement with those reported earlier29,32. Data shown in this table indicate that 

rotτ  for both solutes decreases with increase of solution temperature. 
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Figure 5.10: Representative fluorescence anisotropy decays, r(t), for C153 (upper panel) and 

DMASBT(lower panel) in PC, [9.795{xEC+(1-x)PC}+0.869LiClO4] with xEC= 0, solution at 

293 K. Experimental data are shown by circles; solid lines through the data points represent 

fits. Fit parameters are shown in the inset. All representations are colour-coded. 

 

We explore in Figure 5.11 the viscosity-coupling of rot for these solutes where rot  values 

are shown as a function of temperature-reduced viscosity, ( T ). Solid lines going through the 

data points depict dependence of the type,  prot /T  . Note for C153 the value of the power 

is near-unity (p=0.98) whereas it is significantly lower than unity (p=0.5-0.7) for DMASBT. 
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Stokes-Einstein-Debye(SED) predictions,29,61-66 Tk/CfV Bs h

rot , (V and sf  being the 

volume and shape factor and C the solute-solvent coupling parameter)using V = 246 Å3, sf

=1.71, and C = 0.24 (slip boundary condition) and 1 (stick boundary condition) are shown in 

Figure A.c.10 (Appendix) which suggest that the measured rotation times for C153 fall between 

these two limits of hydrodynamic predictions. Interestingly, DMASBT rotation times in these 

solutions with differing EC concentrations, unlike for C153 where data coalesce into one single 

curve, exhibit disparate dependencies at different EC concentrations. The difference for 

DMASBT arises probably from the modulation of the isomerisation barrier with EC 

concentration because EC is more polar than PC. Note the p values at these EC concentrations 

are also different (0.62, 0.47 and 0.65). However, this variation in p values should not be 

interpreted too quantitatively; rather, it may be considered simply as an over-all reflection of a 

partial viscosity decoupling of DMASBT in these solutions with a fraction power (p=0.6±0.1), 

which is significantly less than unity. This qualitative consideration is necessary reminding the 

fact that DMASBT possesses a short lifetime (~100-200 ps) and it participates in excited state 

isomerisation reaction while undergoing rotational diffusion. This in turn suggests that 

DMASBT might not be an appropriate dipolar probe to map the dynamic friction on a solute 

rotating in these media. 
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Figure 5.11: Temperature-reduced viscosity dependence ( T ) of average rotation time

)( rot , of C153 (upper panel) and DMASBT (lower panel) in three mole fraction of EC in 

[9.795{xEC+(1-x)PC}+0.869LiClO4]. Solid lines passing through the data points represent 

fits. Data at different EC mole fractions are colour-coded. 
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5.4 Conclusion 

In summary, the heterogeneity aspect of the solvent mixture, [9.795{xEC+(1-x)PC}], and the 

electrolyte system, [9.795{xEC+(1-x)PC}+0.869LiClO4], and solute-centred dynamics in 

them have been explored by using two fluorescent probes, C153 and DMASBT. These two 

probe solutes differ widely in their excited state lifetimes. Significant excitation wavelength 

dependent steady state fluorescence emission of DMASBT in electrolyte solutions supports the 

view of solution spatial heterogeneity with relatively faster inhomogeneity timescales (micro-

domain persistence times) because such dependence is absent for C153. The magnitude of 

excitation wavelength induced total shift of emission frequency has been found to remain 

constant (~750 cm-1) for the temperature range studied, reflecting complex electrolyte effects 

on the photo-induced excited state cis-trans isomerisation reaction of DMASBT. Dynamic 

Stokes shift measurements using C153 in this electrolyte system at six different concentrations 

of EC report ~700-900 cm-1 dynamic shifts with an estimated missing portion of ~40-50%. 

Solvation and rotation dynamics measured using C153 have been found to be biphasic in these 

media. Temperature dependent rotation times for C153 suggests hydrodynamic viscosity 

coupling while those for DMASBT reflect strong fractional viscosity dependence. Megahertz-

gigahertz dielectric relaxation measurements and computer simulation studies are necessary 

for further understanding of the structure and dynamics of these technologically important 

battery electrolyte systems. 
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Chapter 6 

 

Use of Translational-Rotational Decoupling for Development of New Energy 

Materials: A Representative Study with Polymer Gel Electrolytes 

6.1 Introduction 

Carrying energy in capsules for communication and data transfer in real time has been the 

signature for this electronics-driven era. Tremendous development in portable electronic 

gadgets, for example, mobile phones, electronic notebooks, cameras, medical devices and 

many others have boosted the demand for efficient and safe energy storage devices.1-3 

Rechargeable lithium-ion (Li-ion) battery serves the need of energy storage devices 

extensively.4 Electrolyte media is one of the critical components in such devices. High ionic 

conductivity (10-3-10-2 Scm-1), good thermal and mechanical stability, wide electrochemical 

window, good contacts with electrodes, non-toxicity, high flash point, low cost etc. are 

fundamental requirements of a good electrolyte medium for energy storage purpose.4-6 Three 

types of electrolytes - liquid electrolytes (electrolyte salt dissolved in organic solvents),6,7 solid 

polymer electrolytes (electrolyte salt in polymer material)8-10 and polymer gel electrolytes 

(consist of salt, organic solvent and polymer)11-13–have traditionally been  used in rechargeable 

Li-ion batteries. A major drawback of the liquid electrolytes is the risk of leakage and formation 

of lithium dendrite in solution.14 Although these issues may be tackled via using solid polymer 

electrolytes, it introduces complications arising from low conductivity (10-8-10-5 Scm-1) and 

poor electrode contacts.14 Polymer gel electrolyte (PGE) solutions can, on the other hand, 

simultaneously provide high ionic conductivity and high mechanical strength. These properties 

render PGE as promising candidates for usage in various electrochemical devices that include 

rechargeable Li-ion battery, super capacitors, dye-sensitized solar cells, fuel cells etc.12-17 

PGE is formed by adding a polymer material in liquid electrolyte. Proper selection of individual 

components in polymer gel electrolytes is extremely important. Poly(ethylene oxide) (PEO), 

poly(propylene oxide) (PPO), poly(acrylonitrile) (PAN), poly(methyl methacrylate) (PMMA), 

poly(vinyl chloride) (PVC), poly(vinylidene fluoride) (PVdF) etc. are common examples of 

polymer moieties used in PGE.12,13 Solutions of lithium salts, like lithium perchlorate (LiClO4), 

lithium fluoroborate (LiBF4), lithium trifluoromethanesulfonate (LiCF3SO3) in highly polar 
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(high dielectric constant, s ) and low viscous organic solvents, such as, propylene carbonate 

(PC), ethylene carbonate (EC), dimethyl carbonate (DMC) or their mixtures can serve the 

purpose of suitable liquid electrolyte medium in rechargeable lithium batteries.6,18 Microscopic 

dynamics of the solvent and the polymer matrix investigated in a polymer gel electrolytes 

(LiClO4/PC/EC/PMMA)19 via photon correlation spectroscopy (PCS) have revealed a 

complicated dynamical response with a faster diffusive process closely connected to the ion 

conductivity, whereas the polymer segmental motion was found to be nearly completely 

decoupled from the ion conductivity. This observation supports the unique characteristic of 

polymer gel electrolyte (PGE): simultaneously provide high ionic conductivity and high 

mechanical strength. 

Polymer gel electrolytes are thus fast becoming interesting and emerging field of research. 

Extensive investigations is essential for development and achieving better design and more 

efficient performance in application-based usage. Exploring interaction, structure and 

dynamics in the molecular level of polymer gel electrolyte would help to tune and design 

efficient materials which is expected to satisfy partially the ever-increasing demand for more 

reliable and benign electrolytes for different energy storage devices. In this work, we have 

prepared a polymer gel electrolyte by taking the (PC+LiClO4) solution as liquid electrolyte and 

polypropylene glycol of number-averaged molecular weight 425 (PPG425) to investigate the 

microscopic interaction, structure and dynamics. Impact of medium viscosity, a macroscopic 

solution property, on relaxation dynamics has been investigated via following solute and 

solvent dynamics. PPG is a lower homolog of poly(propylene oxide) (PPO). Being a ternary 

mixture, behaviour of polymer gel electrolyte is quite complex. Thus a prior knowledge of 

interaction and dynamics of the individual constituents of PGE as well as their binary mixtures 

will be quite beneficial to describe adequately the same in complex PGE systems. A number 

of investigations have been carried out to elucidate the solution structure and dynamics of PC 

and (PC+LiClO4) systems using different spectroscopic measurement techniques.20-25 Earlier 

investigations on this liquid electrolyte reported that solution dynamics vary significantly with 

salt concentration in the system.26,27 The conductivity of a pure polymer electrolyte is closely 

linked to the polymer segmental mobility10,28,29 and this is why the conductivity of pure 

polymer electrolyte is much lower than the conductivity of liquid electrolytes. Our ultimate 

goal is to combine two features in a proposed system: high mechanical and chemical stability 

of pure polymer electrolyte and high conductivity of liquid electrolyte in a target polymer gel 

electrolyte. 
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Recently, several attempts have been made to understand structure and dynamics of polymer 

gel electrolyte systems using various polymer molecules.13,19,30-32 It is noteworthy that 

conductivities of these polymer gel electrolytes are much higher than the corresponding pure 

polymer electrolyte systems. QENS study of a polymer gel electrolyte system, containing 

PMMA, have revealed the information on both the spatial and the temporal behaviours of the 

investigated system and proposed two dynamical processes in the picosecond-nanosecond 

range: a faster one of rotational character (in short range very similar to liquid) and a slower 

one of translational character (observed in long range, > 5Å, spatially constrained by polymer 

matrix).32 Moreover, the QENS investigation estimated the heterogeneity length scale ~5-20 Å 

for the same polymer gel electrolyte system which arises due to the polymer matrix. The 

complex dynamics observed in PGEs warrants a systematic investigation to understand the 

interaction and friction profile that dictates the foundation of these materials in application: 

efficient transportation of charge between electrodes. This work is an attempt to explore the 

friction imparted on short range (rotation) and long range diffusion (translation) through PGE 

solution. We are also interested to examine the effects of a polymer, PPG, on interaction and 

dynamics of (PC+LiClO4) liquid electrolytes by time resolved fluorescence spectroscopic 

technique. 

To conduct our investigation, we have performed the fluorescence Stokes shift dynamics and 

rotational and translational relaxation of an external dipolar solute, coumarin 153 33-37 in a 

polymer gel electrolyte composite, composed of PC, LiClO4 and PPG (number average 

molecular weight = 425). A set of PGEs with composition, [(PC+LiClO4)+wt%PPG] have been 

considered for the current investigation by varying the relative wt% of ~ 1 M LiClO4/PC and 

PPG. The reason behind the selection of this specific LiClO4 concentration is: close to this 

LiClO4 concentration (~ 1.3 M) DC conductivity reaches to a maximum value.26 Medium 

frictional profile has been explored extensively via following solvent relaxation and monitoring 

solute (here C153) rotational and translational dynamics. The solute medium dynamical 

coupling is an interesting aspect to look into, given that the celebrated Walden rule is not valid 

in this type of systems.31 

6.2 Experimental Details 

6.2.1 Materials and Sample Preparation 

Lithium perchlorate (LiClO4) (99% Alfa Aesar) was vacuum dried prior to use. Poly(propylene 

glycol) of number averaged molecular weight 425 (PPG425, henceforth abbreviated as PPG) 
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and propylene carbonate (PC) were used as received (Sigma-Aldrich). Laser grade coumarin 

153 and trans-2-[4-[(dimethylamino)styryl]benzothiazole (DMASBT) were used as received 

(Sigma Aldrich). The chemical structures of these materials are provided in Scheme 6.1. 

Required amount of LiClO4 was dissolved in PC in an airtight glass vial to prepare 

(PC+LiClO4) liquid electrolyte of predefined composition (PC/LiClO4 molar ratio fixed at 

~11.3, ~ 1 M LiClO4). Proper care was taken to ensure complete dissolution of the added 

electrolyte and to avoid moisture absorption. The polymer gel electrolytes, 

[(PC+LiClO4)+wt%PPG] where 0≤wt%PPG≤100, were prepared by dissolving required 

amount of PPG in freshly prepared (PC+LiClO4) solution. All these [(PC+LiClO4)+wt%PPG] 

solutions are transparent and colourless. For UV-visible absorption and fluorescence 

measurements, 2-3 mL sample solution was poured in a quartz cuvette preloaded with dye, 

C153 or DMASBT.25 Proper care was taken to ensure the complete dissolution of dye in the 

sample. Concentration of C153 and DMASBT in each of these samples was maintained at ≤ 

10-5 M. Sufficient time was allowed for achieving thermal equilibrium for each sample before 

measurement. 

6.2.2 Density and Viscosity Coefficients Measurements 

Density (  ) and viscosity coefficients ( ) were measured by using an automated temperature-

controlled density meter (Anton Paar, model DSA 5000) and micro viscometer (AMVn, Anton 

Paar), respectively. Measured density and viscosity coefficient values are summarized in Table 

A.d.1 (Appendix). 

6.2.3 Conductivity Measurements 

Conductivity of the polymer gel electrolyte systems were measured by a Bench-top multi-

parameter electrochemical meter (SESHIN BIOTECH, Model: ECM-610). All the 

conductivity data were collected at room temperature (~300 K). Experimentally measured 

conductivity values are provided in Table 6.1.25 

Table 6.1: DC conductivity,   (mScm-1), in [(PC+LiClO4)+wt%PPG] at ~ 300 K. 

wt% PPG  / mScm-1 

0 5.30 

10 4.95 

20 4.44 

30 3.22 

40 2.17 

50 1.39 

60 0.85 
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Scheme 6.1: Chemical structures of PC, LiClO4, PPG425, C153 and DMASBT. 

 

6.2.4 Differential Scanning Calorimetry (DSC) Measurements 

Differential scanning calorimetry measurements were performed with TA Instruments Q2000 

to determine the glass transition temperature of polymer gel electrolytes. The samples were 

taken in a hermetically sealed aluminium pan (40 μl, Tzero, TA Instruments) to prevent 

evaporation during the measurements. 

6.2.5 Steady State Measurements and Spectral Analysis 

Steady state absorption and fluorescence emission spectra were recorded by using a UV-Vis 

spectrophotometer (UV-2600, Shimadzu), and a fluorimeter (Fluorolog, Jobin-Yvon, Horiba), 

respectively. A Peltier temperature controller has been used to perform temperature controlled 

measurements (accuracy ± 0.5 K). Steady-state absorption spectra were taken at 2-nm slit and 

fluorescence spectra collected using 2-nm slits at both the excitation and emission ends. The 

standard spectral analysis procedure was then followed to estimate spectral frequencies and 

full-widths-at-half-maxima (FWHM).37-40 The typical error bar for the determined spectral 

frequencies was ±200 cm−1. Details of the steady state measurements technique are the same 

as discussed in chapter 2. 
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6.2.6 Time-Resolved Fluorescence Measurements and Data Analysis  

Time-resolved fluorescence measurements 40 were performed with a time-correlated single-

photon counting (TCSPC) system (LifeSpec-ps) from Edinburgh Instruments (Livingston, 

U.K.).41,42 A Julabo temperature controller was used in temperature dependent measurements 

(accuracy ±1 K). Details of time-resolved fluorescence measurements are the same as described 

in chapter 2 and references.25,34,37 

6.2.7 Fluorescence Correlation Spectroscopy (FCS) Measurements and Data Analysis 

6.2.7.1 FCS Theory 

FCS measures the fluctuation of fluorescence intensity of fluorophore within a tiny observation 

volume.43 The autocorrelation function of this fluorescence intensity fluctuation can be 

expressed as 43 
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where )(tF  is the average fluorescence intensity, )(tF  and )(  tF  are the magnitudes of 

fluorescence intensity fluctuation from the average value at time t and t , respectively. For 

a single diffusing species this autocorrelation function can be expressed as43  
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where N is the average number of molecules diffusing through the observation volume, 
D  is 

the diffusion time and w is the geometric factor of the observation volume (i.e. the ratio of 

radius and the half-length of the depth of the observation volume). If the system contains two 

diffusing species then the autocorrelation function can be written as43 
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6.2.7.2 FCS Measurements 

FCS measurements have been carried out using a home-built confocal microscope set-up. For 

FCS study, the sample was placed on a cleaned glass coverslip of 0.17 mm thickness and was 

excited with a 405 nm pulsed diode laser (pulse width < 50 ps) with a repetition rate of 40 MHz 

through an oil-immersion objective (Zeiss, α PlanApo, 100x, NA 1.46). The fluorescence from 
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the sample was collected via the same objective and it was then passed through an appropriate 

dichroic mirror (Di01-R405-25X36, Semrock) and long-pass filter (BLP01-488R-25, 

Semrock) to finally get focused on a non-polarising 50:50 beam-splitter. After passing through 

the beam-splitter the fluorescence photons were recorded with two single-photon avalanche 

photodiode (τ-SPAD) detectors. The signal was then processed by PicoHarp-300 time 

correlated single photon counting (TCSPC) module (PicoQuant). The data acquisition was 

performed in time-tagged time-resolved (TTTR) mode with SymPhoTime 64 software. 

 

In order to determine the confocal volume of the microscope set-up Rhodamine 6G 

(concentration ~ 10 nM in water) was used with a known diffusion coefficent value of 430 ± 

40 μm2/s at 25 °C.44,45 The confocal volume (Veff) and the geometric factor (w) was found to be 

0.001 femto-litre (fL) and 2.0, respectively. Data analyses of the recorded autocorrelation 

graphs )]([ G  of the samples were performed using the fit model described via Eqs. 6.2 - 6.4. 

 

6.3 Results and Discussion 

6.3.1 Steady State Fluorescence Measurements 

Blue shift in steady state UV-Vis absorption and fluorescence emission spectra of C153 in the 

polymer gel electrolytes [(PC+LiClO4)+wt%PPG] with increasing polymer content has been 

observed. Corresponding absorption and emission spectra at 293K is shown in Figure 6.1 and 

the polymer concentration dependent absorption and emission peak frequencies are presented 

in Figure 6.2. A total of nearly 1000 cm-1 blue shift of  absorption and emission frequencies for 

C153 upon increasing PPG concentration from 0 to 100 wt% in the above systems is an 

indication of lowering of medium polarity.37 Here the polymeric substance is characterized by 

s ~ 15 at 293 K,46 which is much lower than that ( s ~5047) for 1 M (PC+LiClO4) solution. 

