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Abstract

This Thesis deals with the study of interaction and dynamics of several complex chemical
systems that include naturally abundant deep eutectic solvents (NADESSs), binary mixtures, and
bio-mimetic systems (micelle), employing time (picoseconds)-resolved fluorescence (TRF) and
MHz-GHz dielectric relaxation (DR) spectroscopic techniques. Time-resolved measurement of
dissolved dipolar solute in prepared NADESs depict fractional viscosity dependence of
reorientation motion of the solute at well above (~70-130 K) the glass transition temperature of
the medium. This sort of viscosity decoupling of transport properties is usually observed for
deeply supercooled liquids near glass transition. DR spectroscopy coupled with TRF
measurements reveal that water-polyhydroxy alcohol mixtures considered here are mildly spatio-
temporally heterogeneous. Dynamics of those mixtures are different from bulk water and depend
on concentrations of polyhydroxy alcohol. In addition, DR timescales appear to suggest the
origin being the reorientation and H-bond relaxation dynamics, excluding the possibility of full
molecular rotations. Amphiphilic diblock copolymer form micelles in agueous medium and the
interfacial dynamics of these micelles are qualitatively similar to other micelle-forming systems.
DR measurements at the highest of the polymer concentrations considered suggest the presence
of aqueous dynamics slower than that for neat bulk water, although evidence for such “slow”
dynamics at lower concentrations has not been detected in the present DR measurements. Impact
of the connector atom between the head and the tail part of the surfactant in the structure and
interfacial dynamics of their micelles explored via dynamic light scattering (DLS), TRF and DR
spectroscopy measurements. Interestingly, a significant impact of linkage atom on size of the

micelles and associated interfacial dynamics has been observed.

Chapter 1 of this Thesis presents a brief introduction to the work and the related literature. In
Chapter 2, a concise description of the used experimental techniques and data analysis protocols
are provided. Chapters 3 and 4 report preparation of naturally abundant deep eutectic solvents
(NADES:Ss), and investigation of interaction and dynamics in them employing steady state and
time-resolved fluorescence spectroscopic measurements. Medium heterogeneity of water-xylitol
mixtures are discussed in Chapter 5 with the help of DR and TRF measurements. In Chapter 6

structure and dynamics of the micellar solution prepared from amphiphilic diblock copolymers



are elaborated. Chapter 7 contains the impact of connecter atom of head and tail part of the
surfactant in the dynamics of their aqueous micellar solutions. Concluding remarks and some

important future problems are provided in Chapter 8.
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Chapter 1

Introduction

Solvents are essential and critical part of industrial processes covering synthesis, purification,
drying, filtration, cleaning, and a gamut of other applications. As chemical reactions, yield,
extraction, dissolution, biological functions etc. strongly depend on a variety of solvent
properties that include dissolution power, polarity, viscosity, volatility, inflammability, electro-
chemical window, thermal resistance and, most importantly, ecological footprint. Large-scale
commercial application demands cost-effective handling, transportation and usage protocol. Low
procurement cost, easy recovery and recyclability construct a symbiotic loop between the
production end and the users’ space, and provides a window for generating new classes of
solvents through liquid solvent engineering in order to serve the desired purpose.’™
Unfortunately, a large portion of industrial solvents are conventional organic solvents and many
of these are tagged with environmental and health issues.***® Hence, a search for eco-friendly,
cost effective alternative to the conventional organic solvent with desirable properties has led to

the invention of new classes of solvents: gas expanded liquids (GXLs),'*%

room temperature
super critical fluids (RTSFs), ??* room temperature ionic liquids (RTILs),>?® deep eutectic
solvents (DESs)*3* etc. Among these non-conventional alternatives some are eco-friendly or
with low ecological footprint, DESs are considered to be a few steps ahead because of their low
cost, easy transportation and preparation route, and moreover, a huge number of probable
combinations of constituents for preparation of DESs. These properties open up several
possibilities to get eco-friendly solvents with desirable properties.*>**® DESs are multi-
component molten mixtures with a much lower melting temperature (T,,) than that of the
individual constituents. Deep depression of freezing point of DESs is the outcome of extensive
H-bonding among the ingredients and gain in entropy due to the transformation from solid to
liquid state. For the universal necessity of low toxic, biocompatible and biodegradable solvents
or reaction media, attempts have been made to find out solutions from the Nature itself. This has
led to the findings of naturally abundant deep eutectic solvents (NADES), prepared from primary
metabolites, such as amino acids, organic acids, urea, sugars. This satisfies the primary aspect of
36,43,47-

non-hazardous solvent systems because of their inherent greenness and eco-sustainability.

% Interestingly, these NADESs have been used extensively in solubilization of organic



compounds, therapeutic system, biotransformation, biodiesel production, extraction of bioactive
substances, CO, and SO, absorption, Li-ion batteries, as drug carrier and reaction media.®>#3°1-¢
Therefore, DESs, as designer solvents, demand comprehensive understanding for smart and vast
applications in industry. Here basic science research can contribute to a large extent, and assist
significantly to the appropriate choice and smarter applications for solvent systems through

supplying the critical knowledge needed to tailor reactions for desired products.

Structure and functionality of biologically important molecules like proteins depend on the
interaction of their building blocks (amino acids) with cell fluid such as water."® Thus,
understanding the interaction of biomolecules with water is important. Interestingly, in many
cases these interactions are tuned with the introduction of osmolytes (sugar, polyhydroxy
alcohol) during the protection of the protein at a very low temperature. This is cryopreservation
of bio-moieties. Aqueous solutions of sugar or polyhydroxy alcohol are known to stabilize
proteins and other biological substances.®>® This has been done by tuning the interspecies
interaction in the system. There seems to be a relationship between cryoprotection and solution-
phase spatio-temporal heterogeneity,” although a well-documented investigative study on this
inter-connection is yet to be conducted. Therefore, a thorough understanding of microscopic
interaction and dynamics in aqueous phase of amino acid, sugar, polyhydroxy alcohol and their

mixtures is essential for broad-spectrum applications and specific use, such as, cryo-preservation.

Miscellaneous biomimetic self-assembled structures like micelles, reverse micelles, vesicles,
macromolecules and polymer aggregates with multifarious morphology are in extensive use in
several fields: Their usage include as nanocarriers for drug and gene delivery, diagnostic imaging
agents, and as model systems for confined reaction media.”""> Research on these complex
systems has been continued for the last several decades and still continuing. Interfacial
heterogeneity of the confined systems has an impact on reactions occurring at interfaces.”®”” A
thorough knowledge of microenvironment structure, dynamics and interaction of biomimetic

systems is therefore essential for applications.

