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Abstract

The main focus of this Thesis is the study of interaction and relaxation dynamics of room
temperature biodegradable eutectic solvents and other complex systems via experimental
dielectric relaxation (DR) spectroscopy, time-resolved fluorescence (TRF) spectroscopy and
other measurement methods, and molecular dynamics simulations. A significant part of the
work in this thesis is dedicated to deep eutectic solvents (DES), which includes ionic DES,
naturally abundant DES (NADES), therapeutic DES (THEDES) and low viscosity green
solvent. The selection of DESs components have been inspired by certain industrial needs and
aims to minimize the ecological footprint through suitable replacement of common organic
solvents. The need to explore new solvents also arises from the solubility aspects of drugs and
therapeutic administration. In this Thesis we have extensively explored the interaction and
dynamics of these DESs via DR, TRF and complemented the findings, wherever possible, with

results from molecular dynamics simulations.

A combined experimental and simulation study of DR in a naturally abundant DES composed
of betaine, urea and water was carried out to explore the interaction and dynamics of the system
by separating out the constituent contributions arising from the self and the cross interactions
via molecular dynamics simulations. Simulation results suggested that the collective single
molecule reorientational relaxation and the structural hydrogen bond fluctuation dynamics, not
the hydrodynamic single molecular rotations, hold the key to understand the multiple relaxation

timescales measured DR experiments.

We next studied ionic acetamide DESs containing NaSCN and KSCN salts where focus was
on to explore and understand the impact of successive replacement of K* by Na* on the
measured DR. Both experimental and simulated DR showed multi-Debye relaxations and a
decrease in the static dielectric constant (g5) upon Na® substitution. Na*-DES exhibited
stronger viscosity decoupling, higher glass transition temperature (~220 K), and increased
fragility compared to K*-DES. Simulations suggested significant rupture of the acetamide-
acetamide H-bond network structure in this DES and a linear decrease of the &5 with the
average number of H-bonds per acetamide molecule. Cation-dependent cross interactions had

negligible impact on &s.



The poor water solubility of aspirin, a nonsteroidal anti-inflammatory drug, led to the
engineering of a THEDES containing aspirin and menthol at 1:4 molar ratio which significantly
enhanced the solubility of aspirin. Preliminary investigation of its structure and dynamics was
carried out by combining TRF with computer simulations. TRF revealed a strong temporal
heterogeneity in the medium and a significant decoupling between medium viscosity and solute

dynamics. Computer simulations revealed extensive inter-molecular H-bond formation.

To counter the adverse effects of high viscosity on important chemical reactions, we have
developed a low-viscosity, transparent, multi-component molten mixture using biocompatible
sorbitol, urea, and water. The &g of this molten mixture is similar to that of water (¢,~80) and
makes it an excellent solvent, even though its dynamics are much slower than water.
Frequency-dependent DR measurements within the range 0.2 < v/GHz < 50 unveil multi-
Debye relaxation steps in this medium, with the average relaxation time spanning from ~400
ps to 100 ps. Fluorescence emission studies using fluorescent dyes, namely coumarin 153
(C153) and coumarin 343 (C343), suggest the medium being spatially homogeneous, although

the study of rotational dynamics indicates presence of weak temporal heterogeneity.

Apart from preparing designer solvents, this Thesis deals with capturing ultrafast solvation of
glycerol and ethylene glycol (EG) using a streak camera providing a temporal resolution ~2 ps.
We combined streak camera and time-correlated single photon counting (TCSPC) data which
captured nearly 90% of the total solvation of EG and suggested that solute lifetime may play

an important role in capturing sub-picosecond solvent response.

Addressing organ dysfunction stemming from hyaluronic acid (HA) aggregation in aqueous
environments necessitates a thorough investigation of concentration-dependent HA
aggregation. This is pivotal as the minimum concentration threshold for HA aggregation

(cﬁigre) governs structural transitions, leading to slower relaxation dynamics in bulk water.

Analysis of various parameters in DR and conductivity measurements indicates approximately
0.5 - 0.66 wt% HA in water as the critical concentration for HA aggregation. DR measurements

reveal the emergence of biphasic water dynamics with 'slow' and bulk-like relaxations having

time constants around 0.3-4 ns and ~10 ps, respectively, as cﬁigre was approached. Differential

scanning calorimetric measurements further supported the existence of two types of water.
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Chapter 1

Introduction

Solvents constitute an essential part in our daily life serving diverse purposes across various
fields. Its use spans from laboratory to industry, food processing to drug delivery, cosmetic to
battery and so on.!"® In laboratories, solvents are used for dissolving, diluting, and reacting
with substances, as well as for carrying out desired chemical reactions, extraction,
chromatography, crystallization and other essential tasks. In industry, solvents find applications
in cleaning surfaces, dissolving substances, extracting desired compounds, purifying materials,
facilitating chemical synthesis, and powering various other essential processes across diverse
industries.”!® Additionally, solvents play a vital role in food processing,®!! by extracting
flavours, colours, and essential oils from natural sources while in drug delivery, they serve as
crucial vehicles for insoluble drugs, facilitate the dissolution of these drugs, enhancing their

bioavailability and therapeutic efficacy.!*!?

Various designer solvents are used for these purposes, and their efficacy and applicability in
these fields depend on the primary properties of the solvent, which include polarity, viscosity,
volatility, inflammability, and especially ecological footprints. Unfortunately, a large portion
of the solvents used are tagged with hazardous and toxic label.!*!” Developing new green
media will facilitate less impact on environment as well as mankind caused by toxic media.
This green media will promote the use of bio-solvents to reduce the harmful effects on
environment.'®?! Searching for an alternate to such toxic and environmentally harmful organic

) 22-26
5

solvents are being continued with utmost desire. Room temperature ionic liquids (IL gas

27,28 29-31

expanded liquids, room temperature super critical fluids and their aqueous mixtures,
deep eutectic solvents (DESs)**>° have been introduced in past decades which are
comparatively less toxic and have minimum effects on environment. Among these solvents
ionic liquids and DESs are the two potential groups of solvents that can replace the traditional
organic solvents in many applications. There exists a belief that DESs are sometimes superior
to ILs.!40*2 TLs are highly expensive and difficult to synthesize in large scale. On the other
hand, DESs have their own advantage because of easily availability of raw materials, easy

synthesis route, convenient transportation, low cost, less toxicity, non-inflammability, and non-
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volatility. Moreover, DESs can be made more bio-degradable by choosing right

components.“o"‘y‘7

DESs are multicomponent mixtures of hydrogen bond donor (HBD) and hydrogen bond
acceptor (HBA) that melt or solidify at a unique temperature which is much lower than the
individual melting points of the components.>*#*#34-51 Therefore, temperature and the
components ratio are the key factors in forming a DES. Intermolecular interaction such as
hydrogen bonding interaction is one of the main interactions in DESs.?>* Also, the depression
of melting point takes place due to presence of other component molecules which frustrates the
lattice structure.*® DESs have gain immense attention in recently as it exhibits remarkable
versatility across a multitude of disciplines. They serve as effective reaction media for chemical

54-59 and

transformations, facilitate controlled drug release in pharmaceutical formulations,
contribute to the formulation of low-VOC paints and coatings.®® DESs also play pivotal roles
in various sectors such as food and beverage,>!!3%! textile processing, and biorefining, where
they enable selective extraction of natural compounds, improved dye uptake in fabrics, and
sustainable production of bio-based chemicals.5>% Additionally, DESs are utilized as battery
electrolytes, where their high ionic conductivity and compatibility with electrode materials
enhance the performance and sustainability of energy storage devices.®* 8, While DESs hold
great promise in diverse fields of application, the interaction and dynamics of such systems are

not fully understood. Extensive research is still needed to delve deeper into the unique

characteristics of DESs and their smarter applications in diverse domains.

The DESs are classified into different categories depending upon the nature of the components.
These are naturally abundant deep eutectic solvents (NADES), ionic deep eutectic solvents
(IDES), therapeutic deep eutectic solvents (THEDES), non-ionic deep eutectic solvents and so
on. NADESs 3738446971 3 recently discovered category of DESs, are gaining attention for
being environmentally friendly, safe, and sustainable. Despite being prepared at higher
temperatures, they remain liquid at or near room temperature due to the intricate interplay of
their components, primarily derived from plant metabolites such as amino acids, organic acids,
urea, and sugars etc. These versatile solvents are increasingly utilized across diverse domains
including chemical dissolution,’”” serving as reaction media,”> pharmaceutical applications,’’

5,39,76

agricultural sector,’* cosmetics formulations,”” food processing, extractions of natural

compounds’’® etc. Notably, they play a crucial role in enhancing the solubility of metabolites
within lipids and facilitate the permeability of cell membranes, thus aiding biological processes

within living organisms.®!:%2
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Although NADESSs are increasingly recognized as promising alternatives to hazardous organic
solvents, the exploration of the connection between the structure and dynamics in the medium
has received little attention. Though several attempts were made to explore the structure and
dynamics of a few NADESs via utilizing X-ray scattering,®® quasi elastic neutron scattering®
and molecular dynamics simulations.®®> These measurements revealed that NADESs are
extremely complex systems with extensive formation of H-bonds which gives stability to their
liquid structures. Few Raman spectroscopic and FTIR measurements were carried out to
uncover the dynamics and structure of NADESs.®® Time-resolved anisotropy and dynamic
Stokes shift measurements conducted on NADESs containing (glucose+urea+water)®’ and
(betaine+urea+water)® unveiled a notable correlation between solute rotation and solvation
times and the fractional viscosity dependence. Until now, there has been a lack of research
examining the inherent dynamics of this significant system and establishing connections
between the measured or computed dynamics and the microscopic solution structure. Dielectric
relaxation spectroscopy (DRS) has emerged as a powerful tool which directly probes the
fluctuations in the collective dipole moment of a given system when subjected to a time-
dependent electric field, providing insights into the inherent dynamics of medium. Due to the
complexity of multi-component interactions in these systems, experimental methods cannot
isolate individual contributions. Molecular dynamics simulations play a crucial role in
addressing this challenge. Simulated dielectric relaxation (DR) spectra can be compared one-
to-one with experimental spectra. Subsequently, the contributions from self-interactions of
individual species and cross-interactions among species can be discerned separately, providing

valuable molecular insights into NADES interactions.

Tonic deep eutectic solvents®** (IDESs) represent an important class of solvents composed of
a host solvent and guest ionic salts. These systems have garnered considerable attention across

6495 reaction media,’® extraction and separation

various domains, including battery electrolytes,
of natural products®’ and beyond. Upon incorporation of ionic salts into the host solvent, IDESs
exhibit intriguing properties, such as a reduction in the dielectric constant of the host solvent.
To elucidate the dynamics and structure of these IDESs, numerous studies employing
techniques like DR spectroscopy,’**®> NMR,”® time-resolved fluorescence (TRF),”-!® Raman
induced Kerr effect spectroscopy, 1% FTIR, and molecular dynamics simulations**> have
been conducted. However, certain questions regarding the molecular-level aspects underlying

the decrecase in the static dielectric constant remain unanswered. In this context, a

comprehensive investigation, combining experimental DR measurements with molecular
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dynamics simulations, holds promise to shed light on these unresolved queries. Our study aims
to bridge this gap by directly connecting experimental static dielectric constant measurements
to the average number of H-bonds per molecule. Through this approach, we unveil that the
reduction in dielectric constant primarily arises from randomization in dipolar reorientation
induced by the rupture of hydrogen bonds due to ion induction. Moreover, we demonstrate that
dynamic dielectric decrement contributes negligibly via current-current and dipole-current
interaction terms. This integrated approach provides valuable insights into the fundamental
mechanisms governing the behaviour of IDESs and paves the way for their enhanced

understanding and applications.

Therapeutic deep eutectic solvents®”1%719 (THEDES) are a promising category of DESs that
show potential for improving the solubility, permeability, and absorption of active
pharmaceutical ingredients (APIs), thereby enhancing their bioactivity and therapeutic
efficacy. THEDES, comprising diverse APIs like lidocaine, arginine, ibuprofen, and others,
along with excipients like thymol and menthol, have been explored for pharmaceutical

56,57,106,107
t,

applications, including drug delivery enhancemen improved permeability and

108109 and exhibiting antiseptic and antibacterial properties.!!'®!!!  Analytical

solubility,
techniques such as H-NMR, differential scanning calorimetry (DSC), microscopy, FTIR,

Raman spectroscopy, and SEM have been employed to understand their properties thoroughly.

Despite their potential, there remains a gap in our understanding of the interaction, dynamics,
and structure of these systems. Our objective is to address this gap by investigating these
aspects through probe-specific measurements. Additionally, we will analyse the stability of
such metastable DESs using computer simulations. The outcomes of this research may offer
valuable insights into utilizing DESs as solvents for drug delivery and formulation, thereby

potentially impacting the development of novel and improved pharmaceutical products.

Ultrafast solvation dynamics of significant solvents such as ethylene glycol (EG) and glycerol
were investigated using picosecond-resolved streak camera systems.!!'>!'* With upconversion
measurements''* offering a resolution of ~180 fs and TCSPC®"' providing temporal
resolution of ~90 ps, these experiments effectively bridged the gap between ultrafast
upconversion and TCSPC methods, which typically have a temporal resolution of about 2 ps.
Consequently, these measurements enable the capture of molecular solvation dynamics

occurring within these timescales.
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This Thesis comprises a total of 7 chapters, along with an addendum at the end. The first chapter
is the introduction followed by the second chapter outlined the experimental techniques and

procedures employed throughout the Thesis.

In chapter 3, we investigated the impact of substituting K* by Na* on the polarization response
of 0.25[fKSCN + (1 — f)NaSCN] + 0.75CH3CONH, DESs. Through temperature-dependent
(303 < T/K < 343) DR measurements (0.2 < v/GHz < 50) and simulations, it uncovers
multi-Debye relaxations accompanied by a decrease of the solution static dielectric constant
(g5) upon replacement of K* by Na™. Temperature dependent measurements revealed much
stronger viscosity decoupling of DR times for Na* containing DES than K* system. DSC
measurements indicated a higher glass transition temperature for Na*-DES (~220 K) than K*-
DES (~200 K), implying more fragility and cooperativity for the former (Na*-DES) than the
latter. Computer simulations revealed gradual decrease of the average number of H-bonds
({nyg)) per acetamide molecule and increased frustrations in the average orientational order
upon replacement of K* by Na*. Both measured and simulated &, values were found to
decrease linearly with (ngg). Decompositions of the simulated DR spectra revealed that the
cation-dependent cross interaction (dipole-ion) term contributes negligibly to &5, and appears
in the terahertz regime. Finally, the simulated collective single-particle reorientational
relaxations (C;(t) ) and the structural H-bond fluctuation dynamics (Cyg(t) ) revealed the
microscopic origin of the cation identity dependence shown by the measured DR relaxation

times.

In Chapter 4, a combined experimental and simulated DR study of a NADES composed of
betaine urea and water with the composition (in weight ratio 11.7: 12: 1) was performed to
explore the interaction and dynamics through multi-step relaxation behaviour. Temperature
dependent (303 < T/K < 343) measurements were performed over 9 decades of frequency
covering a frequency range of 20Hz to 50 GHz. Measured DR, comprised of four distinct steps
with relaxation times spreading over a few picoseconds to several nanoseconds, was found to
agree well with simulations. The simulated total DR spectra, upon dissection into three self
(intra-species) and three cross (inter-species) interaction contributions, revealed that the
betaine-betaine self-term dominated (~65%) the relaxation, while the urea-urea and the water-
water interactions contributed only ~7% and ~1%, respectively. The cross-terms (betaine-urea,
betaine-water and urea-water) together accounted for < 30% of the total DR. The slowest DR
component with time constant of ~1 — 10 ns derived dominant contribution from betaine-

betaine interactions, where betaine-water and urea-water interactions also contributed. The

5
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sub-nanosecond (0.1 - 0.6 ns) timescale originated from all interactions except betaine-water
interaction. An extensive interaction of water with betaine and urea induced a dramatic
reduction in the average number of water-water H-bond (~0.7) and consequently the &, of water
in this DES (&g ~ 2). Furthermore, the origin of the experimental timescales was explained via

simulated C; (t) and Cyp(t), which showed well agreement between the two.

In chapter 5, interaction and dynamics of a new THEDES, developed by combining aspirin and
menthol at 1:4 molar ratio, were investigated by performing temperature dependent time-
resolved fluorescence measurements and computer simulations. For fluorescence
measurements, two fluorescent probe molecules of different chemical nature, coumarin 153
(C153) and coumarin 343 (C343), were employed. Computer simulations were carried out to
provide insight into the microscopic structure of the system and assistance to the interpretation
of the experimental data. Measured viscosities (1) ranged from ~3 — 50 cP in the temperature
range (303 < T/K < 343), while differential scanning calorimetry (DSC) measurements
indicated a glass transition temperature, Ty ~220 K. The magnitude of the Stokes shift measured
using C153 in this medium (relative to that in hexane) was ~700 cm™' and indicated
chloroform-like medium polarity. Both steady state and time-resolved fluorescence
measurements revealed presence of substantial spatio-temporal heterogeneity in this THEDES.
Activation energy associated with the rotation of the probes used (~33 kJ mol™1) was found
to be nearly half of that from temperature-dependent viscosity measurements (~60 kJ mol™1),
suggesting a strong viscosity decoupling of solute rotational dynamics. Measured solvation
correlation function via dynamic Stokes shift experiments exhibited biphasic decay with two
well-separated timescales, ~0.2 ns and ~2 ns. Simulations of solution H-bond structure
indicated that aspirin forms fewer H-bonds internally but exhibits a stronger propensity to form

H-bonds with menthol.

In Chapter 6, to overcome the hindrance of high viscosity on important chemical reactions, we
have prepared a low viscous transparent multi-component molten mixture from biocompatible
sorbitol, urea and water. Our investigation explored the physical properties, interactions,
dynamics, and heterogeneity of this prepared molten mixture. The measured viscosity
coefficient (n) of the molten mixture varies from ~73 cP to 8 cP within the temperature range
288 K < T < 338 K. Temperature dependent (303 K < T < 343 K) dielectric relaxation (DR)
measurements in the frequency window 0.2 < v/GHz < 50 reveal multi-Debye relaxation

dynamics in this medium with the average relaxation time, (tpg), varying from ~400 ps to 100
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ps within this temperature range. The static dielectric constant of this molten mixture is similar
to that of water (e,~80) and makes it an excellent solvent, even though its dynamics are much
slower than water. Steady-state fluorescence emission studies by employing fluorescent dyes,
coumarin 153 (C153) and coumarin 343 (C343), highlights spatial medium homogeneity,
although mild dynamic heterogeneity signatures are evident from the fractional viscosity

p
dependency of the rotational dynamics of the dye molecules ( 7, « [g] withp = 0.7).

Interestingly, experimental DR dynamics captures even milder dynamical heterogeneity of the
system, with p = 0.87.Activation energies estimated from Arrhenius type temperature

dependence of (tpg) and (t,-) supports the above findings.

In Chapter 7, the ultrafast solvent dynamics of glycerol and EG in response to a sudden charge
jump in two different solute probes, coumarin 153 (C153) and trans-2-[4-
(dimethylamino)styryl] benzothiazole (DMASBT), were measured by employing streak
camera based detection system (temporal resolution ~2ps). Subsequently, the detection of time
dependent solvation of the excited solute was measured by appropriately combining the streak
camera data with those from the time-correlated single photon counting (TCSPC)
measurements (resolution ~90 ps). Interestingly, combined data for C153 provided dynamic
Stokes shift magnitudes approximately double of the magnitudes accessed via the streak
camera alone for these two solute probes in glycerol and EG. The initial phase of solvation in
EG was found to be too fast to be measured by the present streak camera-based detection set-
up and missed nearly half of the total response. The relatively shorter average excited state
fluorescence lifetime of DMASBT ({zf;) < 0.5 ns) prohibited the detection of the =0.5 ns
solvation component reported by C153 in glycerol, highlighting the importance of (zs;) for
complete measurements of polar solvation response via dynamic Stokes shift measurements.
Inappropriate choice of fluorescent probe solute with shorter (z7;) may therefore give rise to
an unexpected solute dependence of polar solvation dynamics even when detection of the rapid

initial decay is ensured through ultrafast measurements.

The remediation of organ dysfunction resulting from hyaluronic acid (HA) aggregation in
aqueous media requires a comprehensive examination of concentration dependent HA

aggregation. This is critical because the minimum concentration threshold for HA aggregation
(cﬁigre) dictates structural transition and transforms bulk water dynamics to produce slower
relaxation features. In addendum I, we have carried out preliminary study of HA aggregation

via concentration dependent study of HA in aqueous medium employing DR measurements

7



Chapter 1

and DSC study. DR measurements demonstrate a clear emergence of biphasic water dynamics

with ‘slow’ and bulk-like relaxations with time constants ~ 0.3-4 ns and ~10 ps, respectively,
as cﬁigre was approached. DSC measurements further supported the existence of two types of

water.

Finally in chapter 8, we presented a general concluding remarks of the findings of this Thesis.

This chapter also includes some future research problems.
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Chapter 2

Experimental Methods and Procedures for Data Analysis

The primary experimental techniques utilized for investigating various complex systems in this
thesis encompass broadband dielectric relaxation spectroscopy, steady-state UV-Vis
absorption, fluorescence, time-resolved fluorescence employing the time-correlated single
photon counting (TCSPC) principle, and ultrafast streak camera. This chapter provides a

succinct overview of these experimental methods and outlines the protocols for data analysis.
2.1 Dielectric Relaxation Spectroscopy (DRS)

Dielectric relaxation spectroscopy (DRS) is a powerful technique utilized to study the
relaxation of macroscopic electric polarization within a liquid under the influence of a
frequency-dependent external electric field. This relaxation phenomenon reflects the ensemble
average of dipole-dipole correlations within the liquid. Specifically, DRS enables the
investigation of the collective orientational motion of molecular dipoles, which significantly
contributes to the macroscopic electric polarization. By analyzing the frequency-dependent
behaviour of the electric polarization, DRS provides valuable insights into the dynamics and

behaviour of dipolar liquids at a molecular level.
2.1.1 General Overview about DRS

The polarization induced in dielectric materials by an external electric field typically arises
from two mechanisms: the distortion of the electron cloud distribution and the reorientation of
molecular dipoles within the system. In the context of a liquid at room temperature, achieving
a specific polarization level necessitates rapid motion of microscopic particles such as
molecules, ions, atoms, and electrons, typically within a timeframe of approximately 1 us or
less. Rapid changes in electric field strength relative to particle motion cause macroscopic
polarization to lag behind equilibrium, while gradual variations allow the system to achieve its
equilibrium polarization state!. The dielectric properties of the systems under studies are

measured at the equilibrium state.

The interaction of electromagnetic field with matter can be expressed by Maxwell’s equation®

as follows:
tE=-2B 2.1
rot E = —— (2.1)
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rot H=j+=D 2.2)
div D = p, (2.3)
and

div B = 0 (2.4)

In the above Eq. (2.1-2.4), E and H symbolize the electric and magnetic fields, respectively,
while D represents the dielectric displacement and B denotes the magnetic induction. The
current density is denoted by j, and the charge density is defined as p,.. In case of homogeneous,
non-dispersive, isotropic material under a weak electric field, the expression for D can be

formulated as,
D =¢*g,E (2.5)

Where &, (8.85x10712 Fm™) is the free space permittivity and £* is defined as complex dielectric
function. Maxwell's equations elucidate that the complex dielectric function (£*) of a material
becomes time or frequency-dependent when dynamic phenomena occur within the sample. For
a periodic electric field E(t) = E exp(—iwt), where w denotes the angular frequency and
i =+/—1, the complex permittivity £*(w) is formulated as £*(w) = &' (w) — ie" (w), where &’

and &'’ represent the real and imaginary parts of the complex dielectric function, respectively.
2.1.2 DRS Measurements

Dielectric relaxation measurements presented in this thesis integrated three distinct setups to

measure the broadband dielectric spectra on the frequency region from 20 Hz to 50 GHz.

(1) A low frequency impedance analyzer (E4990A) equipped with liquid test fixture (15452A),
covering a frequency range from 20 Hz to 10 MHz. The instrument with the the liquid test
fixture has been shown in Figure 2.1. This impedance analyzer accessed the relatively of the
sample by recording the capacitance and conductance of the material placed between two
parallel plates. The instrument was calibrated by conducting measurements on a 50-ohm

resistance, performing short compensation, and measuring air capacitance.
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Figure 2.1 Impedance analyzer (E4990A) with the liquid test fixture

(i1) A middle-frequency impedance analyzer (E4991B) coupled with an open-ended coaxial
line probe, featuring a dielectric probe kit (Keysight 85070E), and a high-temperature coaxial
cable with high temperature probe, encompassing a frequency range from 10 MHz to 500 MHz.
Calibration procedures involved measurements on air, shorting block, and water serving open,

short, and load reference, respectively.

Figure 2.2 PNA-L network analyzer with open ended coaxial probe.
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(i11)) A PNA-L network analyzer (N5235B) complemented by an open-ended coaxial probe kit
(N1501A), facilitating measurements across the frequency spectrum from S00MHz — 50GHz.
Calibration of the instruments were performed by measuring air, shorting block and water open,
short and load respectively. The instrument with the open-ended coaxial cable has been shown

in Figure 2.2.

2.1.3 Mathematical Models and Data Analysis Procedures

The experimentally collected data from all three experimental setups were combined and
finally set to analyse with the help of different mathematical models in order to gain
comprehensive understanding about the dipolar rearrangements of the systems studied in this

thesis. The models are described below
2.1.3.1 Debye Model

In order to analyse experimental DR data, the Debye model is the simplest one to describe

complex dielectric response (£*). The functional form of Debye model® is given by,

Ae
1+iwtp

e =¢&xp + (2.6)

where w is the angular frequency which is connected to linear frequency via the relation w =
2mv. Ae is termed as the dielectric strength which is defined by Ae = ¢ — €,,, where & (w =
0) is the static dielectric constant at zero limiting frequency and &, (w — o) is the high

frequency dielectric constant. T represents the characteristic relaxation time.

2.1.3.2 Non-Debye Model

Dielectric relaxation with symmetric broadening is subject to treated with the Cole-Cole*

relaxation model which is given by

£ =€y + S — 2.7

1+(i(1)ch)1_a

The parameter a represents a symmetric broadening of the dielectric function. It can take any

value within the range 0 < a < 1. 7. denotes the characteristic Cole-Cole relaxation time.

Alternatively, asymmetric broadening of the dielectric relaxation is taken care by the Cole-

15,6

Davidson model”®. This model is mathematically expressed as
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% Ae
E =€+ —mmm—
® ' (A+iwtep)B

(2.8)

Here the parameter S represents an asymmetric broadening of the dielectric function. It may
take any value within the range 0 < § < 1. t;p denotes the characteristic Cole-Davidson

relaxation time.
Havriliak-Negami’ (HN) model is more standard and general model used to analyse complex
dielectric function. The functional form of this model can be expressed as

x Ae
&= ot L otam 0P

(2.9)

Here Ty 1s the relaxation time.

Dielectric relaxation in complex chemical systems may arise from the superposition of multiple
relaxation modes, reflecting the diverse molecular interactions and dynamics within the system.
This interplay of relaxation modes contributes to the overall dielectric behaviour observed. In

practical for those system the HN function is expressed as a summation form:

Ae
=t t 2 Wt or (2.10)

S*
2.1.3.3 Data Processing

Selecting appropriate mathematical models is essential for extracting physically meaningful
insights from complex dielectric responses. The efficacy of the fit is evaluated by examining

both goodness of fit (y?) parameters and the residual of the fittings. y? is defined as®,

| 5) + () e

where m denotes the number of data triples (v, €', "), [ is the number of adjustable parameters,

and &¢; and o(g;) are the residuals and standard deviation of the individual data points,

respectively.
2.1.3.4 Conductivity Correction

DC conductivity significantly contribute to the dielectric loss part that is, imaginary part of the
total dielectric spectra. The dipolar contribution of the liquid systems often submerged into the
conductivity contribution. To get rid of this conductivity correction of the imaginary part of the

dielectric spectra is crucial. The conductivity corrected DR spectra have been presented below!,
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') = &'(v) — |ie" (v) + ——]| (2.12)

2TEQV

where g, denotes the free space permittivity and k denotes the conductivity of the medium. &’

and & are the real and imaginary part of the complex permittivity.

2.2 Steady State UV-Vis Absorption Spectroscopy

In this thesis, the steady-state UV-Vis absorption spectra were acquired using a UV-2600
spectrophotometer manufactured by SHIMADZU. Figure 2.3 illustrates a schematic
representation of a UV-Vis absorption spectrophotometer. It employs two light sources: a
tungsten lamp for visible wavelengths and a deuterium lamp for ultraviolet wavelengths. A
mirror guides the light emitted from the lamp through a filter before it enters the
monochromator. Within the monochromator, the beam of polychromatic light is dispersed into
various monochromatic rays. These rays are split into two components: one directed towards
the reference and the other transmitted through the sample. Both the transmitted light from the
reference and the sample reach photodiode detectors. Subsequently, after several sequential
data processing steps such as signal enhancement and analog-to-digital conversion (ADC), the

final absorption spectra are recorded.

Mirror .
Mirror Computer
Photo
Diode @
o
c
1]
=
2
Reference 2
Wavelength (nm)
D,
Lamp Filter Data
Processing
| ——
Photo
/ Diode
Monochromator Be.am
Splitter

Sample

Figure 2.3. Schematic illustration of an UV-Vis absorption spectrophotometer.
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UV-Vis absorption spectroscopy operates on the fundamental Beer-Lambert Law, which states

that absorbance (A) correlates linearly with both the path length (1) and the concentration (c)
of the sample, according to the equation A = lo gITO = gcl. Here, I, represents the intensity of

the incident light, while I denotes the intensity of the transmitted light. The parameter &, termed

the molar extinction coefficient or molar absorptivity, is a constant of proportionality.

Throughout this thesis, absorption measurements were conducted with a fixed path length (1)

of 1 cm and sample concentrations (c) not exceeding 107> M.

2.3 Steady State Fluorescence Spectroscopy

The steady-state fluorescence emission measurements corroborated in the thesis were
conducted using a fluorimeter (Fluorolog, Jobin-Yvon, Horiba). Figure 2.4 provides a
schematic overview of the fluorescence spectrophotometer setup. A continuous xenon (Xe)
lamp serves as the excitation light source. The light emitted by the Xe lamp passes through an
excitation monochromator, where it is split into monochromatic wavelengths and any undesired
wavelengths (stray light) are blocked. The monochromator's motorized mechanism facilitates
automatic selection and scanning of wavelengths. The monochromatic light of the desired
wavelength is then used to excite the sample under examination. Subsequently, the emitted

Emission
Monochromator

L A} o} o=

Xenon Lamp

Photodetector
Mirror

Intensity

[ } / . e

Excitation Mirror
Monochromator Sample

Figure 2.4. Schematic representation of fluorescence spectrophotometer set-up
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fluorescence light travels to an emission monochromator positioned perpendicular to the path
of the excitation light. The fluorescence emission is detected by a photomultiplier tube (PMT)
and is projected onto a computer screen following amplification and appropriate electronic

conversion.

2.4 Time Resolved Fluorescence Spectroscopy

The time-resolved fluorescence investigations detailed in the thesis primarily utilized the time-
correlated single photon counting (TCSPC) technique®!°. For these studies, pulsed diode lasers

operating at wavelengths of 409 nm and 375 nm were employed.
2.4.1 TCSPC Technique

The LifeSpec-ps instrument from Edinburgh Instruments, based in Livingston, U.K., was
utilized for conducting time-correlated single photon counting (TCSPC) measurements. In
these experiments, time-resolved fluorescence emission data were collected using the TCSPC

setup operating in reverse mode.

Figure 2.5 presents a schematic depiction of a typical TCSPC setup in reverse mode. A pulsed

diode laser serves as the excitation source, initiating the excitation of fluorophore molecules

Monochromator PMT
CFD
Emission -
Sample Polarizer
Excitation
Polarizer Start
CFD
Delay Line | r\ | Stop | _§3/ I
O l : l |>° ime Delay
Excitation Source ' TAC

Figure 2.5 Schematic representation of a TCSPC set-up in reverse mode
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within the sample contained in a quartz cuvette. Upon excitation, the first emitted photon
triggers a signal, which is then routed through a constant fraction discriminator (CFD) to
determine its arrival time. Subsequently, the signal proceeds to a time-to-amplitude converter

(TAC), where a voltage ramp is initiated.

In the reverse mode of TCSPC, a simultaneous signal is generated when the second excitation
pulse from the laser interacts with the sample. This signal also passes through the CFD and
then to the TAC to terminate the voltage ramp. The output pulse from the TAC, proportional to
the delay time (At) between the start and stop signals, undergoes analog-to-digital conversion
(ADC) and is transmitted to a multichannel analyzer (MCA) for the computation of numerical
values. Repeating this process multiple times generates a decay histogram comprising photon

counts and time channels within the MCA.
2.4.2 Data Analysis
2.4.2.1 Solvation Dynamics

In solvation dynamics studies, we typically record 14-16 decay curves at equally spaced
wavelengths across the steady-state emission spectrum of a fluorophore dissolved in the
sample. This technique, also known as Stokes shift dynamics, allows for a comprehensive
investigation into the process of solvation, which is the interaction between the solvent
molecules and the excited state of the fluorophore. By examining how the fluorescence
intensity changes over time and at different wavelengths, one can gain insights into the
dynamics of the solvation process. In most of experiments performed in this thesis coumarin
153 (C153)!'""13 and coumarin 343 (C343)!*!> has been employed as the local reporter. Note
that in solvation dynamics measurements we have used 409 nm wavelength laser as an
excitation light source with the full with at half maxima (FWHM) of the instrument response
function to be ~90 ps. The distinctive feature of dynamic Stokes shift is the decay at the blue
end and subsequent rise followed by decay at the red end wavelengths, relative to the peak of
the steady-state emission spectrum. In TCSPC, the fluorescence decay (N (t)) is the result of
convolving the instrument response function (IRF) (R(t)) with the sample's response (1 (t)).
To extract I(t) from the N(t) and R(t) data, an iterative reconvolution method employing

nonlinear least square analysis was utilized. This involved fitting experimental I(t) using a

summation of multi-exponential functions: I(t) = YN, a;exp (— ﬁ), where a; and t; represent
13

the pre-exponential factors and characteristic lifetimes, respectively. Subsequently, time-
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resolved emission spectra (TRES) were reconstructed from the intensity decays collected for

t9,13,16

each system, following established protocols. The fluorescence decays ob ained at various

wavelengths (1;) were then fitted with multi-exponential functions,

1(t) = X, ai(A)exp (—t/7; (1)), 2.13)
where Zi al()l]) =1.

Following this, a new series of normalized intensity decays were generated to ensure that the
time-integrated intensity at each wavelength matched the steady-state intensity at that
wavelength, denoted as F(4;). The normalization factor is

F) _ FQy

H(4j) = IC1apdt i@ty

(2.14)

This normalization factor, H(A;), was then multiplied with I(4;,t) to obtain the appropriate

normalized function.
I'(Aj,t) = HADIA), t) = aj(A)exp(—t/7:(4))) (2.15)

Here «; (/'lj) = H(A;)a;(4;). Utilizing the value of I'(A;, t) TRES at any wavelength and any
time can be calculated. To facilitate further analysis, the TRES were transformed into frequency
representation, with appropriate intensity weighting by A2. Subsequently, each TRES was fitted
with a log-normal shape function to establish a continuous spectrum representation. The peak
frequencies derived from these fitted spectra were then employed to construct the solvation
response function'®, S(t).

(v(®)—v(o))

$(8) = vy

(2.16)

In this context, v(0), v(t) and v(oo) represent the frequency (typically the peak frequency) for
the reconstructed time-resolved emission spectrum at ¢ = 0 (immediately after excitation), at
any given moment t, and at a sufficiently long time ¢ = oo when the solvent has completely

relaxed.

The solvation response function S(t) is a normalized function that transitions from unity at t =
0 to zero at t = oo as the solvent environment relaxes in response to the immediate alteration
in the charge distribution of the solute (fluorophore) due to photo-excitation. It's expected that
v(o0) will match the steady-state emission peak frequency for a particular system. However,

in some cases, the steady-state emission spectrum might exhibit a slight blue shift compared to
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the time-resolved emission spectrum at t = oo, indicating that the excited fluorophore is
surrounded by a solvent environment that hasn't completely relaxed. This discrepancy is
attributed to steady-state emission from the excited solute within an incompletely relaxed

solvent environment, causing the observed blue shift.