No impact of altering temperature within the range of 293 ≤T/K ≤318 on absorption and 

emission spectra of C153 in [(PC+LiClO4)+wt%PPG] suggest the temperature induced 

insignificant modification of medium polarity. This is similar to what has already been 

observed in earlier study for 1M (PC+LiClO4) solution.25 A representative figure providing 

temperature dependent absorption and emission spectra of C153 in 

[(PC+LiClO4)+60wt%PPG] is shown in Figure A.d.2 (see Appendix). 

Further investigation on steady state fluorescence emission of C153 in these PGE systems after 

selectively exciting across the absorption band results minimal shift of emission frequency as 
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well as FWHM with excitation wavelength ( exc ). Such monitoring of emission frequency as 

a function of excitation wavelength is routinely done to investigate spatial heterogeneity in a 

given system.48 Similar study using a different fluorescent probe, DMASBT, having excited 

state lifetime ( life ) much faster49 than C153, shows a emission frequency shift of ~500-700 

cm-1 towards lower energy with concomitant lowering of FWHM ~300-400 cm-1 with 

increasing exc . The change in fluorescence emission frequency and FWHM of C153 and 

DMASBT in 60 and 100 wt% PPG (neat PPG) systems at 293K with exc  is represented in 

Figure 6.3. These observations indicate that spatially distributed domains in these PGEs 

interconvert among themselves in a timescale longer or comparable with life  of DMASBT 

and much faster than the life  of C153 ( life  of C153 and DMASBT in 

[(PC+LiClO4)+wt%PPG] are provided in Table 6.2 ).25,50 
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Figure 6.1: Steady state absorption (upper panel) and emission spectra (lower panel) of C153 

at different wt% of PPG in the polymer gel electrolytes, [(PC+LiClO4)+wt%PPG], at 293 K. 

All presentations are colour-coded. Each of this emission spectrum was recorded after 

excitation at the peak wavelength of the corresponding absorption spectrum. 
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Figure 6.2: Absorption and emission frequencies of C153 at different wt% of PPG in the 

polymer gel electrolytes, [(PC+LiClO4)+wt%PPG], at 293 K. All representations are colour-

coded. 

 

The exc  dependent total shift in emission peak frequency and FWHM of DMASBT in these 

electrolyte systems increases mildly (~150 cm-1) with increasing temperature from 293 to 318 

K as observed in earlier work in lithium ion battery electrolytes.25 A representative figure 

indicating temperature induced exc  dependent total shift of emission frequency and FWHM 

is shown in Figure 6.4. This is quite surprising because increased temperature leads to better 

homogenization of spatially distributed domains and thus exc  dependent total shift decreases. 

The probable causes for this unconventional result are: the relative competition between 

temperature induced life  of DMASBT in these electrolyte solutions and persistent time of 

solution’s heterogeneous domains continues to govern the photo-selection for the temperature 

regime T=293-318 K. Complex solution effects on excited state trans-cis photo-isomerisation 

of DMASBT may also be responsible for mild exc  dependent total shift of emission peak 

frequency and the corresponding FWHM. 
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Figure 6.3: Excitation wavelength dependence ( exc ) of steady state fluorescence emission 

frequency, em  (upper panels) and spectral width (FWHM), em  (lower panels) of C153 (left 

panels) and DMASBT (right panels) for three compositions in [(PC+LiClO4)+wt%PPG] at 293 

K. All representations are colour-coded. 
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Figure 6.4: Temperature induced exc  dependent total shift of emission frequency and FWHM 

of DMASBT at two compositions in [(PC+LiClO4)+wt%PPG] respectively. All 

representations are colour-coded. 
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6.3.2 Time-Resolved Fluorescence Measurements 

Lifetimes of C153 and DMASBT in the [(PC+LiClO4)+wt%PPG] were determined from multi-

exponential fits of magic angle (54.7º) fluorescence decay. Corresponding average lifetimes, 

life , are summarized in Table 6.2. 

Table 6.2: Average lifetimes of C153 and DMASBT at various wt% of PPG in 

[(PC+LiClO4)+wt%PPG]. 

wt% of PPG 

[(PC+LiClO4)+wt%PPG]  

 

life  of C153/ ns 
life  of 

DMASBT/ 

ns 

293 K 298 K 303 K 308 K 313 K 318 K 293 K 

0 5.04 5.08 5.03 4.91 5.30 4.88 0.16 

10 4.24 4.19 4.23 4.11 4.41 4.45 0.24 

20 3.97 4.31 4.22 3.79 3.93 4.29 0.18 

30 4.13 4.49 4.55 4.44 4.52 4.49 0.18 

40 5.07 4.94 5.03 5.02 5.09 5.03 0.16 

50 4.35 4.46 4.06 4.09 4.40 4.24 0.18 

60 4.44 4.30 4.33 4.22 4.44 4.60 0.17 

100 4.30 4.38 4.37 4.40 4.57 4.28 0.19 

 

6.3.2.1 Stokes Shift Dynamics  

Picosecond-resolved fluorescence decay measurements of C153 at magic angle (54.7º) have 

been performed to explore the solution dynamics via dynamic Stokes shift. The representative 

fluorescence transients of C153, recorded at 293 K, in these PGEs with 60 wt% PPG, having 

signature of Stokes shift dynamics: only decay at the blue end wavelength and rise followed 

by decay at the red wavelength with respect to steady state emission peak wavelength are 

shown in Figure A.d.3 (Appendix). Figure 6.5 is the representative time-resolved emission 

spectra (TRES) of C153 in these solutions with 60 wt% PPG. The corresponding steady state 

emission spectra are also shown in the same figure. Note the steady state emission spectrum in 

each of the solutions is not the representative of emission of C153 molecules from completely 

relaxed solvation configuration because it is ~ 200 cm-1 blue shifted compared to emission 

spectrum at t=∞. Similar observation was also found earlier in some viscous electrolyte 

solutions.25,51 
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Figure 6.5: Representative constructed time-resolved emission spectra (TRES) of C153 with 

60 wt% in [(PC+LiClO4)+wt%PPG] for different time intervals at 293 K. The steady state 

emission spectrum of C153 in this solution is shown as dashed lines in the same figure. All 

representations are colour-coded. 

 

Table 6.3 summarizes the total dynamic Stokes shift of C153 detected (
t

obs ) in these 

solutions from the present measurements and corresponding estimated total dynamic Stokes 

shift (
t

est ) by following a well-known approximate method.52 We have missed ~ 40-50% of 

total dynamic Stokes shift which are primarily arising from the faster dynamics of the 

constituent components in PGEs, and is beyond our present experimental time-resolution 

(FWHM of IRF ~ 85 ps) even after iterative reconvolution.53 Ultrafast fluorescence study of 

C153 in PC37 reported solvation time ~ 2 ps at 295 K. With increase of polymer (PPG) amount 

in the medium, the missed portion of dynamic Stokes shift decreases. Probably, PPG induced 

increase of medium viscosity is responsible for larger detection of total dynamic Stokes shift. 
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Table 6.3: Magnitudes of estimated )( t

est , observed )( t

obs  and missing portion of the total 

dynamic Stokes shift of C153 at various wt% of PPG in [(PC+LiClO4)+wt%PPG]. 

wt% PPG in 

[(PC+LiClO4)+wt%PPG] 

t

est /cm-1 
t

obs /cm-1 % Missed 

0 1400 606 57 

10 1805 685 62 

20 1618 591 63 

30 1626 597 63 

40 1435 712 50 

50 1442 735 49 

60 1527 819 46 

100 1333 1210 9 

 

The representative decay of solvation response functions, S(t), determined from the peak 

frequencies of time dependent emission spectrum of C153 in these PGEs at 293 K are shown 

in Figure 6.6. Corresponding fit parameters are summarized in Table 6.4. The S(t) decays show 

bi- or tri-exponential kinetics depending upon polymer concentration. In the absence of 

polymer in the PGEs, among the two solvation time components of C153, summarized in Table 

6.4, the faster sub-50 ps arises from the dynamics of free solvent molecules (i.e. unbound with 

ion) while ion dynamics in the vicinity of excited solute contribute to the slower few-ns time 

components.25,54 Although medium viscosity increases with increasing the polymer 

concentration in solutions, the average solvation time, s , decreases. The faster dynamics of 

terminal hydroxyl and/ or ether group present in polymer chain of PPG425 may be responsible 

for shortening of s . Earlier study on ps-resolved Stokes shift dynamics of C153 in 

polyethylene glycol (PEG300) have reported bi-exponential dynamics with sub-100 ps and ~1 

ns time components with s  ~ 350 ps.55 The presence of additional methyl side group in 

PPG425 is believed to be responsible for lengthening of these time components (Table 6.4). 

Dielectric relaxation studies have reported that presence of additional methyl side group 

dominates over the increasing chain length of the polymers in lengthening of relaxation 

dynamics.56 Dielectric relaxation of PPG425 in the GHz region reported a timescale ~ 440 ps 

at 293 K.46 Collective inter and intra molecular H-bond relaxation mode of terminal –OH group 

in ethylene glycol based polymers was considered to be responsible for low-frequency 

dispersion mode of dielectric relaxation while segmental motion of C–O–C group resulted the 

~ 100 ps component.57 Therefore, intra and intermolecular H-bond dynamics among terminal 
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–OH group in PPG are expected to contribute in the slowest time (~2 ns) obtained in Stokes 

shift dynamics in neat PPG. 

Time/ ns
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Figure 6.6: Solvation response functions (S(t)) decays of C153 at various wt% of PPG in 

[(PC+LiClO4)+wt%PPG] at 293 K. Experimental data for S(t) are shown by circles; solid lines 

passing through the data represent the fits. All presentations are colour-coded. 

 

Table 6.4: Decay characteristics of solvation response function of C153 at various wt% of PPG 

in [(PC+LiClO4)+wt%PPG] at 293 K. 

wt% 

PPG 

m
1a  n

1 /ps 
2a  

2 /ps 
3a  3 /ps 

s /ps 

0 0.48 42 - - 0.52 3351 1763 

10 0.36 38 0.08 333 0.56 3828 2184 

20 0.41 46 0.11 379 0.48 3534 1757 

30 0.39 98 0.13 479 0.48 3358 1712 

40 0.40 74 0.25 352 0.35 3044 1183 

50 0.48 118 0.17 529 0.35 2778 1119 

60 0.54 141 0.13 816 0.33 2585 1035 

100 0.54 209 0.46 1747 - - 916 
m,n The reported individual amplitudes and time constants can be reproduced within ± 10% of 

the reported values. 
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Figure 6.7 describes the viscosity coupling of solution dynamics at various polymer 

concentrations in the PGEs via dependence of experimentally obtained s  of C153 and 

medium viscosity at 293 K in double logarithmic fashion. The fit going through the data points 

shows fractional viscosity dependence of the type, 

p

s
T

A 










 , with a negative p value 

having magnitude ~ 0.5. The significant decoupling of s  of C153 with medium viscosity 

suggests that these polymer gel electrolytes (PGEs) are strongly temporal heterogeneous51. 
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Figure 6.7: Temperature reduced viscosity dependence 








T


 of average solvation time, ),( s  

of C153 in [(PC+LiClO4)+wt%PPG] at 293 K. Solid lines passing through the data points 

represent the fit. 

 

6.3.2.2. Time-Resolved Fluorescence Anisotropy: Rotational Diffusion of Solute 

Time-resolved fluorescence anisotropy measurements of C153 in these polymer gel electrolyte 

systems have been performed to explore the coupling between the solute’s rotational diffusion 

and the medium viscosity. Representative fluorescence intensity decay at different emission 

polarization (0º & 90º) with respect to vertical excitation polarization of C153 in 

[(PC+LiClO4)+wt%PPG] with 60 wt% PPG is shown in Figure A.d.4 (Appendix). A 
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representative fluorescence anisotropy decay, r(t), at 60 wt% PPG and the corresponding bi-

exponential fit is provided in Figure 6.8. Corresponding residuals of fits are also shown in this 

figure. The experimentally observed r(t) decay fit parameters in these systems at different 

temperatures are summarized in Table 6.5. All these anisotropy decays are well described by a 

sum of two exponentials characterized by a fast (~100-200 ps) and a slow (~500-1000 ps) time 

constants with both possessing substantial amplitudes. Biexponential r(t) decay is a reflection 

of non-Markovian rotational moves and suggests that the solute’s rotational diffusion in these 

media haven’t taken place by via Debye rotations through temporally uncorrelated stochastic 

small orientation moves.34 
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Figure 6.8: Representative fluorescence anisotropy decays, r(t) (upper panel) of C153 in 

[(PC+LiClO4)+60wt%PPG] at 293 K. Experimental data are denoted by circles and solid line 

passing through them represents biexponential fit. Fit parameters are shown in the inset. 

Corresponding residuals for r(t) decay fit is shown in the lower panel. 

 

 

 



Chapter 6 

129 
 

Table 6.5: Temperature dependent decay characteristics of fluorescence anisotropy (r(t)) of 

C153 at various wt% of PPG in [(PC+LiClO4)+wt%PPG]. Experimental measured viscosity 

coefficients ( ) of these solutions are also summarized in this table. 

Systems T/K m
1a  n

1 /ps 2a  2 /ps 
rot /ps  /cP 

 

 

PC+LiClO4 

 

293 0.56 160 0.44 982 519 9.37 

298 0.53 174 0.47 846 490 8.08 

303 0.55 114 0.45 739 394 7.04 

308 0.61 155 0.39 702 366 6.19 

313 0.60 113 0.40 614 312 5.48 

318 0.58 124 0.42 490 276 4.90 

 

 

PC+LiClO4 

+10wt%PPG 

293 0.48 190 0.52 788 504 8.54 

298 0.55 231 0.45 726 454 7.35 

303 0.55 172 0.45 650 386 6.40 

308 0.62 199 0.38 582 344 5.63 

313 0.66 168 0.34 563 301 5.02 

318 0.75 184 0.25 509 265 4.50 

 

 

PC+LiClO4 

+20wt%PPG 

293 0.55 239 0.45 838 510 9.12 

298 0.56 196 0.44 695 417 7.77 

303 0.61 203 0.39 646 377 6.73 

308 0.69 211 0.31 613 336 5.88 

313 0.73 165 0.27 597 282 5.19 

318 0.76 163 0.24 567 261 4.62 

 

 

PC+LiClO4 

+30wt%PPG 

293 0.39 221 0.61 819 588 11.91 

298 0.40 179 0.60 682 483 9.95 

303 0.42 136 0.58 587 398 8.47 

308 0.50 174 0.50 551 364 7.29 

313 0.60 180 0.40 523 317 6.33 

318 0.63 127 0.37 492 262 5.56 

 

 

PC+LiClO4 

+40wt%PPG 

293 0.35 119 0.65 950 656 16.77 

298 0.43 141 0.57 929 593 13.76 

303 0.46 138 0.54 839 514 11.46 

308 0.54 192 0.46 766 456 9.70 

313 0.59 161 0.41 693 380 8.28 

318 0.61 136 0.39 680 348 7.18 

 

 

PC+LiClO4 

+50wt%PPG 

293 0.32 178 0.68 1251 909 24.80 

298 0.38 195 0.62 1139 782 19.83 

303 0.36 140 0.64 889 616 16.17 

308 0.46 224 0.54 826 548 13.38 

313 0.48 179 0.52 732 468 11.22 

318 0.52 148 0.48 655 391 9.59 

 

 

PC+LiClO4 

+60wt%PPG 

293 0.29 195 0.71 1552 1161 33.84 

298 0.32 210 0.68 1342 977 26.56 

303 0.38 164 0.62 1140 772 21.21 

308 0.41 160 0.59 975 642 17.28 

313 0.41 193 0.59 821 566 14.25 

318 0.41 146 0.59 683 464 11.93 

 293 0.25 155 0.75 3256 2481 98.31 
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PPG 

298 0.24 211 0.76 2595 2023 70.79 

303 0.29 146 0.71 2051 1499 52.72 

308 0.29 175 0.71 1712 1266 40.10 

313 0.34 146 0.66 1394 970 31.22 

318 0.39 189 0.61 1314 875 24.81 
m,n The reported individual amplitudes and time constants can be reproduced within ± 10% of 

the reported values. 

 

With increasing polymer concentration and decreasing temperature, the average rotational 

correlation time, rot , increases. The same is true for the medium viscosity as well. Although 

experimentally measured rot  increases with the increase of viscosity, partial decoupling of 

rot  from viscosity is prominent. For example, the viscosity of [(PC+LiClO4)+60wt%PPG] 

is ~4 times higher than that of the solution with 10 wt% PPG but rot  for C153 is only ~ 2.3 

times longer in the former than the latter. Figure 6.9 describes the medium viscosity coupling 

of the solute’s rotational diffusion via 
p

rot TA )/(   in a double logarithmic scale. The 

predicted stick and slip limit values of rot  have been calculated by using the modified 

Stokes-Einstein-Debye (SED) equation, 
Tk

fCV

B

rot


  . In this relation, solute (C153) volume 

V =246 Å3; shape factor f =1.71; and the coupling constant C = 1 (for stick) and 0.24 (for slip). 

These calculated hydrodynamic rotation times at different temperatures are also shown in the 

same figure. All the experimental rot  values lie in between the stick and the slip predicted 

rotation times. 
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Figure 6.9: Temperature-reduced viscosity 








T


 dependence of average rotation time, ),( rot  

of C153 at various wt% of PPG in [(PC+LiClO4)+wt%PPG] (upper panel). Solid lines passing 

through the data points represent fits. Different colours have been used to denote different wt% 

of PPG in the solution. The lower panel represents the global fit of η/T dependence with rot  

of C153 in [(PC+LiClO4)+wt%PPG]. 
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Fractional viscosity coupling of rot  with p < 1 is observed in all these solutions. Note, in the 

upper panel of Figure 6.9, where the   changes due to change of temperature, the value of p 

varies from 0.9 to 0.7 as polymer concentration increases from 0 to 100 wt% in 

[(PC+LiClO4)+wt%PPG]. A global fit of all the collected data (that include all temperature and 

all wt% of PPG considered), shown in the lower panel of this figure, results p = 0.69. The 

fractional p value suggests a presence of significant temporal heterogeneity in these polymer 

gel electrolytes. 