Photo-physics deals with study of physical properties of targeted materials or molecules through
radiation-matter interaction. In the present context this connects to measurements of quantum
yields, excited state fluorescence lifetimes, radiative and non-radiative rates of a fluorescent

molecule. These are inherent properties of a probe solute, and a given medium can have non-

2



trivial impact on these properties. Consequently, these probe solutes are often used as reporters
for probing polarity and relaxation dynamics in host media. Photo excitation changes the dipole
moment of such dipolar probe molecules (dissolved at a very low concentration in a medium)
through charge redistribution. In time-resolved studies, this change in solute dipole moment is
initiated by shining it with a laser pulse, and then the fluorescence energy is followed as a
function of time. When this fluorescent solute is dissolved in a solvent, the time-dependent
fluorescence carries the information regarding the dynamic readjustment of the host solvent
molecules in a response to the sudden change in the solute dipole moment. With time the
fluorescence energy changes to lower energy and this can be tracked via the dynamic (or time-
resolved) fluorescence Stokes shift measurements.”®™ Interestingly, time-resolved Stokes shift
measurements are frequently utilized to understand interaction and dynamics in a given

medium,8-%2

Study of photophysics and dynamics of complex chemical systems is extremely important for a
variety of reasons. For example, selection of a correct reaction medium for a particular chemical
reaction is predominantly guided by the knowledge of reaction timescale and the timescale of
solvent reorganization. While understanding reaction timescale falls in the domain of
photophysics, exploring solvent effects brings in the dynamical studies in the scenario. The
interrelationship between solvent effects and reaction kinetics then creates the necessary
symbiosis between theory and experiments, and provides the crucial tool for optimization. This
optimization has greater importance for biological systems because numerous chemical reactions
occur inside living cells in complex environments at mild thermodynamic conditions following
catalytic pathways. Note in dynamic Stokes shift measurements it is assumed that the excited
solute does not influence natural dynamics of the medium. Initially, at ground state (Sp)
dissolved solute remains in equilibrium with its surrounding (solvents). Photo excitation with
proper light (energy) leads solute to the first excited state (S;) followed by charge redistribution.
In this scenario solvent dipoles arrange themselves in a way that the energy of the solute-solvent
composite system gets minimized. The time evolution of this energy minimization process
reflected in time-resolved emission spectra (TRES) of the solute. Note the relaxation dynamics is
associated with the rearrangement of solvent molecules and have an impact over reaction rate
occurring within the medium.”%* Apart from the time dependent solvent relaxation and other

associated phenomena, solvation dynamics measurements also reveal information regarding

3



intermolecular interactions.””® Another important method, dynamic fluorescence anisotropy
measurements, provide information about frictions exerted by the medium to a rotating solute
dissolved in it. Time-resolved fluorescence anisotropy measurement uncover solute-medium
interaction and is complementary to dynamic Stokes shift measurements.?” 901193 gtokes shift
and dynamic anisotropy measurements together serve as an efficient tool to map the dynamic
friction exerted by a given medium, and is the only way to visualize a microscopic quantity like

dynamic friction.

Steady state fluorescence spectroscopy has also contributions to reveal the medium structure and
its interaction with the dipolar solute probe. Photoexcited solutes emit from lowest vibrational

level of completely equilibrated first singlet excited state (S;) irrespective of the excitation

wavelength (... ) (Kasha’s rule).’**'% However, red shift is observed for fluorescence emission

exc.
with longer excited wavelengths of a dissolved solute in several complex media,’® 8997:106-108
This red shift with longer excitation wavelength emerges due to the different microscopic
environment with solvent density fluctuation timescale comparable or less than the lifetime of
solute probe. Observation of such excitation energy dependence suggest heterogeneous solvation

environment around the probe molecule.

Dynamics of dipolar molecules can be measured using dielectric relaxation spectroscopy (DRS).
This is different from dynamic Stokes shift measurements in the sense that DRS does not need
any foreign molecule as a reporter, and thus the inherent dynamics of a pristine medium is
directly probed. In DRS measurements frequency dependent electromagnetic field is employed
to perturb the dipolar system under investigation, and subsequent polarization response of the
medium particles are monitored as a function of frequency.’®™ This technique is useful to
report reorientional dynamics (of dipoles) occurring within the timescale ranging from a few
picoseconds to nanoseconds in a MHz-GHz frequency window, and has been successfully
employed for various complex systems. *'%*?® However, this method has not been extensively
used in the present Thesis work; rather has been used as a complementary experimental method

in some cases to augment discussion of results obtained via fluorescence spectroscopy.

In this Thesis we have explored temperature dependent interaction and dynamics of DESs,

temperature and compositions dependent medium heterogeneity of water-polyhydroxy alcohols



mixtures, interfacial solution phase dynamics of amphiphilic diblock copolymer and alkyl
polyglucosides (APGs) surfactants. All these have been performed by employing steady state,

time-resolved fluorescence spectroscopy and dielectric relaxation spectroscopy. "%

In chapter 2 details of experimental techniques, data recording process and method of data

analysis are discussed.

In chapter 3 we have discussed preparation of a new room temperature DES composed of
glucose, urea, water (6:4:1; weight ratio) and also explored its relaxation dynamics via
temperature dependent time-resolved fluorescence measurements employing hydrophilic and

hydrophobic solute probes. Differential scanning calorimetry (DSC) measurements indicate a

glass transition temperature (T,) of ~236 K. Measured viscosity coefficients (n) vary from ~600

cP to ~100 cP in the temperature range, 318<T/K< 343, and exhibit Arrhenius-type
temperature dependence with an activation energy ~65 kJmol™. Interestingly, this DES forms a
stable liquid at ~300 K but is too viscous to be accurately measured by us below 318 K.
Temperature dependent dynamic fluorescence anisotropy measurements using hydrophobic and

hydrophilic solutes of similar sizes reveal bi-exponential kinetics, and Arrhenius-type

temperature dependence for solute rotation times (<rr>) but with significantly decreased

activation energies, ~31 kdmol™ (hydrophobic) and ~21 kJmol™ (hydrophilic). Deviation from

hydrodynamics is further reflected in the strong fractional viscosity dependence of <rr>:

<rr> oc(n/T)p with p~0.3-0.5, indicating pronounced temporal heterogeneity in the relaxation

dynamics. Dynamic fluorescence Stokes shift measurements (temporal resolution ~85 ps)
produce dynamic shifts of ~500-700 cm™, bi-exponential solvation energy relaxation with time
constants in the range ~0.2 ns and ~4 ns, and estimated missing amplitudes of ~65-75%. Impact
of density difference between non-polar solvent and this DES on the estimated missing
amplitudes is explored via measuring the temperature dependent densities and refractive indices
of this DES. Lifetime measurements suggest considerable temperature dependence for the
hydrophobic solute but no such dependence for the hydrophilic one. Excitation energy
dependence of fluorescence emission of various solutes with widely different lifetimes indicates

mild spatial heterogeneity for this DES.



Chapter 4 contain details about the preparation of deep eutectic solvent composed of betaine,
urea and water (11.7:12:1; weight ratio), and study of its interaction and dynamics using
temperature dependent time-resolved fluorescence measurements. We have employed two
different solute probes, hydrophilic and hydrophobic. Temperature dependent measurements of
solution density, refractive index and viscosity coefficient of DES have been performed for
characterization and understanding the time-resolved fluorescence response of different solutes
dissolved in this DES. This DES is highly viscous with viscosity coefficient ~45-430 cP in the
temperature range measured. All measurements have been done in a temperature range ~90 —
130 K above the thermodynamic glass transition temperature (Ty ~218 K from DSC
measurements) for this tri-component DES. Steady state fluorescence measurements employing
different probes with disparate lifetimes suggest near-homogeneity in the solution structure.
However, time-resolved fluorescence anisotropy measurements employing a couple of these
fluorescent probes that differ in chemical nature (hydrophobic or hydrophilic) suggest a strongly

heterogeneous relaxation dynamics through a fractional viscosity dependence of the measured
solute rotation times, (t,)oc (n/T)", with p~0.5. Dynamic Stokes shift measurements reflect

observed dynamic shifts in the 500-700 cm™ range with missing amplitude of ~65-75%.
Temperature dependent bi-exponential solvation response functions with time constants of ~0.2
ns and ~4 ns have been detected, and these timescales have been argued to originate from
orientational relaxations coupled to collective structural H-bond fluctuations.

Aqueous xylitol solutions at six different concentrations were studied in chapter 5 employing
dielectric relaxation (DR) and time-resolved fluorescence (TRF) measurements in the
temperature range 295 — 323 K. The focus was to explore the solution heterogeneity aspect via
monitoring the viscosity coupling of the average relaxation rates at various temperatures. TRF
measurements were done using both hydrophobic and hydrophilic probes to explore the
preferences, if any, for solute locations in these binary mixtures. Energy selective population
excitations and the corresponding fluorescence emissions did not suggest any significant spatial
heterogeneity in solution structure within the lifetimes of these probes. DR measurements and
TRF experiments indicated mild deviations from the hydrodynamic viscosity dependence of the
measured relaxation rates. All these suggest mild spatio-temporal heterogeneity for these water-

xylitol mixtures in the temperature range considered. In addition, DR timescales appear to



originate from reorientational and H-bond relaxation dynamics, excluding the possibility of full

molecular rotations.