Subsequently, the average solvation time 74 was determined by integrating the measured decay

of S(t) over time:
(t5) = fooo des(t) = fooo dt[X; aiexp (=t/T)] = X;a; T (2.17)

where }; a; = 1, and «; and t; are the amplitude and time constants respectively, related with

the i-th component of S(t) decay.
2.4.2.2 Rotational Dynamics

The time-correlated single photon counting (TCSPC) technique is also employed to investigate
the reorientational dynamics of fluorophores dissolved in a medium and to explore the time-
dependent frictional profile of the medium®!®!'7. The fundamental principle underlying
reorientational dynamics measurements relies on selectively exciting fluorophores with
absorption transition dipoles parallel to the electrical vector of polarized excitation light. The
emission intensity decays collected through parallel (1,4, (t)) and perpendicular (Iperp(t))
emission polarizations are contingent upon the reorientation of the excited fluorophore and
evolve over time. As time progresses, the disparity between I, (t) and Ie., () gradually
diminishes. Leveraging this loss of anisotropy enables the extraction of information regarding
reorientational dynamics, provided that the fluorophore's lifetime, dissolved within a given
medium, is comparable to or greater than its reorientational time. Time dependent fluorescence
anisotropy is defined as’,

_ Ipara(®)=Iperp(t)
(O = e 2lperp ) (2.18)

The polarization characteristics of the optical setup significantly influence the measured
anisotropy, necessitating a correction to mitigate errors stemming from instrumental
polarization preferences. This correction factor, denoted as the geometric factor (G), represents
the ratio between the transmission efficiency for vertically polarized light and that of

G = Ipara(t)

horizontally polarized light, and is calculated as: o )
perp

The geometric factor (G) is

determined through the tail matching of vertically (parallel) and horizontally (perpendicular)
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polarized fluorescence emission intensity decays. Consequently, the corrected time-resolved
fluorescence anisotropy, r(t), is expressed as:

_ Ipara(t)=Glperp ()
r(t) B Ipara()+2GIperp (1) (219)

The obtained r(t) values were subsequently fitted using single and multi-exponential

functions:

r(t) = 1(0) X;azexp (—t/7;) (2.20)

where r(0) represents the initial anisotropy. «; and t; denote the amplitude and time constant

of the i-th decay component, respectively. The summation is constrained by Y,; a; = 1.

In this thesis, the initial anisotropy r(0) was set to specific values: 0.376 for C153!7, 0.35 for
C343', and 0.38 for trans-2-[4-(dimethylamino)styryl]-benzothiazole (trans-DMASBT)'®,
while fitting r(t). The average rotational correlation time (7,,.) was subsequently estimated

using the following formula:

(Trot) = [y dr[r(©)/r(0)] = % i, (2.21)

2.5 Ultrafast Streak Camera

In the context of a streak camera, "streak" refers to the display of the temporal evolution of a
light pulse as a continuous line, or streak, on an oscilloscope or other display device. The streak
camera is able to capture this temporal evolution by spreading out the light pulse in time using
a deflection device (such as a sweep circuit) and then recording the resulting streak of light on
a detector. This allows for time-resolved measurements of light emission, with high temporal
and spectral resolution A schematic diagram is presented in Figure 2.6 to illustrate the detection

technique of time-resolved fluorescence decay using a streak camera.
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TIME

Agxe. = 440 nm
<—— | Ti:Sapphire
Laser

Femto-second
LENS  Laser Pulse

Figure 2.6. Schematic diagram of time resolved fluorescence experiment using streak camera

The excitation source is a femtosecond laser pulse with an excitation wavelength of 440nm.
The resulting fluorescence is collected at a right angle with respect to the excitation, passed
through a polarizer placed at the magic angle (54.70°) polarization, and directed towards a
spectrograph or polychromator. The fluorescence light is then diffracted by a grating and
directed towards the input slit of the streak camera, where it is selected and converted into a
stream of electrons. The stream of electrons is then directed towards the streak tube. As the
electrons pass through the streak tube, they are deflected by an electric field that varies over
time, and this field is synchronized with the pulsed laser. The synchronization causes the
electrons to be deflected in proportion to the time delay between different parts of the
fluorescence pulse, thus generating a two-dimensional image on the screen of the streak

camera.
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Chapter 3

Temperature Dependent Dielectric Relaxation Measurements of
(Acetamide + K/Na SCN) Deep Eutectic Solvents: Decoding the

Impact of Cation Identity via Computer Simulations

3.1 Introduction

Deep depression of freezing points for solid multi-component mixtures are known to depend
on the identity of the guest components.! 8 The subsequent variation in the eutectic temperature
deeply influences the dynamical response of deep eutectic solvents (DESs). Several relaxation

measurements, previous’ 2 as well as more recent ones,'>'®

provided ample support to this
view. Interestingly, controlled X-ray or neutron scattering measurements keeping the host
unchanged have not been carried out yet to explore the guest identity dependence of the
solution structure, although a few experimental and simulation studies made attempts to
elucidate the local environments in several DESs.!*2! Differential scanning calorimetric (DSC)
measurements of several amide DESs, on the other hand, revealed a dependence of the glass
transition temperature (Ty) on the identity of the solute guests, reflecting a possible impact on

the cooperativity and fragility of those systems??. Computer simulation studies of a few ionic
acetamide DESs predicted anion dependence of the waiting time distributions associated with
angular jumps and jump angle distributions of the host acetamide molecules**** Picosecond-

25-29

resolved fluorescence  measurements, fluorescence  correlation  spectroscopic

29,30 13,31

experiments,”” " ultrafast Kerr effect spectroscopic measurements, °°" and dielectric relaxation
(DR) studies'”? revealed significant impact of guest identity on the inhomogeneous relaxation
kinetics of the systems investigated. A computer simulation study has recently predicted,
similar to anion dependence of acetamide angular moves, a cation identity dependence of the
translational jump frequencies and lengthscales’® of the host acetamide molecules in

(acetamide + potassium/sodium thiocyanate) DESs.

The experimental and simulation results discussed above suggest that an external control may
be exercised to easily regulate certain physicochemical properties of a given set of DESs and

their overall inhomogeneous relaxation features; and this external control is a choice of minor
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components. The modification of the static dielectric constant (&) of the host acetamide (&g
~64)!" in a few ionic and non-ionic DESs observed in MHz-GHz DR experiments supports this
view. More specifically, the DR measurements of (acetamide + LiBr/NO3/C104) DESs showed
that among the three anions considered, Br™ induced the maximum reduction of medium &;.
Similar guest-induced reduction of & has also been found in earlier measurements with

34-39

electrolyte solutions of small molecular solvents and binary mixtures of solvents with

differing polarities***!,

This is important because guest-controlled tuning of & provides a
handle to alter not only the solvating power of a given medium but also the static solvent
effects® on chemical reactions occurring in it. Moreover, the medium dynamics undergoes
modifications, both at the microscopic (via the inter-species specific interactions) and at the
macroscopic (through the solution viscosity, 17) lengthscales, opening avenues for affecting
reactions via solvent dynamic effects.*>* This is indeed the scenario as previous time-resolved

fluorescence measurements>>2643

revealed ion identity dependence of the heterogeneous
relaxation dynamics and the extent of viscosity-decoupling of relaxation times. Interestingly,
these findings serve as important inputs for liquid solvent engineering for designing solvent
media for tailoring chemical reactions. A recent simulation study on DR of (acetamide +
LiBr/NO3/ClO4) has already indicated that the anion-acetamide interactions partially damage
the liquid amide hydrogen bond (H-bond) network and frustrate the orientational order,

eventually leading to anion-dependent reduction of the ;.4

However, a similar experimental or simulation study exploring the cation identity and
concentration dependence of the DR response of ionic DESs has not been carried out yet. Given
the simulation predictions of cation identity dependence of acetamide jump characteristics in
(acetamide + K/NaSCN) DESs, the cation identity and concentration dependences of
reorientational relaxations and H-bond fluctuations, and their connections to the DR should be
studied in detail. The importance of such a study stems not only from the basic science aspects
that connect the cooperativity with the T, and its implications on DR of these DESs, but also
from the need to estimate the cross-term (dipole-ion) contributions to the frequency-dependent
total DR spectra. This requires a thorough and systematic experimental and computational DR
studies involving temperature and cation concentration dependencies where the measured DR
could be understood in microscopic terms through the decompositions of the total DR spectra
(simulated) into three individual contributions (dipole-dipole, dipole-ion, and ion-ion), and via
the analyses of the single particle collective reorientational relaxations and the H-bond

fluctuation dynamics. Such a study has been performed here with [acetamide+K/NaSCN] DES
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having general composition 0.25[fKSCN + (1 — f)NaSCN] + 0.75CH3;CONH, (where 0.25
and 0.75 are the mole fraction of salts and acetamide, respectively) in the frequency window
of 0.2 <v/GHz < 50 and temperature range 303 < T /K < 343. The impact of successive

replacement of K" by Na" was monitored by changing f between 0 and 1.

3.2 Experimental Details

3.2.1 Sample Preparation

Acetamide (>99%, Sigma-Aldrich, 75, ~352-354 K), NaSCN (>99%, Sigma-Aldrich, 7,,~ 560
K) and KSCN ((>99%, Sigma-Aldrich, 7,,~446.3 K) were vacuum dried (~300 K) over night
before use. Sample preparation and measurements were done in a tightly humidity controlled
(humidity level ~ 35%) and temperature-controlled lab. A tight control over the humidity was
particularly necessitated by the hygroscopic nature of all the DES components considered here.
In each measurement ~10 g of sample was prepared by mixing required amount of acetamide,
NaSCN/KSCN in the following ratio 0.25[fKSCN + (1 — f)NaSCN] + 0.75CH3;CONH,, in a
~15 ml screw capped vial. The sample vial was then heated to ~345 K in an oil bath under
constant stirring ~600 rpm for 3 hours until it formed a transparent liquid. Then the melt was
allowed to cool to room temperature (~303 K) gradually. A transparent liquid thus formed
maintained its liquid phase during the measurements and even much after the required

experiments. The detailed description of the sample preparation could be found elsewhere.

In addition, the glass transition temperatures (Tys) of these DESs were determined using a

differential scanning calorimeter (DSC, TA Instrument Q2000). The DSC scans were
conducted over a temperature range of 193 K to 373 K with a heating/cooling rate of 10 K/min.

3.2.2 DR Measurement Details

The frequency dependent complex dielectric function of a given material is commonly

represented as follows 4748

ik

&(w) =& (w) — [ie”(a)) + w_eo , (3.1
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where €, denotes the free space permittivity and k denotes the static conductivity of the
medium. Note here that angular (w) and linear (v) frequencies are connected via the following

relation, w = 2mv.

¢'(w) is the real part of the complex permittivity and represents a measure of polarisation in a
material, while the imaginary part, " (w), represents the dielectric loss in the medium. The
zero-frequency permittivity, £*(w — 0) , is known as the static dielectric constant of the

medium, &;. Determination of & is non-trivial for conducting systems because of the
divergence of the term containing —asw - 0. The permittivity at infinite frequency, &, =

e"(w — o) arises from the electronic part of the polarizability and the intermolecular
vibration. However, &, In our measurements contains contributions from electronic
polarization as well as molecular polarization at high frequency because of our limitations in
the frequency window (up to 50 GHz). Consequently, &, from our measurements would be
higher than expected value, €., = n? , where n being the refractive index of the medium.*

Dielectric relaxation measurements were done in reflection technique using a PNA-L Network

Analyzer (N5235B) coupled with a probe kit (85070E) operating in the frequency range (0.2 <
(£) /GHz < 50). 14490

@
2n
The calibration was performed using air, shorting block and water as open, short and load,
respectively. Approximately 10 mL of the thermally equilibrated sample was taken for DR

measurements in each time. The temperature was maintained in the precession of £0.5 K in

each experiment.

3.2.3 Data Analysis

The experimentally measured temperature dependent complex dielectric function £*(w) were

fitted by using a sum of Havriliak-Negami (HN) functions*’

- ASJ
e (w) = € + (3.2)

j=1 [1 + (iwrj)l_aj]ﬁj

where 0 <a <1 and 0 <f < 1. Ag; denotes the amplitudes of the dispersion of j-th
relaxation with time 7;. Note that @; = 0 and ; = 1 represents the relaxation via Debye model,

whereas a; = 0 with 8; < 1 describes the Cole-Davidson (CD), and a; < 1 f; = 1 the Cole-
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Cole processes. Simultaneous fitting of the real part £’ (w) and the imaginary part €'’ (w) of the
measured data provided the relaxation parameters. The acceptance of the subsequent
parameters was dictated by a goodness-of-fit parameter (y?) obtained via analysing the error
employing a nonlinear least-squares method. For conducting solutions, conductivity correction
is necessary and the modified equation can be written as follows,

n

e'(w) =€, +

—aj]ﬁj WEeg

(3.3)
j=1 [1 + (ia)r]-)l

The “goodness-of-fit” parameter (y?) is described as follows®!

68{’ 2
~2m-— lz [ a(e’) 0(5{’)) ]' (34

where m denotes the number of data triples (w, €', €'"), [ the number of adjustable parameters,

and &¢; and o(g;) are the residuals and standard deviation of the individual data points,

respectively.

More detains about the measurement procedure and analysis can be found in Chapter 2

3.3 Theory and Computational Details

3.3.1 Theory

The DESs studied here are ionic systems and therefore the experimentally measured frequency
dependent dielectric function contains contributions from dipole-dipole, ion-ion and dipole-ion
interactions. The total DR response in such systems is better expressed in terms of the

generalized frequency dependent dielectric function defined as*6-2-

5(w) = ¢wt(t)] 35)

360VkBT [ dt

where €, is the free space permittivity, and ¢, (t) = (M (0) - M, (t)). The time dependent
collective total dipole moment, M, (t), is then approximated as a sum of two contributions,
M., (t) = Mp(t) + M,(t), where M, and M, denote respectively the rotational and the

translational components. Consequently,

(M (0). My (0)) = ¢pp(t) + ¢;;(t) + ¢p,(0), (3.6)
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where ¢pp(t) = (Mp(0). Mp (1)), ¢, () = (M](O)- M](t)) and ¢p;(t) =
(Mp(0).M;(0)) + (M,;(0).M,(¢)) .

Note here that ¢pp (t), ¢;;(t) and ¢p,; (t) represent respectively the rotational, the translational
and the ro-translational (cross) contributions arising from the dipole-dipole, ion-ion and dipole-
ion interactions in these systems. Laplace-Fourier transform of these individual correlation

functions then provides the self and cross interaction contributions:

(i) dipole-dipole (rotational) part, £ |~ ¢pp(t)| = (M3) + iwLpp(w),  (3.7)
.. . . . d i

(il)  ion-ion (translational) part, £ [— — % (t)] ==Ly (w), (3.8)

(iii)  dipole-ion (ro-translational) part, £ [~ <, (£)| = —2Lp, (w). (3.9)

Note here that**32% £, (w) = L[(M(0). Mp(D))], £;;(w) = LIJ(0).J(£))] and Ly, (w) =
LI(Mp(0).J(£))] where J(t) = 22

at -’
In our subsequent calculations, we have removed the 1/w divergence in the DR response for
ionic media by determining first the value of the zero-frequency contribution, £;;(w = 0) and

then subtracting it from the frequency dependent translational component, £, (w)**2 This was

done as follows: £;;(w) — £;;(w = 0) = fooo dt e’ (J(0).J()) — fooo dt (J(0).J(t)).

The individual contributions to the total DR response can then be expressed as follows:

: : 1 .

(1) rotational DR response, epp (w) = = ((M3) + iwLpp(w)), (3.10)
.. . 1 i

(i) translational response, &f;(w) = Fr—, (L] j(w) — L, (O)), (3.11)
. 1

(iii)  ro-translational spectra, &p; (w) = WLD (). (3.12)

The generalized frequency dependent dielectric function, after the zero-frequency conductivity
correction, can be rewritten as follows>? Zy(w) = epp(w) + gj(w) - 2ep;(w), with &f;(w)
representing the zero-frequency conductivity corrected ion-ion term. We mention here that

Y(w) and X,(w) do not include the infinite-frequency dielectric constant (g ).>* Therefore,
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the ., value needs to be added to X,(w) for calculations of the static dielectric constant, &g.%°
&—1= (loi_%Zo(w), or, & = clul—% (SDD(O)) + &/ (w) — 2£D](a))) + 1.

Notice here that &, is approximated as unity (€, = 1, w — o0). The DESs simulated here
have been assumed as non-polarizable systems.>® Other details for the calculations of Zy(w) ,
and the microscopic expressions for M, (t) and M;(t) are provided elsewhere**>*>* and thus

not repeated here.

The total dipole moment (Mp) generated collectively by all the dipolar molecules in a given
system (acetamide molecules in the present DESs) can be approximated*’ as a sum of the
individual molecular dipole moments (u;), Mp = Y.; ;. The short range orientational dipolar
correlations, defined by the Kirkwood g factor (G), can then be calculated from the time

dependent fluctuations of My, via the following relation, 378

G, = (IMp(D)|2)=(IMp(t)])?
Y =

o : (3.13)

were N denotes the number of dipolar molecules in that given system, and p the average
molecular dipole moment, u=N"1¥; u;. G, = 1 suggests that the orientations of the molecular
dipoles are completely random with no correlations among themselves,” whereas G, > 1
indicates parallel dipolar arrangements. G, < 1, on the other hand, suggests anti-parallel
orientations. A comparison of the G, values between these DESs and neat molten acetamide
can, therefore, reflect on the cation identity dependence of the dipolar orientations because
their (K™ and Na™ ) dissimilar charge/radius ratios can differently perturb the H-bond network
structure of liquid acetamide. This, in turn, will help in accessing a molecular-level picture of

the cation dependence of the measured &, for these DESs.

The structural hydrogen bond relaxation, influenced by both translational and orientational

dynamics of the participant molecules, can be expressed as follows®’
(h(0)h (1))
Cup(t) = —n (3.14)

In Eq. 3.14, h(t) denotes the presence or absence of hydrogen bonds between two molecular
entities at time 7. Specifically, if a particular hydrogen bond exists both at /=0 and at time ¢,
h(t) assumes a value of unity; that is, h(t) = 1. otherwise, h(t) = 0. This expression allows
to monitor evolution of interspecies H-bonds over a period time, allowing particle movements

62,63

and exchange of partners. This is different from continuous H-bond relaxation where
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persistence of H-bond between given pairs are followed and time correlation constructed in
order to estimate the H-bond lifetime. The following criteria were used to define a H-bond in
the present simulations: (i) the distance criteria, 1p, < 15, and (ii) 4 < 15,4 and (ii) the angle
criteria, 150° < 2DHA < 180°, where D, H, A stands for donor, hydrogen and acceptor atoms.
The cut-off distances (r¢) were determined from the first minima of the corresponding RDFs.

In-house codes were used to calculate Cypg(t).

3.3.2 Computational Details

Molecular dynamics simulations of [0.75 CH3;CONH, + 0.25 K/NaSCN ] DESs were carried
out in the temperatures range 313 < T/K < 343 with 1200 molecules in each case. The
interaction in the system was modelled via the OPLS-UA (optimized potential for liquid

simulations — united atom) force field:**
2 2 Vl Vz
U(r) = Xponas kr(r - req) + Zangles kg (9 - Heq) + X torsions [? (1+ cosp) + > (1-

\12 \6
cos2¢) + L1+ cos3¢) + L1- cos4<p)] + Z?ﬁj’-ms 4e;; I(ﬁ) — (ﬁ) l +
2 2 Ri) Ry

qiqj
atoms 19 (3.15)
J 47TEORU

In the above equation, the intermolecular bonded interaction is described by the harmonic
potential with equilibrium bond distance 7,, and bond constant k,. , and the angle stretching
with equilibrium bond angle 6., and angle constant kg. V3, V;, V3 and V,, represent the Fourier
coefficients of tortional angle ¢. The non-bonded interaction is described by the Lennard-Jones
(LJ) potential and the Coulomb interactions where R;; represents the intermolecular distance
between the atoms i and j with partial charges q; and q;. o and ¢ represent the van der Waals
diameter and well-depth respectively. The cross LJ coefficients were obtained by applying the
known geometric combination rules®: o;; = \[0;;0;; and &;; = \[e;€); -

All simulations were performed in GROMACS-2018.3 MD package.®® The force field
parameters for acetamide and the ions (Na*, K* and SCN™) were taken from the existing
literature.%”-%°. The short-range van der Waals and the long-range electrostatic interactions were
truncated at 1.2 nm. Particle Mesh Ewald (PME) was used to efficiently calculate the long-
range electrostatic interaction with a Fourier grid spacing of 0.16 nm and a spline of order 4.

170

Packmol’™ was used to build the initial configuration, and the equation of motion was integrated
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with the leapfrog algorithm.”! Simulation was started in a comparatively large cubic box and
periodic boundary condition maintained in all three directions. The initially generated
configuration was energy-minimized through the steepest-descent algorithm implemented in
the GROMACS package. After energy minimization, NVT equilibration of 5 ns were carried
out at the desired temperature with the V-rescale’? temperature coupling with time constant 0.5
ps. After that, the resulting system was taken through an NPT equilibration for 10 ns in that

t72

temperature employing the V-rescale thermostat’~ (coupling constant 0.5ns) and the Berendsen

barostat’?

(time constant of 2 ps). Subsequently, a production run of 250 ns was carried out in
the same condition with a step of 2 fs and the trajectory were saved in an interval of 200 fs.
The convergence of the value of &; with time was monitored in order to check the goodness of
the simulation. All analyses were performed using in-house code, GROMACS®® and

TRAVIS’*7 software.

3.4 Results and Discussion
3.4.1 Experiments

3.4.1.1 Temperature Dependent DR Data: Effects of Successive Replacement of K™ by

Na*

Figure 3.1 depicts K* concentration dependent &'(w) and &' (w) of the experimental DR
spectra for the 0.25[fKSCN + (1 — f)NaSCN] + 0.75CH3;CONH, DESs with f =1, 0.8, 0.6,
0.4, 0.2 and 0, at five different temperatures in the range, 7= 303 — 343 K. Multi-Debye (3 or
4 Debye) fit parameters to these experimental DR spectra along with the corresponding
temperature dependent viscosities’® () are summarized in Tables 3.A.1 — 3.A.5 (Appendix
3.A). The fastest DR time constant in these multi-Debye fits was constrained to 5 ps uniformly
across the cation concentrations and temperature because of the inaccessibility of frequency

beyond 50 GHz to the present measurements.
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1 10 1 10
(0/21)/GHz (0/2m)/GHz

Figure 3.1. KSCN concentration dependent real (¢'(w)) and imaginary ( " (w)) components
of the experimental DR spectra of the DESs, 0.25[f KSCN + (1 — f) NaSCN] +

0.75CH;CONH, in the measurement frequency window, 0.2 < (%) /GHz < 50, at five

different temperatures. Solid lines passing through the experimental data points are the multi-
Debye fits (with fit parameters summarized in a Table 3.A.1 — 3.A.5). Representations are
colour-coded.

Note in these tables that the DR of Na*-DES at 303 K contains a dominant nanosecond
component (~50% with a time constant ~1.5 ns) which vanishes with the increase of either the
solution temperature or K* concentration. This highlights the role of solution viscosity in
generating a nanosecond DR component in these ionic DESs. The experimental DR spectra
also reflect that the non-Debye (or multi-step) relaxation is inherent to these ionic DESs, and
the impact of Naton &g of neat molten acetamide is more pronounced than that of K*. The last
statement follows from the findings of the present measurements that have found e,~ 20 — 28
(see Table 3.A.1 — 3.A.5, Appendix 3.A) for these ionic acetamide DESs, and data from
previous experiments reporting &, ~64 for neat molten acetamide!”*%””. Also note in this figure
that the low frequency DR dynamics becomes more accessible with the increase of solution
temperature. This accessibility to low frequency DR dynamics is relatively more restricted for
Na*- DES as this system is more viscous than K*- DES. High viscosity coupled with
significant solution conductivity renders analysis of low frequency DR data of these ionic DESs

17,34,78

somewhat tricky and the estimated &; values may involve large inaccuracies.

K™ concentration dependent &g values, presented in Figure 3.A.1 (Appendix 3.A) highlight this
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difficulty where the estimated &g values show a rather irregular temperature dependence. This
makes a definitive discussion on the temperature dependence of &, at different /' values (from
f =0 to 1) somewhat tentative, although it is clear that the &, values spread out more with
temperature as Nat successively replaces K* in these DESs. A connection between the
K*concentration dependent & values and the average number of H-bonds per acetamide
molecule in these systems will be explored later in this chapter when simulation results are

presented.

Next, we show in Figure 3.2, the contributions of each of the relaxation steps of the multi-
Debye fits to the measured frequency dependent DR spectra in K* and Na* DESs at two
representative temperatures, 7= 313 and 343 K.

10 L] LB L LA L] L) LB LA L} L] L] L] L BB A L) L TrrTn L] L] L]
I ] | |
acetamide+KSCN J | acetamide+tNaSCN -
8 313K - - 313K -
O Expcrmllcntal Data) | O Experimental Data 4
Total Fit T .
otal Fit -

L) |Il|||l L] L) |||||'| L] L] L) L] lllllll L) L lllllll L L) L]

- acetamide+KSCN 4 | acetamide+NaSCN -

343K - 343K -

Dielectric loss (¢''(®))
p—
(=}

1 10 1 10
(0/21)/GHz

Figure 3.2. Deconvolution of the measured frequency dependent dielectric loss (€'") spectra
into their individual time component contributions for 0.25[fKSCN + (1 — f)NaSCN] +
0.75CH;CONH, DESs at f =1 (left panel) and 0 (right panel). Red circles represent the
experimental data and the solid lines going through them denote the multi-Debye fits
(summarized in the above tables). Different time component contributions are colour coded.
Deconvolutions for two representative temperatures are shown.
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Clearly, the slowest of the 3-step relaxations in both the K* and Na™ DESs makes dominating
contributions, while the fastest process contributes the least. Note that the contribution of the
fastest process is although smaller but substantial in order to fully comprehend the DR spectra.
This observation suggests that measurements extending to further higher frequencies (>50
GHz) are required for a more quantitative detection of the faster dipole moment fluctuation
dynamics in these DESs. This is interesting considering the fact that ions present in such
systems can considerably weaken the H-bond network among the acetamide molecules*,
reducing the high frequency contributions to the DR that are known to arise from the collective
intermolecular vibrations and librations of associated liquids.'®”®! Simulations (presented
later) show that this high frequency DR response in these ionic DESs originates from the ion-

dipole cross correlation and ion current contributions.

Cole-Cole representations obtained from experimental DR spectra are shown in Figure 3.A.2
(Appendix 3.A). Here, €"”(w) is shown as a function of &'(w), depicting the impact of
replacement of K* by Na* on the frequency dependent DR of (acetamide + K/NaSCN) DESs
at four representative temperatures in the range, 7= 313 — 343 K. For a dipolar system with
single Debye relaxation time, a Cole-Cole plot (¢ (w) vs €' (w)) generates a semicircle
(‘Debye semicircle’) with a radius,*’ (e, — £4,)/2. For the Debye semicircles shown in this
figure, ¢'(w) and "' (w) were calculated by using the experimental &g, €., and the average DR
time ((tpg)) as follows:* &'(w) = €u + [ — €0]/[1 + (w(Tpg))?] and &"(w) =

[es — € ](Tpr)/[1 + (w(Tpr))?]. A comparison between the experimental and the
calculated Cole-Cole plots, also presented in Figure 3.A.2 (Appendix 3.A) reflects that at each
of the temperatures shown, experimental DR data for both the DESs deviate from the calculated
Debye semicircles. This indicates the existence of inherent multi-Debye relaxation processes

in these systems.

The Cole-Cole plot revels a distinct asymmetry for both the DESs. Following the established

protocol®?

we then plotted (Figure 3.A.3, Appendix 3.A) the contributions of each relaxation
steps (as a single Debye process) for the K™ and Na* DESs at two representative temperatures,
T =313 and 343 K. Figure 3.A.3 (Appendix 3.A) revels that components with longer time
scales contribute more significantly while those with shorter time scales contribute to a lesser

extent. This reflects a hierarchical pattern in their respective contributions.
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The temperature dependence of the average DR rates in these media is explored next in Figure
3.3, where inverse of (Tpg) values obtained from multi-Debye fits to the measured DR spectra
at different K* concentrations are shown as a function of inverse temperature (upper panel).
Clearly, the average DR rates ((tpgr)~?) follow Arrhenius-type temperature dependence in the
narrow temperature range considered (7' = 303 - 343 K). Note in this figure that the slopes of
these data (EPR /R, EPR being the activation energy and R the universal gas constant) remain
nearly insensitive to K* concentration. This is presented in the lower panel where the estimated
DR activation energies are shown as a function of K* concentration and compared with the
corresponding viscosity activation energies (E. ) determined from the temperature dependent
viscosity data available already in the literature?®**’¢ (see Figure 3.A.4, Appendix 3.A). This
near independence of EPR on K* concentration is interesting and originating from the increased
viscosity decoupling of (tpg) in Na™ rich DESs. This is shown in the inset of the lower panel,
while the fractional viscosity dependence of (tpg) at different K™ concentrations and the
subsequent determination of the fraction power (p) are depicted in Figure 3.A.5 (Appendix
3.A). The difference in viscosity decoupling of average relaxation times between Na*- DES
and K*- DES found here was also detected earlier in time-resolved fluorescence measurements
of solute solvation and rotation times?® and in simulations of centre-of-mass diffusions and

reorientational relaxations>>.
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Figure 3.3. Upper panel: Arrhenius plot of In (1/(T )) Vs 1/T for 0.25[fKSCN + (1 —
DR

f)NaSCN] + 0.75CH;CONH, DESs at six different f values (or K*/Na®™ concentrations).
Solid lines represent linear fits through experimental data. Lower panel: Comparison of
activation energies estimated from the temperature dependent average DR times and viscosities
of these DESs. Note that gap between the activation energies is widening upon successive
replacement K™ by Na' in these media. Inset shows the cation (K*/Na*) concentration
dependence of the value of the decoupling parameter (p) obtained from the temperature
dependent (7pR) and  and subsequent fit to the following equation: In[(tpg)] = A + pln[%].

The lines joining the activation energy data (lower panel) are guides to eyes. Representations
are colour coded.
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The above difference in viscosity decoupling therefore indicates dissimilar interactions of Na*t
and K* with the host acetamide molecules, affecting differently the H-bond network structure
in these ionic acetamide DESs. The impact of successive replacement of K* by Na' on
solution structure is further reflected in the K*concentration dependent glass transition
temperatures (T,), shown in Figure 3.4, where representative DSC thermograms at two

different K* concentrations (f=1 and 0) are displayed in the inset.
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Figure 3.4. Cation (K*/Na*) concentration dependence of the measured glass transition
temperature (Ty) in 0.25[fKSCN + (1 — f)NaSCN] + 0.75CH3CONH, DESs. The straight
line going through the data points is a linear fit through the experimental data and indicates
increase of T, upon increasing Na* concentration. Inset shows representative differential
scanning calorimetric (DSC) traces for DESs at f=1 and 0. Tgs are indicated by the vertical
dashed lines. Representations are colour coded.

The DSC thermograms for each of the six different Kt concentrations are provided separately
in Figure 3.A.6 (Appendix 3.A). Note that the value of T, for Na*-DES determined here is in

good agreement with that reported (T, = 221K) in earlier measurements.?? Data in Figure 3.4
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clearly indicate that T, increases with the increase of Na* concentration in DES, suggesting

228385 ypon successive replacement of K* by Na*. This

the system becoming more fragile
increased fragility renders stronger dynamic cooperativity, enabling dipolar relaxation in Na*t-
DES to exhibit relatively stronger viscosity decoupling than in K*-DES. Subsequently, the

86,87

glycerol-like fragility of these ionic DESs limits the range of temperature for temperature

dependent measurements.

3.4.2 Simulations

3.4.2.1 Comparison with Experiments: Qualitative Agreement
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Figure 3.5. Comparison between the normalised experimental and simulated real and
imaginary components of DR in 0.25[fKSCN + (1 — f)NaSCN] + 0.75CH3CONH, DESs at
f = 1(left panels) and 0 (right panels). Results are shown for two representative temperatures,
313K (upper panels) and 343K (lower panels). Simulated and experimental spectra (both the
real and imaginary components) are presented after appropriate normalizations as follows:
('"(w) — €x0) /(&5 — £0) and €' (w)/ (&5 — £ ). Representations are color-coded.
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A direct comparison between the simulated and experimental DR spectra in Figure 3.5
demonstrates clearly the quantitative disagreement between them. The necessary DR
parameters for generating the simulated €'(w) and €' (w) are summarized in Table 3.A.6
(Appendix 3.A). The comparison is done here for DR at 313 K and 343 K, while the same for
the other two temperatures (323 K and 333 K) are shown in Figure 3.A.7 (Appendix 3.A).
Note these parameters were obtained from the established protocol discussed in the theory
section. The fit parameters summarized in Table 3.A.6 (Appendix 3.A) suggest a significant
slowing down of the DR upon replacement of K* by Na* in these DESs. Notice in these figures
that the main relaxation peaks in the simulated imaginary components (¢ (w)) appear
uniformly at lower frequencies than those in experiments. The corresponding simulated real
components (¢'(w)) are also shifted to lower frequencies accordingly at these temperatures.
This relatively slower DR in simulations is inherited from the model interaction potential*®*’-"7
employed to represent acetamide in the present work and therefore highlights the insufficiency
of the relevant force field parameters to reproduce the experimental DR. However, a simple
frequency scaling, as shown in Figure 3.A.8 (Appendix 3.A), brings the simulated and
experimental spectra much closer. This suggests that the present simulations are able to capture
the basic aspects of the DR in these complex ionic systems qualitatively correctly. This is
important in generating a qualitative understanding of the impact of successive replacement of

K* by Na* on DR of these systems.