To further explore the coupling of medium viscosity with solute (C153) rotation, activation 

energy associated with medium viscosity (


aE ) and solute rotation )( rot

aE  have been determined 

via analysing the Arrhenius-type temperature dependencies of the measured   and rot  in the 

temperature range,  T = 293 to 318 K. The obtained activation energies (


aE  and
rot

aE ) in these 

polymer gel electrolytes are summarized in Table 6.6. Note, at the lower polymer concentration 

regime, 


aE  are quite close to 
rot

aE , signifying the solute rotation in this limit is totally dictated 

by the medium viscosity. At the higher polymer concentration regime, on the other hand, 
rot

aE

<


aE , suggesting a partial decoupling of solute rotation from medium viscosity in this limit. 
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Table 6.6: Activation energy associated with medium viscosity and rotational diffusion of 

C153 at various wt% of PPG in [(PC+LiClO4)+wt%PPG]. 

wt% PPG in 

[(PC+LiClO4)+wt%PPG] 



aE /kJmol-1K-1 
rot

aE /kJmol-1K-1 

0 20.09 20.28 

10 19.83 20.19 

20 21.03 20.56 

30 23.56 23.90 

40 26.29 20.46 

50 29.46 26.02 

60 32.29 28.39 

100 42.61 33.63 

 

6.3.3 Fluorescence Correlation Spectroscopy: Translational Diffusion of Solute 

To have a comprehensive understanding about medium frictional profile, translational 

diffusion of C153 in the polymer gel electrolytes have been explored via fluorescence 

correlation spectroscopy. Representative )(G  of C153 dissolved in polymer gel electrolytes 

is shown in Figure 6.10. Normal single diffusion function has been found to describe the 

experimental )(G , shown as solid lines in the same figure. The possibility of multiple 

diffusing species has also been verified. The comparison of mono- and bi-modal diffusion 

model to fit experimental )(G is represented in Figure 6.10 along with the residuals. No 

prominent difference between the two models leads us to consider the monomodal (also called 

normal single diffusion) function to describe the experimentally observed )(G of C153 in the 

present polymer gel electrolytes, [(PC+LiClO4)+wt%PPG]. Change of )(G  with gradual 

addition of PPG in this polymer gel electrolytes is shown in Figure 6.10 where the solid lines 

indicates normalized )(G  fits. With the increase of polymer (PPG) concentration, the )(G  

decays become slower. Translational diffusion times )( D  extracted from fits are summarized 

in Table 6.7B along with the medium viscosities. 
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Figure 6.10: Fluorescence autocorrelation  G  of C153 in [(PC+LiClO4)+wt%PPG] at 293 

K. Upper left panel: Coloured symbols represent  G  data points while solid lines passing 

through the data points depict the normal single diffusion fits. Upper right panel: A 

representative comparison between monomodal and bimodal fit of  G  data for C153 

dissolved in 10 wt% PPG425 in [(PC+LiClO4)+wt%PPG]. Lower right panel: Comparison of 

residuals between monomodal and bimodal fit of  G  data for C153 dissolved in 10 wt% 

PPG425 in [(PC+LiClO4)+wt%PPG]. Lower left panel: Normalized autocorrelation fits 

(normal single diffusion) of C153 at various wt% of PPG in [(PC+LiClO4)+wt%PPG]. 

Different colours have been used for various wt% of PPG. 

 

Rotational diffusion times, discussed in the earlier section for fluorescence anisotropy 

measurements of C153 in this electrolyte system, have been found to show fractional (~0.7) 

power dependence on medium viscosity. The fractional power (here p) dependence of 

translational diffusion time, D , with temperature-reduced medium viscosity  T  is shown 

in the lower panel of Figure 6.11 which indicates a p value of 0.6. As before, this is significantly 
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less than unity, and confirms the view that these systems are strongly temporally 

heterogeneous. However, this interpretation of fractional viscosity dependence is strongly 

conditioned to solute sphericity and solute-solvent size ratio, and therefore requires a re-

confirmation via similar analysis of rotation times of the same solute in normal homogeneous 

small molecular solvents. This leads us to study the FCS of C153 in a set of normal solvents. 

A representative  G  data and monomodal fit through the data point of C153 in acetonitrile 

solvent is shown in upper panel of Figure 6.12 and the corresponding residual is provided in 

the middle panel of the same figure. Normalized monomodal fits through the  G  of C153 in 

a series of normal solvents with gradual increase of solvent viscosity is presented in the lower 

panel of Figure 6.12. Translational diffusion times obtained from the fits are provided in Table 

6.7A. Furthermore, T coupling of D  of C153 in these normal solvents results a fractional 

p=0.86, shown in the upper panel of Figure 6.12. Note here that in normal solvents also, T

dependence of D  is not perfectly following the hydrodynamic Stokes-Einstein (SE) relation 

(where p=1). Interestingly, the translational diffusion of non-spherical solute, rhodamine 6G 

(R6G), was also found to deviate from the SE prediction.58,59 Since the SE relation is based on 

the translational diffusion of a spherical solute in a solvent continuum, the nonspherical shape 

of C153 might be responsible for the observed fractional p=0.86 in normal solvents. Even with 

such a base line, p~0.6 found for C153 translation in these polymer electrolyte solutions does 

indicate significant temporal heterogeneity in these media. This interpretation is in line with 

the findings for deeply super-cooled liquids, glass etc.60-66 Surprisingly, even ~ 100 K above 

their respective glass transition temperature (Tg), shown in Figure A.d.5 (see Appendix), the 

current PGEs exhibit such dynamical characteristics observed in super-cooled systems. 
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Table 6.7: Diffusion time, D , obtained from normal single diffusion of C153 (A) dissolved 

in sets of normal solvents and (B) polymer gel electrolytes, [(PC+LiClO4)+wt%PPG] at 293K. 

 

A:Normal Solvents at 293 K B:[(PC+LiClO4)+wt%PPG] at 293 K 

Solvents  /cP 
D /μs wt% PPG  /cP 

D /μs 

Acetonitrile 0.37 22±4 10 8.54 190±41 

Ethanol 1.20 65±14 20 9.12 198±21 

1-Propanol 2.20 100±22 40 16.77 307±26 

1-Butanol 2.94 130±27 50 24.80 376±60 

1-Hexanol 5.32 210±32 60 33.84 484±70 

1-Octanol 9.01 370±48 100 98.31 807±95 

1-Decanol 14.32 550±52    

Ethylene Glycol 20.81 700±92    
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Figure 6.11: Temperature-reduced viscosity 








T


 dependence of average translation time, 

 D , of C153 dissolved in normal solvents (upper panel) and in [(PC+LiClO4)+wt%PPG] 

(lower panel). Solid lines passing through the data points represent the fits. 



Chapter 6 

138 
 

C153 in Acetonitrile

G
 (
)

-0.05

0.00

0.05

0.10

0.15

0.20

0.25

Data

Monomodal Fit

C153 in Acetonitrile

R
es

id
u

a
l

-0.10

-0.05

0.00

0.05

0.10

0.15

C153 in Normal Solvents

/ms

0.01 0.1 1 10 100 1000

N
o

rm
a

li
ze

d
 G

 (
)

0.0

0.2

0.4

0.6

0.8

1.0

Acetonitrile

Ethanol

Propanol

Butanol

Hexanol

Octanol

Decanol

Ethylene Glycol

 

Figure 6.12: Upper panel: Representative fluorescence autocorrelation  G  of C153 in 

acetonitrile at 293K. Coloured symbols represent  G  data points while solid line passing 

through the data points depicts the normal single diffusion fits and corresponding residual is 

shown in middle panel. Lower panel: Normalized autocorrelation fits (normal single diffusion) 

of C153 in various normal solvents. Different colours have been used to indicate various 

solvents. 
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6.3.4 Translation-Rotation Decoupling 

For deeply super-cooled liquids, it has been found that solute rotation decouples from solvent 

viscosity later than its translation.62,67-71 Thus fraction values obtained from rotation ( rotp ) and 

translation ( trp ) should differ from each other with rotp > trp . In the present polymer gel 

electrolytes, the rotational motion of external solute C153 exhibits fractional viscosity 

dependence with p ~ 0.7 (see Figure 6.9) and ~ 0.6 (Figure 6.11) for translational motion. 

Further investigations using NMR, MD simulation, dielectric relaxation etc. are needed to 

explore and understand the origin of such translation-rotation decoupling in various polymer 

gel electrolytes.  

 

6.4 Conclusion 

In summary, the above work presented here clearly depicts the viscosity decoupling of rotation 

and translation of C153 in the PPG based polymer gel electrolyte system. Excitation 

wavelength dependent fluorescence emission studies with a fast lifetime probe such as 

DMASBT suggests inhomogeneous density persistence timescale is rather fast and fall in the 

sub-nanosecond regime. The fractional viscosity dependence of the average rotation and 

translation diffusion times of C153 has been observed in the present PGEs. The p values deviate 

significantly from unity, suggesting substantial medium temporal heterogeneity. A negative 

viscosity coupling (opposite to C153 rotation and translation) of the average solvation time of 

C153 indicates C153 solvation is overwhelmingly dominated by local participation where 

medium viscosity finds no significant role. The appearance of a new time component in the 

solvation response function of C153 in these polymer containing systems and a close 

qualitative similarity of this timescale with a previously reported dielectric relaxation time in 

pure PPG re-establishes the impact of the polymer on solution dynamics of these polymer gel 

electrolytes. The decrease in average solvation time with increasing the relative wt% of 

polymer in [(PC+LiClO4)+wt%PPG] polymer gel electrolytes (and hence increasing medium 

viscosity) signifies remarkable effect of polymer in the solvation dynamics of the photo-excited 

probe (C153) molecule. A signature of translation-rotation decoupling for solute motion has 

also been found. The translation-rotation decoupling and spatio-temporal heterogeneity are two 

important observations for these polymer gel electrolytes which may be intelligently used to 

realise their full application potential in various electro-chemical devices where ion-transport 

is the main focus. 
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Chapter 7 

 

Cloud Point Driven Dynamics in Aqueous Solutions of Thermoresponsive 

Copolymers: Are They Akin to Criticality Driven Solution Dynamics? 

7.1 Introduction 

Phase separation is a consequence of nucleation and growth with time.1 The growth is a 

diffusion controlled process, and near the critical point (Tc) the mutual diffusion coefficient 

decreases asymptotically and approaches to zero.2 The slowing down of nucleation and growth 

near Tc was observed in various systems including neat solvents,3 binary mixtures of molecular 

liquids,4,5 polymer solutions,6 etc. Divergence of correlation length and universality in static 

and dynamic critical behaviour7 near Tc are the hallmark of criticality. Different stimuli-

responsive polymers are known to show hydrophilic-hydrophobic phase transition in aqueous 

medium.8,9 In this regard, stimuli-responsive polymers (also known as ‘smart’ polymers) could 

be a suitable system to exhibit such criticality owing to their inherent ability to respond to 

various external stimuli such as pH,10,11 temperature,12,13 light,14,15 redox potential,16,17 

electric18 and magnetic fields.19 

Amongst the smart polymers, thermoresponsive polymers are the most widely used as they can 

undergo a reversible phase transition as a function of temperature.12 This facet allows them to 

act like unique smart polymers having “on-off” switchable feature through externally applied 

temperature.20 These polymers possess a miscibility gap in their temperature-composition 

phase diagram in aqueous solutions. Accordingly, depending upon the appearance of 

miscibility gap either by increasing or decreasing temperature of polymer solutions, 

thermoresponsive polymers can be classified as those with a lower critical solution temperature 

(LCST), and another with upper critical solution temperature (UCST).21 LCST defined as the 

lowest temperature of the binodal phase diagram (or the coexistence curve). However, cloud 

point or phase transition temperature (Tcp) of thermoresponsive polymer refers to the 

temperature at which the polymer solution at a specific concentration undergoes a sharp and 

reversible transition from hydrophilic coil to hydrophobic globule state followed by formation 

of large aggregates of collapsed dehydrated polymer chains.22,23 Notably, the Tcp of a water-

soluble amphiphilic copolymer relies on their hydrophilic/hydrophobic segment balance.24 At 
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a temperature lower than Tcp, the polymer chains remain completely hydrated, and solubilized 

in water while a sudden change in solution behaviour occurs at elevated temperature as the 

interactions between hydrophobic units of polymer dominate over the hydrogen bonding 

between water and hydrophilic segments.25 Consequently, the polymers no longer remain 

hydrated, and undergo a phase transition resulting in the formation of water-insoluble large 

polymeric aggregates. 

Examples of well-known thermoresponsive LCST polymers include poly(N-isopropyl 

acrylamide) (PNIPAM),13 poly(N,N-diethyl acrylamide) (PDEAM),13 poly(N-

vinylcaprolactam) (PNVCL),26 poly[2-(dimethylamino)ethyl methacrylate] (PDMAEMA),27 

poly(ethylene oxide) (PEO),28 etc. The size or polarity of side chains is known to impart a 

significant impact on LCST. For instance, the PEG (polyethylene glycol)-based polymers 

having different length of ethylene oxide side units represents diverse range of LCST values.29 

Additionally, the LCST of a polymer can also be manipulated by copolymerizing with a 

hydrophilic or hydrophobic monomer and controlling molecular weight.30 Recently, PEG-

based thermoresponsive macromolecules emerged as a potential candidate for biomedical 

applications since they are primarily composed of biocompatible neutral ethylene oxide 

segments which make them uncharged, nonimmunogenic, non-toxic and water-soluble.31,32 

Because of such intriguing properties, PEG-based amphiphilic copolymers with tunable Tcp 

around body temperature become the most sought-after materials for different biomedical 

applications.33  

PEG-based thermoresponsive polymers, specifically random copolymers, were designed to 

achieve tunable Tcp around human body temperature by varying copolymer composition and 

chain length to make the copolymer micelles applicable for biomedical purposes.34-39 Majority 

of these works mainly focused on the synthesis of such copolymers to achieve on-demand 

morphology along with stimuli-responsive feature. However, understanding the structure, 

nature of interaction and relaxation dynamics of such kind of amphiphilic copolymers in 

aqueous media is critical for developing smart copolymers for targeted applications. 

Unfortunately, investigations along this line have remained largely unexplored so far. This 

observation has led us to investigate the interactions and relaxation dynamics in amphiphilic 

thermoresponsive random copolymers having miscibility gap depending on their 

concentration/Tcp in aqueous media. More particularly, we have focused here on the impact of 

Tcp on solute-medium interaction, and explored whether the solution dynamics altered as Tcp is 

approached in a way reminiscent of that driven by critical solution temperature (Tc). For this 
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purpose, a series of thermosensitive water-soluble amphiphilic random copolymers comprised 

of methyl methacrylate (MMA) and poly(polyethylene glycol) monomethyl ether methacrylate 

(PEGMA) are taken. These series of thermoresponsive copolymers have been designed, 

synthesize and characterized by Prof. Priyadarsi De’s group, IISER Kolkata, India.40 MMA 

was integrated as a hydrophobic partner during the copolymerization to tune the Tcp of these 

copolymers between 298 K and 323 K. Steady state and time-resolved fluorescence 

spectroscopy have been employed to explore the interaction and aqueous solution dynamics of 

these copolymers employing two fluorescent dye molecules, coumarin 153 (C153, 

hydrophobic) and coumarin 343 (C343, hydrophilic). Further, a thorough and systematic 

investigation was performed to reveal the impact on solution structure and relaxation dynamics 

as Tcp is approached via the static and dynamic fluorescence measurements. 

7.2 Experimental Details 

7.2.1 Materials Sample Preparation for Fluorescence Measurements 

Pyrene, coumarin 343 (C343) and coumarin 153 (C153) were purchased from Sigma Aldrich 

and used as received. Experimental solutions were prepared by mixing required amount of 

copolymers in Milli-Q water. Three different polymers40 (P1, P2 and P3) with different number 

of hydrophobic (m) and hydrophilic (n) chain length (P1 (m=31, n=30), P2 (m=29, n=24), P3 

(m=41, n=24)) were used in the current work. Aqueous copolymer mixture was then kept at 

lower temperature (with respect to Tcp) till complete dissolution of copolymer. The 

concentrations of experimental aqueous copolymer solutions were fixed at 2 mg/mL. Optical 

measurements of these solutions were performed as follows: 2-3 μL of freshly prepared 

solutions of coumarin 153 (C153) in hexane was taken in a quartz cuvette of 1 cm optical path 

length. The nonpolar solvent was then evaporated off by uniformly blowing hot air around the 

outer surface of the cuvette. Approximately 2.5-3 mL of sample solution was poured into the 

cuvette with C153. In other set of measurements, a few crystals of C343 were added directly 

to solutions, shaken gently until complete dissolution. Concentration of C153/C343 in each of 

these samples was maintained at ≤ 10-5 M. Spectroscopic measurements were carried out in a 

humidity-controlled environment. The chemical structures of synthesized thermoresponsive 

copolymers, C153, C343 and pyrene are shown in Scheme 7.1. 
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7.2.2 Dynamic Light Scattering (DLS) 

Dynamic light scattering (DLS) measurements were conducted with a Malvern Nano Zetasizer 

instrument (Malvern Instrument Ltd., Malvern, UK) equipped with a 4.0 mW He–Ne laser 

beam operating at λ = 633 nm at a scattering angle of 173°. All aqueous copolymer solutions 

were filtered through a 0.45 µm syringe filter prior to measurement. Temperature dependent 

DLS measurements were carried out for each copolymer at a fixed concentration of 2 mg/mL 

in water. 

7.2.3 Density and Viscosity Coefficient Measurements 

Densities (  ) and viscosity coefficients ( ) of the solutions were measured by using an 

automated temperature-controlled density-cum-sound analyzer (Anton Paar, model DSA 5000) 

and automated micro viscometer (AMVn, Anton Paar), respectively.41,42 

7.2.4 Data Collection and Analysis for Steady State Optical Measurements 

UV-Visible spectrophotometer (UV-2600, Shimadzu), and a fluorimeter (Fluorolog, Jobin-

Yvon, Horiba) were used for recording steady state absorption and fluorescence emission 

spectra, respectively.43,44 Temperature was controlled by using Peltier temperature controller 

(accuracy ± 0.5 K). Steady-state absorption spectra were taken at 2 nm slit width and 

fluorescence spectra were recorded using 2 nm slits at both the excitation and emission ends. 