In chapter 6 we explored interactions of amphiphilic diblock copolymers (these polymer were
synthesized and characterized by Prof. Priyadarsi De’s group, ISER, Kolkata)* with water
molecules and the subsequent aqueous solution dynamics by employing time-resolved
fluorescence measurements (TRF) and megahertz-gigahertz dielectric relaxation (DR)
experiments. The synthesized amphiphilic diblock copolymer is  poly(2-(((tert-
butoxycarbonyl)alanyl)oxy)ethyl methacrylate)-b-poly(polyethylene glycol monomethyl ether
methacrylate)  (P(Boc-L-Ala-HEMA)-b-PPEGMA))."**  Dynamic light scattering (DLS)

measurements of aqueous solutions indicate the formation of 14-20 nm particles, from the
balance between the chain lengths of the hydrophobic (P(Boc-.-Ala-HEMA)) and hydrophilic

(PPEGMA) segments. The critical micelle concentration (CMC) of the P(Boc-L-Ala-HEMA)-b-

PPEGMA block copolymer at different block lengths in aqueous media, determined via steady
state fluorescence measurements, is very low (~4-8 mg/L), and the resultant micellar size has
been found to be insensitive to the polymer concentration. Interfacial and bulk aqueous dynamics
have been investigated by tracking the solution frictional resistance on rotational motion of
dissolved hydrophobic and hydrophilic dipolar solute probes of comparable sizes. Time-resolved
fluorescence anisotropy measurements reflect biphasic temporal profile for the frictional
resistance. Interestingly, the hydrophobic probe, due to its preferential location at the micellar
interface, experiences greater frictional resistance than the hydrophilic counter-part, although the
latter reports stronger polymer concentration dependence of the frictional retardation than the
former. DR measurements at the highest of the polymer concentrations considered, suggest the
presence of aqueous dynamics slower than that for neat bulk water, although evidence for such

“slow” dynamics at lower concentrations has not been detected in the present DR measurements.

In chapter 7 we have made an attempt to explore the impact of substituting the glycoside linkage,
the connector atom in between the head and the tail part of the surfactant, by the thioglycoside
linkage on the dynamics at the non-ionic surfactant/water interface of the micelles employing
time-resolved fluorescence (TRF) and dielectric relaxation (DR) spectroscopic techniques. We
have utilized n-octyl-f-D-glucopyranoside (OG) and n-octyl-4-D-thioglucopyranoside (OTG) as

non-ionic surfactants and coumarin 153 (C153) as a primary local reporter for optical

7



measurements. There is no significant difference in the steady state spectral features of C153 for
these two surfactant solutions, however comparison of the same with pure water gives us an idea
about the probe location in both the mediums and later it has been confirmed by the TRF
measurements. Dynamic light scattering (DLS) measurements in these solutions suggests that the
OTG micelles are ~ 4 times larger than the OG micelles. Interestingly, significant differences in
the rotational and solvation dynamics of the probe molecule in these two micellar solutions have
been revealed by the TRF measurements. Moreover, we have not found any signature of bound
water molecules in our dielectric relaxation spectroscopic (DRS) and differential scanning
calorimetric (DSC) measurements for studied surfactant concentrations. Nevertheless, like other
surfactant molecules, here also we have observed slow solvation dynamics of the fluorescent
probe molecule, despite of having no slow water dynamics (other than bulk water dynamics) in
DRS measurements. Solute motion has been argued to be the origin for this slow solvation
component as DR measurements do not indicate presence of comparable relaxation component

from the medium.

Thesis ended with chapter 8, contains conclusion and some relevant future problems.
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Chapter 2

Experimental Techniques and Data Analysis Methods

The most used experimental techniques for the investigation of various complex chemical
systems discussed in this Thesis are steady state absorption and emission spectroscopy, Time-
resolved Fluorescence spectroscopy and Dielectric Relaxation spectroscopy. This chapter mainly

contains a brief description of these experimental techniques.
2.1 Steady State Absorption Data Collection

Steady state absorption spectra presented in this thesis have been recorded using UV-2600
(SHIMADZU) spectrophotometer. Fig. 2.1 represents a schematic description of an absorption
spectrophotometer. In absorption spectrophotometer, tungsten and deuterium lamp have been
used as light sources for the visible and ultraviolet region, respectively. The light from the source
lamp directed by a mirror passes through a filter and reaches to the monochromator. Then the
diffraction grating present in the monochromator selects a specific wavelength from the
incoming light. The light with a specific wavelength (monochromatic light) is split into two
beams before it reaches to the sample. One of these two beams used for reference while the other

one passes through the sample.

Mirror
Lamp B

Mirror — Computer screen

| { Photo diodt{a_l__l

Filter Reference

Data
processor

\J< ) £

Beam splitter

Monochromator Sample Photo diode

Fig. 2.1 Schematic presentation of an absorption spectrophotometer.
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The transmitted light from both reference and sample collected into the photodiode detector.
After few sequential steps, signal enhancement, analog to digital conversion, the final absorption

data is generated.

Absorbance (A) is proportional to the path length (1), concentration (C) and the molar
extinction coefficient (¢) of the sample which is the fundamental statement of Beer-Lambert

Law: A= |0910|T0=8c1 . Where I and | are the intensity of incident light and transmitted light,

respectively. All optical measurements presented in this Thesis are carried out keeping | =1cm

and ¢<10°M.
2.2 Steady State Fluorescence Data Collection

Steady state fluorescence spectroscopy investigates the emission spectra after irradiation by a
continuous light (Xe lamp) source. Here, we have used fluorimeter (Fluorolog, Jobin-Yvon,
Horiba) for steady state emission measurements. Fig. 2.2 represents a schematic diagram of a
fluorescence spectrophotometer. The monochromators help to select specific excitation and

emission wavelength and also block the undesired wavelengths (stray light).

| stits | Sample
Recorder
Slits
Excitation — T
monochromator Amplificr
Xe Lamp
Emission T
monochromator Detector

Fig. 2.2 Schematic diagram of a fluorescence spectrophotometer.
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The equipped motor in monochromators allows auto scanning of emission and excitation
wavelengths. The fluorescence emission detected by photomultiplier tube (PMT) is projected in

the computer screen after amplification and appropriate electronic conversion.
2.3 TCSPC Technique

Time-resolved measurements provide more information with much complexity than steady state
measurements. Time-resolved data presented in this thesis have been recorded using Time-
Correlated Single Photon Counting (TCSPC) system from Edinburg (U.K.). Fig. 2.3 is the
schematic representation of a typical TCSPC set-up. TCSPC follow the principle that the
probability distribution for emission of a single photon from a single fluorophore molecule after
its excitation is identical to the time-dependent fluorescence intensity change of all photons

emitted by the fluorophore after excitation.

[_sl

Sample
Pulsed Laser Monochromator P
S

‘qé Monochromator

&
&

A Computer @&
MCA |- ]
+

CFD
CFD

Fig. 2.3 Schematic presentation of a TCSPC set-up.