Figure 3.A.9 (Appendix 3.A) presents simulated amplitude-normalized Cole-Cole plots for
these DESs at two representative temperatures and compares with those from experiments.
Notice that both the simulated and experimental curves show deviations from the predicted
Cole-Cole single-Debye descriptions of DR in these systems. However, the comparison
presented in Figure 3.A.9 (Appendix 3.A) demonstrates that the deviations from the single-
Debye Cole-Cole behaviour captured by the present simulations are much weaker than those
exhibited by the corresponding experiments. This is interesting because simulations, as found
in experiments, predicted multi-Debye relaxations in these ionic DESs. A closer inspection of
the simulated data, on the other hand, reflects that the simulated relaxations are, on an average,
are ~2-2.5 times slower than those in experiments. This difference might be the principal factor
that did not allow the present simulations to reproduce the experimental deviations depicted in

Figure 3.A.9 (Appendix 3.A).
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3.4.2.2 Spectral Decompositions: Contributions from Cross Correlations

While discussing the temperature dependent DR in Figure 3.1, we noticed that &; of neat
molten acetamide was decreased more in the presence of Nat than K* in these ionic DESs.
The possibility of a dynamical origin for this dielectric decrement was not mentioned there,
although different abilities of these alkali metal cations in randomising molecular dipolar
orientations via disruptions of acetamide H-bond network was suggested as a possible reason

for such an impact.
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Figure 3.6. Decomposition of the total simulated DR spectra into rotational (dipole-dipole),
translational (current-current) and ro-translational (dipole-current) contributions, Xy(w) =
epp(w) + &f;(w) - 2ep;(w). Spectral decompositions are shown for the DESs 0.25[f KSCN +

(1 — f) NaSCN] + 0.75CH3;CONH, at 323 K for f =1 and 0. Horizontal lines in the upper
panels indicate the joint contributions of the term, [&f;(w) — 2&p;(w)], reflecting a negligible
contribution to the total spectra with respect to that by the dipole-dipole term.
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Figure 3.6 investigates the dynamical origin for the observed dielectric decrement via
decomposition of the total frequency dependent dielectric spectrum into three interaction
contributions, Xy(w) = epp(w) + &f;(w) - 2ep;(w), and presents results for K* and Na*
DESs (that is, f = 1 and 0, respectively) at a representative temperature, T = 323 K. The results
for the system at f = 0.6 are provided in Figure 3.A.10 (Appendix 3.A). The real and imaginary
components of these interaction contributions, shown respectively in the left and right panels,
clearly show that the dipole-dipole contribution ( €pp) overwhelmingly dominates the low
frequency wing (w/2m < 1 GHz) of the simulated X, (w), allowing the ion-dipole (cross term)
and ion-ion contributions to become somewhat important at the higher frequencies with peaks
in their imaginary components at ~1 THz. Even with such comparatively tiny contributions,
both the real and imaginary components of &p;(w) and &f;(w) do show cation identity
dependence but in the reverse order with respect to that found for the real and imaginary
components of the dipole-dipole term, &pp(w). The most important finding in this figure is,
however, that a small positive contribution arises in the low frequency regime (w/2m ~10 GHz)
from the combined real components of the term, [&f;(w) - 2&p;(w)], and makes a small
addition to the real component of the dipole-dipole contribution, &pp(w). It is therefore
abundantly clear that the ion-ion and the dipole-ion (cross) interaction contributions, both
positive and small, do not reduce the zero frequency values of the dielectric constants of these
ionic DESs. This suggests that dynamical contributions arising from these components do not
contribute to the observed ion-induced decrement of & in these ionic acetamide DESs with
respect to that for neat molten acetamide. Qualitatively similar results were also found earlier
when we analysed, through the spectral decompositions as performed here, the frequency

dependent dielectric response of (acetamide + LiBr/NO3/Cl04) DESs.*®

3.4.2.3 Correlation Between £; and H-bond Network: Impact of Cation identity

A correlation between the measured &5 values and H-bond network was already suggested in

the connection of Figure 3.A.1 (Appendix 3.A) which showed decrease of &5 both upon
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increasing the solution temperature and Na® concentration. We would first examine the
temperature effects on average number of H-bonds per acetamide molecule, (nyg), in Kt and
Na* DESs because intermolecular H-bond network is known to critically influence the local
dipolar correlations in polar liquids. Following the calculation procedure available in the
literature®>%® (and briefly discussed in Theory Section III.A), the temperature dependent (nyz)
values were determined for DESs at f =1 and 0. The results are presented in Figure 3.7 which
indicate that temperature reduces (nyg) for both K* and Na* DESs, and (nyg) in Nat* DES is

less than that in K* DES at all the temperatures considered.
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Figure 3.7. Temperature dependence of the average number of H-bonds per acetamide
molecule, (nyp), in the DESs, 0.25[f KSCN + (1 — f) NaSCN] + 0.75CH3;CONH,, for f
=1 and 0. Notice that (nyg) is larger in K*- DES than that in Na*- DES, and (nyg) for both
the systems are gradually decreasing with temperature.

Subsequently, the Na* (or K*) concentration dependence of (nyp) at a representative

temperature, 7= 323 K, was determined and the correlation with the corresponding measured
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& values examined. The results are presented in Figure 3.8 which shows that & in these
systems decreases rather sharply with the reduction in the average number of H-bonds per
molecule. The data in this figure also reflect that H-bond network structure in these solutions
becomes increasingly disrupted as K* is successively replaced by Na*. This hints at a stronger
interaction of acetamide with Na* than K* and this can be understood by the difference in their

respective charge-by-radius (q/7) ratios.®
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Figure 3.8. Dependence of the static dielectric constant (&;) on the average number of H-bonds
per acetamide molecule, (nyg). Note in this plot that the measured values of &; are shown as
a function of (nyg) in the DESs, 0.25[f KSCN + (1 — f) NaSCN] + 0.75CH;CONH,
calculated for six different values of f at 323 K. Notice the decrease of (nyz) with the decrease
of f. The straight line going through the data represent a linear fit to the equation, & =

m(nyg) + C, with m = 25 —26.1and C=—48.1.

d(nyg)

3.4.2.4 Local Dipolar Orientational Correlations and &£;: Dependence on Cation Identity

The strong correlation between & and (nyp) observed in Figure 3.8 raises the following

question: how does the ion-induced disruption of H-bond network reduce &;? Because &5 is
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related to thermal equilibrium polarization fluctuations and thus a response function,’””° the
cations, Na®™ and K*, must be differently disturbing the local orientational dipolar correlations
among the acetamide molecules. For a strongly dipolar liquid, one can approximate the original

3191 as, &g ~ 2mPBpu? gy, where B = (kpT) land gy is the Kirkwood g factor defining

relation
the short range orientational correlations. Subsequently, gx was shown to be the asymptotic
value of the  — dependent Kirkwood g factor defined as, G (r) = (uq - Mp(r))/u?, with 4
as the reference dipole 1 at the centre of a sphere with radius r, and Mp = [X; Wil
representing the sum total of dipoles in that sphere. G (1) = gx at r = rg, rg, the Kirkwood
correlation length, being typically of a few molecular diameter lengths beyond which the local
dielectric constant assumes the value of macroscopic dielectric constant &;. The above relation

for Gg(r) provides an avenue to understand the impact of ions on short range dipolar

correlations and thus on &.
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Figure 3.9. Time evolution of the Kirkwood g factor (G ) (upper panel) and the static dielectric
constant (&) (lower panel) in simulations for the DESs, 0.25[f KSCN + (1 — f) NaSCN] +
0.75CH;CONH,, at f = 1 and 0. The results are shown for two representative temperatures,
313K and 343K. Note the values of Gj and & are larger at f = 1 than those at f = 0. In
addition, both G}, and &, decrease with temperature. Representations are color-coded.
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The time-dependent fluctuations of G, calculated from Eq. 3.13, for these two DESs at two
representative temperatures (313 K and 343 K) are compared in the upper panel of Figure 3.9.
The results for neat molten acetamide (358 K) are also shown in the same panel in order to
facilitate the comparison of the effects on short range orientational correlations between Na*t
than K* . Notice that the fluctuations of Gy soften with time and progress toward convergence.
The comparison of the G values between these DESs and molten acetamide clearly indicates
that the short range orientational dipolar correlations are significantly reduced by the ions (over
that in molten acetamide). Moreover, Gy values at longtime are smaller for Na® than K%,
confirming the partial randomization of the short range orientational correlations being more
pronounced in the presence of Na*t than that of K*. A closer inspection also reveals that the
rise of solution temperature reduces the orientational dipolar correlations, the disruptive impact
being stronger for Na* than K*. These results explain in microscopic terms the cation identity

and temperature dependencies of the experimental &g presented already in Figure 3.8.

Because G is intimately connected to &5, we have also presented simulated &5 for these two
DESs in the lower panel of Figure 3.9. Notice here that &g presented in this figure were

(IMp®)1*)—(IMp (D)])?
3€gVkpT

calculated from the variance of the total dipole moment,”®"%? ¢, = 1 +

9

and mirror the fluctuations shown by Gy in the upper panel. The temperature and cation
dependencies also follow that of G, reflecting only the intimate relationship between &g and
Gg discussed already. The later observation bolsters the explanations provided for the
temperature and cation dependencies of the measured &g values in terms of reduced short range
dipolar correlations and H-bond rupture by Na*and K*. However, we would like to mention
that the cation-induced reduction of &g predicted by these simulations is much weaker than
observed in experiments. This may have originated from the insufficient description of the

interactions between the ions and the acetamide molecules.
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3.4.2.5 Origin of Multiple DR Timescales: Connections to Cation Dependent

Reorientational Relaxations and Structural H-bond Fluctuations

We next explore the interconnection between the experimentally measured DR timescales, and
those from simulated reorientational and structural H-bond relaxation dynamics. The relation
that connects the molecular rotation times (7,,) to the rank dependent (¥) average collective

. . o . L o
single particle reorientational correlation times ({(t,)) is given by!**** 1,, = %(T{). If

random molecular rotations dominate the experimental DR times, then one may write, 7y =
Tpr = (Tp=1), because DR measurements probe the first rank (£ = 1) dipolar reorientations. We
obtained the cation dependent (t,—;) from the simulated rank dependent collective single
particle reorientational correlation functions (C,(t)), (Tp=1) = fooo dt C,(t). The reorientation
dynamics of acetamide molecules was simulated via following the time dependent changes in
orientation of a unit vector (u(t)) connecting C(-CH3) and N(-NH»2) atoms of a given
CH3CONH: molecule,®®% C,(t) = (P,[u(0) - u(t)])/{P,[u(0) - u(0)]), with P, denoting the

rank dependent Legendre polynomial.

The cation dependence of the simulated first rank C,(t) decays at two representative
temperatures (313 K and 343 K) are shown in Figure 3.10, while the simulated temperature

dependent decays are provided in Figure 3.A.11 (Appendix 3.A).
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[acetamide + K/Na SCN]
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Figure 3.10. Simulated first rank reorientational correlation functions, C;(t), for the DESs,
0.25[f KSCN + (1 — f) NaSCN] + 0.75CH3CONH, at f =1 and 0, at two representative
temperatures, 313K and 343K. Lines through the simulated data are multiexponential fits.
Representations are color-coded.

Multi-exponential fit parameters required to describe these decays are summarized in Table
3.A.7 (Appendix 3.A). Note the dependence of the C,(t) decays on both the cation identity
and solution temperature. A comparison between the simulated reorientational relaxation time
constants in Table 3.A.7 (Appendix 3.A) and those from DR measurements summarized in
Tables 3.A.1 — 3.A.5 (Appendix 3.A) reveal that the slowest of the C,(t) decay time constants
correlate well with those from DR measurements, although the corresponding amplitudes differ
greatly. This makes (Tpgr) # (T,=,) for these DESs. In addition, the simulated values for (7,-;)
at these temperatures indicate normal coupling with the simulated viscosities*® in comparison
to a significant decoupling observed between the measured average DR times, (Tpg), and the
experimental viscosities. This difference in viscosity coupling (or decoupling) is arising
probably from the insufficiency of the model force field parameters and was also observed

earlier’? for (acetamide+LiBr/NOs/Cl04) DESs. These observations notwithstanding, the
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comparison between the C,(t) decay times and experimental DR times clearly reflects that the

latter derives contributions from the collective single particle reorientational relaxations.

The next aspect we examine is the interconnection between the cation dependent structural H-
bond relaxation dynamics and DR dynamics in these DESs. Such a connection is expected as
DR involves dipolar reorientations compelling the intermolecular H-bonds in associated liquids
to undergo breaking and reformation. This was indeed noticed while exploring the origin of
DR timescales in neat molten acetamide'®, and touched upon by other authors while explaining
the composition dependence of experimental DR timescales in binary aqueous mixtures of
1,4-dioxane’® and monohydroxy alcohols.”” The structural H-bond correlation function,
Cyg (t), which allows H-bond breaking fleetingly and reformation at intermediate times and is
different from the continuous H-bond correlation function, is given by, 638190 ¢, (¢) =
(h(0)h(t))/(h), with h(t") being unity if a pair of molecules remain H-bonded at time t’ and

zero otherwise. The average structural H-bond correlation time, (t5z), is then obtained via time

integration, (t5g) = fooo dt Cyp(t).
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Figure 3.11. Simulated structural H-bond corelation function, Cyp(t), for the DESs,
0.25[f KSCN + (1 — f) NaSCN] + 0.75CH;CONH, at f =1 and 0, at two representative
temperatures, 313K and 343K. Lines through the simulated data represent multiexponential
fits. Representations are color-coded.
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Figure 3.11 presents the cation dependent Cyp (t) decays at two representative temperatures,
313 K and 343 K, while Table 3.A.8 (Appendix 3.A) summarizes the multi-exponential fit
parameters required to describe the simulated Cyp (t) for these two systems at four different
temperatures. Decays shown in this figure demonstrate the dependence on cation identity as
Cyp (t) is sensitive to medium viscosity through centre-of-mass diffusions of the participating
molecules. This connection to translational displacements renders the slowest relaxation time
constant (~15-20%) in the nanosecond regime which were absent in the simulated C,(t)
decays. The second (with ~50% amplitude) and third (~15-20%) slower time constants of
Cyp (t) decays are in the same range as that were found in the present DR measurements. These
factors combine to make (t5z) values at these temperatures qualitatively similar to measured
(tpgr) values. This is shown in Table 3.1, which immediately confirms the that DR in these
systems not only derives contributions from the structural H-bond fluctuation dynamics and
the collective single particle reorientational relaxations but recognizes the cation identity also.
This cation identity dependence is further extended to the corresponding activation energies as
well. This is shown in Figure 3.A.12 (Appendix 3.A) where a comparison among activation
energies reflects qualitatively similarity of cation dependence between experiments and
simulations but with simulated activations energies somewhat higher than experiments in all

the cases considered.

Table 3.1. Temperature dependent average times from experimental DR, first rank
reorientational correlation functions and structural H-bond relaxation of DESs,
0.25[f KSCN + (1 — f) NaSCN] + 0.75CH3CONH, for f =1 and 0 at two representative
temperatures.

Acetamide+KSCN
T(K) 313 323 333 343
(tpr)/(PS) 221 163 122 90
(Te=1)/(ps) 145 94 65 47
(the)/(PS) 340 208 151 107
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Acetamide+NaSCN
(tpr)/(PS) 387 283 215 126
(Tp=1)/(pS) 197 125 85 57
(th)/(PS) 396 255 175 126

3.5 Concluding Remarks

In summary, a complete temperature and K* concentration dependent exepimental study of DR
in the DESs, 0.25[f KSCN + (1 — f) NaSCN] + 0.75CH3;CONH, at six different
concentrations of KSCN was conducted to investigate the effects on dielectric behaviour of
successive replacements of K* by Na™(cation identity). The DR measurements were carried
out in the frequency window, 0.2 < v/GHz < 50, and the temperature range considered was,
303 < T/K < 343. Experimental DRS revealed multi-Debye relaxations with the solution
dynamics becoming increasingly slower as K* concentration was progressively replaced by
Na*. This successive decrease of K* concentration was also resulted decrease of the solution
static dielectric constant (&;). Cole-Cole plots of the the experimental DR data showed a larger
deviation from the single Debye behaviour for Na®-DES than K*-DES. Temperature
dependent average DR times, (tpg), exhibited a fractional viscosity dependence with DR in
Na*-DES being relatively more viscosity decoupled than in K*-DES. DSC measurents
supported this observation by indicating T, being higher for Na*-DES than that in K*-DES.

Computer simulations of DR in the DESs, 0.25[f KSCN + (1 — f) NaSCN] +
0.75CH;CONH,, at a few repersentative cation (K*/Na*) concentrations and temperatures
were carried out in order to provide microscopic explanations for the above experimental
observations. Simulated DR, although predicted polarization dynamics slower than those
measured in experiments, reproduced multi-Debye relaxations qualitatively correctly.
Simulated first rank collective single particle reorientational relaxations and structural H-bond
fluctuation dynamics indicated that the measured DR timescales are intimately connected to
dipolar reorientation dynamics and structural H-bond relaxations. The reduction in the static
dielectric constant values in these DESs (over that of the neat molten acetamide) were found
to be connected to the decrease of the average number of H-bonds per acetamide molecule and

the consequent frustrations in the dipole orientations (quantified by the Kirkwood g factor).
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Decompositions of the simulated frequency dependent total dielectric spectra into the dipole-
dipole, ion-ion and dipole-ion interaction contributions indicated an overwhelming dominance
of the dipolar term in the GHz regime, where the ion-ion and dipole-ion contribitions were
nearly negligible. The latter two terms assumed some importance at the THz frequency range.
This spectral decomposition therefore strongly suggested that the dielectric decrement
observed in experiments originated mainly from the frustration of the dipolar orientation order
caused by the ion-induced partial damage of the H-bond network structure of acetamide
molecules. Further analyses suggested that the cation identity dependence of the dielectric
properties arose from the differential abilities of these two alkali metal cations to frustrate the
dipolar order via damaging the H-bond network. We would like to mention that our present
simulations were carried out employing model potentials where polarizability was implicitly
treated within the force field parameters. Considering that explicit treatment of polarization

may affect transport quantities,!?!1%2

one may think of employing model potentials where
polarizabilities are explicitly treated. However, use of such polarizable force fields may not
critically change the final conclusion of the present work. This is because the dipole-dipole
contribution (&pp(w)) overwhelmingly dominates the total frequency dependent dielectric
response, whereas the contributions from the dipole-ion cross correlation (£p;(w)) and the ion-
ion correlation ( &f;(w)) are tiny and nearly insignificant. Considering a huge simulation cost
associated with the use of polarizable force field and knowing that such an attempt would not

produce any new and qualitatively different insight about the DR dynamics investigated here,

we refrained from such an exercise.
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Appendix 3.A

Table 3.A.1. Parameters obtained from simultaneous multi-Debye fits to the real (¢") and the
imaginary (&'") components of the measured frequency dependent DR spectra of
0.25[fKSCN + (1 — f)NaSCN] + 0.75CH;CONH, DESs at 303 K. Measurements were done
at different K* concentration by varying f . Note f = 1 denotes the complete absence of Na*
and f = 0 the complete absence of K*. Both 3-Debye and 4-Debye fit parameters are shown
for DR in this DES at f = 0. Measured conductivities (k) and experimental viscosities (17, from

literature) are also shown.

T=303 K
S| & Agy T Ag, (%) Aez | 13 | Agy | T4 |€o|{Tpr)*| k | n(cp)
(ps) (ps) (ps) (ps) (ps) |(s/m)
1 (26.7 15.7 355 38 49| 0.6 5 16.6] 286 | 0.35| 86.50
0 0 0
(78%) (19%) (3%)
0.8/24.4 13.9 385 36 (49| 04 5 16.5] 309 |0.28 | 120.6
(78%) (20%) (2%)
0.6/21.8 11.9 397 32 |47 0.2 5 16.5] 317 020 | 178.5
(78%) (21%) (1%)
0.4/19.9 10.3 381 30 |46 0.2 5 16.3] 301 |0.18 (276.10
(76%) (22%) (2%)
02(17.4 8.4 381 26 |44 | 0.1 5 16.3] 298 |0.13 | 487.9
(76%) (23%) (1%)
20| 8.0 | 1001 | 4.3 200 1.6 |29 6.1| 641 |0.07
0 (58%) (31%) (11%) 965.4
21 72 | 1521 5.6 295 2 40| 0.2 5161 847 |0.07
(48%) (37%) (13%) (2%)
2?: iti
*(TDR>=ﬁ
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Table 3.A.2. Parameters obtained from simultaneous multi-Debye fits to the real (¢") and the
imaginary (&'") components of the measured frequency dependent DR spectra of
0.25[fKSCN + (1 — f)NaSCN] + 0.75CH3;CONH, DESs at 313 K. Both 3-Debye and 4-
Debye fit parameters are shown for DR in this DES at f = 0.

T=313 K
f| & | Ag T, Ag, T, Aes | T3 | Agy | T4 || {Tpr) | Kk | n(cP)
(ps) (ps) (ps) (ps) (ps) |(s/m)
1274 159 | 279 41 (47| 1.0 | 5 |64 221 |0.50| 48.85
(76%) (20%) (5%)
0.8125.9 14.2 324 40 |57 0.7 5 |7.0] 256 | 0.39 | 63.83
(75%) (21%) (4%)
0.6|24.6 13.1 337 40 |53 0.6 5 169 261 |0.32| 87.27
(74%) (23%) (3%)
0.4(20.6 10.7 | 356 36 |60 07 | 6 |56 269 | 024 1263
(71%) (24) (5%)
0.2(20.7 10.5 | 367 33 |55 0.7 5 16.2] 279 |0.20 | 204.3
(72%) (23%) (5%)
16.7| 7.4 482 2.8 | 77| 0.6 5 15.9] 351 |0.10
(69%) (26%) (5%)
0 355.9
20.2| 8.2 576 3.8 122 1.4 (26| 0.1 5 6.7 387 | 0.13
(61%) (28%) (10%) (1%)
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Table 3.A.3. Parameters obtained from simultaneous multi-Debye fits to the real (¢") and the
imaginary (&'") components of the measured frequency dependent DR spectra of
0.25[fKSCN + (1 — f)NaSCN] + 0.75CH;CONH, DESs at 323 K.

T=323 K
f & | A& | Ty Ag, T2 Agg T3 Agy Ty | €o | {Tpr) k n(cp)
(ps) (ps) (ps) (ps) (ps) | (s/m)

1 | 284 15.8 | 209 | 4.5 45 1.3 5 |68 163 | 0.74 | 30.20
(73%) (21%) (6%)

0.8 | 26.5 144 (250 | 4.4 50 1.0 5 67| 193 | 0.55 | 3743
(73%) (22%) (5%)

0.6 253 13.5 | 257 4.2 48 0.9 5 |68 199 | 046 | 47.81
(72%) (23%) (5%)

041236 12.3 | 286 | 4.1 52 0.9 5 63| 216 | 0.36 | 65.10
(71%) (24%) (5%)

0.21]22.0 11.0 | 303 3.7 50 0.6 5 6.6 229 | 0.27 | 98.31
(71%) (24%) (5%)

0 | 19.6 8.7 383 3.6 72 04 5 |69 283 | 0.17 | 155.7
(69%) (28%) (3%)

Table 3.A.4. Parameters obtained from simultaneous multi-Debye fits to the real (¢") and the
imaginary (&'") components of the measured frequency dependent DR spectra of
0.25[fKSCN + (1 — f)NaSCN] + 0.75CH;CONH, DESs at 333 K.

T=333 K
S| & Agg T1 Ag, T2 Aes | 13 | Agy | T4 €| (TpR) k n(cp)
(ps) (ps) (ps) (ps) (ps) |(s/m)

1 |128.8 153 158 49 |41 1.4 5 (7.2] 122 | 1.05] 20.48
(71%) (23%) (6%)

0.8126.5 13.9 172 45 |44 1.6 5 16.5] 130 | 0.86| 23.79
(70%) (23%) (7%)

0.6] 26 13.4 190 45 |43 1.2 5 (6.9 144 | 0.70 | 29.02
(70%) (24%) (6%)

0.4(24.2 12.1 207 45 |47 1.4 5 (6.2] 151 | 0.57 | 37.58
(67%) (25%) (8%)

0.2123.3 11.5 218 4.1 (44| 1.0 5 16.7] 162 | 0.45 | 52.56
(69%) (25%) (6%)

0121.2 9.2 303 42 67| 0.9 5 16.9| 215 |[0.27 | 78.08
(64%) (29%) (7%)
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Table 3.A.5. Parameters obtained from simultaneous multi-Debye fits to the real (¢") and the
imaginary (&'") components of the measured frequency dependent DR spectra of
0.25[fKSCN + (1 — f)NaSCN] + 0.75CH;CONH, DESs at 343 K.

T=343K
S & | A& | Ty Ag, T3 Ag; T3 | Agy | Ta | € | {TpR) k n(cp)
(ps) (ps) (ps) (ps) (ps) | (s/m)
1 | 284 146 | 118 | 4.8 36 1.8 5 (721 90 1.43 | 14.35
(69%) (23%) (8%)
0.81]26.2 139 | 128 | 4.5 35 1.7 5 |61 98 1.19 | 16.08
(69%) (23%) (8%)
06| 26 129 | 136 | 4.6 37 1.5 5 |17.0( 102 | 1.05 | 18.81
(68%) (24%) (8%)
04 |24.7 12.1 | 148 | 4.7 37 1.4 5 |65 108 | 0.87 | 23.27
(66%) (26%) (8%)
0.2 | 24.0 11.0 [ 159 | 47 | 41 | 13 5 169 114 | 0.73 | 30.80
(65%) (27%) (8%)
0 | 225 10.3 178 4.3 42 1.4 5 6.5 | 126 0.53 | 43.08
(64%) (27%) (9%)
30 I 1 | L} l L] | l 1
Static dielctric cont. with replacing KSCN by NaSCN
28 % in 0.25[fKSCN + (1 - f)NaSCN] + 0.75CH,CONH,
) a i
26 | v 0o -
L O -
- A
£ 24 b g g -
- O 343K .
22 - O 333K O @)
_ O 323K
20 O 313K ~ _
18 ! | L | L ] 2 | ! ?
1.0 0.8 0.6 0.4 0.2 0.0

Ssew

Figure 3.A.1. KSCN concentration dependent static dielectric constant (&) of 0.25[fKSCN +
(1 — f)NaSCN] + 0.75CH3;CONH, DESs at different temperatures. Representations are
colour-coded. Note the decrease of &5 with the decrease of K* concentration in these media.
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Figure 3.A.2. Cole-Cole plots comparing the experimental DR of 0.25[fKSCN + (1 —
f)NaSCN] + 0.75CH3CONH, DESs at f =1 and 0 for four different temperatures, along with
their Debye semicircles in four different temperatures. Symbols with line represents the
experimental data points. Dashed lines represent the Debye semicircles (formed via Cole-Cole
plots) for hypothetical dipolar systems relaxing via a single Debye process with time constant
equal to the measured average DR time, (Tpg), responsible for dispersion from the measured

& to the measured &,. These Debye semicircles for hypothetical dipolar liquids were
. . . . r _ Es—Ec0 " —

constructed by using the following relation: &'(w) =ty o)’ and &' (w)

(&s—€c0)w(TpR)

VTR Representations are colour coded.

62



Chapter 3

14 B l L I L] I L] I L] I L) I _ ' L] ' L) I L) l L)
i acetamide+KSCN | [ acetamide+NaSCN™]
12 F 33k | 313K
10 |- 2”7 ol 41 F .
B ‘XQJ /’ N 9 - -}
8 ~ S 1 5
6 A - - ’6\5@ ’,"-— Total, o~ -
4 [ VM ade QV‘,” \\\ i
\\ 9 - ” \\ -

-

) N B B CEFAR B B
- 14 - | L | L | L dL | ' I ' I ' I v
w L acetamide+KSCN | [ acetamide+NaSCN J
12 343K 4 - 343K -
10 JF -
8 I \ ar T .
- 1 F Ple Total ~ s
- - - ,” ~ -
6 F 1 :
4 V1 F/ -

/

2 E \1 B N
- ‘1L T, v

0L Lo Ny )
8 12 16 20 24 28 8 12 16 20 24

g'(o)

Figure 3.A.3. Deconvolution of the Cole-Cole spectra into the contributions from each time
components detected in DR measurements of 0.25[fKSCN + (1 — f)NaSCN] +
0.75CH;CONH, DESs at f = 1 (left panels) and 0 (right panels) at two representative
temperatures. Multi-Debye fit parameters required to fit the experimental DR spectra are
provided in Tables 3.A.1-3.A.5 (Appendix 3.A). Representations are color-coded.
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Figure 3.A.4. Left panel: Arrhenius plots for temperature dependent viscosity coefficients (1)
for 0.25[f KSCN + (1 — f) NaSCN] + 0.75CH3;CONH, DESs. Solid lines through the data
sets represent the linear fits. Right panel: the corresponding K* concentration dependence of
the activation energies, E,' . Representations are colour coded.
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Figure 3.A.5. Viscosity coupling of the experimental average DR times for DESs,
0.25[f KSCN + (1 — f) NaSCN] + 0.75CH3;CONH,, at six different K* concentrations.
Temperature dependent average DR times are plotted as a function of temperature reduced
viscosity in a log-log plot. Lines through the experimental data represent linear fits to the

following expression, [n[< tpgr >] =A+ pln[%] , with p-values shown in the respective
panels.
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Figure 3.A.6. Differential scanning calorimetry (DSC) heating traces for 0.25[fKSCN +

(1 — f)NaSCN] + 0.75CH;CONH, DESs in six different K" concentrations. Glass
transition temperatures (Tg) are determined from the two slopes of heating and cooling curves
as indicated by the dashed lines. Notice that the successive replacement of K™ by Na" leads to
an elevation of the T,.

66



Chapter 3

Table 3.A.6. Temperature dependent parameters obtained from simultaneous fits of simulated
real (¢') and imaginary (") components of the simulated DR spectra of [acetamide+ K/Na
SCN].

[acetamide+ KSCN]

T(K) Es Agy |71 (ps) | Ae, T3 Agg T3 Aey | T4 (PS) (7)

(ps) (ps) (ps)

313 | 48.65 | 43.36 681 2.86 67 0.95 1.8 0.48 0.7 623
(91%) (6%) (2%) (1%)

323 |149.411 39.70 | 456 6.78 153 0.97 3.2 0.97 0.6 395
(82%) (14%) (2%) (2%)

333 | 46.81 | 40.77 305 3.21 51 0.92 2.1 0.92 0.2 275
(89%) (7%) (2%) (2%)

343 | 43.35| 36.84 | 208 3.39 54 0.85 5.1 1.27 03 185
(87%) (8%) (2%) (3%)

[acetamide+ NaSCN]

T(K) & Agy |71 (ps) | Ae, (%) Agg T3 Agy | T4 (PS) (1)

(ps) (ps) (ps)

313 | 47.29 | 34.25 957 9.26 378 1.39 33 1.39 1.2 784
(74%) (20%) (3%) (3%)

323 |44.28 | 39.82 463 1.30 82 1.30 5 0.87 0.2 429
(92%) (3%) (3%) (2%)

333 | 44.14 | 32.79 390 8.63 119 0.86 5 0.86 0.2 320
(76%) (20%) (2%) (2%)

343 | 42.08 | 32.04 | 252 6.98 86 0.82 6 1.23 0.4 212
(78%) (17%) (2%) (3%)
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Figure 3.A.7. Comparison between the experimental and the simulated real and imaginary
components of the DR spectra of 0.25[fKSCN + (1 — f) NaSCN] + 0.75CH3;CONH,
DESs at f=1 (left panels) and f=0 (right panels) at two representative temperatures, 323K
and 333K. Simulated and experimental spectra (both the real and imaginary components) are
presented after carrying out appropriate normalization via the following relations: Real
component = (&'(w) — €x) /(&5 — €4 ), (broken lines); Imaginary component — €' (w)/ (& —
£»), (solid lines). Representations are colour coded.
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Figure 3.A.8. Representative figure showing that after translational shifts, the experimental
real and imaginary components of the DR spectra of the DESs at f =1 (upper panels) and f=0
(lower panels) match well with the corresponding simulated spectra. The comparison is shown
only for a representative temperature, T= 343K. The translational shifts employed were as
follows: Av)gY = AvZH « 0.55 at f=0 and AVDGY = AvIE «0.43 at f=1.
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Figure 3.A.9. A comparison between experimental (/eft panels) and simulated (right panels)
DR, via Cole-Cole description, for 0.25[fKSCN + (1 — f)NaSCN] + 0.75CH;CONH, DESs
at f = 1 and 0. Results are shown for two representative temperatures, 313 K (upper panels)
and 343 K (lower panels). Dashed black lines indicate the Debye semicircle for the respective
systems. Simulated and experimental spectra (both the real and imaginary components) are
presented after appropriate amplitude normalization as follows: (&'(w) — €)/(€s — €0) and
g'"(w)/ (&5 — &), respectively. All representations are color-coded.
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Figure 3.A.10. Decomposition of the total simulated DR spectra into dipole-dipole (DD), ion-
ion (JJ)and dipole-ion (D.J) interaction contributions: Xo(w) = epp(w) + &f;(w) - 2&p;(w).
gf;(w) is the ion-ion contribution after the zero-frequency conductivity correction. Lefi panels
present the real components of the simulated rotational (dipole-dipole), translational (current-
current) and ro-translational (dipole-ion) contributions to the total spectra (2,(w)), while the
right panels present the corresponding imaginary components. These simulated spectra are for
0.25[fKSCN + (1 — f)NaSCN] + 0.75CH;CONH, at /=0, 0.6 and 1. Calculations were done
at one representative temperature, T = 323 K.
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Figure 3.A.11. Simulated first rank (£ = 1) collective single particle reorientational correlation
functions, C;(t), for acetamide in 0.25[fKSCN + (1 — f)NaSCN] + 0.75CH;CONH,, at /=1
(left panel) and at /=0 (right panel) for four different temperatures. Lines through the simulated
data represent the multi-exponential fits (fit parameters summarized below in Table 3.A.7).
Representations are color-coded.

Table 3.A.7. Multi-exponential fit parameters required to describe the simulated first rank (¢ =
1) collective single particle reorientational correlation functions (C;(t)) for acetamide in
0.25[fKSCN + (1 — f)NaSCN] + 0.75CH;CONH, DESs at f~=1 and 0. (r,-;) denotes

amplitude-weighted average reorientational correlation times.

[acetamide+ KSCN]

T(K) a, 71(ps) a 75(ps) as 73(ps) Ay 74(ps) | (Te=1)(PS)
313 0.20 314 0.57 140 0.13 21 0.10 0.5 145
323 0.36 168 0.43 75 0.11 12 0.10 0.4 94
333 0.31 119 0.48 57 0.11 9 0.10 0.3 65
343 0.54 71 0.28 29 0.09 5 0.09 0.2 47

[acetamide+ NaSCN]

T(K) a, 71(ps) az T5(ps) as 73(ps) Ay 74(ps) | (Te=1)(PS)
313 0.20 461 0.55 184 0.14 26 0.11 0.6 197
323 0.20 300 0.58 109 0.12 14 0.10 0.4 125
333 0.12 250 0.63 84 0.14 14 0.11 0.5 85
343 0.15 141 0.60 58 0.14 10 0.11 0.4 57
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Table 3.A.8. Multi-exponential fit parameters required to describe the structural hydrogen bond
autocorrelation function (Cyp(t)) for 0.25[fKSCN + (1 — f)NaSCN] + 0.75CH;CONH,
DESs at /=1 and 0 for four different temperatures. (tf;5) denote amplitude-weighted average
structural H-bond lifetimes.

[acetamide+ KSCN]

T(K) a; 71(ps) a; 75(ps) as 73(ps) ay T4(ps) | (ti)(PS)

313 0.17 1240 0.52 237 0.15 39 0.17 0.40 340

323 0.16 792 0.52 148 0.14 27 0.19 0.40 208

333 0.10 791 0.50 132 0.21 29 0.20 0.40 151

343 0.09 614 0.48 96 0.23 23 0.21 0.40 107
[acetamide+ NaSCN]

T(K) a; 71(ps) a; 75(ps) as 73(ps) ay 74(ps) | (Tg)(PS)

313 0.23 1178 0.48 252 0.12 32 0.17 0.4 396
323 0.16 990 0.48 190 0.16 32 0.20 0.4 255
333 0.13 798 0.48 138 0.19 27 0.20 0.4 175
343 0.10 704 0.47 108 0.22 23 0.21 0.4 126
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Figure 3.A.12. Activation energies estimated from the experimental and simulated average DR
times, and the simulated average structural H-bond lifetimes and reorientational correlation
times ((tfp) and (T,-1), respectively) for the DESs, 0.25[fKSCN + (1 — f)NaSCN] +
0.75CH;CONH, DESs at /=1 (upper panel) and 0 (lower panel). The activation energies are
mentioned inside these panels. Representations are colour coded.
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Chapter 4

Chapter 4

Temperature Dependent Dielectric Relaxation Measurements of
(Betaine+Urea+Water) Deep Eutectic Solvent in Hz-GHz
Frequency Window: Microscopic Insights into Constituent

Contributions and Relaxation Mechanisms

4.1 Introduction

Engineering of reaction media and solvents facilitating development of sustainable green
technology is one of the focal points in recent research. The goal of green technology is
to protect the environment from the harm caused by conventional organic solvents.!'™
These common and conventional solvents are often detrimental to the local eco-system
because they can enter into the food-chain in the long run and induce toxicity to human
health. The environmentally benign group of solvents is an important cog in the wheel
that drives the development of sustainable green technology by either reducing or
completely avoiding the use of traditional organic solvents in industrial and technological
sectors. Room temperature ionic liquids,>® gas expanded liquids,”® room temperature super

critical fluids®'”

and their aqueous mixtures, and deep eutectic solvents (DESs)!!"!* have been
introduced in the past which were thought to be comparatively less toxic to the environment.
Interestingly, DESs possess several advantages over ILs when one considers the ease of
synthesis and transportation.'> Moreover, DESs in some cases may offer far cheaper

alternatives to ILs.