The standard spectral analysis procedure was followed to determine spectral frequencies.45,46 

The typical error bar for the determined spectral frequencies and spectral widths (full width at 

half maxima, FWHM) were ±200 cm−1. Details of the steady state measurements technique are 

the same as discussed in chapter 2. 

7.2.5 Data Collection and Analysis for Time-Resolved Fluorescence Emission Spectra 

Time-resolved fluorescence measurements47 were performed with a time-correlated single-

photon counting (TCSPC) system (LifeSpec-ps) from Edinburgh Instruments (Livingston, 

U.K.).48,49 Details of time-resolved fluorescence measurements are the same as described in 

chapter 2 and references.49-51 
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Scheme 7.1: Chemical structure of P1-P3 polymers, C153, C343 and pyrene.  

 

7.3 Results and Discussion 

7.3.1 Determination of Critical Aggregation Concentration (CAC) of the Copolymers 

Amphiphilic random copolymers are known to form self-assembled structures in water.52,53 As 

the synthesized P1-P3 are amphiphilic in nature having both hydrophilic (PEGMA) and 

hydrophobic (MMA) segments, we have studied the self-assembly characteristics of the 

copolymers in aqueous medium by fluorescence technique using pyrene as a fluorescent probe. 

The CAC values of these copolymers are determined from the emission spectra of pyrene in 

the aqueous medium with gradual increment of the polymer concentration.44,54 CAC values of 

P1-P3 have been calculated from the point of intersection of two slopes obtained from the plot 

of I391/I370 versus the logarithm of the copolymer concentration as shown in Figure 7.1. The 

CAC values thus determined are 14, 2.5 and 2 mg/L for P1, P2 and P3 respectively. The 

decrease in CAC value with the increase of the hydrophobic MMA content in the copolymer 

can be attributed to the fact that a copolymer with larger hydrophobic/hydrophilic ratio 

aggregates in aqueous medium at a concentration lower than that for smaller 

hydrophobic/hydrophilic ratio. 
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Figure 7.1: Polymer concentration dependent fluorescence emission intensity ratio, I391/I370, 

for pyrene in aqueous solutions of P1 (upper panel), P2 (middle panel) and P3 (lower panel). 

The intersection points, indicated by arrows, represent respective CAC values. 
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7.3.2 Cloud Point Temperature (Tcp) 

These random copolymers, P1-P3, are expected to show temperature induced phase transition 

behaviour as they consists of well-known thermosensitive PEGMA units. Hence, the turbidity 

measurements of P1-P3 have been carried out by monitoring the percentage of transmittance 

(%T) with increasing temperature using UV-Vis spectroscopy at 500 nm.52 The Tcp is 

considered as the temperature where %T is reduced to 50%.54 Figure 7.2 indicates Tcp of these 

aqueous copolymer solutions are 323 K, 316 K and 301 K for P1, P2 and P3, respectively. As 

anticipated, Tcp of the copolymers decreases with the decrease of hydrophilic PEGMA content 

and increase of hydrophobic MMA units into the copolymers. These copolymers form 

transparent solutions in aqueous medium below their respective cloud point temperature and 

turn opaque (milky white) when temperatures of the solutions reach their respective Tcp or go 

beyond as the globules aggregate causing turbidity and large scale density fluctuations. 

However, the phase transition of P1-P3 showed a negligible hysteresis on changing temperature 

upward/downward (data not shown). 
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Figure 7.2: Temperature dependent transmittance % of aqueous solutions (2 mg/mL) of P1-

P3. Arrows indicate cloud point temperature, Tcp. 

 

In the subsequent step, the Tcps of P1-P3 have also been determined by temperature-dependent 

DLS measurements. The DLS diagrams of the copolymer solutions (2 mg/mL) at variable 
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temperatures are presented in Figure 7.3. For P1, hydrodynamic diameter (Dh) is found to be 

in the range of <10 nm up to 318 K, but the particle size suddenly increases to ~500-800 nm at 

and above 323 K. It is clear that below Tcp the obtained Dhs are attributed to the single 

copolymer chain conformation.55 On the other hand, when the temperature approaches to Tcp, 

large aggregated structures are formed. This is ascribed to the temperature driven phase 

separation of thermoresponsive copolymers in aqueous medium. Presence of smaller size 

particles than visible light wavelength range (400-800 nm) is responsible for transparent 

appearance (maximum of incident light transmit through the solution) of these aqueous 

solutions of P1-P3 in visible light below individual’s (P1-P3) Tcp. The large size particles 

formed above Tcp is because of the loss of H-bonding between the polymer chains (PEGMA) 

and water, making the polymer solution opaque. A small deviation in Tcp determined from UV-

Vis spectroscopy and DLS measurements can be explained by considering the fact that during 

heating of the copolymers some small particles are formed due to the gradual dehydration of 

the polymer which may simply be overlooked by UV-Vis spectroscopy.20,56 

To check whether this phase separation is akin to criticality driven concentration fluctuations 

or not, we have performed steady state and time-resolved fluorescence spectroscopic 

measurements of C153 and C343 in aqueous solutions of P1, P2 and P3 (Sec. 4.5 and 4.6). 

Impact of external solute (C153/C343, ≤ 10-5 M) on the Tcp of the aqueous copolymer solutions 

were investigated (shown in Figure A.e.1, Appendix A.e). A mild shift of Tcp indicates 

insignificant impact of the foreign solute on cloud point temperatures for these aqueous 

polymer solutions. 
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Figure 7.3: Particle size distributions of random copolymers: P1 (upper panel), P2 (middle 

panel) and P3 (lower panel) in aqueous medium (concentration = 2 mg/mL) below and above 

Tcp. All representations are colour-coded. 
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Figure 7.3 demonstrates the presence of larger particles with diameter more than 100 nm near 

or beyond Tcp suggesting the formation of larger aggregates through collapse of smaller 

aggregated structures at T ≥ Tcp (like coil to globule transition due to dehydration) without 

making polymer solutions appear cloudy at the onset stage. However, we have restricted the 

experimental temperatures nearly 5 K below the individual cloud point temperatures (Tcp) 

during the steady state and time-resolved spectroscopic measurements in order to avoid 

complications arising from the formation of larger particles. 

7.3.3 Density and Viscosity Coefficient Measurements 

The measured temperature-dependent densities and viscosity coefficients of three aqueous 

copolymer solutions are summarized in Table A.e.2 (see Appendix). Note that the densities 

and viscosity coefficients of these solutions are quite close to those for neat water. 

7.3.4 Steady State UV-Vis Absorption and Fluorescence Emission Studies 

Figure 7.4 represent the temperature dependent absorption and emission spectra of C153, and 

C343 in aqueous solution of P1. Corresponding spectra in P2 are shown in Figure A.e.3 (see 

Appendix). Note that for any given polymer solution, absorption and emission spectral 

characteristics of both C153 and C343 at temperatures away from Tcp are quite similar to those 

at a temperature nearest to the Tcp. The highest temperature in these spectroscopic 

measurements has been restricted below the Tcps (to avoid complications due to phase 

separation), and emission spectrum recorded after exciting the sample at the wavelength of 

absorption maximum. These spectral features do not show any abrupt changes with 

temperature, suggesting a negligible role for Tcp in governing the temperature-dependent 

solute-medium interactions.  
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Figure 7.4: Representative temperature dependent UV-Vis absorption (left panels) and steady 

state fluorescence emission spectra (right panels) of C153 (upper panels), and C343 (lower 

panels) in aqueous solutions of P1. Tcps are from DLS measurements. Each emission spectrum 

was recorded at the wavelength of absorption maximum (
abs
max ) where 

abs
max  of C153 were ~ 432 

nm and ~ 455 nm for C343. All representations are colour-coded. 

 

We have investigated next the impact of hydrophilic/ hydrophobic unit ratio on steady state 

UV-Vis absorption and fluorescence emission spectra of C153 and C343 in these three aqueous 

copolymer (P1-P3) solutions. Representative absorption and emission spectra of C153 and 

C343 in aqueous solution of P1 to P3 are shown in Figure 7.5. Corresponding absorption and 

emission spectra in neat water are represented in this figure for comparison. Note the blue shift 

in emission frequency by ~500-1000 cm-1 for C153 in aqueous P1-P3 solutions compared to 

that in neat water. This suggests that local environments surrounding C153 in these solutions 

are less polar than that in neat water.57 As the copolymers P1-P3 form self-assembly in aqueous 

solutions, the hydrophobic polar solute C153 prefers to locate at the interfacial region, which 

is less polar than bulk water. This interfacial location of C153 in aqueous solutions of self-
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assembled structures has been indicated in several earlier studies that dealt with micellar 

solutions.44,58,59 As the hydrophilic/ hydrophobic ratio decreases from P1 to P3, the extent of 

blue shift increases, suggesting further decrease of polarity of the local environment 

surrounding C153. In contrast, absorption and emission spectra of C343 (Figure 7.5) in these 

polymer solutions do not differ much from those in neat water. This indicates C343, by virtue 

of its hydrophilic nature, locates in the water-rich region and away from the interfacial locations 

populated by C153.  
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Figure 7.5: Representative steady state UV-Vis absorption (left panels) and fluorescence 

emission (right panels) spectra of C153 (upper panels) and C343 (lower panels) in the aqueous 

solution of three random copolymers (P1-P3) at 293 K. Black dashed lines in each spectra 

depict the respective spectra of probes in neat water. Representations are colour coded. 

 

Because the formation of self-assembled structures in aqueous medium leads to 

inhomogeneous solution structure, the presence of microheterogeneity in these polymer 

solutions (P1-P3) have been investigated via monitoring the excitation wavelength ( excλ ) 
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dependence of fluorescence emission spectrum of C153.60-62 Note C153 has been chosen for 

this study because of its preferential location at the interfacial regions in aqueous solutions of 

these polymers. Representative excλ  dependent fluorescence emission frequencies (left panels) 

and spectral widths (right panels) are shown in Figure 7.6. Figure A.e.4 (Appendix) is an 

alternate approach of Figure 7.6 where excλ  dependent shift of fluorescence emission 

wavelength (left panels) and spectral widths (right panels) are provided. A moderate excλ  

induced shift of emission frequency with concomitant spectral narrowing is detected. Note that 

excλ  dependent total emission shift, 480nm),(λν380nm),(ν)(λΔν r
excem

b
excemexcem  , do 

not show any abrupt change as the solution temperature approaches to the Tcp. The extent of 

emission shift ( )(λΔν excem ) decreases gradually with the rise of temperature which suggests 

temperature-induced faster inter-conversions among differing solute environments.63,64 

Note that the extent of emission spectral shift with excλ  increases as the hydrophobic/ 

hydrophilic ratio in copolymer increases, producing the following order (of decreasing 

heterogeneity): P3>P2>P1. This indicates increase of micro-heterogeneity in local solvation 

structure due to an increase in hydrophobicity of the polymer units in these aqueous solutions. 

Figure A.e.5 (Appendix) shows the representative excλ  dependent emission results for C343 in 

these solutions, which reveals relatively more homogeneous environments surrounding this 

hydrophilic probe. This further confirms different locations for C153 and C343 in these 

solutions. These steady state spectral features therefore strongly suggest that solute-

environment interactions lead the variations of solute spectra in these solutions where Tcp plays 

either a secondary or no role. Note critical density fluctuations have also been found earlier to 

play a minor or no role in augmentation of local solvent density surrounding external solutes 

in supercritical fluids.45,46 Solute (C153/C343) centric relaxation dynamics is next investigated 

by applying time-resolved fluorescence measurements to explore whether relaxation dynamics 

is influenced by the Tcp in these copolymer solutions. 
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Figure 7.6: Excitation wavelength dependence ( excλ ) of steady state average emission 

frequencies (  emν ) (left panels) and spectral widths (FWHM, emΓ ) (right panels) of C153 

in aqueous P1, P2 and P3 solutions at different temperatures. All representations are colour 

coded. 
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7.3.5 Time-Resolved Fluorescence Spectroscopy Measurements 

7.3.5.1 Fluorescence Lifetime Measurements 

Average excited state lifetimes (
life ) of C153 and C343 in these aqueous polymer solutions 

are summarized in Table 7.1. Note 
life  of C153 in these copolymer solutions is ~ 2 times 

longer than that in neat water, while 
life for C343 in these solutions are quite close to that in 

neat water. This differential sensitivity of 
life  again reflects the difference in the nature of 

environments surrounding these solutes in these aqueous polymeric solutions. In addition, 

life  of C153 in P3 solution is longer than in P1 solution. This suggests that C153 probes 

more extensively the hydrophobic interfacial regions than the other solute which is hydrophilic 

in nature. The limited temperature dependent life  data provided here also reveal that the 

temperature dependence of lifetime is more pronounced for C153 than C343. 
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Table 7.1: Temperature dependent excited state average lifetime 
life  of C153 and C343 in 

aqueous solutions (2 mg/mL) of three copolymers P1-P3.a 

C153 

Polymer T/K a1 τ1/ns a2 τ2/ns a3 τ3/ns 
life /ns 

 

 

P1 

293 0.20 0.32 0.38 1.79 0.42 5.07 2.87 

298 0.20 0.32 0.38 1.75 0.42 4.85 2.76 

303 0.19 0.26 0.37 1.59 0.44 4.62 2.67 

308 0.22 0.34 0.38 1.81 0.40 4.64 2.62 

313 0.21 0.28 0.38 1.62 0.41 4.40 2.47 

318 0.22 0.29 0.40 1.58 0.38 4.19 2.29 

 

P2 

293 0.22 0.24 0.38 1.69 0.40 5.32 2.82 

298 0.24 0.24 0.37 1.64 0.39 5.09 2.65 

303 0.24 0.20 0.37 1.55 0.39 4.91 2.54 

P3 293 0.17 0.20 0.20 1.74 0.63 6.00 4.16 

Water 293 0.04 0.800 0.96 1.731 - - 1.70 

C343 

 

 

 

P1 

293 - - 0.02 1.50 0.98 4.24 4.19 

298 - - 0.04 1.80 0.96 4.25 4.16 

303 - - 0.04 1.50 0.96 4.25 4.14 

308 - - 0.04 1.80 0.96 4.22 4.12 

313 - - 0.06 1.90 0.94 4.26 4.12 

318 - - 0.08 1.90 0.92 4.27 4.08 

 

 

P2 

283 - - 0.04 1.50 0.96 4.18 4.08 

288 - - 0.06 1.50 0.94 4.19 4.04 

293 - - 0.04 1.50 0.96 4.18 4.08 

298 - - 0.06 1.50 0.94 4.17 4.02 

303 - - 0.06 1.50 0.94 4.16 4.00 

P3 293 - - 0.06 1.50 0.94 4.23 4.08 

Water 293 - - - - 1.00 4.29 4.29 
aIndividual amplitudes and time constants can be reproduced within ±5% of the reported 

values. 

 

Using the present picosecond set-up we could not measure solvation response via the dynamic 

Stokes shift experiments because the major contribution in solvent relaxation in these aqueous 

polymer solutions arises from the ultrafast reorganization of water molecules. However, we 

could carry out time-resolved rotational anisotropy measurements for both C153 and C343 in 

these media because rotational relaxation of these solutes is much slower than water 

reorientation dynamics. We have followed the temperature dependence of solute rotational 
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dynamics in order to investigate whether any slowing down in dynamics is induced as solution 

temperature is approaching the Tcp and whether such slowing down is transduced on rotational 

relaxation of the dissolved solute. In addition, impact of hydrophilic/ hydrophobic component 

ratio in copolymer on rotational dynamics of C153 and C343 in these solutions has been 

explored. 

7.3.5.2 Time-Resolved Fluorescence Anisotropy Decay Measurements 

Figure 7.7 represents rotational anisotropy decays (r(t)) of C153 and C343 in aqueous solution 

of P1 at 293 K. Respective bi-exponential fit parameters are provided in the inset. Note that the 

r(t) decay for C343 is much faster (~6 times) than that for C153 although both the decays are 

characterized by a similar fast decay time constant in the sub-nanosecond regime. This fast 

sub-nanosecond decay component is dominant for C343 and significant for C153. 

Interestingly, this strong non-exponentiality in the decay, which is completely absent in their 

rotational relaxation in neat water, persists at all other temperatures studied here (see Table 

7.2). This clearly indicates that both the solutes are, although preferentially located in different 

regions of these aqueous polymer solutions because of their hydrophobic and hydrophilic 

nature, probing environments qualitatively different from bulk-like water. Representative 

temperature dependent rotational anisotropy decays of C153 in aqueous copolymer solutions 

of P1 and P2 are shown in Figure 7.8. A comparison of rotational anisotropy decay of two 

aqueous copolymers (P1, P3) solutions at 293 K is shown in Figure A.e.6. Table 7.2 

summarizes the bi-exponential fit parameters required for all the collected temperature 

dependent anisotropy decays involving these two solutes.  
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Figure 7.7: Representative rotational anisotropy, r(t), decays of C153 and C343 in aqueous P1 

solution (upper panel) at 293 K and the corresponding residuals (lower panel). Experimental 

data are shown by circles. Solid lines going through data represent bi-exponential fits. Fit 

parameters are shown in the inset. All representations are colour-coded. 
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Figure 7.8: Representative temperature dependent rotational anisotropy, r(t), decays of C153 

in aqueous P1 and P2 solutions (upper panels) and the corresponding residuals (lower panels). 

Experimental data are shown by circles; solid lines going through data represent bi-exponential 

fits. Fit parameters are shown in the inset. All representations are colour-coded.  