Excitation pulse from the laser source first excites the fluorophore molecules within the sample
cuvette and creates a start signal. For time-resolved measurements, the excitation pulse width
should be shorter than the decay lifetime of the sample. *® Obtained start signal from the sample

successively passes through the constant fraction discriminator (CFD) and time-to-amplitude
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converter (TAC). When the signal passes through CFD, it records the laser pulse appearance
time while signal through the TAC increases voltage linearly with time i.e. voltage ramp. This
voltage ramp gets stopped when the first photon from the fluorophore is detected. Then, the
output pulse from the TAC, which is proportional to the delay time ( At) between the start and
stop signal sent to a multichannel analyzer (MCA) for the numerical value generation. From the
repetition of the above described process several times and with the help of MCA, a histogram of

the decay containing photon count and time channel is created.
2.4 Data Analysis

2.4.1 Solvation Dynamics

Steady state absorption and emission spectra of fluorophore molecules within the sample were
recorded and solvent blank subtracted for the background correction. Around 14-16 magic angle

(54.7°) decay over the steady state emission band were collected to start analysis. We have
mostly used external dye molecules coumarin 153 (C153) and coumarin 343 (C343) as
fluorophores, the local reporter for our fluorescence measurements. In time-resolved
measurements, we have used 409 nm diode laser as an excitation source and the full width at half
maxima (FWHM) of the instrument response function (IRF) was ~85 ps. General signature of
the Stokes shift dynamics was obtained from the only decay in the blue end, and a rise followed

by decay in red end emission intensity following laser excitation. The sample response, I(t), was
generated from the fluorescence decay, N(t), and instrument response function, R(t), using

iterative reconvolution method” in which a nonlinear least square analysis is employed. Intensity

N
decay obtained from TCSPC, fits with a sum of exponentials, 1(t) = Z“i exp(-t/z;), where ¢

i=1
is amplitude associated with the characteristic lifetime z,. The intensity decays at several

wavelengths (;) were fitted with a multi exponential function to get lifetime [z;(4,)] and

associated magnitude or pre-exponential factor [¢;(1;)]. The multi exponential fitting function

is
1(4.t) =io¢i (A))exp(-t/7,(4,)), (2.1)
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where > o (4;) =1.

Thereafter, Time-resolved emission spectra (TRES) were constructed using the well-established
method.™*® Time-integrated intensity at each wavelength equal to the wavelength dependent

steady state emission, F(2;) was obtained by the formation of a new set of normalized intensity

decays. The normalization factor is

F(4, F(4,
Hey = TR 22
J.I(Aj,t)dt Zal( j)Ti( j)
0
Then the proper normalized decay function obtained by using the following relation,
I I(ﬂ’j H=H (/Ij )| (ﬂ’j 1) =o' (/Ij yexp(—t/z, (A’j ), (2.3)

where, o', (4;) =H(4;)e (4;) . By using the values of 1'(4,,t), wavelength and time dependent

intensity were calculated. From the wavelength and time dependent intensity, TRES have been
constructed and subsequently transferred to the frequency domain for further analysis.® Then, the
log-normal line shape function is used to fit individual time-resolved emission spectrum for
continuous representation. The peak frequency of the time-resolved emission spectra is used to

construct the solvation response function

(v(D) = v ()
S(t) = , 2.4
O @ v @9

where v(0), v(t)and v(w) are peak frequency of the reconstructed emission spectra at t=0

(instantly after excitation), t (at any time instant) and t = ( represents sufficiently long time),
respectively. The solvent response function is a normalized function and provides the
information about the time dependence of solvent reorganization around the fluorophore
molecule when equilibrium charge distributions of fluorophore are altered followed by
excitation. It is assumed that the steady state emission takes place from the fully relaxed state
and expected to be identical with time-resolved emission spectra at t =oo. In many cases the blue

shift in steady state emission is observed as compared to time-resolved emission at t =oo. This
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steady state result indicates that the solvent reorganization is not complete within the life time of
the fluorophore. Solvation response function, S(t), fits with a multi-exponential function and
subsequent integration of that multi-exponential function gives average solvation time as

follows:
(z) = TdtS (t) = Tdt[zi aon(-ti)=3 ar,, (2.5)

where Zi a; =1, andg,and 7, are the amplitude and time constants respectively, related with

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

2.4.2 Rotational Dynamics

TCSPC set-up is also used to measure reorientational dynamics of the dissolved fluorophore in
the medium and provides valuable information about the time-dependent friction."*®
Reorientational dynamics measurements utilized the principle of photoselective excitation of
those fluorophore molecules whose absorption transition dipoles are parallel to the electrical
vector of polarized excitation light. The emission intensity decays at the parallel and
perpendicular emission polarizations depend on the reorientation of the excited fluorophore. For
this measurement, the lifetime of dissolved fluorophore molecules has to be comparable or larger

than the reorientational time in the medium. Time dependent fluorescence anisotropy, (r(t)), is

defined as!

I para(t) -1 perp (t)
para(t) +21 perp (t) ’

rt)=1 (2.6)

where | and | represent vertically (parallel) and horizontally (perpendicular) polarized

para perp
fluorescence emission decay (with respect to the vertically polarized excitation light),
respectively. Intensity decays for the time-resolved anisotropy measurements are collected at the
peak wavelengths of the steady state emission spectra. Sensitivity of the polarizer for the
selection of vertically and horizontally polarized light is crucial for anisotropy measurements.
Thus, a correction factor (G) is used to minimize the error originated due to the polarization bias.

This correction factor, G, is known as geometric factor and defined as the ratio between the
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transmission efficiency for vertically (parallel) light and that of horizontally (perpendicular)

I para(t)
I perp (t)

polarized light (G = ). Now the corrected time-resolved fluorescence anisotropy, r(t),

represented as

para(t) Gl perp( )
para(t) +2Gl perp( )

r(t) = (2.7)
The geometric factor (G) is obtained by the tail matching of vertically (parallel) and horizontally

(perpendicular) polarized fluorescence emission intensity decays.” Now using | and G

para? perp

we have constructed r(t) following equation 2.7. Constructed r(t) then fitted with a single or

multi-exponential function as follows:

r(t) = r(O)Zozi exp(-t/z,), (2.8)

where 7, and ¢, are the time and associated amplitude of the i-th decay component and

Z“i =1. In this thesis, we have fixed the r(0) at 0.376° for C153 and 0.35’ (r(0) value of

C343 in glycerol, taken here as initial anisotropy) for C343. As concentration of temperature

dependent anisotropy measurements in various medium may give different r(0)values, we have
fixed r(0) for each probe molecule because we would like to compare the qualitative difference
among the medium frictions resisting the solute rotating in different measured solutions. The
average rotational time estimated using the parameters (z,,c;) obtained from the fitting as

follows:

o0

(r,)= j [r(t)/r(0)]= Za (2.9)

0
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2.5 Dielectric Relaxation Spectroscopy

2.5.1 Introduction

Electric field induced polarization of dielectric normally arises from the distortion of the
distribution of the electron cloud or/and the reorientation of molecular dipoles. In liquid phase at
room temperature dynamics of microscopic particles such as molecules, atoms, ions are so fast
that they are able to respond to the electric field of 10°Hz or higher unless field alteration
becomes too fast (>10" times per second). Dielectric relaxation (DR) techniques generally
measured electronic and nuclear part of polarization in the presence of an external field of
frequencies comparable to the microscopic dynamics of the medium.

According to Maxwell’s equations®, the interaction of the electromagnetic field with matter is

expressed as follows

rot Ez—gB (2.10)
ot
rotH—'+gD (2.11)
A '
divD=p, (2.12)
and
divB=0 (2.13)

In the above said equations, E and H represent the electric and magnetic field, D the dielectric

displacement, B the magnetic induction, j the current density and p, the density of charges. For

weak electric field the dielectric displacement, D, can be expressed by
D=¢"¢,E (2.14)

where ¢, (8.854x10™ Fm™) is the free space permittivity and &"is the complex dielectric

function. In Maxwell’s equation the complex dielectric function (&) is time dependent, if time

dependent phenomena occur within the sample. For a periodic electric field E(t)= Eqexp(—iat),
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where o is the radial frequency and i=+/—1, the complex dielectric function, &", is expressed

as
g (w)=¢"(w)—ig" (o) (2.15)
where £'and &"are the real and imaginary part of the complex dielectric function, respectively.