Recently, a new class of DESs called naturally abundant DESs (NADESs) have attracted
attention because of their inherent greenness, superior non-toxicity, sustainability, and thin
environmental footprints.!®!® It is known that DESs, although prepared at higher temperatures
through melting of multi-component mixtures, retain stable liquid phase at or around the room
temperature through metastability caused by the combining effects of extensive inter-species
interactions and gain in entropy. NADESs are also prepared through the same protocol. The

components of NADESs are commonly chosen from plant primary metabolites, including
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carbohydrates, amino acids, organic acids, sugar alcohols, and urea.'~?! These green solvents

are now being increasingly used for various applications, including complex chemical species

24,25 26,27

dissolution,?? reaction media,?? CO; and SO, absorption,?*?> pharmaceutical solubilization,

8

agrochemical applications,”® cosmetic preparations,?® food flavouring®® additives, Li-ion

battery electrolytes,3! biodiesel production,®? extraction of bioactive substances,*’

and drug
delivery.*** Biological processes in organisms are often impeded by poor dissolution of
metabolites by lipids and hindered transportation through cell membranes.*®*” NADESs can
overcome this difficulty by enhancing solubility in lipids and permeability through membranes,

facilitating the functioning of living cell organisms.**

Despite the rising popularity of NADESs as potential substitutes for hazardous organic solvents
in large-scale industrial applications, the interrelationship between structure and dynamics
within these media has remained largely unexplored. In contrast, considerable research efforts
have been directed towards conventional molecular solvents, with extensive investigations

conducted using a variety of experimental techniques, such as, neutron diffraction,**

pulsed
field gradient NMR,** dielectric relaxation,**’ 2D-IR,** and time-resolved

fluorescence.’® > Moreover, experimental studies were followed up by developing molecular

57-59 60,61

theories and performing computer simulations, in order to provide microscopic

understanding of solvent dynamics and their impact on chemical reactions®? %

occurring in
solution phase. Fortunately, several attempts have been made in recent years for gaining
molecular-level understanding of ionic deep eutectic solvents, such as, (acetamide +
electrolyte),®*7% (choline chloride + urea),”!~’* and (choline chloride + glycerol).””~”” However,
there has been much less efforts toward exploring the interrelationship between structure and
dynamics of NADESs.”® 8! Time resolved anisotropy and dynamic Stokes shift measurements
of (glucose+urea+water)®? and (betaine+urea+water)®> NADESs revealed strong fractional
viscosity dependence for solute rotation and solvation times. Subsequent computer simulations
suggested dramatic distortion of orientational structure of water in (glucoseturea+water)
NADESs and water clustering.®* However, no study has been carried out so far to explore the

inherent dynamics of this important system and then to correlate the measured and/or computed

dynamics to the microscopic solution structure.

Here we report a combined experimental and computer simulation study of dielectric relaxation
(DR) of another important NADES composed of betaine, urea and water in the weight ratio,
Betaine:Urea:Water :: 11.7:12:1, and relate the measured DR response to the individual

component contributions. Scheme 4.1 presents the chemical structures of betaine and urea
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molecules. DR spectroscopy offers a measurement technique for monitoring the fluctuation
dynamics of collective dipole moment of a given system and thus connects the structural
fluctuations at the microscopic level to the measured polarization response.**®>% Our DR
measurements were performed employing a broad frequency window (20 Hz to 50 MHz) over
a moderate temperature range, T = 303-343 K. A comparison between the simulated and
experimental DR spectra highlighted a good agreement, allowing logical explanations of the
measured temperature dependent relaxations in terms of microscopic dynamics revealed by
simulations. The decomposition of the simulated DR spectra into the individual constituent and
their cross-species interaction contributions suggested that relaxations involving betaine
molecules dominated the experimental DR response of the system. Furthermore, our
simulations presented here demonstrated the connections between the dielectric relaxation, and
the structural hydrogen bond (H-bond) fluctuations and the collective single particle
reorientational relaxations. A careful examination of the structural aspects of water molecules
presents in this NADES suggested extensive damage to the tetrahedral H-bond network
structure of bulk water, forcing the water molecules to behave as a weakly polar solvent with

a value of the static dielectric constant as low as 2.

H;C
L PY
N
B H,N NH,
Hg,c/ 0
(a) (b)

Scheme 4.1 Chemical structures of (a) betaine and (b) urea molecules.

4.2. Experimental Details

4.2.1 Sample Preparation

Betaine (>99.0%, Sigma-Aldrich, melting point T,,~574 K) and urea (>98%, Sigma-Aldrich,
T,,~405-408 K) were purchased and subjected to overnight vacuum drying at room temperature
(303 K) before use. Millipore water was utilized for sample preparation. In a screw-capped
container, the required quantities of betaine, urea, and water were combined in the weight ratio

of 11.7:12:1. Subsequently, this mixture was heated to a temperature of 343K, while
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maintaining constant stirring at 600 rpm, in an oil bath. A clear and transparent liquid was
formed after ~2 hours. The molten mixture was then allowed to cool gradually to room
temperature. A comprehensive description of the sample preparation procedure can be found
elsewhere.®* All experimental procedures were conducted in a tightly humidity-controlled

laboratory environment with a humidity level maintained at ~35%.

4.2.2 DR Measurement Details

The frequency dependent complex dielectric function of a system is expressed as follows,?>%7

ik
(@) = ¢'(w) — [is"(w) 4 (:—EO] , (4.1)

where €, denotes the free space permittivity and k denotes the conductivity of the medium.
Note that the angular (w) and the linear (v) frequencies are connected through the well-known
relation, w = 2mv. €'(w) and &€''(w) are respectively the real and imaginary parts of the
complex permittivity. The zero-frequency permittivity is known as the static dielectric constant
(&5) of the medium. The permittivity at infinite frequency, &, = €(w — ), arises from the

electronic part of the polarizability and the intermolecular vibration

Our experimental approach employed three distinct setups to measure the dielectric response

in the frequency window, 20 Hz - 50 GHz:

(1) A low frequency impedance analyzer (E4990A) equipped with liquid test fixture (16452A),

covering a frequency range from 20 Hz to 10 MHz.%®

(ii) A middle-frequency impedance analyzer (E4991B)* coupled with an open-ended coaxial
line probe, featuring a dielectric probe kit (§85070E), and a high-temperature coaxial cable with
high temperature probe, encompassing a frequency range from 10 MHz to 500 MHz.

(ii1) A PNA-L network analyzer (N5235B) complemented by an open-ended coaxial probe kit
(N1501A), facilitating measurements across the frequency spectrum from 500MHz — 50GHz.*°

Precise temperature control during the DR measurements was maintained through the usages
of a magnetic stirrer cum hot plate for both high and middle frequency measurements.
Temperature stability was assured by placing a thermometer at the same level as the probe end

during each measurement. In case of low frequency (20Hz — 10MHz) measurements, the
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sample holder fixture was submersed in a water bath, kept on the magnetic stirrer-cum-hot

plate. This arrangement maintained the desired temperature throughout experiment.

4.2.3 Data Analysis

The complex dielectric function £*(w) obtained from experiment for the NADES in various

temperature were fitted using Havriliak-Negami (HN) equation.®’

(W) = &
o ) +;[1+(lwrj)

Agj

- a]] 5 (4.2)
where 0 < a <1 and 0 < B < 1. Ag; represents the amplitudes of the relaxation of the
dispersion of j-th relaxation with relaxation time 7;. Notably, when @; = 0 and f; =1, it
signifies relaxation following the Debye model, while @; = 0 describes the Cole-Davidson
(CD) model and B; = 1 corresponds to Cole-Cole (CC) model. Data collected by the low

frequency, middle frequency and high frequency set-ups were placed together and then

simultaneously fitted with different combination of Debye, CC and CD models. Fitting quality

was estimated by checking the “goodness-of-fit” parameter (y¥?2). This is as follows,’!

68{' ?
= 2m = 12[ oG a(e;')> ] (43)

Where m denotes the number of data triples (w,e’,€""), [ is the number of adjustable

parameters, and &¢; and o (¢;) are the residuals and standard deviation of the individual data

points, respectively.

More details about the DR measurement details and data analysis can be found in Chapter 2.

4.3 Theory and Computational Details

4.3.1. Theory

The simulated frequency-dependent dielectric function, €(w) can be obtained from the

normalised total dipole moment autocorrelation function, ¢ (t), which is given by®"-%2

(M(0). M(¢))

PO ="mor)

(4.4)
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where M = }; u;, where y; is the dipole moment of the individual dipolar molecules.

Linear response theory approximates the inherent dynamics of a system by examining its

response when subjected to a weak external electric field. The resulting frequency-dependent

dielectric function is subsequently derived as follows,”*%*

elw)—1 de(t)
e (45)
. (M2)—(M)? . . .
Usingeg =1+ PySrr— and performing the Laplace—Fourier transform (£;,,), we write,
0 B
4 ) .
e(w)-1= {M(0)%) + iwL;,[(M(0). M()]} , (4.6)
3VkgT
where,
Lulf©)] = [ e fodt (47)

The real and imaginary parts of the complex dielectric function can be given by,
g(w) = &' (w) —ie" (w). (4.8)

We can analyse the frequency-dependent dielectric function contributions by assuming that the
total collective dipole moment of the system, My (t), is a sum total of the individual collective

moments:
M(t) = Mg(t) + My(t) + My (¢t) , (4.9)

where Mpg(t) denotes the collective dipole moment arising from betaine molecules, My (t)

from urea and My, (t) from water molecules in this NADES.

Subsequently, the collective dipole moment autocorrelation function can be shown as a sum of

several intra-species and inter-species contributions as follows:

(M7 (0). M7 (t)) = ([Mp(0) + My(0) + My (0)]. [Mp(t) + My(t) + My (6)])
= (Mp(0).Mp () + (My(0). My(0)) + (M (0). My, (¢))
+(M(0). My(2)) + (Mp(t). My(0)) + (Mp(0). My (2)) + (Mp(t). My, (0))
+(My(0). My, (D)) + (My(2). My (0)) . (4.10)

From the consequence of microscopic reversibility®>
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(Mg(0).My(t)), (Mg(0).My,(t)), and (M;(0). My, (t)) equals to (Mp(t).My,(0)),
(Mg(t). My, (0)) and (M (t). My, (0)), respectively. Therefore, Eq. (4.10) simplifies to ***

(M(0).M(t)) = (Mp(0).Mg(t)) + (My(0). My (t)) + (My,(0). My, (t))

+ 2(Mp(0). My (1)) + 2(Mp(0). My, () + 2(My(0). My, (1)) (4.11)

Following Eq. 4.6, the total €(w) may be expressed as a sum of the individual component
contributions.
e(w) =1+ ggp(w) + gyy(w) + eww(w) + 2egy(w) + 2epw (W) + 26y (w),  (4.12)

1
3e€gVkpT

where €;;(w) = {(Mi(O)Mj (0)) + iwL[(Mi(O). M; (t))]}.

Following Eq. 4.8, the complex dielectric function, €(w), can be written in terms of the real

and the imaginary components as follows,

g'(w) —ie"(w) =[1+ &', (w) + &'yy(w) + &'yw(w) + 285y (w) + 26"y () +
2¢' yw] —ile"pp(w) + &"yy (W) + "y (W) + 2&" gy (w) + 2&" gy (W) + 2"y ]

(4.13)
where €' (w) =1+ €'gp(w) + €'yy (W) + €' yw(w) + 2&' gy (w) + 2" g (W) + 2"y

and £""(w) = €"gp(w) + " yy(w) + " yw(w) + 26" gy (W) + 2" gy (W) + 2"y

4.3.2 Computational Details

All atom molecular dynamics simulation was performed using the GROMACS-5.1.1 software
package® at four different temperatures, 313 K, 323 K, 333 K and 343 K. The simulated
systems accurately mirrored the experimental proportions, consisting of 180 betaine, 360 urea
and 100 water molecules. OPLS (optimized potentials for liquid simulations) all-atom type
model force field'” was employed to model the bonded and non-bonded interactions of urea
and betaine molecules. For water molecules, the SPC/E model'® was considered. The
forcefield parameters for urea and betaine molecules were generated using the LigParGen

software, 1027104

Initially, we conducted simulations for reproducing a few physical properties, such as,
experimental density, viscosity, and dielectric constant. However, we noticed that the simulated

density and viscosity deviated by more than 10%, and the dielectric relaxation exhibited a much
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slower relaxation compared to that measured in experiments. To address these discrepancies,
one of the following two approaches might be considered: (i) implementing a polarizable force
field,'%!1% which associates with a substantial computational cost, or (ii) adjusting the atomic
charges of the system molecules to tackle the polarizability issue in an average yet ad hoc
manner. We adopted the latter because this saved simulation cost and was also motivated by
the fact that this was employed earlier in a few cases.'”’!'° Subsequently, a notable adjustment
was made to the atomic charges of betaine and urea, setting them to 0.9e. This refinement
resulted in a closer match to experimental density, viscosity, and dielectric relaxation
timescales. The atomic representations of betaine, urea and water are shown in Figure 4.A.1
(Appendix 4.A). Furthermore, the force field parameters employed in this study are provided
in Table 4.A.1 - 4.A.3 (Appendix 4.A). The functional form of the potential is as follows:'?

2 2 % %
U(r) = Xponas kr(r - req) + Xangles Ko (9 - 6’eq) + Xtorsions [?1 (1 +cosp) + 72 (1-

(12 \6
cos2¢p) + 5(1 + cos3¢p) + Va 1- cos4<p)] + Z?ﬁj’-ms 4¢;; I(ﬁ) _ (ﬁ) l +
2 2 Ri) Ry
qiq;
?i?ms ] (4.14)

47T£0Ri]'

In the above equation, the intermolecular bonded interaction is described by a harmonic
potential with equilibrium bond distance 74 and bond constant k, and the angle stretching with
equilibrium bond angle 6., and angle constant ky. V;, V,, V3 and V, represent the Fourier
coefficients of tortional angle ¢. The non-bonded interaction is defined by Lennard-Jones and

coulombic interaction where R;; represents the intermolecular distance between the atoms i
and j with partial charges q; and q;. o and € represents the van der walls diameter and well-

depth respectively. The geometric combination rules have been employed for the LJ coefficient
as O-ij = 1/0'1'1'0}']' and Eij = Jeiiejj .

The initial configuration of the simulation box containing required numbers of urea, betaine,

T Within the simulation

and water was constructed utilizing the PACKMOL software.
framework the short-range van der Waals interaction and electrostatic interaction were
truncated at a distance of 1.2 nm, while the Particle Mesh Ewald (PME)'!? technique was used
to efficiently calculate the long-range electrostatic interaction by using a Fourier grid spacing
of 0.16 nm and a spline of order 4. The configuration, thus generated, was energy minimized
through the steepest-descent algorithm implemented in the GROMACS package. Following

energy minimization, two essential equilibration phases were conducted, first, NVT
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equilibration of 5 ns, during which the system’s temperatures was controlled using the V-
rescale temperature coupling with time constant 0.5 ps. After that, the resulting system was
taken through an NPT equilibration for 10 ns in that temperature with the V-rescale

t113

thermostat' '~ with coupling constant 0.5ns. The relevant pressure control was achieved using

the Berendsen barostat!'

with time constant of 2 ps. For all NPT equilibrated systems at each
of the temperatures considered, a production run of 300ns each was performed and trajectories

saved for analysis.

The Green — Kubo relation,!'>!'® denoted by Eq. (4.15), was utilized to determine the shear

viscosity coefficient from equilibrium simulation trajectory.

14
6ksT

n= foodt < Paﬁ(O)Paﬁ(t) > (415)
0

In this equation, 1, V, kg and T represents the shear viscosity coefficient, box volume,

Boltzmann constant and temperature of the system respectively. P,z denotes the cross-diagonal

terms of the pressure tensor. To calculate n at each of the temperatures considered, we divided
each 100 ns long trajectories into 20 equal segments of 5 ns. These segments were then treated
as individual trajectories. Subsequently, Eq. 4.15 was applied to calculate n from each of the

independent trajectories, and averaged to obtain an overall mean value.

The structural H-bond relaxation, influenced by both translational and orientational diffusions

is quantified by using the following expression:!!7-11

(h(0)h (D))

Cup(t) = )

(4.16)

In Eq. 4.16, the variable h(t) denotes the presence or absence of H-bond between two
molecular entities at time ¢. Specifically, if a particular H-bond exists both at t = 0 and at time
t, h(t) = 1; otherwise, h(t) = 0. However, breaking of H-bond in the intermediate time is not
considered here. The distance criteria employed: (i) 1p4 < 154 and (ii) ry4 < 154 , and the
angle criteria used: 150° < 2DHA < 180°, where D, H, and A stands respectively for donor,
hydrogen and acceptor atoms. The cut-off distance (r¢) was derived from the first minima of

the corresponding RDFs.

We studied the reorientational dynamics of molecules by monitoring the decay behaviour of

the first rank collective single particle reorientational time correlation function,'?° C; (t):
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(P1|u(0) - u(t))
(P1|u(0) - u(0)|) ’

C,(t) = (4.17)

where P; and u denote respectively the first-order Legendre polynomial and the backbone
vector of a molecule. Molecular representations presented in this chapter is generated from

VMD'2! and all the analyses were conducted using in-house codes and TRAVIS.!?>123

4.3.3 Validation of the Model Interaction Potential

Subsequently, we carried out a fidelity assessment on the force field parameters employed in
our simulations. Figure 4.1 presents a comparison between the simulated and experimental®?
viscosities and densities (insets), suggesting a good reproducibility of these measured
quantities by the present simulations. Such a close agreement also provides us with the
confidence that these model interaction potentials will be able to describe, at least qualitatively
correctly, the salient features of the experimental DR. Note that the dependence of 1 on the
upper limit of integration in Eq. 4.15 is presented in Figure 4.A.2 (Appendix 4.A), which

suggests that the relevant integrals converged within the simulation time. Our simulated 7n

values are the converged values of each of these integrals (Figure 4.A.2).
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Figure 4.1. Comparison between the simulated and experimental viscosities (77) and densities
of (betainetureat+water) DES at different temperatures. Eq. 4.15 was used to calculate the n
values. All representations are colour-coded.

n(cP)
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4.4 Results and Discussions

4.4.1 Experiments
4.4.1.1 Temperature Dependent DR Data

Figure 4.2 (a) and (b) represent the temperature dependent real &'(w) and imaginary &' (w)
parts of the measured dielectric relaxation (DR) spectra of (betaine+urea+water) DES in the

w

frequency regime, 0.0001 < (Zn)/GHz <50, along with 4-Debye fits. Fit parameters are

summarized in Table 4.1 where temperature dependent viscosities are also tabulated.

LT 60 'r-r11'm|| T ||||m'| TT |1I1TI| T ||I1'I1I'| T ||||m'| TTT
120 -— 3 (betaine+g£&;{+water} —— 50 __(c) ~ 303](_-
100 | T(K) | | + E:tp.('ringcmal Data |
303 Fitting line

[ (a) 313 1 40 -
~ 80 i s ]
§, - 333 1230 .
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40 4 20r ]
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Figure 4.2. Left panels: (a) Real €' (w) and (b) imaginary parts €' (w) of the measured dielectric
relaxation spectra of (betaine+urea+water) DES at five different temperatures. Experimental
data are represented by symbols of different colours, whereas the solid lines going through
them denote the 4-Debye fits. Right panels: (c) and (d) show the decomposition of the
imaginary part (¢''(w)), into different relaxation components at two representative
temperatures, 303K and 343K. Shaded area in panels (c¢) and (d) indicate the relative
contributions of the different relaxation timescales to the total DR. Each representation is
colour coded.
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The experimental DR spectra were subjected to fits employing the Cole-Cole, Cole-Davidson,
and multi-Debye models. Through a careful analysis of the residuals and y? (the goodness-of-
fit parameter) values associated with these fits, the 4-Debye model was found to provide the
best description of the experimental data. Figure 4.A.3 (Appendix 4.A) presents a visual

comparison of residuals obtained from different fitting approaches.

Table 4.1. Parameters obtained from simultaneous 4-Debye fits to the real (¢") and the
imaginary (¢") components of the measured DR spectra for (betaine+ureat+water) DES at six
different temperatures.

T(K) & Agy 7,° A, 7, Agg T3 Ag, Ty | €w np© g0 =M | (TEXPEYE | 1°(cP)
(ns) (ns) (ps) (ps) (ns)

303 126 103.8 11.7 10.6 13 3.8 84 0.5 5 7.6 | 1.4966 5.3603 10.4 540
(87%)* (9%) (3%) (1%)

313 124.3 97.9 6.1 13.4 0.98 4.6 75 0.6 5 7.8 | 1.4969 5.5593 52 281
(84%) (11%) (%) (1%)

323 123.8 96.7 3.1 13.7 0.60 4.5 59 1.1 4 7.7 | 14970 5.4591 2.6 136
(83%) (12%) (4%) (1%)

333 122.8 94.4 2.1 13.9 0.51 54 56 1.5 4 7.7 | 14972 5.4584 1.8 74
(82%) (12%) (5%) (1%)

338 122.7 92.0 1.4 15.4 0.41 52 46 1.5 4 8.5 | 14975 6.2576 1.2 57
(81%) (13%) (5%) (1%)

343 122.1 89.1 1.1 17.3 0.38 5.7 51 1.8 4 82 | 1.4976 5.9573 0.9 45
(78%) (15%) (5%) (2%)

a) numbers in parentheses indicate dispersion amplitude percentage; b) t;s are better than

n g
+5% of the reported values; ¢) refractive index from an earlier study®’; d) (r,’;"’,;”t') = Z‘fﬁ—a;‘;
i=1%i

e) viscosity data from an earlier study®*.

Notice in Figure 4.2 (a) that a plateau emerges at each temperature at lower frequency regime,
suggesting that we have identified the static dielectric constant (&) of the system in the
measured frequency window. Notice here that the measured &g values are much higher than
those of bulk water'?* and molten urea,'? and even larger than that of room temperature liquid
formamide.'?® Such a large value of & is expected to make NADES a suitable solvent for
hosting a variety of chemical reactions in solution phase.'?”!>8 The observed decrease in &
upon raising the solution temperature may be understood in terms of temperature-induced
reduction in the mean-squared fluctuations of the system’s collective dipole moment.”*%12?
The peak of the imaginary part (¢"(w)), shown in Figure 4.2 (b), shifts gradually towards

higher frequency with an increase in temperature. This shift indicates faster relaxation at higher
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temperature because of a concomitant decrease in solution viscosity. The relative contributions
of the multiple relaxation components, shown graphically in Figure 4.2 (c¢) and (d) for two
representative temperatures, suggest that the slowest component dominates the DR while the
fastest component contributes the least (nearly invisible). We also notice that the increase of
temperature from 313 K to 343 K induces a transfer of relaxation amplitude from the slowest
to the next relatively faster component or components. This transfer occurs systematically
throughout the temperature range considered as highlighted by the decompositions of €' (w) at

other temperatures shown in Figure 4.A.4 (Appendix 4.A).

Temperature dependent relaxation timescales and amplitudes summarized in Table 4.1
suggests that four distinctly different relaxation timescales characterize the measured DR of
this system. The detected different timescales are 7,~11 — 1 ns, 7,~1.2 — 0.4 ns, 73~80 —
50 ps, and 7,~5 ps. The fastest relaxation component, although accounts for ~1-2% of the
total relaxation, persists throughout the temperature range. Despite it being relatively tiny, its
presence cannot be ignored as suggested by a comparison of the residuals shown in Figure
4.A.5 (Appendix 4.A). In addition, previous DR measurements of molten urea'? reported a

small relaxation component (~6%) with a time constant of ~5 ps. DR measurements of aqueous

1 130-132 68,70
2

solutions of xylito and ionic acetamide deep eutectics also found similar timescales.
Considering that extensive interspecies H-bond interactions govern the liquid phase structure
of the present NADES and the previously studied systems,’7%130-132 detection of a fast
relaxation component with time constant of ~5 ps for this DES is probably expected. Detection
of relaxation processes faster than this is severely limited by the frequency window of the
present measurement set-up and this is reflected in the large undetected portion shown by &4, —

n% values in Table 4.1.

Next, we discuss about the possible origin of the sub-100 ps timescale (73) which is
contributing ~3-5% to the total relaxation measured in the temperature range considered. DR
measurements of molten urea revealed DR time scales!? of ~90 ps and ~30 ps with amplitudes
~11% and ~83%, respectively. These timescales may be a potential source to the sub-100 ps
timescale detected here. Interestingly, DR measurements of aqueous solutions of glyceline and
reline reported dynamical timescales in this regime.'** Considering the complex interactions of

3

water in those aqueous DES solutions,'* the restricted reorientation dynamics of water

molecules in the present system may also give rise to the sub-100 ps timescale detected here.
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The nanosecond relaxation time constant (7,), constituting ~9-15% of the total dispersion,
becomes gradually faster from ~1.3 ns at 303 K to ~ 0.4 ns at 343 K with an increase of the
dispersion amplitude, from 10% to 15%. This timescale has been preceded by a dominating
(~78-87%) slow component with a time constant (7;) of ~1-11 ns in this temperature range.
Interestingly, these two slow components together account for ~93-96% of the total relaxation
measured here. Next, we would like to ask whether the hydrodynamic molecular rotations
could give rise to such a dominant nanosecond DR component. Subsequent calculations of
molecular rotation times for water, urea and betaine, calculated from the Stokes-Einstein-
Debye relation employing the stick boundary condition'** and the molecular van der Waals
volumes'® (V), 7, = 3nV /kgT, suggests that these temperature dependent hydrodynamic
rotation times (see Table 4.A.4, Appendix 4.A) are either faster or slower than those detected
in the present experiments. One also notices that the temperature-dependent average DR times
((Tg’,;pt')), summarized in Table 4.1, follows the trend of the temperature-dependent medium
viscosity, although the viscosity impact is not in accordance with the hydrodynamic prediction
for a spherical solute with the stick boundary condition. Inclusion of the molecular aspect ratios

(shape factor) is likely to modify these hydrodynamic rotation times,%%!%

and may even
produce a good corroboration between the predicted and the measured timescales. However,
such an agreement would be simply fortuitous because extensive interspecies H-bonding
governs the liquid structure of the present system. Therefore, consideration of molecular
rotations alone to understand the measured DR data appears unphysical and highly speculative.
For a thorough microscopic understanding, one should separate the component contributions
that constitute the total DR spectra and examine the dynamic friction profiles by following the

collective single particle reorientational relaxations and the H-bond fluctuation dynamics.'*’

4.4.2 Simulations
4.4.2.1 Simulated DR Spectra: Comparison Between Experiments and Simulations

The left panel of Figure 4.3 presents the simulated normalised total dipole moment
autocorrelation function, ¢(t), for (betaine+ureat+water) DES at different temperatures. These
simulated ¢(t) were subsequently fitted to multi-exponential functions of time and the
resulting fit parameters are summarized in Table 4.A.5 (Appendix 4.A). As mentioned earlier
in the theory section, these simulated fit parameters were utilised to construct the simulated

DR spectra by following the established protocol.”””® The right panel of Figure 4.3 illustrates
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the simulated DR spectra at four different temperatures, reflecting the temperature effects on

the real (¢'(w)) and the imaginary ( €'’ (w) ) parts of the total simulated DR spectra.
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08 WK |00 [ \ DES 323K
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Figure 4.3. Left panel: Decays of the simulated total normalised dipole moment
autocorrelation function, ¢(t), for (betaineturea+water) DES at four different temperatures.
Open symbols denote the simulated data and solid lines represent multi-exponential fits
through them. Right panel: Real and imaginary parts of the simulated DR spectra of the same
DES at four different temperatures. All representations are colour coded.

Notice in the right panel that the values of the simulated static dielectric constant (¢ = €' (w —
0) are in the range of what we found in experiments and decrease with the increase of the
solution temperature. The decrease in &5 may be attributed to the increased randomization of
dipole correlations at higher temperatures because of a partial damage of the H-bond network
of the solution structure.”!?® This is shown in Table 4.A.6 (Appendix 4.A), where the
simulated average number of H-bonds per molecules decreases with increase of temperature.
The imaginary part, €''(w), presented in the right panel of Figure 4.3, shifts gradually toward
higher frequency with the rise in temperature, indicating relaxation becoming faster at higher
temperatures. This also correlates well with our experimental DR data. A direct comparison
between our simulated and experimental DR spectra for four different temperatures are
presented in Figure 4.4. Clearly, the agreement is quite good in general and relatively better in
particular at the lower of the temperatures considered. Note, however, that such a close
agreement may be serendipitous because the potentials employed in the simulations are non-

polarizable and not specifically developed and parameterized for producing this DES.
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Figure 4.4. Comparison between experimental and simulated DR spectra (both real, £'(w),
and imaginary, €''(w) parts) of (betaine+urea+water) DES at four different temperatures. All
representations are colour coded.

Next, we compare in Figure 4.5 the temperature dependent simulated average DR times at
different temperatures with those from experiments (upper panel) and explore the viscosity
coupling of the average DR times (lower panel). Clearly, the simulated average DR times agree
well with those from experiments. The agreement is even better for the slowest DR time
constant (upper corner), suggesting a small difference between the simulation and experiments
in the amplitudes time constants that accompany the other relatively faster components of the
full multi-Debye relaxation. A comparison of the amplitudes associated with the slowest
relaxation component (lower corner) again highlights a close agreement between simulations
and experiments. The viscosity coupling of the temperature dependent average DR times,
explored in the lower panel by showing (tpg) as a function of the temperature-reduced
viscosity 1/T, appears to suggest that both simulated and experimental relaxations were

hydrodynamically controlled by the macroscopic solution viscosity. This is because the
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Figure 4.5. Upper panel: Comparison between the average DR times [(Tpg)] from experiments
and simulations for (betaine+urea+water) DES at four different temperatures. /nsets represent
a comparison of the slowest relaxation times, 74, and the associated amplitudes, a,, between
the experimental and the simulated DR. Lower panel: Temperature dependent average DR
times from experiments and simulations are shown as a function of temperature-reduced
viscosity in a log-log plot. Lines through the experimental data represent linear fits to the

following expression, [n[(tpr)] = A + pln[g] , with p values shown in the respective plots.

Inset represents activation energy obtained from Arrhenius plot of In (1/(T )) Vs 1/T
DR

employing experimental and simulated data. Solid lines through the points represents the linear

Chapter 4
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fits. All representations are colour coded.
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p
exponent (p) of the relation, Tpg (g) , assumes a value of near unity (p ~ 1). This is in

sharp contrast with our earlier analysis that reflected a break-down of the SED relation while
describing the experimental DR times in terms of the hydrodynamic molecular rotations. This
apparent contradiction indicates that possibly the collective dynamics, not the individual
molecular rotations, is involved in regulating the experimental DR where microscopic friction
on a few or a set of collective dynamical variables controls the temporal profiles of the
measured relaxations. The collective dynamics that relate to DR in this system of dipolar
molecules with extensive intraspecies and interspecies H-bonding interactions is the collective
single particle reorientational relaxations and the structural H-bond fluctuations. Interestingly,
the simulated and experimental activations energies associated with the DR (inset, lower panel)
compare well to that estimated earlier from the experimental temperature dependent viscosities
(~56 kJmol ™), 3 although the experimental activation energy (~51 kJmol™!) is somewhat lower
than the simulated value (~58 kJmol!). This is because of a relatively stronger viscosity

decoupling of DR found in experiments (p = 0.91) than that predicted in simulations (p = 0.99).

4.4.2.2 Decomposition of Simulated DR Spectra: Origin of DR Timescales

This level of agreement encourages us to further decompose the simulated total DR spectra
into the intra-species (self) and inter-species (cross) contributions. Figure 4.6 shows the
decomposition of the total DR spectra at two representative temperatures into the self (betaine-
betaine, urea-urea and water-water) and cross (betaine-urea, betaine-water and urea-water)
contributions, while the same at the other temperatures considered are presented in Figure
4.A.6 (Appendix 4.A). The corresponding relaxation parameters of self and cross components

are summarised in Table 4.A.7 - 4.A.10 (Appendix 4.A).

It is evident from Figure 4.6 and Figure 4.A.6 (Appendix 4.A) that the self-interaction between
the betaine molecules accounts for ~65% of the total DR dynamics, while the contributions
from urea-urea and water-water are strikingly small (~7% and ~1%, respectively). It reflects a
highly dipolar character of betaine, which maintains its zwitterionic form in solutions'*%!%° with
a positive charge on the amide nitrogen (N) atom and a negative charge on the carboxylic
oxygen (O) atom. The interaction of betaine with urea, and water molecules accounts
respectively for ~21% and ~5% of the total DR, highlighting the dominant role for betaine in
the DR of this DES. From Table 4.A.7 - 4.A.10 it is clear that the nanosecond DR time constant,
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although contributed by all the intra- and inter-species interactions, derives the largest
amplitude (>65%) from the self-interaction of the betaine molecules. What surprises the most
from this decomposition analysis is probably the finding of a nanosecond or near-nanosecond
component arising from the self-interaction of water molecules at all these temperatures. The
presence of such slow water molecules in a crowded environment like the present system
suggests considerable interaction with other species, inducing a significant compromise of the
water-water tetrahedral H-bond network structure of bulk water.*** A huge reduction of the
average number of water-water H-bonds per water molecule in this DES (~0.7) over that for
bulk water (~3.7)% is evident in Table 4.A.6 (Appendix 4.A). This damage of H-bond network
is probably the reason for the predicted reduction of &, for water (from ~78!31:132 to ~2) and
urea (from ~64!% to ~10) in this DES shown in Figure 4.A.7 (Appendix 4.A). Such a dramatic
decrease of &, for water was reported earlier in both experimental'*’ and simulation'*! studies
of confined water, although the direct connection between the water-water H-bond network

and e;was not explored in those previous studies.

T llr“l‘ T |ll'l'|'|" T ||l'l'l_l
Total 313K i

Bet-Bet (65%)

30
25
24
Zs
L]
1.5
[R]]
0.001 001 01 1 10 10
{@/21)/(GH7)

120

100

=1

Ure-Wat (1%)
Wat-Wat (1%)

_I'l'l'l'l'l'l'_l'l'l'l'l'll' Illm l|||'|'|q llll'l'l" T 11N
[~ Total 343K 7
[~ Bet-Bet (66%)

o001 0.1 01 1 10 1o | Ure-Wat (1%)
{w/2n)/(GHz) ™ B R
| Wat-Wat (1%)

0.0001 0.001 0.01 0.1 1 10 100 0.001 0.01 0.1 1 10 100
(0/271)/(GHZ)

Figure 4.6. Spectral decomposition of real (¢') and imaginary (¢'") parts of the simulated DR
spectra of (betaine+urea+water) DES at 313 and 343K. Contributions from self and cross
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interactions to the total DR are represented employing colour-code along with percentage (%)
amplitudes mentioned in the figure legends. Insets in the upper and lower panels of the figure
show, employing expanded vertical scale, those contributions that are not visible in the main
panels.

We are yet to connect the multiple timescales detected in our temperature dependent
measurements to the individual component relaxations obtained after decomposition of the
simulated total DR spectra. This is carried out now. A comparison of the experimental DR time
constants summarized in Table 4.1 with those from simulations provided in Table 4.A.7 -
4.A.10 (Appendix 4.A) suggests the following: (i) the nanosecond timescale deriving
contributions from all the self (intra-species) and cross (inter-species) interactions present in
this DES, and (ii) the sub-nanosecond, the sub-100 ps and the sub-10 ps timescales originate
from betaine-betaine, urea-urea, water-water, urea-water and betaine-urea interactions. Notice
here that betaine-water interaction does not contribute to the sub-nanosecond and faster
relaxations, suggesting that the interaction between them (water and betaine) is too strong to
participate in the faster-than-nanosecond DR dynamics in this medium. It is therefore evident
that each of the measured timescales cannot be assigned to a well-defined relaxation process
within the system. Rather, they emerge from a superposition of a set relaxations resulting from
inter- and intra-species interactions present in the system. Next, we explore the roles of
reorientational relaxations of betaine, water and urea, and the structural H-bond fluctuations
involving these species in generating the multiple DR timescales found in our experiments and

simulations.

4.4.2.3 Understanding Multiple DR Timescales: Roles of Reorientational Relaxations and

Structural H-bond Fluctuations

The collective dipole moment fluctuations that generate the frequency dependent dielectric
response (and measured in experiments) and the rotational dynamics of a dipolar species is
connected via a common thread, and that is, orientational fluctuations of the dipole vector.!?”-142
This connection provides, within the continuum description of dipolar fluids, the following

relation'¥7!* between the average DR time ({(tpr)) and the rank (£) dependent reorientational

1?(1’2+ v (tTp=1), £ being the rank of the Legendre polynomial

correlation time ({Tp=1)), {(Tpr) =

denoted as P,. We have followed in our simulations the first rank (#=1) reorientational

correlation function defined as,'*”'*? C,(t) = (P;|u(0) - u(t)|)/{P;|u(0) - u(0)|),where u
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denotes the backbone vector of the molecules considered (here betaine, urea and water). Note
here that C,(t) describes the rank dependent reorientational relaxation for single dipoles in a
potential energy surface constructed collectively by the neighbouring molecules. Consequently,
Cp(t) describes the rank dependent collective single particle reorientational dynamics and

delineate the corresponding dynamic microscopic friction profile.
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Figure 4.7. Temperature dependent first-rank collective single particle reorientational
correlation functions, C;(t), for betaine, urea and water and their corresponding multi-
exponential fits (lines). All representations are colour coded.