 

A general feature that can be immediately detected from the data in Table 7.2 is that anisotropy 

decays for these solutes depict a strongly biphasic non-Markovian frictional response with 

relaxation time constants separated by at least an order of magnitude. This is striking if one 

considers that these solutions are characterized with bulk-water like viscosity. The local 

environments then impart this non-exponential character in the relaxation which may either 

originate from a modification of the motional feature of these solutes due to solute-environment 

interactions or from a strong non-exponential frictional kernel generated by the reorientational 

relaxation of the local particles. In either of the cases, the general character of the microscopic 

friction that these solutes track is qualitatively different in these polymer solutions than that in 

neat water. This is a manifest of solute-environment interaction at the dynamic level which 

separates the view of solution structure provided by the solute-centred dynamics from that 
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reflected by the bulk solution properties. The slow time constant of a few nanosecond with 

dominating or significant amplitude indicates hindered (more restricted than governed by bulk 

solution viscosity) rotational relaxation of the dissolved solute.43,65 This hindered rotation 

suggests that the hydrophobic polar probe C153 resides in the vicinity of the interface of the 

self-assembly formed by these amphiphilic polymers in aqueous medium. We would like to 

mention here that bimodal anisotropy decay with well separated time constants are a general 

observation for various solute probes in aqueous micellar solutions.66,67 The lengthening of 

 rotτ  in more hydrophobic unit containing copolymer supports the view that C153 resides in 

a close proximity to hydrophobic domain of the interface. This becomes even more obvious 

when we note that the average rotation times for both these solutes in neat water is comparable 

but differ by a factor of ~5 in polymer solutions. 

 We next investigate whether cloud point has an impact on solute rotation similar to the 

dynamical slowing down caused by critical temperature by approaching Tcp from below for 

these polymer solutions and simultaneously measuring the dynamic fluorescence anisotropies. 

Average rotation times in Table 7.2 already suggest rotation becoming faster with the rise in 

solution temperature. This observation itself hints that the solute rotation is not sensing any 

‘critical temperature like medium slow-down’ even if such a slow-down is induced by the Tcp 

in these solutions. In fact, the solution viscosity, like in usual scenarios, controls the solute 

rotation in these solutions as well, although the temperature-induced modification in rotation 

times may not be directly proportional to the concomitant decrease in viscosity.  
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Table 7.2: Temperature dependent r(t) decay fit parameters of C153 and C343 in aqueous 

solutions (2 mg/mL) of three copolymers P1-P3.a 

A: C153 

Polymer T/ K 
1a b 

1 / nsc 
2a  2 / ns 

rot / ns  /cP
 

 

 

 

P1 

293 0.44 0.15 0.56 5.85 3.34 1.056 

298 0.44 0.18 0.56 5.32 3.04 0.941 

303 0.47 0.16 0.53 4.84 2.64 0.847 

308 0.45 0.18 0.55 4.21 2.40 0.768 

313 0.47 0.16 0.53 3.62 1.99 0.702 

318 0.49 0.13 0.51 3.16 1.68 0.647 

 

 

P2 

283 0.38 0.09 0.62 6.80 4.25 1.348 

288 0.38 0.10 0.62 6.07 3.80 1.164 

293 0.40 0.11 0.60 5.57 3.38 1.046 

298 0.41 0.11 0.59 5.12 3.06 0.933 

303 0.44 0.10 0.56 4.54 2.58 0.839 

P3 293 0.39 0.07 0.61 6.46 3.97 1.051 

Water 293 - - 1.00 0.10 0.10 1.002 

B: C343 

 

 

P1 

293 0.84 0.12 0.16 3.29 0.63 1.056 

298 0.84 0.12 0.16 2.68 0.53 0.941 

303 0.86 0.10 0.14 2.69 0.46 0.847 

308 0.84 0.10 0.16 1.61 0.34 0.768 

313 0.87 0.09 0.13 1.34 0.25 0.702 

318 0.90 0.07 0.10 1.08 0.18 0.647 

 

 

P2 

283 0.77 0.17 0.23 4.99 1.28 1.348 

288 0.79 0.14 0.21 3.87 0.92 1.164 

293 0.78 0.13 0.22 3.46 0.87 1.046 

298 0.80 0.11 0.20 3.01 0.69 0.933 

303 0.82 0.09 0.18 2.23 0.48 0.839 

P3 293 0.79 0.12 0.21 4.03 0.94 1.051 

Water 293 - - 1.00 0.13 0.13 1.002 
aFit parameters were obtained after fixing the r0 value at 0.376 for C153 and 0.35 for C343. 
b,cIndividual amplitudes and time constants can be reproduced within ±5% of the reported 

values. 

 

Investigations with near critical fluids have revealed that the mutual diffusion coefficient, D, 

changes by following an asymptotic critical power law:  γTTTDD CC0   where T is the 

experimental temperature, TC  the critical temperature , and   the universal critical exponent 
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having values of 0.67.2 We have investigated the temperature dependence of average rotational 

relaxation rate, 
1

rotτ


, for C153 and C343 in two aqueous copolymer (P1 and P2) solutions 

by showing them as a function of reduced temperature,  cpcp TTT . Figure 7.9 displays such 

a dependence in a double-logarithmic fashion. Interestingly, a linear dependence of 
1

rotτ


 

with reduced temperature is observed with negative exponent values,   -0.4 for C153 and  

-0.7 for C343. This difference in   values is a reflection of solute locations for these 

hydrophobic and hydrophilic solutes in these media, and hence dominated by the temperature 

dependence of the local solute-environment interactions. Similar values of γ  for a solute during 

both solution temperature approaching the Tcp - 5 K (that is, TTcp - 5 K) and moving away 

from it (TTcp - 5 K) provide further support to this view of local solute-solvent interactions 

dominating the friction. In earlier investigation on binary solvent mixture, 2-butoxy ethanol 

(BE)+water, possessing a closed loop miscibility gap with LCST Tc(K) = 322.5 and 

concentration 
BE

cx  (mole fraction) = 0.06, a nonlinear dependence of 
1

rotτ


 with  CC TTT  

for C153 was observed when examined in a similar fashion.68 All these probably indicate that 

cloud point impact is strictly confined within a narrow range around the cloud point 

temperature, and the later and its impact on solution dynamics may be qualitatively different 

from the conventional critical temperature and its effects. 
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Figure 7.9: Double logarithmic plot of the rotational relaxation rate 
1

rotτ


 of C153 and C343 

in two aqueous copolymer solutions (P1 and P2) versus reduced temperature  cpcp /TTT . 

Solid lines going through the data depict the linear fits with negative exponents. All 

representations are colour-coded.  

 

Next the coupling between the viscosity and average rotation times for these solutes in these 

solutions has been explored. Note that deviation from the hydrodynamic viscosity dependence 

is expected here because the measured solute rotation times in these solutions have already 

been found to be controlled by the local interactions and not governed by the bulk solution 

viscosity. A plot of rot  as a function of T  and simultaneous comparisons with the 

hydrodynamic predictions will therefore provide a concise description of this disagreement 

between the measurements and hydrodynamic predictions. Representative results are provided 

in Figure 7.10 where measured rotation times ( rot ) for C153 and C343 in aqueous P1 are 

shown as a function of temperature-reduced bulk solution viscosity, T . Similar comparison 

for these solutes in aqueous solution of P2 is shown in Figure A.e.7 (see Appendix). For both 

the solutes the measured rotation times not only follow a viscosity coupling much different 

from that predicted by the hydrodynamics but reflect also a dependence on the chemical nature 
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of the rotating solute: hydrophobic or hydrophilic. In addition, measured rotation times are 

much longer than the corresponding stick hydrodynamic predictions, the difference being 

larger for the hydrophobic solute (C15350) than the hydrophilic one (C34369). Such a solute 

dependence confirms again the overwhelming domination of the solute-medium interaction at 

the local level, leaving a secondary or no role for the Tcp to dictate the solution frictional 

response. 
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Figure 7.10: A comparison of solution viscosity coupling between the measured rotation times, 

and that from hydrodynamic prediction for both C153 and C343 in aqueous solution of one of 

the polymers considered in the present study. While filled circles represent experimental data, 

lines going through them depict a fit to the following expression:   Trot . 

Hydrodynamic predictions employing slip boundary condition are not shown because the 

measured rotation times are much longer than even predictions using stick boundary condition. 
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7.4 Conclusion  

In summary, the rationally designed and characterised thermoresponsive random copolymers 

with tuneable Tcps did not show any clear signature of criticality-induced interaction and 

dynamics when explored employing fluorescent solutes in their aqueous solutions via steady 

state and time resolved measurements. Temperature dependent measurements indicated 

overwhelming domination of the interactions at the local level in guiding the individual 

locations of the solutes in these polymer solutions, and the solution frictional resistance 

associated with their orientational relaxations. Solution heterogeneity was found to be dictated 

by a balance between the hydrophobic/hydrophilic segments in these polymer molecules, and 

detection of such heterogeneity depended on solute location. This allowed the chemical nature 

of solutes (hydrophilic or hydrophobic) becoming a factor while responding to the inherent 

complexities of these aqueous solutions. Interestingly, both hydrophobic and hydrophilic 

solutes showed biphasic anisotropic decays (in contrast to single-exponential decays in 

solutions of neat water) with much slower average rotation times than those determined in neat 

water. This resulted a significant deviation from the hydrodynamic behaviour yet the 

subsequent temperature dependent solute dynamics remained slave to the local interactions and 

the resultant friction. Further studies are warranted to better understand the roles of cloud points 

in dictating interaction and dynamics in aqueous solutions of rationally designed polymers with 

application potentials. 
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Chapter 8 

 

Interactions and Dynamics in Aqueous Solutions of pH-Responsive 

Polymers: A Combined Fluorescence and Dielectric Relaxation Studies  

8.1 Introduction 

Biodegradable synthetic polymers have drawn special attention  everywhere because of several 

exquisite features such as biocompatibility, biodegradability and tunable physico-chemical 

characteristics.1 These polymers are often preferred in biomedical and environmental 

remediation applications over the natural bio-polymers such as proteins, polysaccharides, 

nucleic acids. This is because (i) despite being biocompatible, the natural bio-polymers often 

induce immune-response, and (ii) it is difficult to chemically modify them to suit requirements  

compared to the corresponding synthetic polymers.1 Spontaneous stimuli-responsive behaviour 

of proteins and nucleic acids triggers scientists to design smart synthetic biodegradable and 

biocompatible polymers.2 Stimuli responsive polymers, also termed as smart polymers, exhibit 

a sharp reversible change in properties with various environmental conditions such as pH,3,4 

temperature,5,6 ionic strength,7,8 chemical agents,9 light,10,11 redox potential,12,13 electric14 and 

magnetic field15 and others.16,17 Smart polymer-based drug delivery agents possessing stimuli-

controlled drug release capability are the most desirable candidates because of their 

accessibility through easy modification driven by on-demand physical and chemical 

features.18,19 These polymers are cheaper and safer non-viral therapeutic gene carrier.18,20 

Tissue engineering,21 chemo/bio-sensors,16,22,23 and environmental remediation24,25 are other 

application-based areas that are driving  wide applications of smart polymers. 

Among various smart polymers, pH-responsive polymers have applications in drug delivery, 

gene delivery, sensor development, surface creation and modification, membrane modification, 

and in chromatography-based techniques.26-28 These polymers possess acidic or basic 

functional groups which undergo ionization depending on solution pH. Depending upon 

solution pH, these polymers exhibit reversible change of solubility, conformation, volume 

etc.28 Solution pH adjustment alters different interactions: ionic, hydrogen bonding, 

hydrophobic interactions leading to reversible self-organization or microphase separation.28 At 

low pH, homo or copolymers of poly(N,N,-diethylaminoethyl methacrylate) (PDEA) 
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possessing amine group as side chain moiety have been reported to be water soluble due to 

protonation of amine groups but become water insoluble at neutral or basic pH.28 In the last 

few decades, significant numbers of different pH responsive polymers have been synthesized 

and characterized by several groups where synthesis of targeted application-based pH-

responsive polymers, followed by study of solution phase properties like morphology, 

aggregation behaviour have dominated the activity.4,7,28-35  

The application-oriented usage of these smart polymers in biotechnology and nanotechnology 

demands a thorough understanding of microscopic interactions, dynamics, and the underlying 

frictional profile that governs the relaxation in aqueous solutions. This is because the efficacy 

of stimuli-responsive polymers cannot be parameterized only by pH-responsiveness and 

engineering of morphology by manipulating medium pH but also by the extent of tunable 

polymer-medium interactions and the inherent dynamics. Surprisingly, very few investigations 

have so far been carried out to reveal the interaction-dynamics relationship in stimuli-

responsive polymers.17,36 These unexplored aspects have motivated us to perform systematic 

studies of interaction and relaxation dynamics of aqueous solutions of a closely-related series 

of pH-responsive copolymers. We have chosen a series of pH-responsive random copolymers 

containing amino acid side chain. Steady state and time-resolved fluorescence (TRF) 

spectroscopic study of these aqueous polymer solutions employing external fluorophores and 

dielectric relaxation spectroscopic (DRS) investigations have been performed. We ask the 

following questions: Is there any significant change in solution phase interaction and relaxation 

dynamics as the solution pH approaches close to their respective phase transition pH? What 

kind of interactions is involved between polymer and water, and how medium pH affects the 

polymer-water interaction? Relaxation dynamics in aqueous polymer solutions and the impact 

of pH on it have also been explored in the present study. 

We have taken a series of pH-responsive random copolymers P(NH3
+-L-Leu-HEMA-co-

MMA) comprising of 2-((leucinyl)oxy)ethyl methacrylate (L-Leu-HEMA) and methyl 

methacrylate (MMA). These series of pH-responsive copolymers have been designed, 

synthesized and characterized by a research group in IISER Kolkata, India.37 Here we have 

used the amino acid segment as the pH-responsive unit. Relative ratio between L-Leu-HEMA 

and MMA units in the series of present copolymers (also termed as ‘polymer’ in the rest of the 

chapter) provide us the opportunity to play with polymers having a range of phase transition 

pH from 5 to 7. The extensively used gold standard fluorescent probe coumarin 153 (C153), 

which is a polar hydrophobic solute, is employed as local reporter in the current fluorescence 
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measurements. It is well known that fluorescence characteristics of C153 are sensitive to 

solvent38 and is widely utilized to explore interactions, dynamics in numerous systems 

including various solvents,38 multi-component mixtures,39-43 micelles,44-47 polymers 17,48 etc. 

Steady state and time-resolved fluorescence measurements track the modifications due to 

change in solution pH. DRS measurements have been performed to explore the intrinsic 

relaxation dynamics in these aqueous polymer solutions. 

8.2 Experimental Details 

8.2.1 Materials and Sample Preparation for Measurements 

Coumarin 153 (C153) was purchased from Sigma-Aldrich and used as received. Experimental 

stock solutions were prepared by mixing required amount of copolymers in Milli-Q water. A 

series of four copolymers (P(NH3
+-L-Leu-HEMA-co-MMA)) (DPL, DP20, DP40 and DP60) 

with different chain length of L-Leu-HEMA (m) and MMA (n) (DPL (m=75, n=0), DP20 

(m=52, n=30), DP40 (m=31, n=49)) and DP60 (m=17, n=59)) were used in the current work.37 

Aqueous copolymer mixture was then kept at room temperature till complete dissolution of 

copolymer. The concentrations of stock copolymer solutions were fixed at 1 mg/mL. For each 

of the copolymers, initial pH of the stock aqueous solution of copolymers was recorded and 

afterward the pH of the freshly prepared stock solution was incrementally increased using 0.1 

M NaOH solutions. Due to addition 0.1 M NaOH, concentration of aqueous copolymer solution 

(1mg/ml) at different pH, prepared from the same stock solutions, may differ slightly. In this 

work we have not considered the impact of such minute copolymer concentration variation in 

the interpretation of experimental results. Optical measurements of these solutions were 

performed as follows: 2-3 μL of freshly prepared solutions of coumarin 153 (C153) in hexane 

was taken in a quartz cuvette of 1 cm optical path length. The nonpolar solvent was then 

evaporated off by uniformly blowing hot air around the outer surface of the cuvette. 

Approximately 2.5-3 mL of sample solution was then poured into the cuvette containing C153 

gains. Concentration of C153 in each of these samples was maintained at ≤ 10-5 M. 

Spectroscopic measurements were carried out in a humidity-controlled environment. The 

chemical structures of the copolymers and C153 are shown in Scheme 8.1. All measurements 

were carried out at 298±1 K. 

 

 



Chapter 8 

175 
 

8.2.2 pH- Measurements 

pH measurements of the aqueous copolymer solutions were carried out by a Bench-top 

multiparameter electrochemical meter (SESHIN BIOTECH, Model: ECM-610). Data 

presented here were recorded at 298±1 K. Accuracy associated with pH measurements is ± 0.3. 

8.2.3 Dynamic Light Scattering (DLS) Measurements 

Dynamic light scattering (DLS) measurements were conducted by using a Malvern Nano 

Zetasizer (Malvern Instrument Ltd., Malvern, UK) equipped with a He–Ne laser beam 

operating at λ = 633 nm at a scattering angle of 173°. All aqueous copolymer solutions were 

filtered through a 0.45 μm syringe filter prior to measurements. pH dependent DLS 

measurements were carried out for each copolymer at a fixed concentration of 1 mg/mL in 

water. 