2.5.2 Measurements

All the dielectric measurements presented in this thesis were measured using PNA-L network
analyzer (N5230C) combined with an open-ended coaxial probe (85070E). The measuring
frequency range of this instrument is0.2<v/GHz<50. A schematic representation of the
instrument is shown in the Fig. 2.4. Calibration of the instrument has been done prior to each set

of measurement using air (for open circuit), shorting block and water.

- O

L L [ I | sl | | | ooo0o00
- [— I — N — ]

VNA -

Coaxial probe

Sample

Measurement plane of
impedance

Fig. 2.4 Schematic diagram of DR measurement set-up.

23



2.5.3 Different Mathematical Models and Data Analysis

Several mathematical models (Debye Model, Non-Debye Model etc.) have been employed to

recognize and understand dynamics associated with the orientational polarization.
2.5.3.1 Debye Model

Debye Model is the simplest and standard model to explain the complex dielectric response and

also provide characteristic timescale. Debye Model® is expressed as

£ me +—F (2.16)
l+iwr,

where, o (=2av) is the angular frequency associated with linear frequency v. As (=&, —¢,) IS
the dielectric strength, ¢, (w— 0) represents static, limiting low frequency dielectric constant

and &, (w— ) is the dielectric constant measured at high frequency. 7, represents

characteristic relaxation time.

2.5.3.2 Non-Debye Model

IlO

Cole-Cole model™ is normally used to describe a symmetric broadening of the dielectric

function and expressed as

8* =5w+_A—gl_ (217)
1+ (o)™
where « parameter represents a symmetric broadening of the dielectric function, having value

range, 0 <a <1, and 7. is the relaxation time.

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

Davidson model.****? Cole-Davidson model is mathematically expressed as

. Ag
R e 2.18
G +iowre)” (2.18)
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where 7, is the associated relaxation time, g is the asymmetric parameter and exist within the

range 0 < g <1.

|l3

Havriliak-Negami (HN) model™ is the standard and common model used to characterize

complex dielectric function. Havriliak-Negami (HN) model is presented as follow
* Ag

C T W wr) Y ¢19)

where 7., is the relaxation time.

In general, dielectric responses obtained from the complex chemical systems are possibly the
outcome of a superposition of various relaxation modes. Practically for those systems a sum of
Havriliak-Negami (HN) function is used and represented as

Ag.

£t ZJ: L+ (ioz,)" ") 229

2.5.3.3 Data Processing

Appropriate mathematical models have to select to extract physically significant information
from the complex permittivity spectra. These mathematical models are used to fit the obtained

complex permittivity data, then quality of the fits are determined by examining both the

‘goodness-of-fit” parameter ( y2) and residual. y? is defined as™*

m o, ’
2m ﬁ;[(G(E)J (0(5{)}] (221)

where m is the number of data triples (v,&',&"), ¢ is the number of adjustable parameters, Os;

and o(s;) are the residuals and standard deviation of the individual data points, respectively.
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2.5.3.4 Conductivity Corrections

Conductivity correction is important for dielectric study of a conducting sample as dc

conductivity contributes to the imaginary part of the complex dielectric response. The complex

dielectric response for a conducting sample is present as™°
£ =& (V) {ig"(v) + < } (2.22)
778 V

where v (=w/2r) is the linear frequency, «is the dc conductivity of the sample and ¢ is the

permittivity of the free space.

This correction has been employed in all the dielectric study presented here.
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Chapter 3

Interaction and Dynamics in a Fully Biodegradable Glucose-Containing
Naturally Abundant Deep Eutectic Solvent (NADES): Temperature

Dependent Time-Resolved Fluorescence Measurements

3.1 Introduction

Solvents, being an essential ingredient in a variety of applications, ranging from cleaning and
dissolution to synthesis, extraction, transport and temperature regulation, play a key role in
regulating and augmenting various processes that are associated with our existence and
sustenance. The necessity of liquid media, either in a living and functional cell or outside of it in
a huge chemical factory, is undeniable. A large contingent of these solvents is conventional
molecular organic solvents, and therefore, many of them are tagged with serious environmental
and health issues.”™ Naturally, a search for environmentally benign and less virulent solvent has
led to the advent of new classes of solvents that may cause relatively milder ecological impact.
These new solvents include room temperature super critical fluids (RTSFs),>® gas expanded

liquids (GXLs),”® room temperature ionic liquids ( RTILs)***®

and their aqueous binary
mixtures, and deep eutectic solvents (DESs)***°. Several from these new classes of solvents may
play a role of effective alternatives to hazardous conventional organic solvents, and a careful
choice of ingredients can even generate bio-degradable solvent systems. It has been found in
several cases that deep eutectic solvents are efficient alternative among these non-conventional
eco-friendly media on the grounds of low cost, less toxicity, bio-degradability, non-volatility,
non-inflammability, easy preparation route, favorable transportation and other useful solvent
properties.'®?%2 DESs are multi-component molten mixtures with a significantly lower liquidous
temperature than the melting temperature of each of the individual components. Deep depression
of freezing point of DESs is a combined result of extensive inter-constituent H-bonding and gain
in entropy for being in the liquid phase. Mixture components and composition define

physicochemical properties, such as, density, viscosity, polarity, thermal stability, toxicity,
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biodegradability etc.?”*! DESs therefore warrant comprehensive understanding of interaction and

dynamics for better and smarter applications as designer solvents.

Recently, naturally abundant deep eutectic solvents (NADES) based on natural compounds,
specially primary metabolites, such as, amino acids, organic acids, urea and sugars have received
attention because of their inherent greenness and eco-sustainability.”*?®2*> NADESs have been
employed as media for dissolution of complex chemical species, drug carrier, therapeutic system,
reaction media, biotransformation host, biodiesel production, extraction of bioactive substances,
CO, and SO, absorption, Li-ion batteries and so forth. 2%%*¢* Fyrthermore, it is believed that
NADESs can support in organisms biological processes through dissolution of metabolites which
are sparingly soluble in water and lipids.***® Micro-heterogeneity in deep eutectic media has
been a recurrent theme while describing interaction and dynamics of these systems.*®*” A strong
micro-heterogeneous character for ionic DESs was reflected in viscoelastic, magnetic resonance,
dielectric relaxation (DR) and time-resolved fluorescence (TRF) measurements, and in
simulations.}"84648%0  For  non-jonic [acetamide+urea] DES, on the other hand, TRF
measurements and simulations revealed no such strong solution inhomogeneity,?’ although DR
measurements indicated that this DES is mildly heterogeneous. Interestingly, a non-ionic DES
made of acetamide, urea and polyethylene glycol (PEG) showed moderate heterogeneity features
in both TRF and DR measurements.?® However, no attempts have so far been made to explore
dynamics and interaction in NADESs that are simulataneously non-ionic and fully
biodegradable. In this work we are reporting such a representative study where the system is
prepared by mixing glucose (CsH120¢), urea (NH,CONH,) and water at 6:4:1 weight ratio. Note
that ~60 percent of biomass is carbohydrate and an important renewable energy resource.’**
Therefore, for biodegradable NADESSs, carbohydrates are a promising component.>*** Urea is
the most commonly used nitrogenous fertilizers and known to strongly influence protein stability
and functionality.>>® Moreover, glucose as well as urea (metabolites) helps animals to survive in
environments with extreme temperature condition.®* In fact, carbohydrate based several DESs
have already been prepared, their physical properties examined and also applied in various
sectors?2324536267 byt without exploring the interaction and relaxation dynamics. We have used
two non reactive fluorescent dyes, coumarin 153 (C153) and coumarin 343(C343), in our time-
resolved fluorescence measurements which are well-known dipolar solute probes for

investigating interaction and dynamics in a variety of complex chemical systems including bulk
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and confining ones.®®"> C343 is chosen because it is a hydrophilic dye and expected to locate
itself in the water-rich region in case a microscopic phase segregation exists in this DES, while

the hydrophobic dye C153 is likely to probe the water-depleted domains.
3.2 Experimental Details