Figure 4.7 shows the simulated C; (t) decays for betaine, urea and water at four representative
temperatures. Each of the molecules, H-bonded with others or free, contribute to these
simulated ensemble-averaged C,;(t) decays. Notice that these reorientational correlations,
although becoming faster upon increasing the solution temperature, are spread over a large
span of timescale, ranging from sub-picosecond to a few nanoseconds. It is quite interesting
to note that the simulated reorientational correlations for both urea and water in this DES depict

125,144

severely slowed down dynamics compared to those predicted for neat liquids and aqueous
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binary mixtures.'* Parameters obtained from fitting each of these decays to a sum of three
exponential functions of time are summarized in Table 4.A.11 (Appendix 4.A). A direct
comparison between the simulated C, (t) decay time constants and the measured DR timescales
(Table 4.1) suggests that the slowest DR timescale (7;) corroborate well with the slowest
timescale of C;(t) decay of betaine molecules and may also contain contributions from water
reorientation dynamics. The other three DR timescales (7, 73 and 7,), on the other hand, derive
contributions from the reorientational relaxations of betaine, urea and water. Clearly,
reorientation dynamics of any of these species could be assigned exclusively to account for any

of the DR timescales measured in experiments.
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Figure 4.8. Structural H-bond relaxation of involving different donor-acceptor pairs in
(betaine+urea+water) DES at four different temperatures. Lines through the data points
represents multi-exponential fits. All representations are colour coded.

Figure 4.8 depicts the simulated structural H-bond fluctuation dynamics via the corresponding
correlation function, Cyp(t), at four different temperatures. Note here that we are showing

Cyp(t) decays for urea-betaine, water-betaine and water-water pairs, and not considering the
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possible urea-urea and urea-water pairs. This selection was based on the RDF peak intensities
between the possible donor and acceptor atom pairs involved in the H-bonding. We considered
those pairs only for which the RDF first peak intensities were greater than unity (Figure 4.A.8,
Appendix 4.A). This does not, however, mean that pairs producing RDF peak intensities lower
than unity are not involved in H-bonding. We simply consider a very low propensity of forming
H-bonds for those pairs and exclude them from our subsequent analysis. Parameters obtained
from fit of these simulated Cyp(t) decays to multi-exponential functions of time are
summarized in Table 4.A.12 (Appendix 4.A). An inspection to the timescales provided in this
table suggest that the slowest DR timescale derive contributions from the Cyp(t) decays of
betaine-urea and betaine-water pairs, whereas Cyg(t) decays involving betaine-urea, betaine-
water and water-water pairs contribute to the other faster DR timescales. It is therefore quite
evident that the DR of this DES involves both collective single particle reorientation relaxation
and the structural H-bond fluctuation dynamics, leaving out very limited scope for the

hydrodynamic molecular rotations governed by the macroscopic solution viscosity.

4.5 Conclusion

We have performed a combined experimental and simulated DR study on a NADES composed
of biodegradable components betaine, urea and water. Temperature dependent (303 < T/K <
343) DR measurements were performed employing three different set-ups to access a
frequency coverage from 20Hz to 50 GHz. These measurements revealed existence of four
distinct DR timescales, spreading from a few picoseconds to several nanoseconds.
Interestingly, a one-to-one comparison between experimental and simulated DR spectra reveals
a strikingly close agreement between the two. This resemblance further motivated us to
decompose the simulated total DR spectra into the self and the cross-interaction contributions.
The decomposition suggests that the betaine-betaine self-interaction contributes dominantly to
the total DR with an amplitude of ~ 65%, whereas the self-interaction between urea and water
molecules contributes the least. Among the cross-interactions, betaine-urea is the second
dominant contributor to the total DR with an amplitude of ~20%, while the other two (betaine-
water, urea-water) account for much less (~10%) of the total DR. The origins of the multiple
DR timescales were further investigated via the temperature dependent simulations of the
collective single particle reorientational dynamics (C;(t)) and the structural H-bond relaxation

(Cyp(t)). Analyses of the simulated C;(t) decays suggest that reorientational relaxations of
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betaine and water contribute to the slowest of the multiple DR timescales, while reorientations
of urea, water and betaine contributes to the other relatively faster timescales. An inspection of
the simulated Cyp(t) decays reveal that the dominant nanosecond timescale is associated with
the structural H-bond relaxation of betaine-urea and betaine-water pairs. The significant slow-
down of water dynamics (~10 ps timescale in the neat water at 300 K to ~1 ns in this DES) has
been linked to its extensive interaction with betaine and urea. This has also resulted a dramatic

decrease of the average number of water-water H-bonds and reduction of the & value.
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Appendix 4.A

Betaine

Water

Urea

104



Chapter 4

Figure 4.A.1. Chemical structures of betaine, urea and water along with their atomic sites as
used in our simulations.

Table 4.A.1. Partial charges and Lennard-Jones parameters for betaine molecule

Atom types Charge, e a(d) £ (kJmol™)
CO00 -0.1614 3.50 0.27614
NO1 -0.0223 3.25 0.71128
C02 -0.1436 3.50 0.27614
Cco3 -0.1428 3.50 0.27614
C04 -0.1865 3.50 0.27614
CO05 0.4380 3.55 0.29288
006 -0.5650 2.96 0.87864
007 -0.5650 2.96 0.87864
HO8 0.1202 2.50 0.12552
HO09 0.1202 2.50 0.12552
HOA 0.1202 2.50 0.12552
HOB 0.1295 2.50 0.12552
HOC 0.1295 2.50 0.12552
HOD 0.1295 2.50 0.12552
HOE 0.1295 2.50 0.12552
HOF 0.1295 2.50 0.12552
HOG 0.1295 2.50 0.12552
HOH 0.1057 2.50 0.12552
HOI 0.1057 2.50 0.12552

Table 4.A.2. Partial charges and Lennard-Jones parameters for urea molecule

Atom types Charge, e a(R) £ (kJmol™)
N1 -0.4077 3.55 1.06692
H2 0.2484 0.00 0.00000
H3 0.2484 0.00 0.00000
C4 0.1116 3.75 0.65898
(0K -0.2898 2.96 1.31796
N6 -0.4077 3.55 1.06692
H7 0.2484 0.00 0.00000
H8 0.2484 0.00 0.00000
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Table 4.A.3. Partial charges and Lennard-Jones parameters for SPC/E water molecule

Atom types Charge, e a(R) £ (kJmol™1)
oW -0.8476 3.16 0.65
HW 0.4238 0.00 0.00

0 500 1000 1500 2000
Time (ps)

Figure 4.A.2. The dependence of 77 on the upper limit of integration in Green-Kubo integrals.
The curves represent the averaged results derived from 15 — 20 individual trajectories. Shaded
regions corresponding to each curve indicate the standard deviation error.

106



Chapter 4

I.SEIlllllllllllllllllllllll
4-Debye 333K
1.0 Real-part 3-Debye
3D-1CC

p—
S
% _1 5 Ll i1 I Ll 1 1 I L i1 I Ll 1 1 I L1l
.; 2 eTTrrtid ' LI I LI I LELELL) I LELELL
® -
é . 4-Debye 333K -
Imaginary-part 3-Debye -
1 3D-1CC _
0
-1

_2IIIIIIIIIIIIIIIIIIIIIIII

0 le+10 2e+10 3e+10 4et+10 Se+1(
(0/27)/GHz

Figure 4.A.3. Comparison of the residuals (both real, &', and imaginary part, €'’, components)
among 3-Debye, 4-Debye, 3D-1CC, and 3D-1CD DR fits to DR spectra of
(betaine+ureat+water) DES at a representative temperature, 333 K. All representations are
colour coded.
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Figure 4.A 4. Decomposition of the measured frequency dependent dielectric loss (¢") spectra
into their individual time component contributions for (betaine+ureat+water) DES at three
different temperatures. Red pluses represent the experimental data and the solid lines going
through them denote the multi-Debye fits. Different time scale contributions are colour coded.
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Figure 4.A.5. Upper and middle panels: Comparison of residuals (both real (¢") and imaginary
(g'") parts) between 3-Debye and 4-Debye fits at a representative temperature 343 K. Lower
panel: 3-Debye and 4-Debye fits of the real and imaginary parts of the DR spectra at 343 K.
All representations are colour coded.
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Table 4.A.4. Hydrodynamic molecular rotation times for water, urea and betaine calculated by

using the SED relation with stick boundary condition, T = % Note that the van der Waals
B

volumes of water, urea and betaine used here were calculated from the reference.'>® The
viscosity value at 303 K was obtained from the extrapolation of the high temperature data.

1 (cP) Water Urea Betaine
T(K) (V =17A%) (V =~54A%) (V =121A%)
7, (ns) 7, (ns) 7, (ns)
303 540 6.58 20.92 46.88
313 281 3.31 10.53 23.62
323 136 1.55 4.94 11.07
333 74 0.82 2.61 5.84

Table 4.A.5. Temperature dependent fit parameters for the simulated total dipole moment auto
correlation functions for (betaine+urea+water) DES.

T/K a, 7,(ps) a 72(ps) az | 73(ps) ay | T4(ps) Qs T5(ps) | &= (T3 )(ps)
313 | 090 | 5149 | 0.06 281 0.02 45 0.005 1.6 0.02 0.8 1 4652
323 | 0.81 2927 | 0.15 400 0.03 13 - - 0.02 0.2 1 2431
333 | 0.70 1877 | 0.24 509 0.04 22 - - 0.02 0.6 1 1436
343 | 0.88 715 0.08 43 0.02 2.6 0.01 0.4 1 632

Table 4.A.6. Average number of H-bonds per molecules from simulations

Temp N(Ure)-O(Bet) O(Water)- O1(Bet) O(Water)- O(Water)
Per urea Per betaine | Per water | Per betaine Per water

313K 1.79 3.58 1.57 0.87 0.71

323K 1.75 3.50 1.54 0.86 0.71

333K 1.71 3.42 1.53 0.85 0.68

343K 1.67 3.35 1.53 0.84 0.65
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Figure 4.A.6. Spectral decomposition of real (¢') and imaginary (&) parts of the simulated
DR spectra of (betaine+ureat+water) DES at 323 and 333K. Contributions from the self and the
cross interactions to the total DR are color-coded and the corresponding percentage (% )
amplitudes mentioned in the figure legends. /nsets of the figure panels show, in expanded
vertical scales, the contributions that are not visible in the main panels.

111



Chapter 4

Table 4.A.7. Dielectric relaxation parameters of the simulated total spectrum as well as

individual spectra at 313 K

Component & Agg T1 Ag, T, Agq T3 Agy | T4 | Agg | T5 | Agg | Tg

(ps) (ps) (ps) (ps) (ps) (ps)

Total 125.1 | 112.6 | 5149 - - 75 | 280 | 25 | 42 | 125] 1.6 | 25 | 04
Bet-Bet 80.1 64.8 | 5757 | 12.1 | 2392 - - 24 | 78 | 1.6 1 - -
Ure-Ure 9.2 - - 44 | 1900 | 24 | 214 | 14 | 33 | 09 | 12 - -

Wat-Wat 1.1 - - 0.6 | 1904 | 0.3 | 143 - - 1007]72 (01103
Bet-Ure 26.4 142 | 7366 | 9.8 | 3687 | 1.6 | 267 081 | 6 - -
Bet-Wat 6.2 6.24 | 5314 - - - - - - - - - -
Ure-Wat 1.2 1.18 | 5470 - - - - - - - - - -

Table 4.A.8. Dielectric relaxation parameters of the simulated total

individual spectra at 323 K

spectrum as well as

Component & Agy T, Ag, T, Agq T3 Aey | T4 | A& | Ts Agg Tg

(ps) (ps) (ps) (ps) (ps) (ps)

Total 123.6 | 108.7 | 2927 - - 9.9 | 400 - - 25 | 13 | 25 | 02

Bet-Bet 824 | 783 | 2815 - - - - 25| 82 - - 1.6 | 1.3

Ure-Ure 8.8 - - 22 | 1898 | 3.7 | 233 | 19 | 33 - - 1.1 1.2
Wat-Wat 1.1 - - 0.47 | 1567 | 0.34 | 280 | 0.1 | 45 - - 0.16 1
Bet-Ure 233 19.6 | 2704 - - 3.5 | 350 7 - 10231 9 - -
Bet-Wat 6.9 6.88 | 3078 - - - - - - - - - -
Ure-Wat 1.1 0.98 | 2480 | 0.05 | 873 - - - - 1004 7 - -
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Table 4.A.9. Dielectric relaxation parameters of the simulated total spectrum as well as

individual spectra at 333 K

Component & Agy T Ae, T, Ag, T3 Ag, Ty Agg Tg Agg Te
(ps) (ps) (ps) (ps) (ps) (ps)
Total 1129 | 79.0 | 1877 - - 27.1 | 509 4.5 22 - - 2.3 0.6
Bet-Bet 743 | 550 | 1729 | - - 171 534 - - 227 3 - -
Ure-Ure 8.8 - - 2.6 685 2.7 160 1.3 32 - - 1.1 1.4
Wat-Wat 1 - - 0.28 | 837 | 038 | 234 | 0.19 | 33 - - 0.15 | 09
Bet-Ure 224 159 | 1562 - - 6.1 390 0.04 | 10 - -
Bet-Wat 54 | 542 [ 1614 | - - - - - - - - - -
Ure-Wat 0.9 0.84 | 1407 - - - - 0.08 37 - - 0.01 1.3
Table 4.A.10. Dielectric relaxation parameters of the simulated total spectrum as well as
individual spectra at 343 K
Component & Agy T, Ag, T, Aeg T3 Ag, T, | Agg | g Agg Te
(ps) (ps) (ps) (ps) (ps) (ps)
Total 99.4 87.5 715 - - 8.9 43 - - 1.99 | 2.6 1.0 0.2
Bet-Bet 66.1 62.8 774 - - - - 1.9 18 - - 1.3 0.5
Ure-Ure 8.0 - - 2.1 450 34 82 1.6 16 - - 1.0 0.8
Wat-Wat 1 - - 0.37 540 | 0.36 92 0.14 14 - - 0.14 | 0.6
Bet-Ure 18.8 16.6 698 - - 2.3 59 - - - - - -
Bet-Wat 48 | 484 [ 1042 | - - - - - - - - - -
Ure-Wat 0.9 0.56 | 1042 | 0.25 219 - - - - 0.05 6 - -
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Figure 4.A.7. Contributions from the self and cross interactions to the total dielectric constant

(e,) of the DES made of betaine, urea and water at four different temperatures. Notation used
for representations are as follows: Total=Tot, Betaine=B, Urea=U and Water=W.
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Table 4.A.11. Multi-exponential fit parameters for the simulated first-rank collective single
particle reorientational correlation functions (C;(t)) at four different temperatures for
(betaine+urea+water) DES.

Betaine

TK | a; | ti(ps) | az | 72(ps) | az | T3(ps) | as | Ta(ps) | as | Ts(ps) | (Te=1)
(ps)
313 10.71 | 4977 | 0.21 | 1372 | 0.04 | 101 - - 0.04 09 3825

323 | 0.31 | 4300 | 0.55| 1646 | 0.09 | 242 [0.03| 22 [0.02| 0.5 2261
333 |1 0.71 [ 1356 | 0.20| 513 |0.05| 75 |0.02 9 0.02] 03 1069
343 1 0.23 | 1315 | 0.66 | 605 |0.07| 57 |0.02 5 0.03] 03 706

Urea

T/K | a; | ti(ps) | az | T2(ps) | az | T3(ps) | as | Ta(ps) | as | Ts(ps) | (Te=1)

313 1020 | 683 |040 | 238 |023| 60 |0.08 9 0.09| 03 (222156)
323 1 0.38 | 302 - - 038 | 83 |0.13 14 10.11] 0.5 148
333 | 0.38 | 183 - - 039 55 |0.13 10 |0.10| 0.5 92
343 1 042 | 111 - - 036| 34 |0.12 6 0.10] 0.3 60

Water

T/K | a; | ti(ps) | az | T2(ps) | az | T3(ps) | as | Ta(ps) | as | Ts(ps) | (Te=1)
(ps)
313 1 0.11 | 3020 | 0.56 | 472 |0.16 79 0.06 10 0.11 0.2 610

323 1039 | 602 |034| 162 |0.13 36 10.05 5 0.09| 0.1 295
333 10.37 | 345 |037| 103 |0.13 14 - - 0.13| 03 168
343 1030 | 254 | 040| 90 |0.17 15 - - 0.13| 03 115
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Figure A.A.8. Simulated radial distribution functions (RDFs) for different atom-sites of water with
other components’ atom site (left panel), and urea with others components’ atom sites (right panel).
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Table 4.A.12. Multiexponential fit parameters for the simulated structural H-bond relaxations (Cyg(t))
for urea-betaine, water-betaine and water-water pairs in (betaine+urea+water) DES at four different
temperatures.

Betaine-Urea

T(K) a; |Ti(ps) | az | T2(ps) | az | T3(ps) | as |Ta(ps)| as | Ts(ps) | (Thp)

313 0.34 | 6361 | 0.17 | 984 0.09| 213 (007| 23 |033]| 0.1 2351

323 10191 5589 | 027942 |0.12| 167 |007| 16 |034| 0.1 | 1337
333 102312358 1026343 |0.09| 61 |007| 7.1 |033| 0.1 | 638
343

0.17 | 1740 | 0.26 | 321 0.13] 69 (009| 7.5 |035| 0.1 389

Betaine-Water

313 0.59 | 4100 | 0.23 | 646 0.04| 60 (002| 59 |0.11| 0.1 2750

323 1051 2838 [ 0201034 |0.12] 252 |003| 22 |012| 0.1 | 1685
333 1034 2276 | 040|560 |0.10| 93 |003| 84 |013| 0.1 | 1007
343

049 | 1160 | 0.29 | 237 0.06 31 0.15] 0.1 639
Water-Water

313 | 0.38| 1892 | 0.39| 312 |0.10| 52 [(0.06| 7.3 |0.07| 0.2 1352

323 | 0.29| 1805 | 0.49 | 241 |0.11| 21 [0.04] 1.6 |0.06| 0.1 644

333 | 041| 600 (039 90 |0.09| 11 - - 0.08| 04 282

343 0.25] 597 (046 | 109 |0.16 | 17 - - 0.09| 0.7 202
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Chapter 5

Interaction and Dynamics in an Aspirin-Based Therapeutic Deep
Eutectic Solvent: Temperature-Dependent Time Resolved

Fluorescence Measurements and Computer Simulations

5.1 Introduction

Deep eutectic solvents' (DESs) represent a breakthrough in solvent engineering, offering a
wide-spectrum choices for a variety of applications, ranging from suitable reaction media
required in targeted large scale synthesis to designing appropriate drug delivery systems in
biomedicine.®® DESs are unique blends of two or more compounds that, when combined at
specific mole ratios, provide a stable liquid phase through a remarkable depression of freezing
points of the mixture components. The formation of liquid phase is supported by the extensive
interspecies H-bonds between the constituents and the entropic gain for being in liquid state.
One of the key advantages of DESs lies in their minimum ecological footprint. Unlike
traditional organic solvents, DESs offer environmentally friendly alternatives, aligning with
sustainability goals. This aspect is particularly significant considering the growing emphasis
on reducing the impact of chemical processes on environment. DESs have been utilized across
multiple domains that include applications as (i) suitable media for complex chemical species
dissolution’® and targeted reaction facilitators,? (ii) environment-cleaner through CO2 and SO

absorption,'"!? (iii) liquid phase host for pharmaceuticals'*!*

and career in agrochemical
fields,' (iv) appropriate media for preparations of cosmetics'® and food flavouring,!” (v) liquid
support for developing energy materials'® and biodiesel production,'® and (vi) extraction media

for bioactive substances?’.

Moreover, several DESs have qualified as vehicles for controlled drug release, referred to as
therapeutic deep eutectic solvents (THEDES).?!? Their unique solvent properties make them
excellent candidates for dissolving active pharmaceutical ingredients (APIs). Several

physicochemical properties of THEDES allow significant adjustments in the solubility,
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permeation, and absorption of APIs, often several times greater than those achievable with
water alone.! APIs can be integrated either as part of the eutectic mixture or dissolved within
a pre-existing eutectic mixture, providing flexibility in formulation and delivery strategies for

enhanced therapeutic efficacy.*

THEDES comprises a diverse array of APIs including lidocaine, arginine, ibuprofen, benzoic
acid, capric acid, phenylacetic acid, with thymol, menthol, choline chloride, and lauric acid
employed as excipients. Researchers have explored THEDES for its potential in

21,29,33,34

pharmaceutical activities, facilitating drug delivery and solubility.*>7 Researchers

have also explored antiseptic and antibacterial properties of a few THEDES.*®*° In some cases

THEDES have shown promise in treating tuberculosis and cancer.>*40:4!

Here we report preparation of a THEDES composed of aspirin and menthol at a molar ratio of

1:4. Aspirin is a widely used nonsteroidal anti-inflammatory drug***

and known for its pain-
relieving, anti-inflammatory, and fever-reducing properties. However, its limited solubility in
water reduces its bioavailability and therapeutic efficacy. Menthol, a natural cyclic

monoterpene alcohol,**

is used as another component for its cooling and analgesic properties,
and its ability to increase the solubility of aspirin. A previous study?* reported enhancement of
dissolution of aspirin with different molar ratios of menthol. The study revealed that the
formation of (Aspirint+tMenthol) THEDES occurs at a molar ratio of 1:3, at 313 K which is
different from our findings. In fact, at 1:3 molar ratio and T=313 K, we ended up with a mixture

of solid aspirin and liquid menthol at room temperature.

We would like to mention here that the interaction and dynamics of this THEDES and other
similar systems have not been investigated yet, although several applications have taken place.
We have performed here such a study with the present system by carrying out temperature
dependent steady state and time resolved fluorescence measurements and computer simulations
of the solution H-bond structure. Excitation wavelength dependent fluorescence emission
measurements employing hydrophobic and hydrophilic probes (C153 and C343 respectively)
revealed presence of substantial spatial heterogeneity in the medium. Temperature dependent
dynamic fluorescence anisotropy measurements reflected a significant decoupling between
medium viscosity and rotational dynamics by exhibiting fractional viscosity dependence of the
solute rotation times. This decoupling was subsequently interpreted as a signature of temporal

(dynamic) heterogeneity of the medium.
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5.2 Experimental Details

5.2.1. Sample Preparation

DL-Menthol (purity >99%, obtained from Sigma-Aldrich, with a melting point of 307-309 K),
laser-grade coumarin 153 (C153) (Sigma-Aldrich), and coumarin 343 (C343) (Sigma-Aldrich)
were used without further purification. Acetylsalicylic acid/aspirin (purity >99%, obtained
from Sigma-Aldrich, with a melting point of 407-409 K) was vacuum-dried overnight at
approximately 300 K before utilization. The required amounts of aspirin and menthol in a 1:4
molar ratio was taken in a screw capped glass container. They were gently heated to around
343 K with continuous stirring at approximately 500 rpm in a hot oil bath for about 4 hours.
Once a colourless transparent liquid was obtained, the temperature was lowered to 303 K, and
the obtained liquid was allowed to cool gradually to room temperature (around 303 K). The
resulting DES remained in a liquid state until 288 K, as observed in the DSC thermogram.
Notably, this temperature (288 K) is much lower than the individual melting points of the
constituents. The concentration of the external probes (C153 or C343) in the DES was
maintained at < 10> M for all optical measurements. Chemical structures of C153, C343 and
the chemicals are depicted in Scheme 5.1. Sample preparation and measurements were
conducted in a tightly humidity-controlled environment maintaining a humidity level of ~35%.
For optical measurements, the DES was transferred to a preheated quartz cuvette with a path
length of 1 cm and inserted into a preheated sample chamber for thermal equilibration.
Sufficient time was allowed before measurements were taken at each desired temperature, with

an uncertainty of +1 K.

5.2.2 Density and Viscosity Measurements

Temperature dependent densities and viscosity coefficients of this DES were measured using a
temperature controlled automated density-cum-sound analyser (Anton Paar, DSA5000) and
micro viscometer (LOVIS 2000 M/ME, Anton Paar), respectively.**® These data are
summarized in Table 5.A.1 (Appendix 5.A).

5.2.3 Differential Scanning Calorimetric (DSC) Measurements

The glass transition temperature (Ty) of the prepared DES was determined using a differential

scanning calorimeter (DSC, TA Instrument Q2000).*” The calorimetric trace is shown in Figure

5.A.1 (Appendix 5.A), and it is worth noting that all measurements were conducted well above
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the T, of this particular (Aspirin+Menthol) DES. The Ty for this system was found to be ~223
K.

5.2.4 Steady State Measurements

Steady-state absorption and fluorescence emission data were collected using a UV—Visible
spectrophotometer (UV-2600, Shimadzu) and a fluorimeter (Fluorolog, Jobin-Yvon, Horiba)
connected with a Peltier-temperature controller. Before analysis, solvent blanks were
subtracted from the probe spectra. The spectra were then appropriately transformed to the

frequency domain for further analysis and frequency determination.*34

5.2.5 Time-Resolved Fluorescent Measurements

Time-resolved fluorescence measurements were conducted using the time-correlated single
photon counting technique utilizing LifeSpec-ps instrument from Edinburgh Instruments, U.K.
The details for this instrument can be found elsewhere.’®>! Excitation wavelength was 409 nm
LED source. The instrument response function (IRF) of the source had a full width at half-
maximum (FWHM) of approximately 85 ps. The dynamic fluorescence anisotropy, r(t), was
obtained from the collected intensity decays as follows:

Ipara (t) _Glperp (t)
Ipara O+ ZGIperp ® '

r(t) = (5.1)

The details about the measurement techniques and the analysis protocol can be found the

previous literatures.*’->2

For the dynamic Stokes shift measurements, 14-16 intensity decays (magic angle) were
collected at equally spaced wavelengths across the steady state emission spectrum of either
C343 or C153 dissolved in (Aspirin+tMenthol) DES. Subsequently, time-resolved emission
spectra (TRES) were reconstructed following an established protocol.”* > The time dependent
progress of solvation of the excited dipolar solute was then monitored via the normalized

solvation response function,>®

v(0)—v()
v(x)-v(0)

S(t) = (5.2)
where v(x) representing the fluorescence frequency at time 0, t and oo, respectively.

The details about the time-resolved measurements have been described in Chapter 2
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5.3 Force field and Computational Details

Gromacs 5.1.1 simulation package®’ was used to perform the molecular dynamics simulations.
Chemical structures of aspirin and menthol is provided Figure 5.A.2 (Appendix 5.A) along
with the atomic levels used in the simulations. The simulation was conducted at 323 K.
CGenFF software’®? was used to generate CHARMM36 force field parameters®®®! for aspirin
and menthol molecules used in this simulation. The form of the potential energy function used

in CHARMMS36 is as follows:

V(T‘) = Zbonds Kb(b - bo)z + Zangles KO (9 - 90)2 +Zdihedral5 K)((l + cos (Tl)( - 6)) +

ZUrey—Bradley kUB (S - SO)Z + Zimpropers Kd) (d) -

2 Rmin,ij 12 Rmin,ij 6 qiq;
¢0) +Znonbondedatomparis i\ —— I +— (5-3)

rij T‘ij £D1"ij

To achieve the experimental DES with a 1:4 molar ratio of aspirin and menthol, 240 aspirin
molecules were mixed with 960 menthol molecules. We employed PACKMOLS®? to construct
the initial configuration, and the simulation was initiated within a relatively large cubic box
with periodic boundary conditions maintained in all three dimensions. Following this setup, we
employed the leapfrog algorithm® to integrate the equations of motion. The initially generated
configuration underwent energy minimization using the steepest-descent algorithm
implemented in the GROMACS package. After energy minimization, we conducted a 10 ns
NVT equilibration at the desired temperature (323K), utilizing the V-rescale®® temperature
coupling with a time constant of 0.5 ps. Subsequently, the resulting system underwent NPT
equilibration for 10 ns at the same temperature, employing the V-rescale thermostat®® with a
coupling constant of 0.5 ns and the Berendsen barostat®® with a time constant of 2 ps. Following
equilibration, a production run of 100 ns was carried out under the same conditions, with a time
step of 2 fs, and trajectory data were saved at intervals of 200 fs. All analyses were conducted
using in-house code, GROMACS®’ and TRAVIS®’*® software. The atomic charges and
Lennard-Jones parameters utilized in this simulation are tabulated in Table 5.A.2 and Table
5.A.3 (Appendix 5.A), respectively. The validation of the force field was performed by
comparing the experimental and simulated densities, as shown in Figure 5.A.3 (Appendix

5.A). The densities exhibited close agreement, staying within a 5% margin of each other.

129



Chapter 5

0 OH CH,

(b)

CHj;

OH

(d)

COOH

Scheme 5.1. Chemical structures of (a) aspirin, (b) menthol (c) coumarin 153 and (d) coumarin

343

5.4 Results and Discussion
5.4.1 Experiments
5.4.1.1 Steady State Absorption and Emission Spectra

The temperature-dependent steady-state absorption and emission spectra of C153 and C343 in
(Aspirin+Menthol) DES are illustrated in Figure 5.1. Despite their different chemical nature,
the spectral features of C153 and C343 show minimal sensitivity to temperature changes within

the range considered (303 - 343K).4>¢
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Figure 5.1. Temperature-dependent absorption (left) and emission (right) spectra of C153 and
C343 in (AspirintMenthol) DES. Representations are colour defined.

It can be seen from the absorption spectra (left panel) that the absorption peak maximum of
C153 (viE23~ 23808 cm™1) is blue shifted compared to C343 (vi3a3~ 22300 cm™1) while
from the emission spectra (right panel) it is observed that the emission peak maximum of C153
(vEL3~ 19549 cm™1) is significantly red shifted compared to C343 (vE33~ 20630 cm™1).
This observation suggests that the two probes with different chemical nature reside probably

in different micro-domains.

We compared the absorption and emission spectra of C153 in this medium with those of C153
in molecular solvents from available literature data>® and we found that the spectral nature of
C153 in chloroform closely resembles that observed in the present study. It is worth noting that
the static dielectric constant (&) of chloroform>® is ~4.8 at 298 K, while aspirin and menthol
possess & values of approximately 6.837° at 274 K (solid) and 3.97! at 323 K (liquid),

respectively. The close similarity in &g, which is a measure of system polarity, suggests that the
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solvent environment of the THEDES is similar to that of chloroform. Additionally, the relative
Stokes shift of C153 (~700 cm™) in chloroform and the THEDES medium resides in a similar
regime, supporting the above observation. Studies involving PFG NMR,”> SAXS,”? ultrafast
fluorescence,’ and molecular dynamics simulations’ conducted on these DESs have indicated

the existence of mesoscopic structures, revealing microscopic heterogeneity within the system.

The possible formation of micro-domains and hence the presence of spatial heterogeneity is
investigated next by examining the excitation wavelength (1,,.) dependence of fluorescence
emission of C153 and C343. The values of the A,,. were chosen across the respective
absorption spectra of the probes. The results from these measurements are provided in Figure
5.2. Figure 5.2 (a) and (b) for these solute probes, where A,,.dependent emission peak
frequencies, V,,,, spectral widths (full-width-at-half-maxima, I,,,) and the total shift of the
emission frequency, Av,,,, at different temperatures are shown. C153 in this DES exhibits a
significant spectral shift (red shift ~ 800 cm™) at 303K, which decreases with temperature and
becomes the lowest (~ 400 cm™) at 343K). This is a signature of spatial heterogeneity which
softens upon increasing the solution temperature. Similar observation was made earlier’® for
trehalose based cryoprotectant systems. These emission energy shifts are accompanied by band

narrowing (Figure 5.2 (c)), with the extent of narrowing being smaller at higher temperature.
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Figure 5.2. (a) & (b) Excitation wavelength (A.,.) dependence of fluorescence emission
frequency Ve, of C153 and C343 in (AspirintMenthol) DES at different temperatures. Inset
shows the normalised absorptions with the photo excitation wavelengths indicated with circles
in the spectra. (c) Ag,.. of emission spectral width (T,,,) of C153 at various temperatures. (d)
Temperature dependent total spectral shift (Av,,,) in v,,, for (Aspirin+tMenthol) DES. Note

AV (T) = Ve (T, Aexc.p) — Vem (T, Aexc.r)> Where  Agxcp /r are the shortest (bluest) and
longest (most red) wavelengths used for solute excitation.

is consistent with the general observation of polarity-induced red shift in emission peak
frequency with concomitant spectral narrowing observed in common small molecular
solvents.*® In contrast to what was found for C153, C343 exhibits much weaker spectral shift

with 1., and temperature dependence.

The above contrasting behaviour of spectral properties of C153 and C343 may be attributed to
the preferential locations of these solutes owing to their different chemical natures. Specifically,
C153 is hydrophobic, while C343 is hydrophilic. In our system containing aspirin and menthol,

both of which have substantial hydrophobic core regions, C153 tends to interact with these
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hydrophobic segments and prefers residing in such environments. Detection of heterogeneity
in a system critically depends on the interconversion rate among different solvation domains
and the average lifetime of the dissolved probe. ””’® Consequently, rapid fluctuation among the
solvation domains could not be probed with a longer lifetime probe molecule. Under such a
condition the system may appear as homogeneous. The extent of emission shift, Av,,,, of C153
in (AspirintMenthol) DES, (Figure 5.2 (d)), decreases gradually with temperature which can
be attributed to temperature induced faster inter-conversions among different solvent
domains/configurations around the solute molecules.’®” The micro domains surrounding C343
molecules, on the other hand, were probably much faster fluctuations and hence registering

weaker inhomogeneity.

5.4.1.2 Fluorescence Lifetime Measurements

The fluorescence emission intensity decays (magic angle) of C153 and C343 in this DES were
measured at different temperatures. Representative emission decays for both solutes are shown
in Figure 5.A.4 (Appendix 5.A). For both the solutes, the decays were best described by a sum
of three exponential functions of time. Required fit parameters are provided in Table 5.A.4
(Appendix 5.A). The average lifetime, (77,) was determined by using the relation, (tf;) =

2iaT;

2ia;

in Table 5.A.4 indicate that the three decay components are characterized by well-separated

, where a; and t; are the amplitude and time constant of the i-th decay, respectively. Data

time constants, the fastest being in 100-300 ps range and the slowest in 3—5 ns range. The other
time constant covers 1-1.5 ns range. Interestingly, while the amplitude associated with 7,
increases and that of 7, decreases with temperature for C153, the amplitudes remain unaffected
by temperature variations for C343. Despite the intrinsic lifetimes of C153°¢ and C343* in
common solvents being ~5 ns, our measurements in this system reveal (t¢;) ~1 for the both
solutes. This observation strongly suggests a notable contribution from non-radiative pathways
to the overall emission decay. This can be explained by the following equation® (e =
1/(K, + K,,;-). Notably, a recent study®' employing C153 in a (thymol+menthol) DES reported

a similar value of {(tf;).

5.4.1.3 Solute Rotation: Decoupling from Medium Friction

The rotational dynamics of C153 and C343 within the (AspirintMenthol) DES were

investigated in the temperature range 303K - 343K. Figure 5.3 presents representative
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rotational anisotropy decays, r(t), for C153 (upper panel) and C343 (lower panel) in this DES.
Figure 5.A.5 (Appendix 5.A) shows representative parallel and perpendicular fluorescence

intensity decays for these solutes.

r(t)
[—]
-
)
w
=
wn

Time(ns)

Figure 5.3. Time-resolved fluorescence anisotropy decays of C153 (upper panel) and C343
(lower panel) in (Aspirin+tMenthol) DES at two representative temperatures 303 and 343K.
Lines fitted to the data points represent bi-exponential fits. Representations are colour-coded.

The rotational anisotropy decays, r(t), were fitted with bi-exponential fit functions, with the
resulting parameters summarized in Table 5.1. For C153, the decay exhibits a bimodal pattern
with a faster time constant of approximately 200 ps and another slower time constant
decreasing from 4 ns to 1 ns within the temperature range of 303K to 343K. The amplitude
associated with the faster component increases with temperature, while the amplitude linked to

the longer time constant gradually decreases. Conversely, for C343, the faster sub-nanosecond
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time constant (~1ns — 0.4 ns) decreases with temperature, yet its associated amplitude gradually
increases. Simultaneously, the slower time constant decreases from ~6 ns to 2.5 ns with
temperature, accompanied by a decrement in its amplitude. Notice that the average rotation
time, (7,.), of C153 in this DES is ~1.7 times faster than (z,) of C343 throughout the
experimental temperature range. This observation again confirms the preferential locations of

these two solutes within the DES, thereby experiencing the local friction differently.