8.2.4 Density and Viscosity Coefficient Measurements 

Densities () and viscosity coefficients () of the solutions were measured by using an 

automated temperature-controlled density-cum-sound analyzer (Anton Paar, model DSA 5000) 

and automated micro viscometer (AMVn, Anton Paar), respectively.17 

8.2.5 Refractive Index Measurements 

An automated temperature-controlled refractometer (RUDOLPH, J357) was used to record 

refractive indices of the aqueous copolymer solutions.49 

8.2.6 Data Collection and Analysis for Steady State UV-Vis Absorption and Fluorescence 

Emission Studies 

UV-Visible spectrophotometer (UV-2600, Shimadzu), and a fluorimeter (Fluorolog, Jobin-

Yvon, Horiba) were used for recording steady state absorption and fluorescence emission 

spectra, respectively.40 Temperature was controlled by using Peltier temperature controller 

(accuracy ±1 K). Steady-state absorption spectra were taken at 2 nm slit width and fluorescence 

spectra were recorded using 2 nm slits at both the excitation and emission ends. The standard 

spectral analysis procedure was followed to determine spectral frequencies.50,51 The typical 

error bar for the determined spectral frequencies and spectral widths (full width at half maxima, 

FWHM) were ±200 cm−1. Detailed descriptions of these techniques are same as discussed in 

chapter 2. 
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8.2.7 Data Collection and Analysis for Time-Resolved Fluorescence Emission Studies 

Time-resolved fluorescence measurements were performed with a time-correlated single-

photon counting (TCSPC) system (LifeSpec-ps) from Edinburgh Instruments (Livingston, 

U.K.). Laser emission centred at 409 nm was used as excitation light for C153 dissolved in 

aqueous copolymer solution using an excitation slit of 2 nm. Magic angle (54.7°) intensity 

decay at 409 nm of a scattering medium (water) produced an instrument response function 

(IRF) ~ 85 ps. Temperature was controlled via a Julabo temperature controller (accuracy ±1 

K). Lifetime emission decays (magic angle intensity decays) were recorded at the wavelength 

corresponding to peak of steady state emission spectra (
em
maxλ ) of dissolved C153. Data 

collection and analysis for fluorescence anisotropy were the same as described in chapter 2 and 

references.38,41,52-55 

8.2.8 Data Collection and Analysis for Dielectric Relaxation Spectroscopy Studies 

Dielectric measurements of samples in the frequency range of 50/2.0  GHzv  were 

performed with PNA-L network analyzer (N5235B) combined with an open-ended coaxial 

probe kit (N1501A). Details of the experimental technique and data analyses are the same as 

discussed in chapter 2 and references.45,49,56-59 

 

 

 

 

 

 

 

Scheme 8.1: Chemical structures of copolymers (P(NH3
+-L-Leu-HEMA-co-MMA)) and 

C153. 
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P(NH3
+-L-Leu-HEMA-co-MMA) 
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8.3 Results and Discussion 

8.3.1 Determination of Phase Transition pH 

Owing to the ability of protonation/ deprotonation of side chain primary amine group, these 

polymers are anticipated to show pH responsiveness in aqueous solution. Hence, the turbidity 

measurements of these polymers (DPL, DP20, DP40, DP60) have been performed by 

monitoring the percentage of transmittance (%T) with gradually increasing solution pH using 

UV-Vis spectroscopy at 500 nm.35 The phase transition pH (pHtr) is considered as the pH where 

%T is reduced to 50%.27 Figure 8.1 represents the percentage of transmittance (%T) variation 

with pH in the four polymer (DPL-DP60) solutions. Phase transition pH values so obtained are 

provided in Table 8.1. As anticipated, the transition pH decreases with the decrease of L-Leu-

HEMA and increase in MMA content in the polymer, and therefore reduces the number of 

ionizable units that can be protonated/deprotonated with environmental change due to 

alteration of solution pH. These copolymers form transparent colourless solutions in aqueous 

medium below their respective transition pH and turn opaque (milky white) as pH of the 

solutions reach their respective transition pH. 
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Figure 8.1: pH dependent transmittance (%T) measurements in aqueous polymer solutions (1 

mg/mL) at ~298 K. All presentations are colour-coded. 
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Table 8.1: Phase transition pH and pH dependent variation of hydrodynamic diameter (Dh) of 

the polymers in aqueous solutions (1 mg/mL) at T~298 K. 

Polymers Phase Transition pH Hydrodynamic diameters (Dh)/ nm 

pH = 4 pH = 7 

DPL 6.6 5 190 

DP20 6.1 4 160 

DP40 5.5 8 140 

DP60 5.1 2 340 

 

Dynamic light scattering is a well-known experimental technique for probing the 

hydrodynamic size of various macroscopic and mesoscopic species. Therefore, the phase 

transition pH (pHtr) driven size change of polymer species in the aqueous DPL-DP60 solutions 

are monitored by pH-dependent DLS measurements below and above their respective transition 

pH. The DLS diagrams of the copolymer solutions (1 mg/mL) at variable pH are presented in 

Figure 8.2. The Dh values at pH = 4 (below the transition pH) were found to be ~6–8 nm and 

increased up to 170–1000 nm at pH = 7 (above the transition pH), summarized in Table 8.1. 

Below phase transition pH (pHtr) the obtained Dhs (< 10 nm) are attributed to the single 

copolymer chain conformation.60 On the other hand, the large aggregated structures (> 100 nm) 

formed beyond the transition pH which signifies the transformation of the co-polymer 

conformation from a single polymer chain to large globular microparticles. This is ascribed to 

the pH driven phase separation of these copolymers in aqueous medium. Similar DLS size 

distribution with phase transition phenomena was reported in thermo-responsive aqueous 

copolymer solutions.17 Lowering of solubility due to deprotonation of positively charged 

primary amino group of pH-responsive polymers above their transition pH (pHtr) are 

considered to be the reason for generating large size particles. 

Note that we have restricted the solution pH ~ 0.5 below the individual phase transition pH 

(that is, pHexpt ~ pHtr-0.5) during the steady state and time-resolved spectroscopic 

measurements in order to avoid complications arising from the formation of larger particles. 



Chapter 8 

179 
 

1 3 5 7 9 11 13 15

In
te

n
si

ty
 (

%
)

0

5

10

15

20

25

DPL, pH 4

DP20, pH 4

DP40, pH 4

DP60, pH 4

Diameter (nm)

0 200 400 600 800
0

5

10

15

20

25

DPL, pH 7

DP20, pH 7

DP40, pH 7

DP60, pH 7

 

Figure 8.2: Hydrodynamic size distributions of aqueous polymer solutions (1mg/ml) of pH ~4 

(upper panel) and pH ~7 (lower panel) at ~298 K. Representations are colour-coded. 
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8.3.2 Density, Viscosity Coefficients and Refractive Indices: pH Dependence 

The measured pH-dependent densities (  ), viscosity coefficients ( ) and refractive indices 

(n) of three aqueous copolymer solutions are summarized in Table 8.2. Note that densities, 

viscosity coefficients and refractive indices of these solutions are quite close to that of neat 

water. Also, the pH dependence is negligible. 

Table 8.2: pH dependent densities (  ), viscosity coefficients ( ) and refractive indices (n) of 

aqueous solutions of polymers (1mg/ml) at 298 K. 

pH  /gcm-3  /cP Refractive Index (n) 

DPL 

3.5 0.9973 0.934 1.332 

4.5 0.9974 0.930 1.333 

6.3 0.9974 0.928 1.332 

DP20 

3.5 0.9973 0.924 1.332 

4.5 0.9973 0.922 1.332 

6.2 0.9974 0.924 1.333 

DP40 

3.5 0.9973 0.922 1.333 

4.5 0.9973 0.918 1.333 

5.8 0.9973 0.922 1.333 

DP60 

3.5 0.9973 0.920 1.333 

4.5 0.9973 0.925 1.333 

5.5 0.9973 0.921 1.333 

Water 0.997 0.89 1.332 

 

8.3.3 Steady State UV-Vis Absorption and Fluorescence Emission Studies 

Figure 8.3 and 8.4 respectively represent the pH dependent absorption and emission spectra of 

C153 in aqueous solution of pH-responsive polymers (DPL, DP20, DP40 and DP60). Note that 

for any given polymer solution, absorption and emission spectral characteristics of C153 at pH 

away from phase transition pH are quite similar to those at a pH nearest to the transition pH. 

The emission spectrum was recorded after exciting the sample at the wavelength of absorption 

maximum. In any of the present polymer solutions, the spectral features of C153 do not exhibit 

any abrupt changes with pH, suggesting a negligible role for transition pH in governing the 

pH-dependent solute-medium interactions. Interestingly, cloud point driven absorption and 

fluorescence emission with the same solute dissolved in a series of aqueous thermoresponsive 

copolymer solutions did not register any sudden change at temperature away from the phase 

transition temperature (cloud point, Tcp) to those at a temperature nearest to the Tcp.
17 
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Figure 8.3: pH dependent steady state UV-Vis absorption spectra of C153 in aqueous polymer 

solutions (1mg/ml) at ~298 K. All presentations are colour-coded. 

 

 



Chapter 8 

182 
 

N
o
rm

a
li

ze
d

 F
lu

o
re

sc
en

ce
 I

n
te

n
si

ty

pH 3.5

pH 4

pH 4.5

pH 5

pH 5.5

pH 3.5

pH 4

pH 4.5

pH 5

pH 5.5

C153 in Aqueous DPL Solutions at 298 K

/ 10
3
 cm

-1

16 18 20 22

pH 3.5

pH 4.0

pH 4.5

pH 5

16 18 20 22

pH 3.5

pH 4

pH 4.5

C153 in Aqueous DP20 Solutions at 298 K

C153 in Aqueous DP40 Solutions at 298 K C153 in Aqueous DP60 Solutions at 298 K

 

Figure 8.4: pH dependent steady state fluorescence emission spectra of C153 in aqueous 

polymer solutions (1mg/ml) at 298 K. Representations are colour-coded. 

 

Next, we have investigated the impact of L-Leu-HEMA/MMA unit ratio on steady state UV-

Vis absorption and fluorescence emission spectra of C153 in these three aqueous copolymer 

(DPL-DP60) solutions. Representative absorption and emission spectra of C153 in aqueous 

solutions of these polymers are shown in Figure 8.5. Note the pH values mentioned in this 

figure correspond to the inherent solution pH; that is, no external chemical (here 0.1 M NaOH) 

has been added to tune the solution pH. Corresponding absorption and emission spectra in neat 

water are represented in this figure for comparison. The emission frequencies for C153 in these 

aqueous polymer solutions are blue shifted by ~500-1000 cm-1 compared to that in neat water 

and the extent of blue shift increases successively from DPL to DP60. This suggests that local 

environments surrounding C153 in these solutions are less polar than that in neat water.17,48,61 

With the decrease of L-Leu-HEMA/MMA unit ratio (from DPL to DP60), the polymers 
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become more and more hydrophobic. Static dielectric constants ( s ) of these polymer 

solutions are very close to that of neat water (Table 8.5). Thus polymer induced ~500-1000 cm-

1 blue shift observed here suggests that C153 resides at the interfacial region of polymer and 

water, and this region is less polar than bulk water. Similar absorption and fluorescence 

emission spectral features were reported in aqueous solution of amphiphilic copolymers where 

blue shift of fluorescence spectra was attributed to arise from preferential location of 

hydrophobic C153 at the interfacial region of self-assembled structures.17,48,62,63 
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Figure 8.5: Steady state UV-Vis absorption (upper panel) and fluorescence emission (lower 

panel) spectra of C153 in aqueous polymer solutions (1mg/ml) at 298 K. pH value mentioned 

in the figure is the intrinsic pH of the polymer solutions (that is, in the absence of NaOH which 

has been used to vary pH of the solutions). Different colours are used to specify individual 

polymer solutions. 

 

The presence of microheterogeneity in these polymer solutions (DPL to DP60) has been 

investigated via monitoring the excitation wavelength ( exc ) dependence of fluorescence 

emission spectrum of C153. If microenvironments around probe molecules in solution do not 



Chapter 8 

185 
 

interconvert among themselves at a rate much faster than the average rate of fluorescence 

emission of the probe (here C153), the fluorescence emission shall show excitation wavelength 

dependence. Here, 10-12 equally spaced exc  across the absorption spectrum, shown in Figure 

A.f.1 (Appendix), are considered for the exc  dependence of fluorescence emission 

measurements. Figure 8.6 presents exc  dependent fluorescence emission frequencies of C153 

in the polymer solutions with different pH. Corresponding exc  dependent shift of spectral 

witdhs (FWHM) are shown in Figure A.f.2 (see Appendix). A moderate exc  induced shift of 

emission frequencies (~ 300-500 cm-1) with concomitant spectral narrowing has been 

registered. Note that exc  dependent total emission shift, 

480nm),(λν380nm),(ν)(λΔν end red

excem

end blue

excemexcem   , shows a non-monotonous pH 

dependence, shown in Figure 8.7. Furthermore, for a particular pH, the extent of total emission 

spectral shift with excλ  has been studied to explore the impact of tuning L-Leu-HEMA/MMA 

ratio in polymers. A non-monotonic change, shown in Figure 8.7 has been observed. Solute 

(C153) centric relaxation dynamics is next investigated by applying time-resolved fluorescence 

measurements to explore whether relaxation dynamics is influenced by the variation of solution 

pH in these copolymer solutions and also the impact of phase transition pH on dynamical 

behaviour of solutions. 
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Figure 8.6: Excitation wavelength ( exc ) dependent average peak emission frequencies 

)( em  of C153 in aqueous polymer solutions (1mg/ml) for various pH at 298 K. Colour-code 

is used to identify different pH values. 
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C153 in Aqueous Polymer Solutions at 298 K
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Figure 8.7: pH dependent total shift of excitation wavelength ( exc ) dependent fluorescence 

emission frequencies ( em ) and spectral widths ( em ) of C153 in aqueous polymer 

solutions (1mg/ml) at ~298 K. Note that )x(λ)x(λΔx end red

exc

end blue

exc   where x is  or . All 

presentations are colour-coded. 
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8.3.4 Time-Resolved Fluorescence Spectroscopy Measurements 

8.3.4.1 Fluorescence Lifetime Measurements 

Average excited state lifetimes (
life ) of C153 in these aqueous polymer solutions as well as 

in neat water are summarized in Table 8.3. Note 
life  of C153 in these copolymer solutions 

is ~ 1.5 times longer than that in neat water. This again suggests that C153 resides in a region 

different from bulk water. A small increase of 
life  is observed with decreasing L-Leu-

HEMA/MMA ratio. No significant impact of solution pH variation on excited state 

fluorescence lifetime has been detected in any of the present copolymer solutions. 

Table 8.3: pH dependent average fluorescence lifetimes (
life ) of C153 in aqueous solutions 

of polymers (1mg/ml) at 298 K.a 

pH 
life /ns 

DPL DP20 DP40 DP60 Water 

3.5 2.22 1.99 2.53 2.49  

 

1.76 
4 2.16 2.21 2.59 2.62 

4.5 1.96 2.24 2.66 2.22 

5 2.24 2.36 2.61 - 

5.5 2.14 2.03 - - 
aThe reported life-times can be reproduced within ±10% of the reported values.  

 

Because of a broad temporal resolution employed in the present measurements (IRF ~ 85 ps), 

signature of dynamic Stokes shift has not been detected in the aqueous polymer solutions (DPL 

to DP60) where the major contribution in solvent relaxation arises from the ultrafast 

reorganization of water molecules. Time-resolved fluorescence anisotropy measurement of 

C153 has been performed in order to investigate the impact of solutions pH variation on the 

friction imparted on a rotating solute (here C153). Furthermore, impact of L-Leu-

HEMA/MMA ratio in copolymer on rotational dynamics of C153 in these solutions has been 

explored. 

8.3.4.2 Time-Resolved Fluorescence Anisotropy Decay Measurements 

Figure 8.8 represents rotational anisotropy decays (r(t)) of C153 and corresponding bi-

exponential fits in aqueous solution of DPL to DP60 at two representative pH. pH dependent 

bi-exponential fit parameters are provided in the Table 8.4. Note that the )t(r  decays are 

strongly non-exponential, characterized by a fast component ( time constant ~ 100-200 ps) and 
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a slow nanosecond (3-5 ns) component although in neat water (nearly as viscous as these 

aqueous polymer solutions), r(t) of C153 shows an exponential decay with rot  ~ 100 ps.17,41 

This strong non-exponential character of r(t) decay persists at all other pH considered here 

indicates that the local environment of C153 is qualitatively different from bulk-like water. 

Representative pH dependent rotational anisotropy decays of C153 in aqueous copolymer 

solutions (DPL to DP60) are shown in Figure 8.8. For each of these solutions, no significant 

impact of solution pH variation are registered in the collected r(t) decays. This indicates that 

the medium friction exerted on a rotating solute in solutions of pH away from pHtr is no 

different than that in solutions of pH close to pHtr. This suggests that pH-induced polymer-

water phase separation is a sharp phenomenon and therefore, it is not reflected in solute-

medium interaction as well as solute-medium friction with successive change of solution pH 

approaching pHtr but limits at pHexpt = pHtr-0.5. 

Rotational anisotropy decay has been further employed to explore the impact of L-Leu-

HEMA/MMA unit ratio on solute-medium friction. A comparison of rotational anisotropy 

decay in aqueous polymer (DPL to DP60) solutions with their intrinsic pH is shown in Figure 

8.9 and the corresponding fit parameters are provided in Table 8.4. Note, these r(t) decays are 

characterized by a sum of two exponentials (bi-exponential function of time) with widely 

different time constants. Surprisingly, viscosities of these solutions are nearly identical to each 

other and very close to that of neat water. The substantially slowed-down rotational dynamics 

therefore suggests that the hydrophobic polar probe C153 resides in the vicinity of the polymer-

water interface in these aqueous solutions. We would like to mention here that the bimodal 

anisotropy decay with well separated time constants are a general observation for various solute 

probes in aqueous micellar solutions.64,65 Interestingly, rot  increases with the decrease of L-

Leu-HEMA/MMA component ratio in the polymer from DPL to DP60. The lengthening of 

rot  in more hydrophobic unit containing copolymer supports the view that C153 resides in 

a close proximity to hydrophobic domain of the interface. 
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Figure 8.8: pH dependent rotational anisotropy decays (r(t)) of C153 in aqueous polymer 

solutions (1mg/ml) at ~298 K. Experimental r(t) data points are shown by symbols and lines 

through them depict multi-exponential fits. Separate colours have been used to indicate 

different pH of the solutions. 
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Figure 8.9: Rotational anisotropy decays, r(t), (upper panel) and corresponding residuals 

(lower panel) of C153 in aqueous polymer solutions (1mg/ml) at their intrinsic pH (i.e. in the 

absence of NaOH which has been used to vary pH of the solutions) at ~298 K. In the upper 

panel, experimental data points are shown as symbols and lines through them depict multi-

exponential fits. Specific identities of polymers are shown in the inset. 
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Table 8.4: pH dependent r(t) decay fit parameters of C153 in aqueous solutions of polymers 

(1 mg/ml) at 298 K.a 

DPL 

pH 
1a  1 /ps 

2a  2 /ps 
rot /ps 

3.5 0.68 113 0.32 3506 1181 

4 0.70 107 0.30 3325 1088 

4.5 0.68 119 0.32 3433 1172 

5 0.72 108 0.28 3897 1169 

5.5 0.76 99 0.24 4006 1037 

DP20 

3.5 0.45 175 0.55 4081 2310 

4 0.47 184 0.53 4562 2504 

4.5 0.46 160 0.54 4590 2533 

5 0.46 130 0.54 4338 2414 

5.5 0.53 116 0.47 5005 2414 

DP40 

3.5 0.30 164 0.70 4303 3077 

4 0.30 157 0.70 4286 3066 

4.5 0.28 122 0.72 4255 3097 

5 0.34 102 0.66 4384 2922 

DP60 

3.5 0.20 133 0.80 3692 2977 

4 0.21 157 0.79 3629 2896 

4.5 0.23 111 0.77 3329 2584 
aIndividual amplitudes and time constants can be reproduced within ±10% of the reported 

values. 