3.2.1 Materials and Sample Preparation

D-Glucose (>99.5%, Sigma-Aldrich, T, ~423-425 K), laser grade coumarin 153 (C153) (Sigma-
Aldrich) and coumarin 343 (C343) (Sigma-Aldrich) were used as received. Urea (>98%, Sigma-
Aldrich, T,=405-408 K) was vacuum-dried (~300 K) overnight before use and millipore water
was used for sample preparation. Required amount of glucose, urea and water [Glu:Ure:Wat
(6:4:1; weight ratio)] were taken in a closed glass container and heated gently at ~345 K with
continuous stirring at ~700 rpm in a hot oil bath under the nitrogen atmosphere (absent of
nitrogen may cause caramalization of glucose that complicate the optical measurements because
of unwanted absorption in the UV-Vis range) for ~3h. After obtaining a colourless transparent
liquid, the temperature was set to 303 K and allowed the obtained liquid to cool to room
temperature (~303 K) gradually. If all the components in required amounts are mixed and stirred
continuously at ~303 K, a transparent solution as shown in Fig. A.a.1 (Appendix) was never
obtained, although the obtained new DES is liquid at ~303 K (T, =299 + 2K). The above fact

supports that the obtained liquid is DES, not a conventional multi-component mixture of glucose,
urea and water in solution phase. For optical measurements, we used two dye molecules: C153
(hydrophobic) and C343 (hydrophilic). Stock solutions of C153 and C343 were prepared in

carrier solvents. Then few uL of the stock solution was taken into the preparation glass

container prior to the DES component (glucose, urea, water). The carrier solvent was
evaporated off. Care was taken to completely dissolve the C153/C343 in the resultant DES
solution. The intrinsic absorption of this DES is far away from the solute absorption spectrum in
the medium Fig. A.a.2 (Appendix). Thus, it is expected that probe absorption would not be
affected by the intrinsic absorption of the DES. Note that the composition of the present DES
and the preparation procedure are completely different from a glucose containing DES reported
already,” and thus this DES (under study) may be termed as a new one. All samples for

measurements were prepared in a tightly humidity controlled environment employing dry
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nitrogen atmosphere. For optical measurements, DES was transferred to the preheated quartz
cuvette (path length 1 cm) and inserted into preheated sample chamber for thermal equilibration
and sufficient time was allowed before measurement at each desired temperature (with
uncertainty 1 K). Note the concentration of the external probe (C153 or C343, chemical
structures are depicted in Scheme 3.1) in DES was maintained at <10°M in all optical
measurements. The appearance of the sample, and the spectral features with and without probe

solutes are provided in Fig. A.a.1 and Fig. A.a.2 (Appendix).

Temperature dependent refractive indices, densities and viscosity coefficients of this DES were
measured using a temperature controlled refractometer (RUDOLPH, J357), automated density-
cum-sound analyzer (Anton Paar, DSA5000) and micro viscometer (AMVn, Anton Paar),

respectively.t”%"

These data are summarized in Table A.a.3 (Appendix). Glass transition
temperature (Ty) shown in Fig. A.a.4 for this system was measured by a differential scanning
calorimeter (DSC TA Instrument Q2000). Note that all measurements were performed well
above (>70 K) the T, of this [Glu+Ure+Wat] DES as the Ty for this system was found to be ~236

K.

Scheme 3.1: Chemical structures of (A) Urea, (B) D-Glucose, (C) Coumarin 153 (C153) and
(D) Coumarin 343 (C343)
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3.2.2 Steady State Measurements

Temperature dependent steady state absorption and emission spectra were collected using a UV—
Visible spectrophotometer (UV-2600, Shimadzu), and a fluorimeter (Fluorolog, Jobin-Yvon,
Horiba), respectively. Prior to analysis, solvent blanks were subtracted from the probe spectra
and transformed properly to the frequency domain for further analyses and frequency

determination.’®"

3.2.3 Time-Resolved Fluorescence Measurements

Time-resolved fluorescence measurements were carried out via time-correlated single photon
counting (LifeSpec-ps, Edinburgh Instruments, U. K.) technique. Excitation wavelength (LED)
was 409 nm. Other details of this setup is described elsewhere.?®8' The full width at half-
maximum (FWHM) of the instrument response function (IRF) collected with this excitation
source and scattering solution was found to be ~85 ps. Based on the standard protocol we have
performed dynamic Stokes shift and anisotropy measurements.?®®% Time-resolved fluorescence
intensity decays at magic angle (54.7°) were collected for C153 and C343 in DES at different
temperatures to estimate the temperature impact on average excited state lifetimes as were done
previously for C153 in aqueous binary mixtures of tetrahydrofuran (THF) and dioxane (Diox).?’

Details regarding time-resolved fluorescence spectroscopic measurements have been described

in chapter 2.
3.3 Results and Discussion

3.3.1 Steady State Spectroscopic Results

Fig. 3.1 represents steady state absorption and emission spectra of C153 (upper panel) and C343
(lower panel) in this non-ionic [Glu+Ure+Wat] DES. For comparison, absorption and emission
spectra of these two probes in glycerol (static dielectric constant, &, ~43% at 298 K) are also
shown in the same figure. The close similarity of spectra between the DES and glycerol suggests
that the solute-solvent interactions in this DES and glycerol are similar. Temperature (308<T/K<
343) dependent absorption and emission spectra of C153 and C343 in this DES are shown in Fig.

A.a.5. Interestingly, spectral features are insensitive to temperature in this range which was also
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observed earlier for other non-ionic DESs.?"?° Excitation wavelength (... ) dependence of the

peak frequencies (v, ) of fluorescence emission spectra of C153 and C343 in this DES, shown
in Fig. A.a.6, reveals the total A -induced v, shift is only about 200 cm™. This suggests that
this DES is weakly spatially heterogeneous with respect to <r,ife> of these two probes (see Table

A.a.7). This spatial inhomogeneity feature was further examined by studying the A,

dependence of v of a relatively shorter lifetime probe, Trans-2-[4-

(dimethylamino)styryl]benzothiazole (DMASBT, (t,,)~0.7 ns in this DES at 308 K).
Interestingly, data presented in Fig. A.a.6 for DMASBT also shows similar amount of A, -
induced v, shift. Investigation with another probe with longer lifetime, 8-Amino-1-
naphthalenesulfonic acid (ANS, (1, ) ~6 ns™’), also reveals a shift in v, of ~200 cm™ (see Fig.

A.a.6), supporting further the view that this DES is only mildly heterogeneous within the <r"fe>

of ~1-6 ns.

Next the temperature dependence of (t,, ) for C153 and C343 in this DES has been studied and

compared with those in a few common polar solvents at ambient condition. These solvents
include representatives from non-hydroxylic, and hydroxylic solvents. Measured lifetime data
summarized in Table A.a.8 and Table A.a.7 (Appendix) indicate that () for C153 reduces
substantially in this DES compared to those in common ambient solvents, whereas such a change
is not registered for C343. A closer look into these lifetime data also suggests that this reduction
in (t,) for C153 is probably linked to the multiple hydroxyl group present in this DES. In
addition, C153 shows a stronger temperature dependence (~30% for the temperature range, 308

< T/K <343) than C343 in this DES for the same temperature variation.
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Fig. 3.1: Absorption (left panels) and emission (right panels) spectra of C153 and C343 in
[Glu+Ure+Wat] DES at 308 K. Green dashed lines represent the absorption (left) and emission
(right) spectra of C153 and C343 in glycerol at 298 K, respectively.