Table 5.1. The bi-exponential fit parameters for the temperature-dependent (r(t)) of C153 and
C343 in the (Aspirin+Menthol) DES.

C153 in (Aspirin+tMenthol) DES
T a; 7 a; T, ()
&) (%) (»s) (%) (ps) (»s)
303 32 256 68 3757 2653
313 37 128 63 2751 1793
323 46 256 54 1956 1171
333 57 237 43 1582 818
343 70 211 30 1396 568

C343 in (AspirintMenthol) DES
303 29 1073 71 5869 4460
313 33 748 67 4112 3002
323 53 827 47 3243 1969
333 63 439 37 2964 1364
343 79 399 21 2533 853

To investigate the coupling between solute rotation and solvent viscosity, we plotted (z,.) as a
function of temperature-reduced viscosity, /T, in a log-log fashion in Figure 5.4, with data

for C153 displayed in the upper panel and for C343 in the lower panel. The observed fractional

P
viscosity dependence of the solute rotation times, represented by (7,.) & (g) withp = 0.5 for

both C153 and C343, indicates significant temporal heterogeneity in the rotational relaxation
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rates within this therapeutic deep eutectic solvent. Such a strong fractional viscosity

51,52 and

dependence has already been observed for solute rotation in ionic acetamide DESs,
other DESs.*%°  Notice that some recent studies of hydrophobic DESs composed of
(menthol+lauric acid)®? and (menthol+thymol)®! reported mild temporal heterogeneity (p ~
0.8 ) using C153 as fluorescent probe. Interestingly, despite their distinct chemical properties
and different preferential locations in this DES (indicated by excitation wavelength dependence
study), both C153 and C343 exhibit a similar decoupling from medium viscosity during
rotational diffusion within this DES. Note that while C343 demonstrates weak spatial
inhomogeneity within the medium, it displays a much stronger temporal heterogeneity. This

observation of weak spatial inhomogeneity accompanied by relatively stronger temporal

heterogeneity has previously been observed in naturally abundant deep eutectic solvents.*
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Figure 5.4. The viscosity coupling of average rotation times ({(z,.)) for molecules C153 and
C343 within the (AspirintMenthol) DES system. The temperature-dependent average

rotational times are depicted as a function of temperature-reduced viscosity (n/T) in a log-log

format. The lines fitted to the data correspond to the expression: log(t,.) = A + plog (77/ T)'
Dashed lines denote the hydrodynamic (Stokes-Einstein-Debye) predictions.

In addition, Figure 5.4 includes the hydrodynamic prediction for these two solutes (dashed

lines), C153 and C343, calculated by using both the stick and the slip boundary conditions in
the Stokes-Einstein-Debye (SED) formula,?*3 r, = ‘:7—’;6 , where kgT is the Boltzmann
B

constant times temperature. The parameters utilized to calculate the slip rotation times are
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volumes V153 = 246 A3 and V343 = 243 A3, shape factors f€153 = 1.71 and f 343 = 1.99,

€153 = 0.24% and C$3* = 0.18.% For the stick boundary condition, Cgjc = 1. From

slip slip

Figure 5.4 it is clear that at lower temperatures the measured (t,) falls between the slip and

stick boundary predictions, and with increasing temperature it moves to super stick region.

In(cP/m)

I ' I '
E" = 60.58 kJ mol ™

_6 1 I 1 I 1
-5 I I 1 I I I I I 1

L E, “'*'=33.42 kJ mol” 4
-6 - E,"*=35.35 kJ mol |

In(ps/<t >)

_10 | I 1 I |

2.9 3.0 3.1

3.2

1000/T(K ™"

Figure 5.5. Arrhenius plot illustrating the temperature dependence of viscosity coefficients (1)
for the (AspirintMenthol) DES, alongside the average rotation times ({(z,.)) of two different
solutes, C153 and C343 dissolved within it. Solid lines depict fitted curves for each dataset,
showcasing the different activation energies observed for n and ({z,-)). Each representation is

color-coded for clarity.
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Further exploration into the relationship between medium friction and rotational dynamics is
conducted by comparing the activation energy (E,) associated with solute (C153/C343)
rotation and the viscosity of the medium, as depicted in Figure 5.5. The upper panel of Figure
5 displays the activation energy associated with viscosity (E,), which is approximately 60
kJmol™!. In contrast, the activation energy estimated from solute (C153/C343) rotation (shown
in the lower panel of Figure 5.5) is ~33-35 kJmol™!, a value nearly half of the viscosity
activation energy, E,. This significant difference in estimated activation energies indicates that
solute rotation is not entirely governed by the macroscopic medium viscosity, leading to a
substantial degree of viscosity decoupling within this heterogeneous medium. Similar instances

S47,69

of viscosity decoupling could be found in ionic DE and ionic liquid®® media.

5.4.1.4 Solvation Dynamics

The characteristic pattern observed in fluorescence transients, involving decays only at shorter
wavelengths (blue), and rise and decay at longer wavelengths (red), indicate presence of
dynamic Stokes shift in this system. Figure 5.A.6 (Appendix 5.A) presented the fluorescence
transients of C153 in (AspirintMenthol) DES, collected at both blue and red emission
wavelengths (480 nm and 620 nm, respectively), highlights this aspect. It is worth noting that
similar measurements employing C343 did not reveal any Stokes shift dynamics. This,
however, does not mean that excited C343 does not undergo the time-dependent solvation
process in this medium. It does undergo but the solvation process is too fast to be detected by
the temporal resolution (~85 ps) employed in the current measurements. This is because C343,
due to its hydrophilic nature, prefers to reside in a micro-region created by the aspirin -OH, -
COOH and menthol -OH groups and as a result, the solvation process of excited C343 is mostly
carried out by the sub-picosecond collective H-bond excitations (solvent intermolecular
vibrations and H-bond librations).®”¢ Following an established protocol, we constructed the
time-resolved emission shift (TRES) of C153 in this DES at four different temperatures from
303 to 343 K. A representative TRES at 343 K has been displayed in the upper panel of Figure
5.6, along with the steady-state emission spectrum. The figure shows a shift of emission spectra
towards lower energy with time indicating the presence of dynamic stokes shift in the medium.
The blue shift observed in the steady-state spectrum compared to the TRES at t = oo, here
Sns, suggests an incomplete equilibration of solvent environments surrounding the excited

C153 in (AspirintMenthol) DES during steady-state fluorescence emission. This observation
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is also supported by the presence of substantial amount of 4., induced emission shift already

shown in Figure 5.2.
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Figure 5.6. Upper panel: TRES at various time intervals is assembled from the intensity decays
observed for C153 dissolved in the (AspirintMenthol) DES, along with the associated steady-
state emission spectrum. The lower panel displays the solvation response function, S(t), of
C153 in the (AspirintMenthol) DES at four different temperatures. Solid lines are bi-
exponential fits through the data points.

The lower panel of Figure 5.6 illustrates the temperature dependent decay of the measured
solvation response function, S(t), in presence of C153. At all the temperatures, S(t) was fitted
with bi-exponential functions and the corresponding fit parameters are tabulated in Table 5.2.
The fit parameters in Table 5.2 reveals that the measured solvation response predominantly
consists of a faster sub-nanosecond component (around 100-400 ps), followed by a slower

long-term decay occurring over nanosecond timescales (approximately 1-2 ns). The average
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solvation time, (7) , decreases with increasing temperature of the medium is the reflection of
viscosity effect. Table 5.2 also presents the measured temperature dependent dynamic Stokes

shift (Av°PS- ~1350 — 1050 cm™) for C153 in this system.

Table 5.2. Bi-exponential fit parameters of temperature-dependent solvation response
functions, S(t), obtained for C153 in (Aspirin+tMenthol) DES.

T/K aq 7y (ps) a2 72 (ps) (Ts) (ps) AvoPs(em™)
303 0.12 80 0.88 2407 2128 1354
313 0.17 481 0.83 1724 1350 1240
323 0.29 191 0.71 1776 1316 1199
343 0.42 206 0.58 1542 981 1049

We used Fee-Maroncelli®® method to estimate the dynamic Stokes shift for C153 in this media
(Avest(ecm™1) = 1182) utilizing hexane as a non-polar solvent at 343K. We found that the
estimated shift similar to observed dynamic Stokes shift of the medium with missing negligibly
(~10%) of the estimated Stokes shift. Note that, the estimation of missing percentage may have
inaccuracy which comes from the estimation dynamic stokes shift where non-polar reference

(hexane) has a density of ~0.7 g/cc much lower than the current THEDES (~1.1 g/cc).

In Figure 5.A.7 (Appendix 5.A), the temporal changes in FWHM are depicted across four
distinct temperatures. The phenomenon of an initial rise in I'(t) , and then levelling off with
time to a stable plateau have been witnessed earlier for a variety of complex systems, ranging
from neat solvents to ionic liquids and DESs’®"®. Note also that I'(t) at T = oo is similar to
I, obtained from steady state measurements.

Now we shall talk about the possible origin of the solvation timescales observed for C153 in
this DES. The slower nanosecond timescale (7;) bears the maximum amplitude (~70-80%)
throughout the temperature range. This long time constant may involve the molecular diffusion
and diffusion coupled molecular rotation in the system. The molecular rotation of aspirin and

menthol molecules in this DES may provide this long timescale, although intermolecular and
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interspecies H-bonding may not allow free whole-body rotations. To examine the role of

molecular rotation in solvation dynamics, we calculated the single molecular rotation time

using the Stokes Einstein Debye (SED) relation with stick boundary condition, 7, = 2 and
kpT

the values are tabulated in Table 5.A.5 (Appendix 5.A). The calculated single molecular
rotational timescales are comparable to the longer timescale observed in experiment and thus
may contribute to the longer nanosecond timescale found in solvation dynamics. The faster sub
nanosecond timescale (7,) may be originated from the structural H-bond relaxation formed
between menthol -OH with aspirin -OH, -COOH sites. For a more quantitative understanding
of the above solvation timescales, one should carry out simulations of the collective single

particle reorientational relaxations and structural H-bond fluctuation dynamics.?%%!

5.4.2 Simulations

5.4.2.1 Real-space Correlation and Atom-specific Interactions

We analyzed the real-space correlation between the centers of mass of aspirin and menthol
molecules using radial distribution functions (RDF), g(r), as shown in Figure 5.7(a). The
point at which the correlation begins to build varies with the size of the interacting molecules,

suggesting that
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Figure 5.7. (a) COM-COM (COM: centre of mass) RDFs for Aspirin-Aspirin, Menthol-
Menthol and Aspirin-Menthol. (b) & (c¢) Intraspecies intermolecular RDFs between different
atoms of aspirin and menthol. (d) Interspecies intermolecular RDFs of aspirin and menthol
atoms. Different atom pairs are colour coded in the respective plots.

menthol is slightly larger than aspirin. Similar peak heights and positions for both intra- and
inter-species interactions indicate that these interactions occur at comparable extents and length
scales. While these RDFs give an idea about the overall arrangement of molecules around each
other, atom-specific RDFs can explore deeper. As H-bonds are a governing factor regarding
the stability of deep eutectic solvents, we choose to analyze the interactions that might lead to
the formation of H-bonds. Figure 5.7(d) represents interspecies RDFs between different
oxygen atoms of aspirin and menthol. We have found that out of four pairs only Ol(men)-
02(asp) and O1(men)-O4(asp) interactions are sharp and appear at a shorter distance, depicting
the possibility of formation of H-bonds between them. As shown in Figure 5.7(c), the O4(asp)-
0O2(asp) RDFs stand out significantly compared to others reflecting the propensity of forming
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H-bonds. Figure 5.7(b) indicates menthol molecules can form H-bonds between themselves

via O1 atoms.

5.4.2.2 H-bond Network

In the previous section, we have thoroghly discussed about the probability of formation of both
intra- and inter-species H-bonds. Based upon geometric condition the formation of H-bond is
dictated by both distance and anguar conditions.””* Therefore, we have calculated radial
angular distribution functions (RADFs) to explore the impact of both distance and angle.
Figure 5.8 shows RADFs for acceptor-donor-hydrogen atom triplets for various inter- and
intra-species interactions. From this figure it is evident that there are four atom triplets which
can satisfy the condition for forming H-bonds: (i) Ol(men)---O1(men)—H20(men), (ii)
O3(asp)---O2(asp)—H4(asp), (iii) Ol(men)---O2(asp)—H4(asp) and (iv) O4(asp)---
O1l(men)—H20(men).
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Figure 5.8. Radial angular distribution functions (RADFs) related to H-bonding interactions
in (AspirintMenthol) DES. The plots refers to the following H-bond pairs(i) O1(men)---
Ol(men)—H20(men), (i1) O3(asp)---O2(asp)—H4(asp), (iii)) O1l(men)---O2(asp)—H4(asp)
and (iv) O4(asp)---O1(men)—H20(men).
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After identifying the H-bond pairs, we will now examine the degree to which these inter- and
intra-species H-bonds form, impacting the stability of deep eutectic solvents (DESs). Average
number of H-bonds per molecules in this DES has been shown in Figure 5.9. The number of
different type of H-bonds are enumerated in Table 5.A.5 (Appendix 5.A) to fully realise the
ability of the participating molecules as donor as well as acceptor. From the following table it
is clear that one aspirin molecule form H-bonds via two acceptor (O3 and O4) and one donor

(02) sites.
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Figure 5.9. Average number of H-bonds per molecules in (AspirintMenthol) DES. The

representations are colour coded.

Interestingly, aspirin forms only 0.43 H-bonds with itself while showing greater affinity
towards menthol. Aspirin forms 0.67 and 0.56 number of H-bonds with menthol as donor and
acceptor, respectively. This higher propensity of H-bond formation with menthol can be
explained in terms of abundance of menthol molecules in the system. There are four menthol
molecules present in the system for one aspirin. Hence, aspirin molecules find menthol
molecules around to readily form H-bonds. Menthol molecules, on the other hand, form H-
bonds intermolecularly with themselves to much greater extent compared to aspirin. On an

average, an aspirin molecule forms 1.66 H-bonds, whereas a menthol molecule forms 1.12.
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Therefore, it can be inferred that aspirin molecules are forming ~75% H-bonds with menthol

and thus may stabilize the deep eutectic solvent.
5.5 Conclusion

In conclusion, we have carried out a combined experimental and simulation study to investigate
the interaction and dynamics of an active pharmaceutical ingredient, aspirin containing DES.
The structure aspect has been understood by calculating the atom-atom RDFs and RADFs
between the aspirin and menthol molecules. The calculation of H-bonds per molecule indicates
that aspirin forms fewer H-bonds with itself and demonstrates a stronger attraction towards
menthol for H-bonding. Consequently, the extensive formation of intermolecular H-bonds may
contribute for stabilizing the THEDES. Steady state fluorescence measurements with C153
detects strong spatial heterogeneity of the medium while C343 does not. Dynamic fluorescence
anisotropy measurements, employing C153 and C343 exhibited bi-exponential dynamics of the
solute rotation and demonstrated Arrhenius-type temperature dependence for average solute
rotation times ((7,-)). The activation energies for (z,.) were found to half (~33 kJ mol™1) of
those estimated from temperature-dependent viscosity measurements (~60 kJ mol™1). Further
decoupling from hydrodynamics is evidenced by the notable fractional viscosity dependence
of (t,), with p values nearly 0.5. This indicates significant temporal heterogeneity in the
relaxation dynamics. Dynamic fluorescence Stokes shift measurements, with a temporal
resolution of approximately ~85 ps, revealed dynamic shifts of around 1200 cm™'. The solvation

correlation function exhibited bi-exponential behaviour, with time constants ~0.2 ns and ~2 ns.
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Appendix 5.A

Table 5.A.1. Temperature dependent density and viscosity of (Aspirin+tMenthol) DES

T(K) Density (g/cm?) Viscosity (cP)
303 1.01241 51.15
313 1.00532 24.05
323 0.99451 13.30
333 0.98615 6.21
343 0.97753 3.01

Uncertainty in density measurements: £5%; and uncertainty in viscosity measurements: £10%
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Figure 5.A.1. Differential scanning calorimetric (DSC) trace for (Aspirin+Menthol) DES.
The glass transition temperature (Ty) is indicated.
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Figure 5.A.2. Chemical structures of (a) Aspirin, and (b) Menthol with atom levelling used in
the simulation.

Table 5.A.2. Partial charges and Lennard-Jones (LJ) parameter for aspirin molecule

Atom types Charge, e o(nm) € (kJmol™1)
Co -0.1160 0.3550 0.2929
Cl -0.1150 0.3550 0.2929
C2 -0.1160 0.3550 0.2929
C3 -0.1200 0.3550 0.2929
C4 0.0770 0.3550 0.2929
C5 0.2100 0.3550 0.2929
HO 0.1150 0.2420 0.1255
Hl1 0.1150 0.2420 0.1255
H2 0.1150 0.2420 0.1255
H3 0.1150 0.2420 0.1255
Co6 0.4500 0.3029 0.4100
o1 -0.4280 0.3029 0.5021
02 -0.5160 0.3145 0.8037
H4 0.4300 0.0400 0.1925
03 -0.4410 0.2940 0.4184
C7 0.8970 0.3029 0.4100
04 -0.6310 0.3029 0.5021
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C8 -0.3110 0.3653 0.3264
HS5 0.0900 0.2388 0.1004
H6 0.0900 0.2388 0.1004
H7 0.0900 0.2388 0.1004

Table 5.A.3. Partial charges and Lennard-Jones (LJ) parameter for menthol molecule

Atom types Charge, e o(nm) € (kJmol™)
Co1 -0.1810 0.3581 0.2343
C02 -0.0990 0.3564 0.1339
Cco3 0.1430 0.3564 0.1339
C04 -0.1780 0.3581 0.2343
CO05 -0.0830 0.3564 0.1339
Co06 -0.1830 0.3581 0.2343
HO1 0.0900 0.2388 0.1464
HO02 0.0900 0.2388 0.1883
HO3 0.0900 0.2388 0.1464
HO04 0.0900 0.2388 0.1464
HO05 0.0900 0.2388 0.1883
HO06 0.0900 0.2388 0.1464
HO7 0.0900 0.2388 0.1883
HOS8 0.0900 0.2388 0.1464
HO09 0.0900 0.2388 0.1464
Cco7 -0.0860 0.3564 0.1339
H10 0.0900 0.2388 0.1883
C08 -0.2700 0.3653 0.3264
H11 0.0900 0.2388 0.1004
H12 0.0900 0.2388 0.1004
H13 0.0900 0.2388 0.1004
C09 -0.2700 0.3653 0.3264
H14 0.0900 0.2388 0.1004
H15 0.0900 0.2388 0.1004
H16 0.0900 0.2388 0.1004
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C10 -0.2710 0.3653 0.3264
H17 0.0900 0.2388 0.1004
H18 0.0900 0.2388 0.1004
H19 0.0900 0.2388 0.1004
001 -0.6510 0.3145 0.8037
H20 0.4190 0.0400 0.1925
1 I 1 I 1 I 1 I 1 I 1
1 4 L [Aspirin+Menthol] DES & experiment —
| B simulation i
s~ 1.2 - =
g L .
=10 & 2 ¢-
o> L .
—
Q08 -
0.6 -
1 I 1 I 1 I 1 I 1 I 1

295 300 305 310 315 320 325
T/IK

Figure 5.A.3. Comparison between experimental and simulated densities of
(Aspirin+Menthol) DES at different temperatures.
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Figure 5.A.4. Representative emission decays of C153 and C343 in (AspirintMenthol) DES
at a representative temperature 303K.
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Table 5.A.4. Temperature dependent fluorescence decay parameters for C153 and C343 in
(AspirintMenthol) DES.

C153 in (Aspirint+Menthol) DES

T/K ay 71/PS %% T,/pS as 73/pS (sz)/PS
293 0.47 334 0.40 1303 0.14 4123 1240
303 0.60 267 0.31 1080 0.10 4352 911
313 0.68 210 0.23 0949 0.09 4475 774
323 0.71 190 0.18 0965 0.12 4552 840
333 0.73 151 0.14 0947 0.13 4567 822
343 0.74 129 0.14 1011 0.12 4730 807
C343 in (AspirintMenthol) DES

293 0.35 362 0.51 1463 0.14 3146 1313
303 0.36 311 0.50 1379 0.14 3084 1227
313 0.37 261 0.47 1276 0.15 2887 1143
323 0.37 244 0.49 1210 0.14 2846 1072
333 0.36 201 0.51 1098 0.13 2790 996
343 0.36 210 0.52 1024 0.11 2753 929
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Figure 5.A.5. Representative fluorescence intensity decays of C153 (upper panel) and C343
(lower panel) in (AspirintMenthol) DES at 323 K, collected with different emission
polarizations. Red circles denote intensity decays with parallel polarization, the blue ones with
perpendicular polarization.
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Figure 5.A.6. Representative intensity decay profiles of C153 dissolved in (Aspirin+Menthol)
DES collected at the red and the blue end (wavelength) at 303 K. Circle symbols indicates the
data points while lines through the data points represents exponential fits. IRF of the
measurement set-up is also shown. All representations are colour coded.
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Figure 5.A.7. The time evolution of the full width at half maxima (FWHM) or widths I"(t) at
three different temperatures.
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Table 5.A.5. Hydrodynamic molecular rotation times for aspirin and menthol was calculated
using the SED relation with stick boundary condition, 7, = % van der Waals volume of
b

aspirin and menthol used here were calculated from the Ref. 1 indicated below.

T(K) 1 (cP) Aspirin Menthol
(V =163 A%) (V =178 &%)

7,(ns) T,(ns)

303 51.15 5.98 6.53

313 24.05 2.72 2.97

323 13.30 1.46 1.59

333 6.21 0.67 0.72

343 3.01 0.31 0.34

Table 5.A.6. Number of H-bonds per molecules for different D-A-H triplets has been depicted.

Atom triplets Number of H-bonds per molcule
Aspirin Menthol
O3(asp)---O2(asp)—H4(asp) 0.43 -
O1(men)---O2(asp)—H4(asp) 0.67 0.17
O4(asp)---O1(men)—H20(men) 0.56 0.14
O1(men)---O1(men)—H20(men) - 0.81
Total 1.66 1.12
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Chapter 6

Chapter 6

Interaction and Dynamics of a Newly Prepared Multi-Component
Molten Mixture: A Combined Dielectric Relaxation and Time-

resolved Fluorescence Study

6.1 Introduction

It is impossible to ignore the increasing demand for solvents from mass production processes
in the industry to the small-scale chemical reactions in the laboratory. Solvents are also used in
our daily work for cooking and car-to-floor cleaning. A significant portion of the solvents used
in industries or laboratories belongs to the category of traditional molecular organic solvents,
which often are associated with serious environmental and health concerns.!™ The pursuit of
environment-friendly and less harmful solvents has given rise to innovative alternatives with

potentially milder ecological impacts. These include room-temperature supercritical fluids,>”’

8-10 11-14

gas-expanded liquids,® " room-temperature ionic liquids, molten salt,'> multi-component
molten mixtures'® and deep eutectic solvents (DESs).!”?> Among these, DESs and/or molten
mixtures offer an eco-friendly class of reaction media with tuneable solvent properties. These
properties might be engineered to suit the need through appropriate selection of components.
However, due to the transformation of the solid components to the liquid solvent, DESs and
molten mixtures usually show high viscosity. This high viscosity at around room temperature
restricts these solvent's application in many cases.”> The introduction of water, as an extra
component, in a molten mixture may sometime help reduce the viscosity of the medium and
converts to a more suitable medium for application. Low-viscous molten mixtures are therefore
naturally promising media for large scale industrial applications through appropriate

replacements of conventional organic solvents.

A neat molten medium, for example, liquid acetamide at ~353 K (viscosity, n ~ 2.2 cP, boiling
point ~495 K), is long known for its versatile solvent properties.>*** Molten urea is used as a

solvating agent and reaction medium.?**’ There exist several molten mixtures that were used

162



Chapter 6

in the past as electrolyte materials and reaction media.?® DESs are also special molten mixtures
in the sense that they maintain liquid phase at or around room temperature. One of the most
important disadvantages of DESs are their high viscosity, which sometimes prohibits their
widespread applications. 2°!'Recently, different co-solvents such as water, cyclohexane etc.
have been mixed with the molten mixtures or DESs for tuning the medium viscosity and other
physicochemical properties to the desired range and utilized as reaction media and other

purposes. 8323

The selection of an appropriate solvent/reaction medium for a particular chemical reaction is
predominantly guided by the knowledge of several physico-chemical properties (polarity,
viscosity, etc.), solvent reorganization timescale and the timescale of a planned reaction. The
timescale of solvent reorganization can be affected by the molecular interactions, and thus
connected to the microscopic heterogeneity of the medium. The polarity of the medium, on
the other hand contributes to the static control of the reaction kinetics via modifying the
reaction barrier. The interrelationship between solvent effects and reaction kinetics then creates
the necessary symbiosis between theory and experiments and provides a critical handle for the

optimization of a reaction.>*3¢

Furthermore, diffusion is the primary mode of transportation within living cells and biological
systems.?”*® The intricate structure of the cell, including molecular crowding and cytoskeletal
networks, gives rise to various unusual heterogeneous environments, non-linear changes in
displacement over time, and subtle deviations from ergodic behaviour. Several models are used
to understand the impact of heterogeneity in diffusion mechanics, including micelles, porous

material, etc. !

Interestingly, spatial and dynamical heterogeneity assumes greater
importance for biological systems because chemical reactions occur inside living cells in
complex environments at mild thermodynamic conditions following catalytic pathways.
Therefore, understanding the heterogeneity of a reaction medium may help to understand the

in-vitro biomolecular reactions, at least to some extent.*

In this study, we prepared a multicomponent molten mixture and examined several physical
properties, such as, polarity, viscosity, and refractive index of this medium. Moreover, we
measured the dynamics of this system by using dielectric relaxation (DR) spectroscopy?®+* 46
in the frequency range*’ (0.2 <v/GHz <50), and steady-state and time-resolved
fluorescence spectroscopy techniques. DR spectroscopy is a versatile tool for exploring the

inherent interaction and reorientational dynamics of a system containing dipolar molecules via
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4849 is a popular

tracking the system’s dipole moment fluctuations. Fluorescence spectroscopy
tool which can track the spatial and temporal heterogeneity aspects of a multicomponent molten
mixture indirectly using external fluorescence dyes. We initially formulated a low-viscosity
molten blend using biocompatible components including sorbitol, urea, and water. The initial
characterization involved measuring key parameters, such as, density, viscosity, and refractive
index. Subsequently, we performed temperature-dependent (303 K <T < 343 K) DR
measurements in the frequency window 0.2 < v/GHz < 50, which was characterized by
multi-Debye relaxation dynamics with the average relaxation time spanning from ~400 ps to
100 ps. The measured static dielectric constant (e,~80) of the system resembles that of water,
suggesting a high dissolution power and lowering of reaction barrier’* 2 but the high viscosity
might be a hindrance to the progress of diffusion-controlled chemical reactions. Steady-state
emission employing two fluorescent dyes C153 and C343 reveals the medium is spatially
homogeneous though the signature of moderate dynamic heterogeneity is observed from the
fractional viscosity dependency of the rotational dynamics of the fluorescent solutes employed
(C153 and C343). The viscosity coupling of average DR times also indicates presence of mild
temporal heterogeneity, although a stricter comparison may highlight a relatively stronger
decoupling for the average solute rotation times. This difference may arise from the preferential

location of the solute probes.

6.2 Experimental Details

6.2.1 Sample Preparation

Sorbitol (>98 %, Sigma-Aldrich, melting point T,,~371-373 K) and Urea (>98%, Sigma-
Aldrich, T;,~405-408 K) were vacuum-dried (~300 K) overnight before use. Millipore water
was used for sample preparation. Laser grade coumarin 153 (C153) and coumarin 343 (C343)
were used as received from Sigma-Aldrich. Sorbitol, urea and water [Sorbitol:Urea:Water::
2:2:1; weight ratio] were taken in a glass vial and heated at ~348 K with constant stirring at
~400 rpm for ~1.5 h. A colourless transparent liquid (that is, molten mixture) was formed and
cooled gradually to room temperature (~298 K) (see Figure 6.A.1, Appendix 6.A). We used
nitrogen gas flow in the sample container to avoid any kind of oxidation at high temperatures.

Chemical structures of C153, C343, sorbitol and urea are shown in Scheme 6.1.
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For temperature-dependent DR measurements, 10 ml from the stock (molten mixture) was
taken as a sample in a screw-capped vial and the target temperature for measurements was
maintained by a magnetic stirrer cum hot plate.® Experiments were done in a humidity-

controlled laboratory with humidity level maintained at ~35%.

For the optical measurements, the molten mixture was transferred to a quartz cuvette (path
length 1 cm), which was already loaded (at one time) with a few grains of one of the fluorescent
solutes considered (C153 or C343). Sufficient time was allowed for a proper dissolution of the
solute probe in the sample before any measurements. Special care was taken to the temperature

equilibration of the molten mixture while carrying out temperature-dependent measurements.

OH

OH 0
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"o HQN/C “NH,
OH OH
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CF, OH
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Scheme 6.1. Chemical structures of (A) sorbitol (B) urea (C) coumarin 153 and (D) coumarin

343 (E) Water.
6.2.2 Refractive Index, Density and Viscosity Coefficient Measurements

Temperature-dependent refractive index (np), density (p) and viscosity coefficient (1) were
measured using a refractometer (RUDOLPH, J357), an automated density-cum-sound analyser
(Anton Paar, DSA5000) and a micro viscometer (AMVn, Anton Paar), respectively.’*>

Temperature-dependent np, p and 1 are summarized in Table 6.A.1 (Appendix 6.A).
6.2.3 Glass Transition Temperature Measurements

Differential scanning calorimetric experiments were performed (DSC Q2000 instrument) to
estimate the glass transition temperature (Tg). The relevant DSC scan is shown in Figure 6.A.2

(Appendix 6.A), which indicated>**® T, ~200 K.
6.2.4 DR Measurement Details

The complex dielectric function of a given material can be represented by the following

expression**’

gWw)=¢Ww) - [ie"(v) + ], (6.1)

2mEQV

where €, denotes the free space permittivity and k denotes the conductivity of the medium,
e'(v) the frequency (v) dependent real part of the complex dielectric function, £*(v), and
¢'"(v) the corresponding imaginary part. Notice that &'(v » 0) is known as the static

dielectric constant (&g) of the medium.

The required measurements were carried out utilizing a PNA-L network analyzer (N5235B)
complemented by an open-ended coaxial probe kit (N1501A), facilitating measurements in the
frequency window, 200 MHz - 50 GHz.*’->* Data were collected by using the reflection mode
and the required calibration was performed by measuring air, shorting block and water as open,

short and load respectively.

6.2.5 DR Data Analysis

The measured complex dielectric function £*(v) at each of the temperatures considered was
fitted using the following equation.®’

= (6.2)

[1+(i2mlrj)1_ai]ﬁj

e (V) = €n + Xj=1
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where 0 < a < 1and 0 < B < 1. A¢; denotes the amplitudes of the dispersion of i relaxation
step with a relaxation time constant 7;. Note that @; = 0 and ; = 1 represents relaxation that
follows the Debye model. @; = 0 describes the Cole-Devidson®® (CD) relaxation, whereas
Bj =1 the Cole-Cole*® (CC) relaxation. We first collected data from Impedance Analyzer in
the relatively low-frequency range. Then We collected data from a Network Analyzer in the
high-frequency range. Data collected by using the two instruments, the impedance analyzer
and the network analyzer were combined together and subjected to simultaneously fits. Fitting

quality was estimated by monitoring the “goodness-of-fit” parameter (y2),*

1 sel \? sel’ \
2 _ m i i
A= g 2t l(a(sn) +(4) l 63)
where denotes the number of data triples (v, &', &""), [ is the number of adjustable parameters,

and d¢; and o(g;) are the residuals and standard deviation of the individual data points,

respectively.
6.2.6 Steady-State and Fluorescence Measurements

Absorption and emission spectra of C153 and C343 dissolved in (sorbitol+urea+water) molten
mixture were recorded by using a UV-VIS absorption spectrophotometer (UV-2600,
Shimadzu) and a fluorimeter (Fluorolog, Jobin-Yvon, Horiba), respectively. A Peltier-
temperature controller was used for the temperature dependent for absorption and steady-state

fluorescence emission measurements. 6!-62

6.2.7 Time-Resolved Fluorescence Measurements

TCSPC (Time-correlated single photon counting, LifeSpec-ps, Edinburgh Instruments, U. K.)
measurements employing a 409 nm excitation laser were carried out for pico-second resolved
fluorescence data. The details of the instruments can be found elsewhere.®*%* The full width at
half-maximum (FWHM) of the instrument response function was ~90 ps using a scattering
sample. Subsequently, fluorescence emission decays were collected in two different
polarizations, parallel (14,4 (t)), and perpendicular (I,.,,(t)) with respect to the polarization
of the exciting light.®"* The dynamic fluorescence anisotropy, r(t), was obtained from the
collected intensity decays as follows,

Ipara (t) _Glperp (t)
Ipara ® +2G1perp ®

r(t) = (6.4)

167



Chapter 6

The average rotational times, (T,), of the solute probe in the molten mixture was calculated

from the bi-exponential fits to the r(t) decays as (1) =
Jy dt [r(©/rol=f, dt XX a; exp(-t/1)=a,T, + a;Twith  a; +a, =1.  The initial
anisotropy (7o) values for C153 and C343 were taken respectively as 0.376 %t and 0.35%. The

geometric factor, G, was determined by tail-matching the intensity decays, I,q4rq(t) and

Lperp(t), and found to be 1.8 + 0.3 for C343 and 1.7£0.2 for C153.

More details about the experimental procedures and analysis are given in Chapter 2.

6.3 Results and Discussion

6.3.1 Dielectric Relaxation Measurements: Temperature Dependence

80 T Illllll()l LR T LI 35 T T T TTrIr] T T T T TTrIr] T T
a 1@ 1
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Z 40 ] ]
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Figure 6.1. Left panel: (a) Real part £ (v) and (b) imaginary part €''(v) of experimental DR
spectra of (sorbitol+urea+water) molten mixture in the frequency regime, 0.2 < v/GHz < 50
at five distinct temperatures. Solid lines passing through the experimental data points represent
the multi-Debye fits. Right panel: (¢) & (d) represent the decomposition of imaginary part
€' (v), in two representative temperatures, 303K and 343K. symbols show experimental data
points, while lines through the data points represent fitting lines with the multi-Debye model.
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The shaded area in (c) and (d) represents the contribution from various timescales to the total
DR. Each representation is colour-coded.

Figure 6.1 (a) and (b) present the real €'(v) and imaginary €"'(v) parts of the temperature-
dependent DR spectra of (sorbitol+urea+water) molten mixture in the frequency regime 0.2 <
v/GHz < 50 along with the multi-Debye fits. Fit parameters are summarized in Table 6.1.
The experimental DR spectra were also fit to Cole-Cole and Cole-Davidson descriptions but
the 4-Debye fits provided the best description (guided by values of y?) of the data at lower
temperatures (303K to 328K), while the 3-Debye fit functions adequately represented the data
at higher temperatures (333K to 343K). A comparison of the residuals at the lowest and the
highest in the temperature range considered (303K and 343K), illustrated in Figure 6.A.3
(Appendix 6.A), shows the appropriateness of the chosen fit function. Notice that at higher
temperatures, two slower timescales combine to form a single slower time constant, modifying

the requirement from 4-Debye to 3-Debye fit functions.

Table 6.1. Parameters obtained from simultaneous multi-Debye fits to real (¢") and imaginary
(¢") components of the measured DR spectra for (sorbitol+urea+water) molten mixture in the
temperature regime 303 < T/K < 343.