8.3.5 Dielectric Relaxation Spectroscopic Study 

Figure 8.10 represents pH dependent real ( ' ) and imaginary ( " ) components of the complex 

dielectric spectra of aqueous pH responsive polymer solutions along with the Debye fits. For 

comparison dielectric spectra of neat water are also shown in the same figure. Single Debye (1 

D) model is sufficient to describe all these dielectric spectra. Corresponding quality of single 

Debye fits are represented by residuals, shown in Figure A.f.3 (see Appendix). Fit parameters 

are summarized in Table 8.5. Close similarity of 
DR  ( ~ 8 ps) and static dielectric constant (

s ) between aqueous pH responsive polymer solution and neat water suggests that the 

dielectric response in these polymer solutions is arising mainly from the cooperative relaxation 

of bulk water.45,66-69 Note, DR of water molecules in these polymer-water interfacial regions 

also behave like bulk water. This is quite interesting because slow interfacial water dynamics 

is observed in various self-assembled aqueous systems.45,48 Next, the impact of decreasing Leu-

HEMA/MMA unit ratio on DR of aqueous polymer solutions is explored at a representative 
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pH (pH ~ 3.5, the intrinsic pH of the aqueous polymer solutions). The real and imaginary 

components of complex dielectric spectra along with single Debye fits are shown in Figure 

8.11. Respective residuals are presented in Figure A.f.4 (see Appendix). Dielectric spectra and 

residuals in neat water are also presented in the Figures 8.11 and Figure A.f.4 (Appendix), 

respectively. In this case also, no significant difference in DR features between aqueous 

polymer solutions and neat water is observed. 
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Figure 8.10: Representative real ( ' ) and imaginary ( " ) components of complex dielectric 

constant at various pH for each aqueous polymer solutions at temperature ~ 298 K. Symbols 

denote the experimental data and lines passing through them denote single Debye (1D) fits. 

For comparison, the same for neat water also presented in each panel of the figure. All 

presentations are colour-coded. Note here that the relaxation due to inter-molecular vibrations 

and librations of water at the high frequency wing is missing because of the limited frequency 

window. 
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Figure 8.11: Representative real ( ' ) and imaginary ( " ) components of complex dielectric 

constant of aqueous polymer solutions at temperature ~ 300 K. Symbols are the experimental 

data points while lines passing through the data depict single Debye fits. For comparison, the 

DR for neat water is also presented in the same figure. pH mentioned in the figure is the 

intrinsic pH of the polymer solutions. Colour-code have been used to specify the individual 

polymers. 
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Table 8.5: pH dependent dielectric relaxation fit parameters of aqueous solutions of polymers 

(1 mg/ml) at 298±1 K.a 

pH 
s     / ps 

  n2 
fit /Sm-1 

DPL 

3.5 78.59 73.18 8.54 5.41 1.774 0.027 

4.5 78.59 73.12 8.53 5.47 1.777 0.018 

6.3 78.43 73.23 8.42 5.20 1.774 0.018 

DP20 

3.5 78.54 73.16 8.46 5.38 1.775 0.018 

4.5 78.44 73.13 8.41 5.31 1.775 0.018 

6.2 78.25 73.03 8.33 5.22 1.776 0.018 

DP40 

3.5 78.26 73.01 8.30 5.25 1.776 0.019 

4.5 78.38 73.01 8.41 5.37 1.776 0.014 

5.8 78.16 73.08 8.21 5.08 1.776 0.015 

DP60 

3.5 78.25 73.15 8.24 5.10 1.776 0.016 

4.5 78.30 72.96 8.36 5.34 1.776 0.011 

5.5 78.40 73.15 8.42 5.25 1.777 0.016 

Water 78.36 73.23 8.27 5.13 1.774 0 
aIndividual amplitudes and time constants can be reproduced within ±5% of the reported 

values.  

 

8.4 Conclusion 

In summary, steady state and time-resolved fluorescence studies in the current aqueous 

copolymer solutions indicate solute (C153) - medium interaction is qualitatively different from 

C153-neat water interaction. Preferential interaction of hydrophobic solute C153 with the 

hydrophobic part of these pH-responsive polymers in aqueous medium (i.e. the polymer-water 

interfacial region) is the main regulatory factor for the observed spectral signatures and the 

strongly non-exponential fluorescence anisotropy decays.  Bulk water like dielectric features 

are reflected from the MHz-GHz DR measurements in aqueous solutions of these pH-

responsive polymers. No signature of pHtr driven abrupt change in static and dynamic 

properties of aqueous polymer solutions have been registered from pH dependent fluorescence 

and  DR measurements. This is probably because this phase transition is quite a sharp 

phenomenon and therefore  an  abrupt change in static and dynamic properties in that case is 

likely to  occur at a close vicinity of pHtr. Blue shift in fluorescence emission (~500-1000 cm-

1) of C153 dissolved in these polymer solutions (DPL-DP60) suggests preferential location of 

C153 in the polymer-water interfacial region. Despite possessing water like viscosity, strong 
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non-exponential solute rotational anisotropy decay and slowing down of the average rotational 

relaxation time with successive decrease of L-Leu-HEMA/MMA segment ratio in polymers 

arises from the restricted solute rotation at the polymer-water interfacial region. This again 

supports the preferential location of the hydrophilic solute at the interfacial region.  
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Chapter 9 

 

Concluding Remarks and Future Problems 

9.1 Concluding Remarks  

To summarize, we have investigated interactions and dynamics of several complex systems in 

this Thesis using steady state, time-resolved fluorescence (TRF) and dielectric relaxation 

spectroscopy. Multi-component cryoprotectant mixtures, lithium-ion battery electrolyte 

materials, aqueous solutions of stimuli-responsive polymers etc. are the studied complex 

systems in this Thesis. Spatio-temporal heterogeneity has been extensively explored in these 

complex systems. DR and solute-centric (coumarin 153 and coumarin 343) time-resolved 

fluorescence in gluose/glycerol (Glu/Gly) cryoprotectant solutions report strong spatio-

temporal heterogeneity. In the high viscosity regime solute rotation in these Glu/Gly solutions 

has been found to deviate from the hydrodynamic limit, giving rise to sub-slip behaviour. 

Spatial heterogeneity with domain persistent time in the sub-ns regime has been observed in 

lithium-ion battery electrolyte materials that contain ethylene carbonate (EC), propylene 

carbonate (PC) and lithium perchlorate (LiClO4). A mild solute translation-rotation decoupling 

has been found in polypropylene glycol based polymer gel electrolyte systems. Phase transition 

point driven interaction and relaxation dynamics have been explored in aqueous solution of 

thermoresponsive and pH –responsive synthetic random copolymers.  

Since each chapter contains conclusions separately, we refrain from dedicating a full chapter 

for drawing conclusions of the research study reported in this Thesis. Rather, a number of 

interesting and relevant problems are briefly discussed below which may be considered for 

future explorations. 
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9.2 Future Problems 

9.2.1 Heterogeneity in Biocompatible Cryoprotectant Mixtures: Temperature and 

Composition Dependent Time-Resolved Fluorescence (TRF) and Dielectric Relaxation 

Spectroscopic (DRS) Studies 

Due to tremendous demand of cryopreservation technology, cryoprotectants have now become 

indispensable for low-temperature preservation of live cells, tissues, organs, proteins etc.1 

Several sugars such as glucose, trehalose, sucrose, maltose , sugar alcohols like glycerol, 

xylitol, sorbitol etc. act as intracellular/ extracellular cryoprotectant agent (CPA).2 It has been 

proved that instead of employing single component alone, use of multi-component 

cryoprotectants mixtures such as trehalose/proline, glucose/glycerol, trehalose/glycerol 

increase the cryopreservation efficiency.3-7 Recent investigations on trehalose/glycerol 

cryoprotectant mixtures8 and the TRF and DRS studies in glucose/glycerol mixtures discussed 

in chapter 3 and chapter 4 of the current Thesis have revealed presence of strong heterogeneity. 

Therefore, more studies employing various combinations of cryoprotectants are warranted to 

investigate spatio-temporal heterogeneity and its possible connection to cryopreservation 

efficiency. Glucose/ethylene glycol, sucrose/glycerol, xylitol/glycerol, trehalose/proline etc. 

are few examples of multi-component cryoprotectant mixtures that may be studied via steady 

state fluorescence emission, TRF and DRS. 

9.2.2 Exploring Medium Static and Dynamic Properties in Highly Potential Polymeric 

Cryoprotectant Mixtures 

To survive in ice-rich environments, extremophile organisms adopted many strategies,9 for 

example, arctic fishes produce various antifreeze proteins (AFPs). These AFPs are potential 

ice recrystallization inhibitors.10-12 These AFPs cannot be easily synthesized in large scale. 

Moreover, their immunological/toxicological studies are not sufficient.13 These issues limit the 

application of AFPs in cryopreservation. To overcome these limitations, AFP mimicking 

synthetic polymers, which are biocompatible and nontoxic, are emerging as potential 

cryoprotectant candidates in cryopreservation.14-17 Polyvinyl alcohol (PVA), poly(ampholyte)s 

based synthetic polymers are well known to exhibit ice recrystallization inhibition.13 It has been 

reported that mixtures of polyvinyl alcohol (PVA)/polyethylene glycol (PEG) could be 

successfully applied to cryopreservation of microorganisms.13 Interaction and dynamics of 

AFP-mimicking materials (biocompatible and nontoxic) thus have importance in the 
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development of cryopreservation technology. Steady state fluorescence emission, TRF and 

DRS in PVA/PEG, PVA/polypropylene glycol cryoprotectant systems would be interesting in 

this regard. 

9.2.3 Impact of Water on Interactions and Dynamics of Cryoprotectants Mixtures 

During low temperature preservation of biologically important substances such as proteins, live 

cells, tissues etc., formation of ice crystal has deadly impact on the preserved substances. Use 

of cryoprotectants prevent ice-crystallization during low temperature preservation 

(cryopreservation) of such biologically important molecules.1 The cryoprotectants take part in 

extensive H-bond formation with water present in the preserved material and minimise ice 

formation. It has been reported that instead of employing single component alone, use of multi-

component cryoprotectants mixtures such as trehalose/proline, glucose/glycerol, 

trehalose/glycerol increase the cryopreservation efficiency.3-7 Systematic investigation of 

interaction and associated dynamics of multi-component cryoprotectant formulations in 

presence of water as minor component will be an interesting research topic in this regards. Both 

simulations and experiments would be needed to fully understand these systems. 

9.2.4 Dielectric Relaxation of Lithium-Ion Battery Electrolytes 

Electrolyte materials are one of the most important components for technologically relevant 

lithium-ion battery.18 In an electrochemical cell, charge carriers (ions in electrolyte medium) 

undergo translational motion through electrolyte medium between pair of electrodes.19 

Medium impact through frictional resistance on ion transport largely governs their suitability 

in storage and supply-on-demand applications. In chapter 5 and 6, we have discussed the 

frictional decoupling of rotation, translation and solvation of C153 in liquid (consist of lithium 

perchlorate (LiClO4), ethylene carbonate (EC) and propylene carbonate (PC)) and polymer gel 

electrolytes (made of LiClO4, PC and polypropylene glycol (PPG425)). Composition and 

temperature dependent MHz-GHz DRS measurements can be carried out to explore the 

inherent relaxation dynamics and the frictional decoupling of motional attributes. 

9.2.5 Polymer Chain Length Induced Interaction and Dynamics of Polymer Gel 

Electrolytes: TRF and DRS Measurements 

Generally, polyethylene oxide (PEO), polypropylene oxide (PPO), polymethyl methacrylate 

(PMMA) are used as polymeric substance in polymer gel electrolytes. Time-resolved 

fluorescence measurements in PPG (lower homolog of PPO) based polymer gel electrolyte 
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systems are discussed in chapter 6. Significant impact of the polymer on medium interaction 

and relaxation dynamics has been observed. It will be very interesting to see the effects of 

polymer chain length on the dynamics of these polymer gel electrolyte systems keeping the 

other two components unchanged.  
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Appendix A.a 

Table A.a.1: Temperature dependent densities (  /gcm-3) of Glu/Gly solutions at various Glu 

concentrations. 

T/K Densities (  /gcm-3) of Glu/Gly solutions 

0 wt% 5 wt% Glu 15 wt% Glu 25 wt% Glu 

293 1.26 1.27 1.30 1.32 

303 1.25 1.26 1.29 1.31 

313 1.25 1.26 1.28 1.31 

318 1.24 1.26 1.28 1.30 

323 1.24 1.25 1.28 1.30 

328 1.24 1.25 1.27 1.30 

333 1.23 1.25 1.27 1.29 

338 1.23 1.24 1.27 1.29 

343 1.23 1.24 1.26 1.29 

 

Gly

R
es

id
u

a
ls

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

300 K

313 K

333 K

Gly

/ GHz

0 10 20 30 40 50
-0.4

-0.2

0.0

0.2

0.4

0.6

25 wt% Glu

298 K

313 K

333 K

25 wt% Glu

0 10 20 30 40 50

' '

" "

 

Figure A.a.2: Residuals from multi-Debye fits to temperature dependent real ( ' ) (upper 

panels) and imaginary(𝜀”) (lower panels) components of the complex dielectric spectra at 

different Glu concentrations in Glu/Gly solution. All representations are colour-coded. 
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Glu/Gly Solutions at 313 K
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Figure A.a.3: Residuals for real ( ' ) (upper panel) and imaginary ( " ) (lower panel) 

components of complex dielectric spectra for various Glu concentrations in Glu/Gly solutions 

at a representative temperature (313 K). All representations are colour-coded. 
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Table A.a.4: Individual viscosity coefficient ( ) and dielectric relaxation time ( DR ) ratios 

between two temperature (313 and 333 K) for four Glu wt% in Glu/Gly solutions. 

Ratio 0 wt% 5 wt% 15 wt% 25 wt% 

K

K

313

333




 

3.42 3.59 3.98 4.56 

K

DR

K

DR

313

333




 

2.66 2.11 2.02 3.50 
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Appendix A.b 

 

C153


a

b
s/

 1
0

3
 c

m
-1

4.0

4.2

4.4

4.6

4.8

5.0

0 wt% Glu

5 wt% Glu

15 wt% Glu

25 wt% Glu

C343

2.4

2.6

2.8

3.0

3.2

3.4

3.6

C153

T/ K

280 290 300 310 320 330


e
m

/ 
1
0

3
 c

m
-1

2.4

2.5

2.6

2.7

2.8

2.9

C343

280 290 300 310 320 330
1.6

1.8

2.0

2.2

2.4

 

Figure A.b.1: Temperature dependent steady state absorption (upper panels) )( abs  and 

fluorescence emission spectral widths (lower panels) )( em  of C153 (left panels) and C343 

(right panels) dissolved in Glu/ Gly solutions. All representations are colour-coded. 

 

Table A.b.2: Excited state fluorescence lifetimes of C153 and C343 in Glu/Gly solutions. 

T/K 
life /ns 

C343 C153 

0 wt% 5 wt% 25 wt% 0 wt% 5 wt% 25 wt% 

283 2.98 3.02 3.14 2.72 2.86 4.15 

293 3.38 3.08 2.92 2.38 2.41 3.92 

303 3.34 3.24 2.83 - - 3.57 

313 3.29 3.25 2.73 - - 3.41 

323 3.40 3.36 3.10 - - 3.32 

333 - 3.34 3.18 - - 2.67 
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Figure A.b.3: Fluorescence intensity decays of C153 (upper panel) and C343 (lower panel) at 

blue and red end wavelengths of the respective steady state emission spectrum in 25 wt% Glu 

containing solution at 293 K. Experimental data points are represented by circles while solid 

lines denote the corresponding tri-exponential fits. Fit parameters are shown in the insets. Black 

dashed lines are the instrumental response function. All presentations are colour-coded. 
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Figure A.b.4: Temperature dependent decays of the measured solvation response function 

(S(t)) of C343 (upper panel) and C153 (lower panel) at 25 wt% of Glu in Gly. Experimental 

data points for S(t) are shown by symbols; solid lines passing through the data represent fits. 

All presentations are colour-coded. 
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C343 in 25 wt% Glu in Gly at 323 K
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Figure A.b.5: Fluorescence intensity decays of C343 (upper panel) and C153 (lower panel) at 

parallel and perpendicular polarizations (with respect to vertically polarized excitation) in 25 

wt% Glu containing solution at 323 K. Experimental data points are represented by circles. All 

presentations are colour-coded. 
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Figure A.b.6: Residuals of r(t) decays of C343 (upper panels) and C153 (lower panels) of Gly 

(left panels) and in 25 wt% Glu containing solution (right panels) at 313 and 343 K. All 

representations are colour-coded. 
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Figure A.b.7: Rotaional anisotropy (r(t)) decays of C343 (upper panel) and C153 (lower panel) 

in various Glu wt% in Glu/ Gly solutions at 323 K. Symbols represent experimental data while 

lines passing through data points are multi-exponential fits. All representations are colour-

coded. 
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Table A.b.8: Average rotational times, 
rot  for C153 and C343 in Glu/Gly solutions obtained 

from dynamic anisotropy measurements and predictions from the SED relation using the stick 

and the slip boundary conditions at different Glu concentrations and temperatures. 