3.3.2 Solute Rotation and Viscosity Coupling

Representative parallel (1, (t)) and perpendicular (1,,(t)) emission intensity decays for C153

perp
and C343 in this DES are shown in Fig. A.a.9 (Appendix). Fig. 3.2 presents the r(t) decays of
C153 (upper) and C343 (lower) in this DES at 328 K. Note the bimodal nature of the anisotropy
decay for both the solutes. Temperature (308<T/K< 343) dependent bi-exponential fit parameters

for the r(t) decays are summarized in Table 3.1.These bimodal anisotropy decays are

characterized by a fast relaxation of ~100 ps timescale, followed by a dominant (~70-90%) slow
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component with a few to several nanosecond relaxation timescale. Average rotational time (<rr>)

becomes faster with temperature as viscosity of the DES decreases.

Time (ns)

Fig. 3.2: Representative time-resolved fluorescence anisotropy (r(t)) decays of C153 (upper

panel) and C343 (lower panel) in [Glu+Ure+Wat] DES at 328 K. Lines going through data

points denote bi-exponential fits.
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Table 3.1: Bi-exponential fit parameters for the temperature dependent r(t) decays of C153 and
C343 in [Glu+Ure+Wat] DES.

C153in [Glu+Ure+Wat] DES

T(K) a, 7 a, 7, <Tr >a
%) | (ps) | (%) | (ps) | (ps)

308
313
318 22 85 78 | 6906 | 5405
323 22 81 78 | 6281 | 4917
328 21 99 79 | 5379 | 4270
333 15 | 111 | 85 | 4263 | 3640
338 13 126 | 87 | 3087 | 2702
343 9 123 | 91 | 2632 | 2406
C343in [Glu+Ure+Wat] DES

308
313
318 27 69 73 | 9466 | 6929
323 27 68 73 | 7998 | 5857
328 24 61 76 | 7267 | 5538
333 20 63 80 | 6246 | 5009
338 17 65 83 | 5293 | 4404
343 10 59 90 | 4098 | 3694

Fit parameters have been obtained after fixing the I, values at 0.376% (C153) and 0.35% (C343). *Average

rotational time, <Tmt> , can be reproduced within £10% uncertainty.
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Next the coupling between medium viscosity and solute rotation is explored in Fig. 3.3 where

<r,> is shown as a function of temperature-reduced viscosity, »/T , for both C153 and C343.

Clearly, these data depict pronounced fractional viscosity dependence for the rotation time,
<rr>oc(n/T)p with p~ 0.5 for C153, and p~0.3 for C343. This indicates a strong temporal

heterogeneity in the rotational relaxations of these solutes in this DES. This is interesting as no
signature of spatial heterogeneity has been detected in the steady state fluorescence
measurements for these two solutes and DMASBT in this medium (see Fig. A.a.6). This in turn
suggests that the underlying microscopic friction that regulates the solute rotation in this DES is
strongly non-Markovian in nature, and such a medium frictional response persists much beyond
the inertial timescale. This may arise from non-hydrodynamic moves like jumps punctuated with
waiting time distributions for the medium particles as was shown earlier for (acetamide +

electrolyte) DES via simulations.®

Next we explore the extent of deviation for these measured solute rotation times from the
hydrodynamic predictions employing the slip and the stick boundary conditions. The predicted

90-92

times are obtained from the relation, t, =mVFC/k,T, by using the solute volumes

V1% = 246A°% and V ©3* = 243A°%, shape factor f°**=1.71 and f©**=1.99, CS**=0.24%

slip

solute

CS3%3-0.18%, For stick boundary calculations, C2%*=1, and other parameters remain the

and Cg;;
same. The comparison between the measured rotation times and hydrodynamic predictions is

also shown in Fig. 3.3. Note the deviation from the hydrodynamic predictions is qualitatively

similar for both the solutes: <1:,> for both the solutes does not conform to the hydrodynamic

predictions in the temperature range studied, and exhibit sub-slip behavior at lower temperature
(higher viscosity). As already mentioned, this deviation may arise from non-Brownian motional
features, such as jumps® and retention of inertia-driven motion that may continue beyond the
typical diffusion timescale.”% Such non-hydrodynamic relaxation mechanisms can significantly
diminish the frictional resistance arises from macroscopic solution viscosity, leading to a

deviation from the hydrodynamic predictions.
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Fig. 3.3: Viscosity coupling of average rotation times (<r,>) for C153 and C343 in
[Glu+Ure+Wat] DES. Temperature-dependent average rotational times 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 <t,>=A+plog[n/T]. Dashed lines represent the hydrodynamic
(Stokes-Einstein-Debye) predictions, z°% =(Vn/k,T)fC, where V denotes volume, f shape
factor and C solute-solvent coupling parameter, and k;T Boltzmann constant times the

absolute temperature.
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Subsequently, activation energies (E,) associated with solute rotation in this DES and medium
viscosity have been estimated from the respective temperature dependent measurements.
Arrhenius-type of dependencies have been found for both <rr> and m, and are presented in Fig.
3.4. Data in this figure reflect that the activation energy associated with viscosity, E] =64.7 kJ
mol™, is ~2-3 times larger than those associated with rotations of C153 (EP"“*** = 31kJmol™)
and C343(EP"®%3=21.2kJmol™). This again confirms that solute rotation in this DES is

partially decoupled from the frictional resistance arising from the macroscopic medium viscosity,

and the extent of decoupling depends upon the nature of solute-medium interaction. This

explains the difference in EX* values between the hydrophobic solute C153 and the hydrophilic

C343, and that between the corresponding exponent (p ) values noted in Fig. 3.3.

T T~ T 1T 1T 1 T ™ I SCACSN I L LA IR LI BN B
-7.6_—
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4.0 | -

- -1
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Fig. 3.4: Arrhenius plot for temperature dependent viscosity coefficients (n) for
[Glu+Ure+Wat] DES, and average rotation times (<rr>) of two different solutes dissolved in it.
Solid lines represent fits through the respective data sets. Note the activation energies for n and

(t,). All representations are color coded.
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3.3.3 Solvation Dynamics

Next we explore the solvation response in this DES via the dynamic fluorescence Stokes shift
measurements employing both C343 and C153 as dipolar solvation probes. First, the existence of
the dynamic Stokes shift is checked via collecting the magic angle emission intensity decays at
the blue and red wavelengths (with respect to the peak) of the steady state fluorescence emission
spectrum of C343 or C153 dissolved in this medium. Decays at the blue wavelength, and rise
followed by decay at the red wavelength is a typical signature for the existence of Stokes shift
dynamics in a given system.*®™ However, in such a multi-component system with extensive
inter-species H-bonding, measurements employing a time resolution as broad as ~85 ps may lead
to either partial detection or complete missing of the existing Stokes shift dynamics. Fig. A.a.10
presents blue and red wavelength decays at 308 K for C343 and C153 along with fits and fit
parameters. Notice in this figure that the signature of Stokes shift dynamics in this DES is
evident for C343, while this is completely missing for C153. This is interesting although our
earlier measurements with C153 could not detect any Stokes shift dynamics in (acetamide+urea)
DES.?' This was attributed mainly to the broad temporal resolution employed and partly to the
ultrafast dynamics arising from the low frequency collective modes due to extensive inter- and
intra-species H-bonding. In addition, similar non-detection of Stokes shift dynamics was
observed earlier for C153 in trehalose/glycerol mixture at higher trehalose loadings and at 298
K.®" We speculate that non-detection of Stokes shift dynamics with C153 in the present DES is
largely because of the preferential location of C153. That is, C153, because of its hydrophobic
character, is probably locating itself in this mixture closer to the glucose unit and surrounded by
an environment of extensive H-bonding between carbohydrate hydroxyl (-OH) groups and either
amide groups (-NH,) of urea or —-OH groups of water or even both, rendering the dynamics too
fast to be detected by the present temporal resolution. C343, on the other hand, may be able to
probe a part of the ‘slow’ dynamics because of its different location steered by its hydrophilic
character, and become accessible to the present measurements. We propose that measurements
with sharper resolution (for example, fluorescence up-conversion) would allow detection of
Stokes shift dynamics with C153, whereas simulations employing realistic interaction potentials

might be able to indicate locations of these probes in this DES.
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Time-resolved emission spectra (TRES) and steady state emission spectrum of C343 in