TK) | & Agy 7,2 | 4 T, Aeg 3 Ae, T | &0 | Mp° | € (tpr)* | n°(cP)
(ps) (ps) (ps) (ps) —n3 | (ps)
303 | 85.6 373 574 | 299 170 8.2 37 2.9 6 7.3 - - 343 33
(48%) @ (38%) (10%) (4%)
308 | 84.8 323 510 | 33.2 157 8.7 35 3.2 6 7.5 | 1.4736 | 5.33 284 24
(42%) (43%) (11%) (4%)
313 | 84.1 29.2 470 | 35.1 147 8.8 34 3.4 6 7.6 - - 251 21
(38%) (46%) (12%) (4%)
318 | 824 27.5 369 | 34.5 128 9.0 31 3.6 5 7.8 | 1.4740 | 5.63 199 16
(37%) (47%) (12%) (5%)
323 | 799 20.7 303 | 37.1 115 10.2 32 4.2 5 7.8 - - 151 14
(29%) (51%) (14%) (6%)
328 | 79.3 19.5 278 | 373 108 10.3 31 43 5 7.8 | 1.4744 | 5.63 137 11
(27%) (52%) (14%) (6%)
333 | 78.5 - - 38.1 164 | 26.5 50 5.8 6 8.1 - - 108 9
(54%) (38%) (8%)
338 | 78.1 - - 30.0 158 332 50 6.5 6 8.2 | 1.4765 | 5.92 93 8
(43%) (47%) (10%)
343 | 77.6 - - 24.3 157 | 37.8 49 7.1 6 8.3 - - 83 6
(35%) (55%) (10%)
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a: number in parentheses indicates dispersion step amplitude in percentage. b: uncertainty in
L1 4T

measured t; is limited within £5% of the reported values c: refractive index. d: (z,z) = T
i=1"1

e: Viscosity values are better than +£5% of the reported values.

Fit parameters summarised in Table 6.1 reveal a gradual decrease of &g value upon increasing
the solution temperature. The peak in the imaginary component, €'’ (w), (Figure 6.1(b)) shifts
to higher frequency with temperature. This indicates faster relaxation at higher temperatures
because of the consequent decrease in the medium viscosity. Note the DR time constants are
spread from sub-nanosecond to a few picoseconds (~0.6 ns - 5 ps) and the fastest of them (7,)
persists throughout the temperature range considered. The amplitude associated with this
component increases with temperature from 4% to 10%, suggesting the faster relaxations
gaining weight upon raising the solution temperature. It is noteworthy that previous DR
measurements on molten urea®® on molten urea and water-xylitol mixture®” reported a similar
timescale. We would like to mention here that the fastest time DR time constant (~5 ps) is
constrained in the present measurements by the highest frequency accessed (50 GHz).
Therefore, any relaxation faster than this timescale has remained undetected. Calculated values
of &, — n? at different temperatures shown in Table 6.1 clearly indicate that a considerable
part at the high frequency end has remained undetected. This means that the fit parameters
summarized in Table 6.1 will differ somewhat from those made available from full detection

of the entire DR.

Next, we comment on the sub-50 picosecond (75) timescale whose amplitude increases slowly
but steadily with temperature till 328 K and then increases quite substantially on further
increase of temperature. This happens because the slowest sub-nanosecond component
disappears once the solution temperature increases beyond 328 K and consequently the 4-step
relaxation process reduces to 3-step process. Previous measurements on molten urea® reported
2-Debye relaxation process with DR time constants of ~87 ps and ~29 ps, the latter with
dominant amplitudes. Temperature dependent DR measurements of xylitol+water mixtures®”-¢3
also reported sub-50 ps timescale at a few compositions. Considering that sorbitol and xylitol

are both polyols and can undergo similar H-bonding interactions with water molecules, sub-50

ps relaxation timescale can also derive contributions from sorbitol-water interactions.

We have already noticed that the multi-Debye fits to the measured DR spectra revealed two

comparatively slower components with timescales, 7; ~0.3 —0.6 ns and 7, ~ 100 — 170 ps at
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lower temperatures, which, upon further rise in temperature, merge to a single component with
a relaxation time constant of ~160 ps. These components, depending on measurement
temperature, account for dominant to substantial part of the detected DR and suggest
participation of both dipolar reorientation dynamics and structural H-bond fluctuations.>*%¢ We
would first examine whether the hydrodynamic molecular rotations of urea, sorbitol and water

in this medium could contribute to this relaxation component. The calculated molecular

Y1 provided in Table 6.A.2 (Appendix 6.A)
B

rotation times by using the formula, 7, =
indicates that molecular rotations of urea and sorbitol are either much slower or faster than the
measured timescales. Interestingly, the molecular rotation of water in this system closely
resembles the experimental DR times. It doesn’t, however, mean that the molecular rotation of
water dominantly contributes to the measured DR dynamics. This is because the number of
such free water molecules will be very small for two reasons: (i) the amount of water is little
compared to other molecules in the system and (ii) due to formation of extensive interspecies
hydrogen bonds with sorbitol and urea. A similar observation was found previously*’ where
the molecular rotation of acetamide molecules closely resembled the measured DR times.
Later, it was found that the structural hydrogen bond relaxation timescales and collective
single-particle reorientational relaxation times explained the origin of those timescales.
Therefore, the hydrodynamic molecular rotations of the component species are not responsible
for this slowly relaxing component. Simulation studies of collective single-particle
reorientational relaxation and structural H-bond fluctuations, as were done for other H-bonded

53,66,69

systems, should be carried out in order to identify the correct origin of this component.
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Figure 6.2. Coupling between medium viscosity and average DR time, (Tpg) are shown as a
function of temperature-scaled viscosity (n/T) in a log-log fashion. Lines through the data

represent fits to the following expression: log (tpr) = A+ p log [n/T].

The relationship between the temperature-dependent average DR times and viscosity, was
explored in Figure 6.2 by plotting (tpg) against the temperature-reduced viscosity n/T,

indicates that the DR dynamics are controlled by the macroscopic solution viscosity following

hydrodynamic. This is evident from the exponent (p) in the relation, Tpg X (g)p, which
approaches unity (p ~ 0.87). Such a value suggests a dynamically homogeneous system. This
finding contrasts with earlier observations where the breakdown of SED in predicting DR
dynamics via single-particle rotation was noted. This apparent contradiction suggests that

collective motion, rather than single molecular rotation, contributes to the DR dynamics.
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Figure 6.3. Arrhenius plot for temperature-dependent average DR times ({Tpgr)) for
(sorbitol+urea+water) molten mixture (left panel) and temperature-dependent viscosity
coefficient (1) (right panel). Solid lines represent linear fits through the respective data sets.
Activation energies estimated are mentioned in the respective plots.

To further investigate the temperature dependence and dynamic heterogeneity of the system,
we compared the activation energy associated with DR measurements to that of viscosity.
Figure 6.3 illustrates the Arrhenius-type temperature dependence of (Tpz) and the viscosity
coefficient, 1, with corresponding activation energies indicated in the respective plots. This

comparison reveals that the activation energies from both measurements are in close proximity

(ES™PR).32 kI mol”, E”~36 kJmol™'), suggesting that the medium dynamics follow viscosity

trends and thus are hydrodynamically controlled.

Note that the detection of dynamical heterogeneity in DR measurements involved the
temperature-dependent average DR times, which essentially represent the collective dynamic
response of the system. Thus, to explore heterogeneity in local environments, we need to probe
different regions within the system. This underscores the importance of fluorescence
spectroscopy, which can target specific regions of interest by selecting the appropriate probe
molecules. Following this, we conducted steady-state and time-resolved fluorescence

spectroscopic measurements to explore the system more closely.

6.3.2 Absorption and Steady-state Fluorescence Emission Measurements: Temperature

Dependence and Medium Heterogeneity Signatures

Temperature-dependent absorption and emission spectra of CI153 and C343 in

(sorbitol+urea+water) molten mixture are shown in Figure 6.4. Spectra presented in this figure
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clearly indicates that the effects of solution temperature on the solute-medium interaction is

very weak for both C153 and C343 in this molten mixture.
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Figure 6.4. Temperature-dependent absorption and emission spectra of C153 (up panel) and
(343 (lower) in (sorbitol+urea+water) molten mixture.

Next, we explore the spatial heterogeneity signatures via monitoring the excitation wavelength
(Aexc) dependence of the emission peak frequencies (vem) of C153 or C343 dissolved in this
molten mixture. The results are shown in Figure 6.5 where Aexc dependent fluorescence
emission spectral peak frequencies (v,,,) of both these solutes are shown along with the
corresponding absorption spectra. The chosen Aexc values are indicated by bullets on the
respective absorption spectra. The Aexc dependent total dispersions of the emission peak
frequencies, AVgy, = Vo (A2€) — v,,,, (A562), are merely ~200 cm™! for C153 and C343. This

result suggests that these solute probes, characterized by average excited state fluorescence

lifetimes of ~3 - 5 ns,>7%7! find this molten mixture as a nearly homogeneous solvent medium.
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Figure 6.5. Representative absorption of C153 and C343 in (sorbitol+ureat+water) molten
mixture (upper panel). The circles on the absorption spectra indicate the wavelengths selected
for excitation wavelength dependence studies. Excitation wavelength (Aexc) dependence of the
emission peak frequencies (vem) for C153 or C343 dissolved in (sorbitol+urea+water) molten
mixture at 288 K (lower panel). Different data are colour-coded.

6.3.3 Rotational Dynamics of C153 and C343: Search for Dynamic Heterogeneity

The dynamic heterogeneity signatures are often searched via monitoring the coupling between
the average relaxation time of a rate process in a given medium and the viscosity of that
medium. For this, one requires temperature dependent measurements of both the relaxation
timescales and the medium viscosity and then analysing the coupling of the average timescales

to the medium viscosity through the lens of the celebrated Stokes-Einstein (SE) and/or Stokes-

P
Einstein-Debye (SED) relation 7727 (t,,,.) (g) , where p =1. Subsequently, any
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deviation from of p being unity is termed as a presence of dynamic heterogeneity in a given
system. The dynamic heterogeneity connects to the spatial heterogeneity when one defines the

dynamic heterogeneity as spatially varying relaxation rates.”*

In the present work, we have
performed temperature dependent dynamic fluorescence anisotropy measurement’> employing
both C153 and C343 and then explored the viscosity coupling via examining the validity of the

hydrodynamic predictions of the viscosity dependence of the measured average rotation times,

P
(1) « (g) . The measured fluorescence anisotropy decays are presented below and discussed.

r(t)

0 2 4 6 80 2 4 6 8
Time (ns)

Figure 6.6. Rotational anisotropy decays of C153 (left panel) and C343 (right panel) in

(sorbitol+urea+water) molten mixture at three different temperatures. Representations are

colour-coded.

Fluorescence anisotropy decays, r(t), constructed from the measured parallel (14,4 (t)) and
perpendicular  (Iperp(t)) emission intensity decays for CI53 and C343 in
(sorbitol+urea+water) molten mixture are presented in Figure 6.6. The results are shown for a
few temperatures. Representative decays of the parallel (I,4.4(t)) and the perpendicular
(Iperp(t)) emission intensities for C153 and C343 provided in Figure 6.A.4 (Appendix 6.A),
suggest that rotational relaxations of these solutes in this media are complete within a few
nanoseconds. Subsequently, the constructed r(t) decays were found to fit bi-exponential
functions of time, and the fit parameters are summarized in Table 6.2. These fit parameters
indicate that the bimodal anisotropy decays contain faster and slower components with well-
separated relaxation timescales. Notice that the average rotational times ((t,)) of C343 are
~30-50% longer than that measured for C153 in the temperature range studied, although their
sizes do not differ much. However, the presence of —CF; group in C153 and —COOH in C343
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probably drives them to locate in microscopic regions of differing polarities in this molten
mixture. As a result, the solute-solvent interactions differ for these solutes and this is reflected

by their significantly different average rotation times.

Table 6.2. Bi-exponential fit parameters of temperature-dependent rotational anisotropy decays

(r(t)) of C153 and C343 in (sorbitol+urea+water) molten mixture.

C153
T(K) a; T1 az T2 (tr)
(%) (ps) (%) (ps) (ps)
288 11 125 89 2270 2034
298 12 81 88 1790 1559
308 34 300 66 1545 1120
318 48 350 52 1012 694
328 30 130 70 600 458
338 25 75 75 450 354
C343
T(K) a; T4 a, T (t,)
(%) (ps) (%) (ps) (ps)
288 24 57 76 3622 2766
298 12 29 88 2274 2004
308 7 49 93 1750 1642
318 17 192 83 1368 1172
328 19 166 81 957 806
338 27 127 73 671 526
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Figure 6.7. Copling of medium viscosity (1) with average rotational time ((z,-)) for C153 and
C343 in (sorbitol+urea+water) molten mixture, are shown as a function of temperature-scaled
viscosity (n/T) against average rotational time, (7,.) in a log-log fashion. Lines through the data

represent fits to the following expression: log (1) = A + p log [n/T].

The dynamic heterogeneity aspect of the medium was subsequently investigated by showing
(t,) in Figure 6.7 as a function of temperature-reduced viscosity, (¥)= in a log-log fashion for

both the solutes C153 and C343. These average rotation times highlights a fractional viscosity
dependence p = 0.77 and p = 0.68 for C153 (hydrophobic probe) and C343 (hydrophilic
probe), respectively. These results indicate that both the solute reflect mild dynamic

heterogeneity despite their different chemical nature (hydrophobic versus hydrophilic).
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Figure 6.8. Arrhenius plot for temperature-dependent average rotation times ({t,)) of two
different solutes, C153 and C343, dissolved in the molten mixture are shown here. Solid lines
represent the linear fits through the respective data sets. Activation energies estimated are
mentioned in the respective plots.

The dynamic heterogeneity aspect was further explored via comparing the activation energies
related to solute rotation times, (t,.) for C153 and C343, (7pr) and viscosity coefficient, . In
Figure 6.8, we present the Arrhenius-type temperature dependence of (t,.) for the two solutes.
The corresponding activation energies are indicated in the respective plots alongside the
activation energies obtained previously from (Tpg) and 7 are also shown. A comparison among
these suggests activation energy exerted by medium viscosity is greater than the rotation of
both the solutes indicating that the solute rotation is not fully governed by the medium viscosity.
Rather, moderate viscosity decoupling between the two processes is observed. In contrast, the
close resemblance between the viscosity activation energy and that of average DR times
activation energy (E C(ITD R)_32 kJ mol ') suggests that the medium dynamics follow the viscosity
trends and thus follow the hydrodynamics. Two different observations of dynamic
heterogeneity may come from differences between the two measurement techniques. DR

measurements directly probe the medium dynamics by tracking the dipole moment fluctuation
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of the system and collective dynamic response of the medium is accessed to calculate such
heterogeneity. On the other hand, the preferential position of the dye molecules in the medium
and their length scale and time scales in fluorescence measurements dictate medium

heterogeneity which is more local.

6.4 Conclusion

In summary, the present work demonstrates the preparation of a low viscous transparent multi-
component molten mixture from biocompatible sorbitol, urea and water. The viscosity
coefficient (1) of the molten mixture is comparably low and it has advantages over DES. A
combined DR and fluorescence spectroscopic measurements were carried out to unveil the
interaction, dynamics and heterogeneity aspect of the prepared molten mixture. DR
spectroscopic measurements revealed the presence of 3/4-Debye relaxation dynamics of the
system. The measured €,~80, of the system, resembles water making it a strong solvent with
high solving power but dynamics are much slower than water. The absorption and emission
results indicate that the interaction of the medium with hydrophobic C153 is more prominent
than the hydrophilic C343. We found that the medium is spatially homogeneous within the
lifetime of C153 and C343 though the signature of a mild dynamic heterogeneity is observed
from the temperature-dependent fractional viscosity dependency of the rotational dynamic of
used dye molecules (C153 and C343). This is in contrast to the DR spectroscopic findings
where DR measurements found the system is dynamically homogeneous and it follows the
viscosity trend of the system. Activation energy estimated from different measurement
techniques supports the previous observation. This molten mixture can be utilised as a solvent
media for reaction and also can be used for biomolecule stabilisation and activity improvement,

as in Ace/Ure/Sor DESs.”¢
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Appendix 6.A

Figure 6.A.1. The molten mixture preparation setup is shown in ‘A’. ‘B’ represents a mixture
at room temperature with a similar composition as (sorbitol+urea+water) molten mixture. ‘C’
represents a solid mixture and a transparent molten mixture. ‘D’ and ‘E’ represent C343 and
C153 solution in (sorbitol+urea+water) molten mixture.

181



Chapter 6

Table 6.A.1. Temperature dependence of viscosity, density and refractive indices of

(sorbitol+urea+water) molten mixture.

T Refractive Density Viscosity
(K) Index (g/cm?) (cP)
288 1.4702 1.2953 73
298 1.4716 1.2888 40
308 1.4736 1.2823 24
318 1.4740 1.2756 16
328 1.4744 1.2688 11
338 1.4765 1.2619 8
0-6 1 I ] 1 l 1 I | I 1
B T, =200 K 1
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~~ = -
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= _ 4
~ 0.0 -
3 R i
S
= 0.2 -
T, 5 .
S 04 —
=n) _ il
0.6 —
_0.8 1 I i 1 i I [ 1
100 150 200 250 300 350 400
Temperature (K)

Figure 6.A.2. Differential scanning calorimetric (DSC) trace for (sorbitol+urea+water) molten
mixture. The glass transition temperature (Tg) 1s indicated
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Figure 6.A.3. Residual comparison (both real (¢') and imaginary part (¢'")) between 3-Debye
and 4-Debye DR fitting of (sorbitol+urea+water) molten mixture at two different temperatures,
303K (left panel) and 343K (right panel). All representations are colour-coded.
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Table 6.A.2. Hydrodynamic molecular rotation times for sorbitol, urea and water were

calculated using the SED relation with stick boundary condition, 7, = i

Vn

b

volume of sorbitol and urea used here were calculated using the reference.!

- van der Waals

T(K) 1 (cP) Sorbitol Urea Water
(V = 165 A?) (V =54 A3) (V=17 A3

7,(ns) 7,(ns) 7,(ns)
303 33 3.9 1.3 0.40
308 24 2.8 0.91 0.29
313 21 24 0.79 0.25
318 16 1.8 0.59 0.19
323 14 1.6 0.51 0.16
328 11 1.2 0.39 0.12
333 9 0.97 0.32 0.10
338 8 0.85 0.28 0.09
343 6 0.63 0.21 0.06

Reference:

1. Y. H. Zhao, M. H. Abraham, A. M. Zissimos, J. Org. Chem., 2003, 68, 7368.
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Figure 6.A.4. Representative fluorescence intensity decays of C153 (upper panel) and C343

(lower panel) in (sorbitol+urea+water) molten mixture DES at 308 K, collected with different

emission polarizations.
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Chapter 7

Detection of Ultrafast Solvent Dynamics Employing a Streak

Camera

7.1 Introduction

Solvation dynamics is a fundamental process in chemistry* and biology**, and critically
influences solution phase chemical reactions™® and biological functions.>’? Understanding
solvation dynamics requires the ability to capture ultrafast events occurring on sub-picosecond
timescale, which can be achieved by employing ultrafast spectroscopic detection technique
such as fluorescence up-conversion while performing time-resolved fluorescence Stokes shift

measurements. Streak camera-based detection provides another powerful way for studying

10-16

ultrafast events, and has enabled researchers to capture dynamic processes taking place on

sub-picosecond timescale.!”

EG is one of the most widely used solvents because of several interesting physicochemical
proerties'® that include high boiling point, low toxicity, and ability to dissolve a wide range of

solutes'?, and biomolecules such as proteins and nucleic acids?®??> EG has also found industrial

23,24 t25’26 27,28

applications as antifreeze medium, coolan and solvents for paints and coating.

t29732

Glycerol is widely used as a cryoprotectan and a protein stabilizer. ¥ The cryoprotection

arises from inhibiting the formation of ice crystals and subsequently protecting the cells from
damage. Glycerol has found applications in cosmetic, pharmaceutical, and food production

industries *° as well.

C153, regarded as a gold standard fluorescent probe, has been widely employed in the study of

38,39 4042

solvation dynamics of common dipolar solvents,’’” binary mixtures, confined systems,

4344 -

ionic liquids,*

ionic and neutral deep eutectics and proteins. * Interestingly, ultrafast
dynamic Stokes shift measurements of C153 via streak camera-based detection system has not
been conducted yet, although fluorescence up-conversion, a popular technique for capturing

sub-picosecond solvent response, has repeatedly used this gold standard solvation probe. Note
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the dipole moment of C153 in its ground (S,) electronic state is ~6.6 D* and, depending on

solvents,® ~14 -16 D in the first excited electronic state (S;).

DMASBT is a heterocyclic organic dye that has several applications, including as an organic
light-emitting diode, a laser dye, and a fluorescent labelling agent’!. It is also known to be
nongenotoxic and may be used as a drug molecule due to the presence of its benzothiazole
ring™?. In fluorescence studies, DMASBT is particularly important due to its sensitivity to both
solvent polarity and viscosity. Unlike other fluorescent molecules such as coumarins and
molecular rotors, emission intensity and wavelength of DMASBT are affected by both solvent
polarity and viscosity>*. This unique characteristic makes it a potential candidate as a sensitive
biosensor’*. Structural nature of DMASBT also allows it to act as a molecular probe to study
biological functions and biomimicking systems>*. In particular, DMASBT has been found to
act as a surface probe to monitor the premicellar aggregation and phase change during the

process™. It also induces the formation of nanotubular suprastructures by cyclodextrins>>-°,

Despite DMASBT undergoing an easy photoinduced trans-cis isomerization process, the
lifetime of cis isomer is only about ~1 ps and has a negligible contribution to the emission
spectrum under steady-state conditions. The similarity between the absorption and emission
transition moments in a variety of solvents suggests that the absorption and emission processes
involve the same two electronic states (SO <> S1) in them.®’ These previous observations make
DMASBT a probe to be studied in solvation dynamics. The ground state and the excited state
dipole moments reported as 4.5 D and 10.2 D respectively”’. Moreover, the relatively shorter
excited state lifetime of DMASBT provides an opportunity to probe the importance of the slow
diffusive solvent modes in governing the solvation response at long time. However, to the best
of our knowledge, there has been no study yet that employed DMASBT as a solvation probe.
We present here such a study where DMASBT and C153 have been used as solvation probes
in order to highlight the importance of the slow diffusive solvent modes for complete
measurements of polar solvation response in two polar solvents of differing viscosities,

glycerol and EG. Chemical structures of these probes and solvents are shown in Scheme 1.
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OH HO
|
a—¢ / C C H
| H | 7w / u
H H H
(a) (b)

N CH,

CH,

(©) (d)

Scheme 1. Chemical structures of (a) glycerol, (b) ethylene glycol, (¢) coumarin 153, and (d) trans-2-
[4-(dimethylamino)styryl] benzothiazole.

7.2 Experimental Methods

7.2.1 Chemicals and Samples Preparation

Laser grade Coumarin 153 (C153) and trans-2-[4-(dimethylamino)styryl] benzothiazole
(DMASBT) were used without further purification. Both of these chemicals were purchased
from Sigma Aldrich. Glycerol (>99%, Sigma-Aldrich) and anhydrous ethylene glycol (=99.8%,
Sigma-Aldrich) were also used without any further purification. The concentration of both
C153 and DMASBT in the solution was kept approximately 10 M for all the experiments
performed in this study.

7.2.2 Absorption and Steady-State Fluorescence Emission Data Collection and Analysis

The study employed UV-Visible spectrophotometer (UV-2600, Shimadzu) and fluorimeter
(Fluorolog, Jobin-Yvon, Horiba) connected with a Peltier-temperature controller to collect
steady-state absorption and emission data, respectively. The solvent blank spectra were
subtracted from the probe spectra and converted appropriately from linear wavelength to linear

frequency domain prior to analysis for frequency determination and other spectral properties®’.
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7.2.3 Data Collection and Two Dimensional Streak Camera (2DSC) Measurement

Protocol

For ultrafast detection of the solvent response, the relevant time-resolved fluorescence spectra
were collected by using a streak camera (Optoscope SC-10) in this experiment. A spectrograph
(HRS-300SS, Princeton instruments) with a 300 mm path length and grating constant of 300
grooves/mm and central wavelength fixed at the peak wavelength of fluorescence emission
spectrum of the solute probe dissolved in the solvent under investigation was used in
combination with the streak camera. The excitation light was generated from a Ti:Sapphire
laser (Mai Tai HP-1040S, Spectra physics). The laser pulse had a pulse width of 100 fs and a
repetition rate of 80 MHz, and the frequency-doubled light at 440 nm was generated by a BBO
crystal from an 880 nm laser pulse. The sample was placed in a 1 cm path length quartz cuvette,
and the excitation was focused onto the sample after passing through a 440 nm interference
filter. The emitted fluorescence was collected at a right angle with respect to the excitation and
was then focused by two lenses onto the entrance slit of the monochromator with a slit width
of 10 um and a height of 4 mm. The fluorescence was then passed through a bandpass filter of
471 nm to eliminate scattering, and the fluorescence data were collected at the magic angle
(54.7°) polarization. The whole fluorescence emission was diffracted in the spectrograph with
central wavelength fixed at the emission peak maximum of each system with a spectral
resolution of 0.09 nm. The wavelength-dispersed fluorescence was then focused onto the
entrance of the streak camera. The streak camera system was operated in the photon counting
mode with a 1392 (time) x 1040 (wavelength) pixel 2D image. One pixel in the time axis
corresponds to 206.7 fs, and one pixel in the wavelength axis corresponds to 1.4 A. The
instrument response function (IRF) of the streak camera using scattering particle in water was
recorded to be ~2.1 ps (FWHM of the collected spectrum). All images were collected in 1000
acquisitions, keeping the MCP gain at 800 V and delay at 32.5% with a sweep speed of 15
ps/mm. All the steady-state and time-resolved measurements were performed at 20 + 2 °C. To
obtain the time-resolved fluorescence spectra (TRES) at the desired delay times from the streak
image, the wavelength-time 2D fluorescence profile obtained were divided into required time
intervals (see Figure 7.A.1 in Appendix 7.A), and corresponding TRES were generated by
summing up the data along the time axis. Zero time was chosen from the streak image from
where the fluorescence decay started (indicated in Figure 7.A.1). The TRES were taken at an
interval of 207 fs (1 pixel) from 0 to 2 ps, after that 1034 fs (5 pixels) interval up to 20-30 ps,
and then in the interval of 4.961 ps (24 pixels) to 60—70 ps and the rest in 10 ps interval (48
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pixels). This scheme of time division was altered to suit different systems under study. After
obtaining the TRES spectra, they were fitted with a log-normal line shape function. All the
analyses were performed in the wavenumber plane. The peak frequency was obtained from
each TRES and was then used to obtain the spectral response function. The spectral response
function was calculated as follows®’

_ v(®=v()
SO = o (7.1)

Eq. 7.1 represents the time dependent relaxation of the solvation energy associated with the
excited dipolar solute in the solvent, where v(x) represents the frequency at time 0, t, and .
Magic angle intensity decay at the peak wavelength of the steady state of the dissolved probe

in the solvent was collected to calculate the lifetime of the probes in the system>®,

A detailed discussion of streak camera operation procedure can be found in Chapter 2.

7.2.4 Time Correlated Single Photon Counting (TCSPC) Measurements and Analysis

TCSPC technique was employed to capture the relatively slower diffusive component of the
solvent dynamics. The set-up (LifeSpec-ps, Edinburgh Instruments, U.K.) used was fitted with
an LED that produced excitation light of wavelength of 409 nm.>**° Full-width half-maximum
(FWHM) of the instrument response function was ~90 ps. To perform dynamic Stokes shift
analysis, 15-16 fluorescent decays (at the magic angle) were collected at uniformly spaced
wavelengths throughout the steady-state emission spectrum of the dissolved solute (probes) in
the solvents. The time-resolved emission spectra (TRES) were regenerated following the

established protocol*”%°.

After obtaining the time dependent frequencies, (v(t)), from the TCSPC data, they were
appropriately combined with those accessed via the streak camera measurements in order to
generate the full solvent response function, S(t), defined by Eq. 7.1. This is how the detection

of the polar solvation dynamics in glycerol and EG were maximized in the present study.
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7.3 Results and Discussion

7.3.1 Steady State Absorption and Emission Spectral Features: Solvent Reorganization

Energies for C153 and DMASBT

L l L) I ) ' L) I L) l L I L) L I L) l ) L) L) ) L)
293 K CI53/EG 203 K DMASBT/EG
C153/glycerol DMASBT/glycerol

LY

Emission Absorption

Normalised Intensity

14 16 18 20 22 24

v/10°em-1 v/10°cm™

Figure 7.1. Steady-state absorption and emission spectra of C153 (left panel), and DMASBT
(right panel) in EG and glycerol at 293K. All representations are colour-coded.

Steady state UV-VIS absorption and fluorescence emission spectra of C153 and DMASBT in
EG and glycerol at 293K are shown in Figure 7.1. Clearly, no significant solvent dependence
is visible in these spectra. This is not surprising because the static dielectric constants (&y) of

glycerol and EG are nearly equal, suggesting that the solvent reorganization energies,’! Ads,; =

1 : :
S AAv, with AAv = [vabs. — yem|polar _ [yabs. _ yem.nonpolar iy these two solvents should

be very similar in magnitudes. This is indeed the case as the data summarized in Table 7.A.1
and Table 7.A.2 (Appendix 7.A) indicate, where a difference of ~300 cm™ between them
determined employing C153 can be accounted for by the error associated with the spectral
measurements and the tiny difference between the solvent refractive indices. Note that we have

used hexane as the nonpolar reference solvent in which the Stokes shift, Aynonpolar =

abs. _ yem.qnonpolar - arises solely from the electronic part of the solvent polarization

[v :
(through the solvent refractive index, n) because &, = n? for hexane. Figure 7.A.2 (Appendix
7.A) provides the steady state UV-VIS absorption and fluorescence emission spectra of C153
and DMASBT in these two solvents. These findings are consistent with previous studies that
reported solvent polarity dependence of reorganization energy for different dipolar fluorescent

probes.’"$26* For DMASBT, however, the difference in AAv between these two solvents is
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>500 cm’!, and this manifests the simultaneous impact of the relatively shorter lifetime of

DMASBT and higher viscosity of glycerol.

7.3.2 Average Fluorescence Lifetime Measurements: TCSPC and Streak Camera Data

The fluorescence lifetime decays of C153 and DMASBT in glycerol and EG measured via the
TCSPC set-up (resolution ~90 ps) are displayed in Figure 7.2. Except for C153 in glycerol, a
considerable portion of the faster decay in each of the cases is missing. This lacuna has been
partly removed by the streak camera based detection system that provides a temporal resolution

<2 ps and proper estimates for (7;;) made.

C153/EG C153/glycerol
Aem = 530nm Aem = 535 nm

S o Z D A -
RN I IR X IO - w))
]

Normalised Intensity

DMASBT/EG ? DMASBT/glycerol
Kem =523nm : hem = 523nm

Normalised Intensity

Time/ns Time/ns

Figure 7.2. TCSPC data for fluorescence lifetime decays of C153 and DMASBT in EG and
glycerol at 293 K. Photon counting were done at the respective peak wavelengths of the
fluorescence emission spectra of these solute probes in EG and glycerol.
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We next collected streak images for C153 and DMASBT in EG via the spectrograph with
central wavelength fixed at 490 nm and 523 nm, respectively. In normal solvents, (zy;) for
C153 is ~4-5 ns at its emission peak maximum, whereas for DMASBT in low-viscous solvents
37,57 (T51) < 100 ps. Considering the maximum temporal detection range of our streak camera
based detection system being 287 ps, we appropriately combined the streak camera data with
those from TCSPC measurements for proper estimation of (zf;) for C153 and DMASBT in
these two solvents. Note here that the lifetime decay of DMASBT in EG is totally captured
within the available detection time window of the streak camera, while the data stitching was
necessary for other cases. These are shown below in Figure 7.3 along with the corresponding
multi-exponential fits. Table 7.1 summarizes the fit parameters and the estimated (zs;) values,
While Figure 7.A.3 (Appendix 7.A) represents the quality of fits obtained while describing the

combined data via the fit function chosen.

l L)
C153/EG (b) C153/glycerol
A, =3535nm

lem =490 nm

Normalised Intensity

500 1000 1500 2000 0 2000 4000 6000 8000 1000012000
I L) I L) ] I L) I L) I ] L] l L I L I ) I
DMASBT/EG () DMASBT/glycerol
Aoy =523 nm

Normalised Intensity

0 50 100 150 200 250 300 O 500 1000 1500 2000
Time(ps) Time(ps)

Figure 7.3. Combined (streak camera and TCSPC) lifetime decay data for C153 and DMASBT
in EG and glycerol. Data from streak camera are represented by blue, while those from TCSPC

denoted by red. Solid lines passing through the data represent the multi-exponential fits.
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Table 7.1. Multi-exponential fit parameters associated with the fluorescence lifetime decays of
C153 and DMASBT in EG and glycerol at 293 K. Data in parentheses are taken from literature
for comparison.

Solute | Solvent a, T1(ps) | ap | Taps)| as 73(ps) | (T1)(ps)

C153 EG 0.08 30 0.18 563 0.74 | 3572 2694
Gly 0.07 400 0.32 | 1000 | 0.61 | 3845 2744

DMASBT | EG -0.36 20 0.64 64 - - 121
(184)

Gly 0.30 20 0.55 419 | 0.15 | 1583 473
(0.32) | (257) | (0.68) | (1100) | (880)
*Negative sign indicates the rise portion in lifetime decay of DMASBT in EG at 293 K.

Note that the (zf;) values of C153 in EG and glycerol are very similar to each other, reflecting
the insensitivity of (t;) to the medium viscosity. For DMASBT, however, this is not the case
as the (tg;) values suggest a significant viscosity dependence. As already discussed, this
viscosity dependence arises from the photo-induced trans—cis isomerization of DMASBT
producing the non-fluorescent cis conformer. A bi-exponential fit to the lifetime decay of
DMASBT in EG produced a significant negative component with a time constant of 20 ps,
suggesting a rise part in the fluorescence intensity decay, followed by a dominating decay
component (~65%) with a time constant of 64 ps. The rise component may be a result of the
probe rotation and vibrational relaxation of the dissolved probe. This is a proposition and
requires independent experimental confirmation. The (1) was calculated to be 121 ps and
correlates well with a previous report ({(ts;) =184 ps) 57 via TCSPC measurements (temporal
resolution ~25 ps). Subsequently, we estimated (7;;) of DMASBT in a more viscous solvent,
glycerol (n= 1489 cP at 293K)® than EG (5= 19.1 cP at 295K% ). Bi-exponential fit
parameters for lifetime intensity decay of DMASBT in glycerol reported in the literature® are
shown in parentheses of Table 7.1 for a comparison. Note that these data are from TCSPC
measurements>* performed with a temporal resolution ~50ps at 298K and collected at the red

end emission wavelength, 1., = 550 nm.
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7.3.3 Solvation Dynamics

For complete measurements of the solvation dynamics via following the time dependent Stokes
shift, we combined streak camera measurements with those from TCSPC. The streak image of

C153 and DMASBT in EG and glycerol are shown below in Figure. 7.4.

Figure 7.4. Two-dimensional streak camera image of (a) C153 in EG, (b) C153 in glycerol, (c)
DMASBT in EG, and (d) DMASBT in glycerol at 293 K. Horizontal axis represents time
evolution of the fluorescence intensity, while the perpendicular axis denotes spatial variation
(wavelength) of the fluorescence emission at a given time.

To analyse the data, we extracted the time-resolved emission spectra (TRES) from the streak
images and fitted each spectrum with a log-normal line shape function. As mentioned before,
all of the analyses were performed after appropriately converting the wavelength data to the
frequency plane. The time-evolution of the TRES for C153 and DMASBT in EG and glycerol
are shown in Figure 7.5 at three representative times. Note the high viscosity of glycerol allows
DMASBT to probe solvent polarization density fluctuations even at t~ 250 ps, while this is
limited to ~50 ps for EG. C153, in contrast, can probe successfully the solvent fluctuations both

in EG and glycerol. Therefore, it is the rapidity of the solvent density fluctuations that dictates

199



Chapter 7

the solvent fluctuation timescales being probed by C153 in EG and glycerol, while it is the

average lifetime of DMASBT that limits its application for a broad variety of solvents.

CI153/EG C153/glycerol DMASBT/EG DMASBT/glycerol

%

Intensity (10%)
- )

~

Intensity (l01)

£y

ES

Intensity (l()l)

~

0 - 0.0 . (), RN - 0 - -
460 480 500 520 540 560 580 460 480 500 520 540 560 580 460 480 500 520 540 560 580 460 480 500 520 540 560 580

Ao/ NM Ao/ NM Ao/ NM Ao/ NM

Figure 7.5. Representative TRES from the streak camera data (a) C153 in EG, (b) C153 in
glycerol, (c) DMASBT in EG, and (d) DMASBT in glycerol. T = 293 K. The solid lines going
through the data represent log normal fit to the data points. The vertical dashed lines indicate
spectral shift with time.