 

Glu 

wt% 

 

 

T/K 

 

 

 /cP 

C153 rotation C343 rotation 

Measured 

rot /ns 

Predicted 
rot /ns 

from SED relation 

Measurd 

rot /ns 

Predicted 
rot /ns 

from SED relation 

Stick Slip Stick Slip 

 

 

 

0 

313 298 4.82 29.02 6.97 6.32 33.36 6.01 

318 211 4.32 20.23 4.85 4.70 23.25 4.19 

323 153 3.59 14.44 3.47 4.27 16.60 2.99 

328 114 2.63 10.59 2.54 3.81 12.18 2.19 

333 87 2.22 7.96 1.91 3.59 9.15 1.65 

338 67 1.80 6.04 1.45 2.65 6.95 1.25 

343 53 1.32 4.71 1.13 2.13 5.41 0.97 

 

 

 

5 

313 399 5.00 38.86 9.33 6.41 44.67 8.04 

318 280 3.96 26.84 6.44 5.88 30.85 5.55 

323 201 3.70 18.97 4.55 5.18 21.81 3.93 

328 148 2.90 13.75 3.30 4.30 15.81 2.85 

333 111 2.63 10.16 2.44 3.78 11.68 2.10 

338 84 1.87 7.58 1.82 2.68 8.71 1.57 

343 66 1.51 5.87 1.41 2.58 6.74 1.21 

 

 

 

15 

313 685 6.83 66.71 16.01 7.33 76.69 13.80 

318 467 5.43 44.77 10.74 7.01 51.46 9.26 

323 327 4.16 30.86 7.41 6.11 35.48 6.39 

328 236 3.74 21.93 5.26 5.56 25.21 4.54 

333 172 3.54 15.74 3.78 4.74 18.10 3.26 

338 129 3.10 11.63 2.79 4.26 13.37 2.41 

343 98 2.27 8.71 2.09 3.80 10.01 1.80 

 

 

 

25 

313 1446 8.42 140.82 33.80 8.65 161.88 29.14 

318 954 6.68 91.45 21.95 8.20 105.12 18.92 

323 647 6.04 61.06 14.65 7.52 70.19 12.63 

328 448 5.60 41.63 9.99 6.67 47.86 8.62 

333 317 5.52 29.02 6.96 5.58 33.36 6.00 

338 230 4.59 20.74 4.98 5.35 23.84 4.29 

343 170 4.05 15.11 3.63 3.72 17.37 3.13 
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Appendix A.c 

 

Table A.c.1: Temperature dependent densities (  ) of the solvent mixture [9.795{xEC+(1-

x)PC}] and electrolyte solutions [9.795{xEC+(1-x)PC}+0.869LiClO4]. 

T/ K Density (  /gcm-3) of [9.795{xEC+(1-x)PC}] 

xEC = 0 xEC = 0.204 xEC = 0.409
 

xEC = 0.613 xEC = 0.817 xEC =1
 

293 1.21 1.23 1.25 1.28 1.31 - 

298 1.20 - - - - - 

303 1.20 - - - - - 

308 1.19 - - - - - 

313 1.18 - - - - 1.32 

318 1.18 - - - - 1.32 

T/ K Density (  /gcm-3) of [9.795{xEC+(1-x)PC}+0.869LiClO4]  

xEC = 0 xEC = 0.204 xEC = 0.409
 

xEC = 0.613 xEC = 0.817 xEC =1
 

293 1.26 1.29 1.31 1.34 1.38 1.42 

298 1.26 1.28 1.31 1.34 1.37 1.40 

303 1.25 1.28 1.30 1.33 1.36 1.40 

308 1.25 1.27 1.30 1.33 1.36 1.39 

313 1.24 1.27 1.29 1.32 1.35 1.38 

318 1.24 1.26 1.29 1.32 1.35 1.38 
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Figure A.c.2: Steady-state absorption (upper panel) and emission spectra (lower panel) of 

DMASBT for three mole fraction of EC (xEC) in the binary solvent mixtures, [9.795{xEC+(1-

x)PC}] and electrolyte solutions, [9.795{xEC+(1-x)PC}+0.869LiClO4] at 293 K, and 

corresponding spectrum in neat EC at 313 K. All presentations are colour-coded. 
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Table A.c.3: Absorption and emission frequencies and spectral widths of C153 in 

[9.795{xEC+(1-x)PC}] and [9.795{xEC+(1-x)PC}+0.869LiClO4] at 293 K. 

[9.795{xEC+(1-x)PC}] 

 Absorption Emission 

xEC Spectral 

Width(FWHM)/ 

103cm-1 

Average 

Frequency/ 

 103cm-1 

Spectral 

Width(FWHM)/ 

103cm-1 

Average 

Frequency/  

103cm-1 

0 3.962 23.871 2.882 18.897 

0.204 3.935 23.827 2.914 18.865 

0.409 4.113 23.892 2.897 18.833 

0.613 4.114 23.871 2.908 18.834 

0.817 4.056 23.842 2.877 18.768 

1 (313K) 4.193 23.833 2.908 18.775 

[9.795{xEC+(1-x)PC}+0.869LiClO4]  

 Absorption Emission 

xEC Spectral 

Width(FWHM)/ 

103cm-1 

Average 

Frequency/ 

 103cm-1 

Spectral 

Width(FWHM)/ 

103cm-1 

Average 

Frequency/ 

103cm-1 

0 4.304 23.413 2.753 18.502 

0.204 4.289 23.391 2.783 18.470 

0.409 4.245 23.364 2.750 18.453 

0.613 4.324 23.397 2.693 18.440 

0.817 4.312 23.359 2.704 18.407 

1 4.273 23.306 2.686 18.373 
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Figure A.c.4: Representative temperature dependent steady state absorption and emission 

spectra of C153 (upper panel) and DMASBT (lower panel) in [9.795{xEC+(1-

x)PC}+0.869LiClO4] at xEC =0. All presentations are colour-coded. 
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Table A.c.5: Temperature dependent average life-time ( life ) of C153 and DMASBT in 

[9.795{xEC+(1-x)PC}+0.869LiClO4] at 293K.a 

A: DMASBT B: C153 

xEC

 293 0.99 182 0.01 997 193 5306 

 298 0.99 163 0.01 974 173 5210 

0 303 0.99 144 0.01 901 153 5173 

 308 0.99 127 0.01 960 137 5136 

 313 0.99 115 0.01 988 124 5077 

 318 0.99 102 0.01 948 110 4973 

 293 0.97 189 0.03 603 201 - 

 298 0.99 169 0.01 640 176 - 

0.613 303 0.99 150 0.01 743 158 - 

 308 1 135 0 - 135 - 

 313 1 121 0 - 121 - 

 318 1 110 0 - 110 - 

 

 

1 

293 0.92 198 0.08 390 213 - 

298 0.95 178 0.05 373 188 - 

303 0.96 159 0.04 355 166 - 

308 0.99 147 0.01 521 151 - 

313 1 132 0 - 132 - 

318 1 121 0 - 120 - 

for DMASBT. 

 

 

 

aIndividual time constants are better than %5  of the reported values for C153 and %10  

 / ps  / ps life
 / ps 

life
 / ps 

2a  
2

 T/ K 
1a  1
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Figure A.c.6: Representative temperature dependent average lifetime ( lifeτ ) of C153 in 

[9.795{xEC+(1-x)PC}+0.869LiClO4] at xEC =0. 
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Figure A.c.7: Representative fluorescence intensity decay of C153 in [9.795{xEC+(1-

x)PC}+0.869LiClO4] with xEC = 1 collected at blue (490 nm) and red (640 nm) wavelengths 

with respect to the peak wavelength of the corresponding steady state emission spectrum at 293 

K. Experimental data are represented by circles, and solid lines passing through the data are 

fits. Black dashed lines denote the instrument response function. Multi-exponential decay fit 

parameters are shown in the inset. All representations are colour-coded. 

 

 

 

 

 

 

 

 

 



Appendix A.c 

222 
 

Table A.c.8: Estimated translational (Stokes-Einstein) and rotational (Stokes-Einstein-Debye) 

diffusion time1 of different species in [9.795{xEC+(1-x)PC}+0.869LiClO4] at xEC =0 at 293K, 

  = 9.37 mPas. Radii of Li+, PC, 


4ClO  are taken from Ref. 2. 

Species Radius/Å 
trans /ns (stick 

boundary condition) 

trans /ns (slip 

boundary condition)
 

rotτ /ns (stick 

boundary 

condition)
 

Li+  0.76 0.077 0.051 - 

PC 2.76 3.672 2.448 0.612 


4ClO  
2.36 2.296 1.530 0.383 

PCLi   3.52 7.617 5.078 1.269 

PCClO4 


 
5.12 23.439 15.626 3.906 

  4ClOLi  
3.12 5.304 3.536 0.884 

 

A. Translational (Stokes-Einstein) diffusion time: Stokes-Einstein equation for translation 

diffusion constant of a spherical particle with diameter σ in a medium with viscosity η at 

temperature T, 
π

trans
C

Tk
D B , 

Bk  = Boltzmann constant. The value of C = 2 and 3 for slip and 

stick limit respectively. Corresponding translational diffusion time trans  is related to transD  via 

trans

trans
D

2
  .1 

B. Rotational (Stokes-Einstein-Debye) diffusion time: Stokes-Einstein-Debye equation for 

rotational diffusion time of a spherical particle with molecular volume V in medium with 

viscosity η at temperature T, 
T

Vη
τ

B

rot
k

3
 .1 
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Table A.c.9: Temperature and composition dependent r(t) fit parameters of C153 and 

DMASBT in [9.795{xEC+(1-x)PC}+0.869LiClO4] solutions.a 

A: C153 in [9.795{xEC+(1-x)PC}+0.869LiClO4]  
xEC (mole 

fraction) 

T/ K 
1a  

1 / ps 2a  
2 / ps 

rotτ / ps 

 293 0.47 255 0.53 762 524 

 298 0.41 138 0.59 677 456 

0 303 0.22 69 0.78 454 369 

 308 0.38 124 0.62 476 342 

 313 0.46 82 0.54 474 294 

 318 0.55 104 0.45 406 240 

 293 0.49 191 0.51 849 527 

 298 0.51 199 0.49 755 471 

 303 0.44 187 0.56 581 408 

0.204 308 0.51 149 0.49 575 358 

 313 0.40 86 0.60 445 301 

 318 0.33 59 0.67 340 247 

 293 0.61 268 0.39 1003 555 

 298 0.55 213 0.45 856 502 

0.409 303 0.48 150 0.52 658 414 

 308 0.52 178 0.48 593 377 

 313 0.55 147 0.45 534 321 

 318 0.45 94 0.55 427 277 

 293 0.52 183 0.48 865 510 

 298 0.50 205 0.50 771 488 

0.613 303 0.38 125 0.62 560 395 

 308 0.40 113 0.60 477 331 

 313 0.54 144 0.46 489 303 

 318 0.67 155 0.33 478 262 

 293 0.60 316 0.40 1018 597 

 298 0.60 220 0.40 928 503 

0.817 303 0.43 153 0.57 618 418 

 308 0.51 120 0.49 600 355 

 313 0.65 194 0.35 573 327 

 318 0.49 113 0.51 401 260 

 293 0.67 298 0.33 1090 559 

 298 0.37 147 0.63 609 438 

1 303 0.57 207 0.43 675 408 

 308 0.67 183 0.33 732 364 

 313 0.62 165 0.38 546 310 

 318 0.40 91 0.60 373 260 
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B: DMASBT in [9.795{xEC+(1-x)PC}+0.869LiClO4]  

xEC (mole 

fraction) 

T/ K 
1a  

1 / ps 
2a  

2 / ps 
rotτ / ps 

 293 - - 1 812 812 

 298 0.03 50 0.97 739 718 

0 303 - - 1 657 657 

 308 - - 1 605 605 

 313 0.10 33 0.90 599 542 

 293 0.13 22 0.87 484 424 

 298 0.16 39 0.84 477 407 

0.613 303 0.08 33 0.92 397 368 

 308 0.08 33 0.92 378 350 

 313 0.14 42 0.84 374 320 

 293 0.11 33 0.89 411 369 

 298 0.12 33 0.88 347 309 

1 303 0.06 33 0.94 305 289 

 308 0.15 32 0.85 311 269 

 313 0.18 36 0.82 302 248 
aFit parameters have been obtained after fixing the 0r  value at 0.376 for C153 and 0.38 for 

DMASBT. Individual time constants are better than %5 of the reported values for C153 and 

%10  for DMASBT. 
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Figure A.c.10: Representative plot of average rotation time ( rotτ ) versus temperature-

reduced viscosity ( T ) of C153 in electrolyte solution, [9.795{xEC+(1-x)PC}+0.869LiClO4], 

at xEC = 0 (upper panel) and 1 (lower panel). Red and green dashed lines represent the stick 

and the slip hydrodynamic limits, respectively. Triangles represent measured rotation times. 
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Appendix A.d 

 

Table A.d.1: Temperature and PPG wt% dependent viscosity coefficients ( ) and densities 

)(  of polymer gel electrolyte, [(PC+LiClO4)+ wt%PPG].  

wt% of PPG in 

[(PC+LiClO4)+wt%PPG]  

 /cP 

293 K 298 K 303 K 308 K 313 K 318 K 

0 9.37 8.08 7.04 6.19 5.48 4.90 

10 8.54 7.35 6.40 5.63 5.02 4.50 

20 9.12 7.77 6.73 5.88 5.19 4.62 

30 11.91 9.95 8.47 7.29 6.33 5.56 

40 16.77 13.76 11.46 9.70 8.28 7.18 

50 24.80 19.83 16.17 13.38 11.22 9.59 

60 33.84 26.56 21.21 17.28 14.25 11.93 

100 98.31 70.79 52.72 40.10 31.22 24.81 

  / gcm-3 

0 1.263 1.258 1.253 1.248 1.243 1.238 

10 1.232 1.227 1.222 1.217 1.212 1.207 

20 1.204 1.199 1.194 1.190 1.185 1.180 

30 1.177 1.173 1.168 1.163 1.158 1.154 

40 1.150 1.146 1.141 1.137 1.132 1.128 

50 1.125 1.121 1.116 1.112 1.107 1.103 

60 1.101 1.096 1.092 1.088 1.083 1.079 

100 1.008 1.004 1.000 0.996 0.992 0.988 
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Figure A.d.2: Temperature dependent absorption and emission spectra of C153 in 

[(PC+LiClO4)+60wt%PPG]. All representations are colour-coded. 
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Figure A.d.3: Representative fluorescence intensity decays of C153 with  60wt% in 

([(PC+LiClO4)+wt%PPG]), collected at blue (490 nm) and red end (640 nm) wavelength with 

respect to the peak wavelength of the corresponding steady state emission spectrum at 293 K. 

Experimental data are presented by circles; solid lines passing through the data are fits. Black 

dashed lines are the instrument response function. Multi-exponential decay fit parameters are 

shown in the inset. All representations are colour-coded. 
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Figure A.d.4: Fluorescence intensity decay at parallel and perpendicular polarization of C153 

in [(PC+LiClO4)+60wt%PPG] at 293 K. All presentations are colour-coded. 
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Figure A.d.5: Representative differential scanning calorimetric (DSC) traces for 

[(PC+LiClO4)+wt%PPG] polymer gel electrolytes. Respective glass transition temperatures 

are indicated in each panel of the figure. 
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Figure A.e.1: Impact of third component (C153) in Tcp determination: temperature dependent 

absorbance of the aqueous solution (2 mg/mL) of the random copolymer, P3 in presence and 

absence of C153. Respective Tcp for each case are indicated with arrows. 

 

Table A.e.2: Temperature dependent densities (  ), viscosity coefficients ( ) of aqueous 

solutions (2 mg/mL) of three copolymers P1-P3. 

T/K P1 P2 P3 Water 

 /gcm-3  /cP  /gcm-3  /cP  /gcm-3  /cP  /gcm-3  /cP 

293 0.997 1.06 0.998 1.05 0.998 1.05 0.998 1.00 

298 0.997 0.94 0.997 0.93 0.997 0.94 0.997 0.89 

303 0.996 0.85 0.996 0.84 0.995 0.86 0.996 0.80 

308 0.994 0.77 0.994 0.76 - - 0.994 0.72 

313 0.993 0.70 0.992 0.70 - - 0.992 0.65 

318 0.991 0.65 - - - - 0.990 0.60 

323 0.988 0.61 - - - - 0.988 0.55 
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Figure A.e.3: Representative temperature dependent UV-Vis absorption (left panels), and 

steady state fluorescence emission spectra (right panels) of C153 (upper panels), and C343 

(lower panels) in aqueous solutions of P2. All presentations are colour-coded. 
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Figure A.e.4: Excitation wavelength dependence ( exc ) of steady state average emission 

wavelength ( em ) (left panels) and spectral widths (FWHM, emΓ ) (right panels) of C153 in 

aqueous P1, P2 and P3 solutions at different temperatures. All representations are colour coded. 
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Figure A.e.5: Excitation wavelength dependence ( exc ) of steady state average emission 

frequencies ( emν ) (left panels) and spectral widths (FWHM, emΓ ) (right panels) of C153 

(upper panels) and C343 (lower panels) in aqueous P2 solutions at different temperatures. All 

representations are colour-coded. 
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Figure A.e.6: Representative rotational anisotropy, r(t), decays of C153 in aqueous P1 and P3 

solutions (upper panel) and corresponding residuals (lower panel) at 293 K. Experimental data 

are shown by circles; solid lines going through data represent bi-exponential fits . Fit 

parameters are shown in the inset. All representations are colour-coded. 
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Figure A.e.7: Viscosity coupling of solute rotation in aqueous solution of P2 as observed from 

temperature dependent measurements, and a comparison with the hydrodynamic prediction. 
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Figure A.f.1: Steady state UV-Vis absorption spectra of C153 in aqueous polymer solutions 

(1mg/ml) at 298 K. Circles denote exc  positions considered for exc  dependent fluorescence 

emission measurements. 
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Figure A.f.2: Excitation wavelength ( exc ) dependent emission spectral widths (FWHM, em

) of C153 in aqueous polymer solutions (1mg/ml) for various pH at ~298 K. Representations 

are colour-coded. 
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Figure A.f.3: Representative residuals from single Debye (1 D) simultaneous fits of the real (

' ) and imaginary ( " ) parts of the measured complex DR spectra in aqueous copolymer 

solutions with different pH at ~ 298 K. All presentations are colour-coded. 
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Figure A.f.4: Residuals from single Debye simultaneous fits to the real ( ' ) and imaginary (

" ) components of the measured complex DR spectra in aqueous copolymer solutions at ~ 298 

K. pH of these polymer solutions are ~ 3.5. All presentations are colour-coded. 

 

 