The peak frequencies of these TRES were then used to obtain the spectral response function,
S(t), defined by Eq. 7.1. The time-integration of these S(t) decays, which was found to be

multi-exponential for each of these solute/solvent combinations, then produced the average
solvation times, (Ts) = fooo dt S(t) =f0°° dt ¥, a;exp [- t/t;], with a; and 1; being
respectively the amplitudes and time constants associated with the decay components, and

Yia;i=1.

7.3.4 Polar Solvation Dynamics Employing C153 and DMASBT: Probe Solute

Dependence

We extracted the TRES of C153 in EG and glycerol was obtained by combining the streak
images with the TCSPC data, while TRES of DMASBT were accessed only from the streak
camera images. The upper panels of Figure 7.6 shows the TRES of C153 in both the solvents
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along with the steady-state emission and the lower panels show the corresponding DMASBT
data. The magnitudes of the total fluorescence spectral shifts or dynamic Stokes shifts, Avt =
v(t =0) —v(t = ©), observed in the present measurements are shown in Table 7.2. The
estimated Av® for these systems by applying the Fee-Maroncelli®” method are also shown in
the same table. Clearly, a large portion of the Avt has been missed even when the TCSPC data
were combined with those from streak camera. This underlines the inherent ultrafast character

of the polar solvent dynamics in these poly-hydroxy alcohols.

L] l L | L] L I L ) L | I L] L] T L] ' L L | L] (’ L L L) I L L L l L L l LI L DL l LI L L
>, [@@) TCSPC Stréak Camera bJTCSPC Sleial Comera: Thinei
e Time/ps - Time/ps Time/ps 0
‘@ 100 0 S - 10.129
o= o 420 '

5 200 4.034 ; 22,324
N 300 620
= 1120
/

— 4120/ 24
= 774 4
-5 2Ly 160,394
N - 252.705
® |.,?
b= %’ CI53/EG
.
=
4 . -

A l Ll A L l Ll Ll | 1 A Ll | 'l Y L l LA A 1 l L_L AL 1 l Ll ALl l LA I-.'.'P'I--I.-l]

17 18 19 20 21 17 18 19 20 21

LI L] I TrriT I LI I LI I T1ririy I L ) LELIL L I Tl I LI L L 1 L} l\l L} LI I

(©) Streak Camera (d) = Streak Camera

- SR s Time/ps
Time/ps 0
0 4.134
4.413 16.536

180.656
N 242.666
DMASBT/glycerol

DMASBT/EG

Normalized Intensity

18 19 20 21 22 17 18 19 20 21 22
1 1

3. e
V! 107 cm Vor,/ 107 cm
Figure 7.6. Representative time resolved emission spectra (TRES) of (a) C153 in EG, (b) C153
in glycerol, (c) DMASBT in EG, and (d) DMASBT in glycerol at 293 K. The steady state

emission spectra of these solutes in ethylene and glycerol are shown by dotted lines in these
panels. All representations are colour-coded.
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Table 7.2. Magnitudes of estimated (Av,g;), and observed (Avy, ) dynamic Stokes shift, and
the corresponding missing percentages for C153 and DMASBT in EG and glycerol at 293 K.
AvEDSCand Av]$SPC denote dynamic shifts detected by the streak camera and TCSPC

measurements, respectively. Av5 9t = Ay2DSC 4 AyTESPC o4 missed was calculated using

total spectral shift (Av]9:%") taking into account.

System | Avege(em™) | AvZDSC (em™) | AVIESPC(em™) | AvEOE* (cm!) | % missed

C153in EG 1298 352 276 628 52
C153 in 1234 519 561 1080 12
glycerol

DMASBT in 1783 362 - 362 80

EG

DMASBT in 1327 468 - 468 65

glycerol

The solvent response functions, S(t), measured by C153 and DMASBT are shown in Figure
7.7. For C153 in EG, a sum of two exponentials was found to be sufficient to describe the
measured S(t), whereas a sum of four exponentials was needed to fit the S(t) measured with
C153 in glycerol. When we obtained the solvation response function solely from the streak
camera data, a sum of three exponentials provided the best fit. The fitting parameters for all of

the cases are summarized in Table 7.3.

1.0 °C from streak camera. = -
O CI53/EG from streak camera O DMASBT/EG

QO DMASBT/glyerol

0.8 H A C153/glycerol from streak camera—
5% A C153/glycerol from TCSPC .

0 1000 2000 3000 4000 0 50 100 150 200 250
Time (ps) Time (ps)

Figure 7.7. Solvation response functions, S(t), probed by C153 (left panel) in EG and glycerol
measured by combining streak camera data with those from TCSPC at 293 K. S(t) for

DMASBT (right panel) in these two solvents have been calculated from the streak camera
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images only. Symbols represent the experimental data, while the solid lines through them

denote multi-exponential fits.

Table 7.3. Multi-exponential fit parameters for S(t) decays measured employing C153 and
DMASBT in EG and glycerol at 293 K.

Solute | Solvent | a; |ty(ps)| a, | To(ps) | as | 73(ps) | as | T4(ps) | {T5)(ps)
C153 EG 0.15| 4.75 ] 0.85 | 16.61 14.83
EG* | 0.05 5 0.52 | 12.2 1043 | 117.6 - - 57.2

Gly 0.04| 1.2 |10.09 ] 28.09 | 0.87 | 476.2 416.87

Gly* 004 | 1.2 ]0.08 | 28.09 | 0.54 | 357.1 | 0.34 | 833 | 478.35
DMASBT EG 0.11 ] 0.226 | 0.08 | 3.6 | 0.81 | 16.05 13.31
Gly 0.03| 04 [0.05]|1394 092 | 81.3 75.5

*Combine multi-exponential fit of C153 in EG and glycerol from streak camera and TCSPC
data analysis at 293 K

The time constants summarized in Table 7.3 clearly demonstrates that our streak camera based
detection system can capture the rapid sub-picosecond solvation timescales in these
polyhydroxy alcohols where the collective intermolecular H-bond network fluctuations are
expected to produce significant ultrafast solvent response.’’®® Interestingly, the 100 ps
timescale in EG is realized only when TCSPC data for C153 were combined with the
corresponding streak camera measurements. For glycerol, however, the average solvation times
({75)) did not differ greatly upon combining data from these two techniques, although an extra
solvation component with ~1ns timescale became visible when TCSPC data were stitched
together. For EG, streak camera data provide very similar (7,) values for dynamic Stokes shift
measurements employing C153 and DMASBT, although the short-time dynamics reported by
DMASBT is ultrafast (~200 fs) and larger in magnitude. Considering the fast rise observed for
DMASBT/EG magic angle fluorescence intensity decay (see Table 7.1), this ultrafast timescale
may not be solely connected to the polar solvation response. The longer timescales, however,
are similar to those measured with C153 and can be regarded as polar solvation timescales.
Note here that previous fluorescence up-conversion measurements for C153 in EG employing
a temporal resolution of ~180 fs reported similar average solvation timescale as found in the

present streak camera measurements.>’

For glycerol, DMASBT fails completely to detect the slowest solvation timescale reported by
C153. This is a direct consequence of much shorter (75;) for DMASBT than C153. This
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observation, therefore, limits the wide application of DMASBT as a solvation probe,
particularly for slow viscous solvent systems. These results also show that probe solute
dependence of polar solvation timescales may also occur from (tf;) even if one employs
detection techniques to capture both the initial fast response and the slow diffusive dynamics

at later times.

7.4 Conclusion

In conclusion, our study has provided insight into the Stokes shift dynamics of two molecules
in two polar protic solvents with different viscosities. The use of a combination of TCSPC
technique and a 2DSC allowed us to capture a significant portion of the fast component of the
total polar solvent response in EG and glycerol. Our findings revealed that the average
fluorescence lifetime, in addition to temporal resolution and time window, is a controlling
factor for measurements of the complete solvation response in slow viscous solvents. The probe
solute dependence, which is not otherwise expected for polar solvation response because of the
overwhelming dominance of the longer-ranged collective polarization density fluctuations,
may therefore occur from the inherent excited state character of solutes employed for solvation

measurements.
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Streak image of DMASBT in glycerol at 293 K
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Figure 7.A.1. Streak image of DMASBT in glycerol. Horizontal line represents the time axis
and vertical line is wavelength axis. The coloured stripes represent the blue end, emission peak
wavelength and the red end emission region in the 2DSC image respectively. to represents the
initial time or zero time from where the emission decay starts and the time value increases
along the positive x- axis.
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Figure 7.A.2. Steady state UV-VIS absorption and fluorescence emission spectra of C153 (left

panel) and DMASBT (right panel) in the nonpolar solvent hexane at 293K. All representations

are colour coded.
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Table 7.A.1. Steady state spectral characteristics of C153 and DMASBT in hexane at 293K. In order to

37,57

compare our findings, we have included values from the literature in parentheses.

Absorption Emission
Solute FPK? 1 Avg? | Peak® | FWHM! | FPK It Avg. | Peak | FWHM
Mom. Freq Avg. Mom. Freq Avg.
Freq. Freq.
(cm™) | (em) | (em™) | (em™) | (em™?) | (em™®) | (em?) | (em?) | (em™) | (em™)
C153 25548 | 25911 25552 | 25670 3644 22193 | 21948 | 22265 | 22135 | 3154
(25670) (22230)
DMASBT | 26102 | 26883 | 26475 | 26487 4316 22479 | 22113 | 22488 | 22360 | 3553
(27130) (21870)

*FPK is the peak frequency obtained from fit from the top 50% of the spectra taking two inverted parabolas.
Avg. Freq. is the average of the frequencies at two half maxima points.
°Peak Avg. is the arithmetic mean of FPK, 1 Mom. Freq., and Avg. Freq.

dFWHM represents full width at half maximum of the spectra.

Table 7.A.2. Reorganization energy, %AAV = %[vabs' — yempolar _ [y abs. _ yem.hexane fq;

C153 and DMASBT in EG and glycerol.

Frequency AvEEs? AvELS? AvELS3 AAV(EG) | AAV(GLY)
(cm™) (cm™) (cm™) (cm™) (cm™)
FPK 3355 5033 4537 1678 1182
1% Mom. Freq 3963 5523 5121 1560 1158
Avg. Freq. 3287 5155 5015 1868 1728
Peak avg. 3535 5160 4891 1625 1356
Avpgg®PT | Avgg™SET 1 AvglASPT | AAV(EG) | AAv(GLY)
(cm™) (cm™) (cm™) (cm™) (cm™)
FPK 3623 5446 4990 1823 1367
1% Mom. Freq 4770 6477 5863 1707 1093
Avg. Freq. 3987 6038 5489 2051 1502
Peak avg. 4127 5987 5447 1860 1320

‘GLY’ denotes glycerol, ‘HEX’ represents hexane
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Residual
f—1

1
—
I

=03 °
¢ 2 4 6 8 10 12 14 162 4 6 8 10 12 14 16 18 20
Time (ns) Time (ns)
- DMASBT/EG DMASBT/glycerol

Residual

0 50 100 150 200 250 0 2 4 6 8 10 12 14 16
Time (ps) Time (ns)

Figure 7.A.3. Residuals of fittings for C153 (upper panel) and DMASBT (lower panel) in the

two solvents ethylene glycol and glycerol has been depicted. Note the experimental
temperature is 293K.
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Chapter 8

Concluding Remarks and Future Problems

8.1 Concluding Remarks

In this thesis, we delved into the understanding the interaction and relaxation dynamics of wide
variety of room temperature biodegradable eutectic solvents that includes ionic DES, naturally
abundant DES (NADES), therapeutic DES (THEDES), and low viscosity green solvents via
utilizing dielectric relaxation (DR), time resolved fluorescence (TRF), and other experimental
methods and computer simulation where necessary. Our investigation into a NADES composed
of betaine urea and water elucidated the multi-step relaxation mechanism through molecular
dynamics simulations, highlighting the role of collective reorientation and structural hydrogen
bond relaxation. Additionally, our exploration of ionic DESs, particularly the impact of
substituting Na* for K*, revealed changes in viscosity decoupling, glass transition temperature,
and fragility, providing crucial information for industrial applications. Furthermore, the
development of a THEDES comprising aspirin and menthol significantly enhanced the
solubility of aspirin, with preliminary structural and dynamic characterization revealing
temporal heterogeneity and extensive intermolecular hydrogen bond formation. We also
addressed the challenge of high viscosity in chemical reactions by designing a low-viscosity
molten mixture, demonstrating its excellent solvent properties despite slower dynamics
compared to water. Moreover, our investigation into the ultrafast solvation of glycerol and
ethylene glycol using combining streak camera and time-correlated single photon counting
(TCSPC) has provided detailed insights into solvation dynamics. Additionally, our study on
concentration-dependent hyaluronic acid (HA) aggregation in aqueous environments has
revealed critical concentration thresholds and biphasic water dynamics near the aggregation
point, offering valuable knowledge for understanding organ dysfunction related to HA

aggregation.

As we have provided conclusions at the end of every chapter, so we have not repeated them

here again in detail.
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8.2 Future Problems

8.2.1 Hz-GHz Dielectric Relaxation of (glucose+urea+water) DES: Molecular Insight via

Computer Simulations

We prepared a NADES comprising biocompatible components: glucose, urea, and water, in a
molar ratio of 6:4:1 and we investigated the interactions and dynamics via utilizing time
resolved fluorescence spectroscopy.! Due to presence of highly H-bonded and complex
interactions, their dynamics span the nanosecond to picosecond range. To comprehensively
probe the interaction and dynamics of the system, we propose employing dielectric relaxation
spectroscopy (DRS) across a frequency range of 20 Hz to 50 GHz. This approach offers a level-
free measurement, enabling direct exploration of the medium inherent dynamics. Additionally,
molecular simulations can provide insights into the individual contributions of each component

to the observed DRS dynamics.

The structural aspect of the system can be investigated using small-angle X-ray scattering.
These results can be supplemented by simulated structure factor calculations, allowing for a

detailed analysis of each constituent’s contribution.

8.2.2 Permeation Study of Aspirin of (Aspirin+Menthol) DES via Lipid Membrane

In Chapter 3, we detailed the preparation of a new therapeutic deep eutectic solvent (THEDES)
composed of aspirin and menthol in molar ratio 1:4, aimed at enhancing the solubility of
aspirin, an anti-inflammatory drug known for its poor water solubility.>* Through a
combination of fluorescence spectroscopy and molecular simulations, we explored the

interactions, dynamics, and microstructure of this solvent-drug system.

Our future research endeavours focus on investigating the permeability of aspirin molecules
through lipid membranes. Utilizing fluorescence spectroscopy alongside complementary
techniques, we aim to gain insights into the intricate process of aspirin permeation. In
particular, molecular dynamics simulations will play a crucial role in providing a detailed
characterization of the free energy surface and diffusion coefficients along the permeation
pathway.*® By precisely mapping out these molecular properties, we can predict aspirin
permeability through lipid membranes and elucidate the underlying molecular mechanisms

driving this process.
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8.2.3 Effect of Alkyl Chain Length of DESs Composed of Proline and Carboxylic Acids

via Dielectric Relaxation Spectroscopy
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Proline can form DESs with a wide range of carboxylic acids featuring varying carbon chain
lengths. Our objective is to prepare these DESs, utilizing proline as the hydrogen-bond donor
and oxalic acid (OA), malonic acid (MA), succinic acid (SA), and glutaric acid (GA) as the
hydrogen-bond acceptors. The DESs will form at different temperature and composition for

each acid pair.®

Our investigation will focus on dielectric relaxation studies spanning the frequency window
from Hz to GHz. The dynamics of such complex systems span from nanoseconds to
picoseconds, making this frequency range crucial for understanding their behaviour.
Additionally, we will explore the effect of alkyl chain length on the dielectric relaxation

dynamics as well as their static dielectric constants.

Furthermore, molecular dynamics simulations will be conducted to analyze the impact of alkyl
chain length on H-bond formation and how structural relaxation of H-bond relaxation
contributes to the measured dielectric relaxation dynamics. In addition, simulated dielectric

relaxation may also shed light on the self and cross-molecular interactions within these DESs.
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Addendum I

Dynamical Transformation of Water During Sol-Gel Transition in Aqueous

Solutions of Hyaluronic Acid: Probed via Dielectric Relaxation Spectroscopy

Ad.1.1 Introduction

Hyaluronic acid (HA) plays a crucial role in biological processes, affecting how cells function
and maintaining tissue integrity. Its presence spans across diverse organs ' such as the lungs,
kidney, brain, muscle, and liver, where its aggregation and subsequent formation of high-
viscosity stiff material have been implicated in the pathology of organ dysfunction and
fibrosis.*> Amidst its multifaceted roles, involvement of HA in the extracellular matrix (ECM)
of organs emerges as a crucial regulator of cellular behaviours, including growth, migration,
and differentiation.® The effects of HA aggregation vary depending on the molecular weights
(MW) of the aggregated structures, leading to different biological outcomes.” Notably, high
MW HA polymer (>10° Da) has been identified as a key contributor to gel formation, thereby

elevating the risk of tissue-stiffness mediated fibrosis. %

Two primary methods of crosslinking are employed for HA-hydrogel synthesis: physical and
chemical. Physical crosslinking can be induced through agitation, changes in pressure, or
temperature, while chemical crosslinking involves the addition of foreign crosslinkers to the
hydrogel scaffold. Although chemical crosslinkers enhance the physical strength and
biodegradability time of the hydrogel,'® they may also elevate its toxicity level.!! Fortunately,
HA exhibits the remarkable capability to form hydrogels through both physical and chemical

crosslinking mechanisms, offering a versatile platform for biomedical applications. !'-14

In light of these findings, the imperative to trace the critical threshold concentration that induce
the sol-gel transition of high MW HA polymer in aqueous solutions becomes evident. This
explanation is essential for understanding how the aggregation of HA contributes to health

issues and for developing treatments to improve organ function and reduce fibrosis.

Although structure, physical properties and dynamics of HA-based hydrogel were studied with

or without crosslinker at high HA concentration (>1%) or low water containing system!>!3:1>-
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24 a systematically concentration dependent study and thereby finding the critical

concentration of HA in sol—>gel formation of HA-water mixture is utmost important. Following
that we have investigated HA concentration dependent sol-gel transition and dynamics of
bound water from sol to gel via dielectric relaxation spectroscopy (DRS), and differential
scanning calorimetry (DSC). HA concentration dependence static dielectric constant (&) in
these systems show a sol-gel transition is occurred in between 0.5 % to 0.75 % HA containing
mixture. DC conductivity observed due to mobility of sodium cation also indicate sol-gel phage
transition in the same concentration range (0.5 % to 0.75 %) in HA-water mixtures. Earlier
studies of hyaluronate/water mixtures have been showed that, gel formation was observed at 3
% HA-water mixture when annealing was performed from 60 °C to 15 °C.!? But this work not
investigated less than 1% HA mixtures. In our investigation, sol-gel transition occurred in
between 0.5 % to 0.75 % HA-water mixtures. Only liquid gel was formed up to 1% HA
concentration in water and after that concentration, it transforms soft transformable sticky gel
which is shown in sol-gel picture presentation section. In some earlier studies DRS
measurements have been performed in HA-water hydrogel with higher HA concentration up to
frequency coverage 10 MHz. High frequency DRS measurement from 200 MHz to 50 GHz in
sol to gel HA-water mixtures is missing in these mixtures. In this light we explore free and
bound water relaxation in high frequency regime via DRS measurement. In addition, DSC
measurement was revealed a clear signature of bound water and effect of HA concentration on

water freezing.
Ad.1.2 Experimental Details

Ad.1.2.1 Sample Preparation

Hyaluronic acid (HA) sodium salt, sourced from Streptococcus equi, was acquired from Sigma-
Aldrich, alongside water for the experiment. The chemical structure of HA is illustrated in

Scheme Ad.1.1.

Scheme Ad.1.1. Chemical structure of Hyaluronic acid sodium salt (HA)
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To prepare the samples, the required quantities of HA and water were carefully weighed into a
glass container. A series of aqueous solutions of HA were prepared, varying in weight
percentage (wt%) of HA: 0, 0.15, 0.3, 0.5, 0.65, 0.75, 1, 1.5, and 2. These solutions were
thoroughly mixed by shaking them in a shaker incubator at ~250 rpm for ~1 hour. Subsequently,
the samples underwent ultrasonic sonication for approximately 5 minutes to remove any air
bubbles. All experimental procedures were conducted at ~293 K, and the prepared samples
were left overnight to ensure complete dissolution and the sol or gel was prepared. A visual
representation of the samples after preparation can be found in Figure Ad.1.A.1 of the

Appendix Ad.1.A.

Ad.1.2.2 DR Measurement Details

Dielectric relaxation (DR) measures the microscopic electric polarization of a system when
subjected to a time-varying external field E(t). Studied in the frequency domain (v), it reveals
molecular-level phenomena.>?® As a result, the frequency-dependent complex relative

permittivity £*(v) is derived which is expressed as, 2’

gv)=¢Ww) - [is”(v) + - ] (Ad.1.1)

2TtV

Where v (%) is the linear frequency, o is the dc conductivity of the system and €, is the free

space permittivity. €' and &" are relative permittivity and loss component of the complex

spectrum respectively.

DR of liquid system were recorded using two different dielectric set-ups. For low frequency
measurement we used the E4990A impedance analyzer coupled with liquid test fixture 16452A
covering frequency range from 20 Hz to 10 MHz. Short compensation, air capacitance
measurement and followed by capacitance of liquid material measurement were performed to
get the complex DR spectra. A PNA-L network analyzer N5235B with open ended coaxial
probe kit N1501A was employed to record the DR spectra in frequency window 200 MHz to
50 GHz. Calibration of the instrument was performed by measuring air, shorting block and
water as open, short, load circuit respectively. More details about these measurement

techniques are available in chapter 2 and the following references.?’
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Ad.1.2.3 Data Analysis

Experimentally obtained complex DR data were fitted with a sum of Havriliak-Negami (HN)

equation®’-?

28 (Ad.12)

(1+(i2nvrj)1_“i)ﬁj

(V) = & + X

where 0 < @; <1 and 0<B; < 1. Here & is the permittivity at infinite frequency regime

where &, ~ n%. Note that from Debye model*!

, dielectric relaxation described as @; = 0 and
Bj = 1, whereas @; = 0,0< ; < 1describes Cole-Davidson (CD) model’>**and 0 < a; <1,
Bj =1 describes the Cole-Cole model**, respectively. The relaxation parameters were

generated by simultaneously fitting €'(v) and &' (v) by using non-linear least square fitting
method. The fit quality was resolved by inspect both the “goodness-of-fit” parameter (x?) and

residual. The expression of (y?) defined as*®
! 2 144 2
1 68,: 88,:
B =3, K_aeg) + (685,) l (Ad.13)

Where m, [, §¢; and o¢; are denotes data triples, number of adjustable parameters, residual and

standard deviation of the individual data point respectively. For the current measurement two-

Debye fitting model best fitted the experimental DR spectra.

Ad.1.2.4 Differential Scanning Calorimetric (DSC) Measurements

To explore HA concentration dependence melting temperature (T,,,) in HA-water mixtures, the
differential scanning calorimetry (DSC) (DSC, TA Instruments Q200) measurements were
carried out. All DSC measurements were conducted within a temperature window of -50 to 30
°C, with a constant heating rate of 5 °C/min. The samples were completely airtight sealed in

an aluminium pan by sealing with aluminium cap (40 pul, Tzero, TA Instruments).

Ad.1.2.5 Conductivity of Aqueous HA Sol or Gel

The frequency dependent conductivity of the HA solution is shown in Figure Ad.1.A.2 of the
Appendix Ad.1.A. The conductivity was measured using an impedance analyser working in

parallel plate capacitor mechanism in the frequency range from 20 Hz to 10 MHz. The electrical
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conductivity of HA solution is represented as a combination of frequency independent dc
conductivity part and a strongly frequency dependent ac conductivity part. Typical frequency
dependent conductivity spectra show three distinguished regions 1) low frequency dispersion
due to polarization, ii) intermediate frequency plateau region and iii) high frequency dispersion
region.>>” The low frequency dispersion region is described by the polarization of electrode
in the low frequency region. As the frequency decreases, more charges accumulate to the
electrodes hence reduction in conductivity occur. In the intermediate region here in KHz to
MHz region in the figure the conductivity is independent of frequency. Here an intermediate

plateau region is formed which is dc conductivity.

Ad.1.3 Results and Discussion

Ad.1.3.1 Static Dielectric Constant: Indication of Sol—Gel Formation

90 | T | : T I T | T |
L ' -
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= : T T T =
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86 |- ! , 1=
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84 - | 1=
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Figure Ad.1.1 HA concentration (0 to 2 wt%) dependent static dielectric constant (&5) of HA-
water mixture at 293 K. Inset shows the transition of & occurring around 0.66 wt% HA via
derivative plot of &; with respect to concentration.

Given the predominantly water-dominated environment (98-100 wt%), DR measurements

were conducted across the Hz to GHz frequency range. These measurements serve a dual
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purpose: firstly, to ascertain the static dielectric constant of the medium, and secondly, to
directly explore environment relaxation dynamics and the impact of aggregation on water
relaxation. Static dielectric (&) constant of HA-water mixtures were taken at 5 MHz from the
low frequency DR measurements are shown in Figure Ad.1.1. The &5 of HA-water mixture
increases from pure water to 0.75 wt% HA concentration. In between 0.75 to 2 wt% HA
concentration, no significant change is observed in the measured &,. This indicates that sol—>gel
transition also has impact on &. The question arises here: why & in these systems increase
with HA concentrations. Scheme Ad.1.1 showed that HA monomers have multiple polar
groups, like —OH, —COO~ and —NH(CO)OH in their backbone and these polar groups have
fixed dipole moment vector. Consequently, HA polymer has permanent effective dipole
moment that is coming from vector summation of all the dipoles of polar groups. Note that &

of a system at temperature T and volume ¥ can be expressed by following equation®®*°

& =
1+ (M).rr/3e0VkgT, where g, and kg are vacuum permittivity and the Boltzmann constant,
respectively. (M).¢r is total effective dipole moment defined as (M).rr = (M 2y —(M)?.
Above relation shows that the & is directly proportional to total effective dipole moment
(M), 7r)» which is coming from HA molecule, water and their cross terms.***" Because of the
polar nature of the HA molecule, dipole moment contribution from HA and its cross correlation
with water increase the &g of these systems with increasing HA concentrations. This type of
anomalous dielectric increment has been also observed in aqueous protein solutions.*>*! But
increase of & is prominent from 0.5 to 0.75 wt % HA. This result suggests that enhancement
of &5 mainly coming from dipole moment contribution of HA molecules which transformed
from disordered to ordered polymer backbone arrangement due to sol—gel transformation. HA
concentration dependent &, was fitted with sigmoidal equation y=y,+
a/(l + exp((x — xo)/b)) where a is &;,(max) — &;(initial), b is constant it depends on
concentration of mixtures and x is position of maximum slop change in sigmoidal curve. Its
corresponding peaks of derivative presented by dashed line in inset Figure Ad.1.1. This

indicates that a sol—gel transition is observed around 0.66 wt% HA.
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Ad.1.3.2 Conductivity Measurements and Indication of Sol—->Gel Formation
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Figure Ad.1.2. conductivity (o) in aqueous HA mixtures at 293K. Note that ¢ is calculated
from DR measurements at 5 MHz frequency where frequency dependence conductivity
become plateau (see Figure Ad.1.A.2). Red and blue colour circle in figure denotes the 0 to
0.65 wt.% and 0.75 to 2 wt.% HA in water respectively. Solid lines passing through the
experimental data represent respective linear fits. All representations are colour-coded.

Figure Ad.1.2 represents sol-gel transition features of aqueous HA solutions observed from
conductivity (o) measurement. Note that the o values were taken from frequency dependent
DR at 5 MHz where frequency dependent conductivity spectra get plateau (see Figure
Ad.1.A.2 of Appendix Ad.1.A). In our system as we added more and more HA to water, we
have seen a gradual increase of conductivity of the medium. The conductivity ranges from 0.04
S/m? to 0.2 S/m? as we go from 0.3% HA to 2% HA. We have plotted the conductivity with
respect to HA concentration. We fitted the conductivity with simple straight line. While fitting
we have found we need two distinct straight line having different slope is better fitted the
experimental observation. After fitting with two different straight line, we have found an
inflection point at around 0.63% HA concentration. So, we can say the conductivity below
0.63% HA 1is behaving differently with respect to conductivity above 0.63% HA. This
observation supports our previous experimental finding that the sol to gel transition is occurring

around 0.65% HA concentration. It can be seen from Figure Ad.1.2 that in sol phase the slope
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is greater than in gel phase. This is because when gel matrix is formed, the mobility of the

sodium ion is hampered or decreased or retarded compared to the ion mobility in sol phase.

Ad.1.3.3 Experimental DR Spectra: Detection of Slow Water

80!

" DR of aqueous HA
60 - % of HA

0.3
0.75

"
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Figure Ad.1.3. HA concentration dependence real (¢') and imaginary (&¢”) component of
complex DRS data of aqueous HA mixtures in frequency regime 0.2 < v/GHz < 50 at 293
K, (upper panel) and the peak maxima of ¢” that zoom from the upper panel (lower panel). The
line passing through the experimental data point express two Debye (2D) fitting model. All
presentations are color-coded.

Figure Ad.1.3 represents the frequency dependent dielectric relaxation spectra of the aqueous
HA solution at 293 K with few concentrations of HA ranging from 0.3 to 2 wt% HA. For all
cases bimodal relaxation characteristic dictated by 2-Debye model fitting to experimental data
and the fitting parameters along with average DR time ({tpg)) are tabulated in Table Ad.1.1.
The figure shows that with increasing HA wt% there is a visible change in both real and

imaginary parts of the DR spectra. We have thoroughly investigated the finding via plotting
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various DR parameters with respect to concentration obtained from Table Ad.1.1 and see the

effect of HA concentration dependence sol—gel transition.

Table Ad.1.1. HA concentration dependent 2-Debye fit parameters of experimentally measured
DR spectra (frequency window: 200 MHz to 50 GHz) in aqueous HA mixtures at 293K.“ Debye
fit parameter of pure water from DRS measurement also shown in same table.

Cone. | & | Ag | 7i(ps) | A&y | T2(pS) | &o | Eo | (Tan)(PS)
—n?
0% | 80.7 - - 747 | 10 6.0 | 1332 | 4.225 10
03% | 81 04 | 316 75 10 56 | 1333 | 3.823 14
(1)’ (99)
0.5% | 825 | 24 | 1996 | 742 | 10 59 | 1333 | 4.123 70
€) ©7)
0.65% | 84.5 | 5.0 | 2650 | 733 | 10 6.1 | 1333 | 4323 181
(6) (95)
0.75% | 88 82 | 2987 | 74 10 58 | 1333 | 4.023 308
(10) (90)
1.0% | 89 | 94 | 3562 | 733 | 10 6.3 | 1334 | 4520 400
(11) (89)
1.5% | 88.5 | 8.82 | 3880 | 73.45 | 10 6.2 | 1335 | 4.418 435
(11) (89)
20% | 89 | 9.41 | 4182 | 7342 | 10 6.0 | 1335 | 4217 468
(11) (89)

a) Individual amplitudes and time constants can be reproduced within £5% of the reported
values. b) Number in parenthesis indicates dispersion amplitude of a given DR dispersion step
in percentage.

Figure Ad.1.4 shows concentration dependent (7pg) time. This depicts that (Tpg) increases
with increasing HA concentrations. The increment of (7pg) in these systems is sigmoidal in
nature similar to &;. Black dashed line indicates the peak position of first derivative (shown in
inset of Figure Ad.1.4.) of sigmoidal fit of (tpz) data. This revealed that sol—gel transition

occurs at 0.66 wt.% HA concentration in water as shown earlier in case of &s.
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Figure Ad.1.4. HA concentration dependent average DR time ({Tpg)), its sigmoidal fitting and
first order derivative of sigmoidal fitting curve (in inset) in aqueous HA mixtures at 293 K.

Figure Ad.1.A.3 (Appendix Ad.1.A) depicts the concentration dependent deconvoluted spectra
of imaginary (&) component of complex DR data in aqueous HA mixtures with two different
DR time contributions. This figure clearly indicates the amplitudes of the two different time
scales. Figure shows that DR time scale 7, posses the dominant contribution while the
amplitude of slower relaxation time, 7,, gradually increases with HA concentration and at the
highest HA concentration the value is nearly 10%. In the next section we have plotted the time
scales and their associated amplitude in a different plot and analysed the effect of sol—>gel

transition on DR time scales and amplitudes.
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Figure Ad.1.5. HA concentration dependence DR times (7; and 7,) and its corresponding
amplitudes (Ae; and Ae, in percentage shown in inset of Figure Ad.1.4) in aqueous HA
mixtures at 293 K.

Figure Ad.1.5 represents the two DR times and their amplitudes (inset panel) in these sol-gel
systems. The relatively faster DR timescale (7,) which is originating from the relaxation from
bulk water*>*3, Note that, with increasing HA concentration, the faster DR time scale (t,~ 10
ps at 293 K) remains constant while its amplitude decreases up to a certain concentration of
HA (1 wt%) and then it gets saturated. The transition has been occurred in between 0.5% HA
to 0.75%HA, where the sol to gel transition is occurred. As the HA concentration increases the
bulk water concentration gradually decreases and the fast time scale contribution is
progressively replaced by slower relaxation time scale. The slower DR time (7;) detecting in
these aqueous HA sol-gel systems, increases from sub-nanosecond to a few nanoseconds with
HA wt%. Amplitude of the slower dispersion is gradually increasing with HA concentration of
0 to 1 wt% and then it saturates. The above result suggests that with increasing HA
concentration, some portion bulk water may transform into dynamically slow water which are
engaging for hydration of polar group in HA.*~*8 This type of bimodal relaxation has been seen

in dielectric relaxation of aqueous protein solution.**44>
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Ad.1.3.4 DSC Measurements: Identifying the Presence of Slow Water

Heat Flow/Mass (W/g)

Figure Ad.1.6. Concentration dependent DSC thermogram in aqueous HA sol-gel mixtures.
The sub-zero features are shown in inset of the Figure.

Further dynamically slower water is examined via DSC measurements. The HA concentration
dependent DSC thermograms for aqueous HA sol-gel systems are shown in Figure Ad.1.6.
Note that the composition dependent peak area is decreased with addition of HA in water. This
indicates that population of bulk water decreases with increasing HA concentration.
Interestingly, inset of Figure Ad.1.6 clearly indicate that melting initialization gradually shifted
towards sub-zero temperature with HA concentrations. This indicates a signature of freezable
but dynamically slow water associated to polymer hydration*” and confirmed the conjecture of
dynamically slow water molecules in these sol-gel systems, previously observed in our DRS

measurements.
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Figure Ad.1.7. Schematic presentation of dynamically slow water in aqueous HA mixture,
where H-bond between water and polymer represents by red dashed line.

Figure Ad.1.7 represent an artistic view of hydration water of HA polymer chains participating
in formation of hydrogen bond with —OH/—COO~/—NH(CO)OH groups. We believe in post
gel formation stage, due to the limitation of interaction sites occupied by dynamically slow
water get saturated. Morphological study using cryo-SEM will be a good experiment to
uncover the 3D gel structure of HA-water sol-gel system. Change in fluorescence intensity
with HA concentration using a viscosity sensing probe such as Thioflavin-T (ThT) may indicate
the critical concentration for sol—>gel transition and complement the finding using DRS and

DSC measurements.
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Appendix Ad.1.A

Figure Ad.1.A.1. HA-water mixtures at various concentration (0 < HA wt% < 2) after
sample preparation.
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Figure Ad.1.A.2. Frequency dependence conductivity (o) in HA-water mixtures from low
frequency DRS (20 Hz to 5 MHz) measurements. All presentations are color-coded.
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Figure Ad.1.A.3. HA concentration dependence deconvoluted imaginary (¢'") DR spectra with
respect to DR times (t; and 7,) and its corresponding amplitudes (Ag; and Aeg,) in the
frequency window 0.2 < v/GHz < 50 in aqueous HA mixtures at 293K.
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