[Glu+Ure+Wat] DES are shown in the upper panel of Fig.3.5.
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Fig. 3.5: Time-resolved emission spectra (TRES) (upper panel) at different time slices
constructed from the measured intensity decays of C343 dissolved in [Glu+Ure+Wat] DES and
the corresponding steady state emission spectrum. Solvation response function, S(t), of C343 in
[Glu+Ure+Wat] DES at 308 K is shown in the lower panel. Solid line through the data points

represents bi-exponential fit to the S(t). Fit parameters are shown in the inset.
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These results are obtained for this DES at 308 K. Note that steady state emission spectrum is
blue shifted with respect to TRES at t = co which suggests that the steady state emission is arising
from the incompletely solvent relaxed configuration of the excited solute. The magnitude of the
detected dynamic Stokes shift with C343 is ~650 cm™, with a missing percentage®® of ~60%. The
solvation response function is shown in the lower panel of Fig. 3.5 (lower panel) along with bi-
exponential fit and fit parameters. Solvation response for C343 in this DES is characterized by
two relaxation components: a relatively faster component (~40%) with a time constant of ~250
ps and a slower one (~60%) with a time constant of ~4 ns.

In DR and Stokes shift dynamics measurements for (acetamide+urea+PEG) DES at 308 K, a
relaxation component with a time constant of ~200 ps was observed.?® A combined study of DR
and molecular dynamics simulations for (acetamide+urea) DES, on the other hand, reported a
relaxation timescale of ~100 ps at 335 K, and was attributed to the structural H-bond
relaxation.'® Therefore, the solvation component with ~250 ps time constant in the present
[Glu+Ure+Wat] DES might have originated from the structural hydrogen bond dynamics
coupled to reorientation of the participating dipolar molecules (urea or water, or both). Next
question is whether the hydrodynamic rotation of free water, urea or glucose molecules in this
DES could generate the ~4ns solvation component. For this, the molecular rotation time for these
molecules have been calculated by using the Stokes-Einstein-Debye (SED) relation,

T, =3nV/KgT, employing the medium viscosity (n) at 308 K (n at 308 K obtained via

extrapolation of the higher temperature data). Molecular rotation times thus calculated are
summarized in Table A.a.11 (Appedix; volume of the solute used here are calculated using Ref
103) which suggests that these calculated rotation times are too large to account for the 4 ns
solvation timescale. However, if the extent of viscosity decoupling observed for solute (C153
and C343) rotation also dictates the reorientation of these DES component molecules, then non-
hydrodynamic angular moves (such as orientation jumps) of water or urea could easily produce
a reduced rotation timescale of ~2-5 ns. A systematic incorporation of shape factors™ can
considerably reduce the rotation times of these component molecules that may also be capable of
qualitatively explaining this slow solvation timescale. Another possible origin could be, like in
(acetamide+urea+tPEG deep eutectics),® restricted reorientation coupled to cooperative
intermolecular H-bond relaxations. This is shown schematically in Fig. A.a.12 (Appendix). We

would like to mention here that the present measurements have missed ~60% of the total
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solvation response and a complete detection, as found earlier for dynamic Stokes shift studies of

ionic liquids,*®**1% may modify and reduce the slow longtime solvation timescale. In such a
scenario also, explanations proposed above for the slow solvation component will remain

relevant and tenable.

The temperature dependence of solvation response in this DES is shown in Fig. 3.6 along with

bi-exponential fits. Fit parameters to the temperature dependent responses, the corresponding

observed dynamic shifts (Av,

0

b ) and the missing percentages of the total response are

summarized in Table 3.2. It is clear that the decay of solvation response becomes faster with

temperature because of the concomitant decrease in medium viscosity.

S(t)

Time (ns)

Fig. 3.6: Temperature dependent solvation response functions, S(t), for C343 in [Glu+Ure+Wat]
DES. Solid lines going through the data points represent bi-exponential fits. Representations are
color-coded.

Note that the magnitude of the missing component is quite large (~65-75%), indicating that these
solvation times are associated with large uncertainties. This limits the present dynamic Stokes

measurements at further higher temperatures. We would, however, like to point out here that the
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estimated missing amplitudes themselves (via Fee-Maroncelli method®) may also involve large
uncertainties because the density difference between this DES (~1.37 g/cc) and that of a
reference non-polar solvent (usually a liquid alkane with density ~0.7 g/cc). Measurements with
sharper temporal resolution are therefore warranted for complete measurements of dynamic

solvation response in this DES, and also for unraveling the viscosity coupling of solvation times.

Table 3.2: Bi-exponential fit parameters for temperature dependent solvation response functions,

S(t), obtained with C343 in [Glu+Ure+Wat] DES along with observed Stokes shift (Av,,. )

magnitudes and missing percentages.

T (K) a, (%) 7, (ps) a, (%) z, (ps) <15°343>a AVE % missed
(ps) (cm™)
308 38 242 62 3996 2570 692 66
318 51 272 49 3870 2035 681 67
323 73 209 27 3276 1037 544 73
333 63 198 37 2537 1063 535 75

#Average solvation time, <Ts> , can be reproduced within £10% uncertainty. "Uncertainty + 100 cm™

3.4 Conclusion

In summary, the present work reports a new DES based on glucose, urea and water
([Glu:Ure:Wat (6:4:1 weight ratio)]) and presents temperature dependent solute-centered
relaxation dynamics through time-resolved fluorescence measurements. This transparent

colorless DES is stable at room temperature (T, =299 + 2K) with a measured T, =236 K. This

glucose based non-ionic and biodegradable DES does not reveal any strong signature of spatial
heterogeneity upon measurements with a variety of fluorescent probes having lifetimes ~1-5 ns
but displays a pronounced temporal heterogeneity via strong fractional viscosity dependence of
solute rotation times. Dynamic Stokes shift measurements employing a temporal resolution of
~85 ps reveals bi-exponential solvation response for C343 in this DES while no such solvation
response could be recorded for C153. This has been attributed partly to the location of the probes

linked to their chemical nature, and partly to the broad temporal resolution employed. Bi-
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exponential solvation response with time constants of ~200 ps and ~4 ns has been argued to
originate from structural H-bond relaxations, and restricted reorientations of H-bonded species
coupled to collective H-bond relaxations. Dielectric relaxation measurements, and simulation
studies of H-bonding dynamics and collective single particle reorientational relaxations are
required to understand the molecular mechanisms for the solvent relaxations reflected by the
time-resolved fluorescence measurements for this system. The bottleneck for simulations could,
however, be the availability of appropriate interaction potentials for the components, leading to
formation of DES or DES-like medium upon mixing at the desired temperature as in
experiments. This caveat notwithstanding, an attempt in this direction is warranted for a better

understanding of molecular relaxations in this exciting and biodegradable solvent.
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Chapter 4
Interaction and Dynamics in Betaine Based Deep Eutectic Solvent:
Temperature Dependent Time-Resolved Fluorescence Spectroscopic

Measurements

4.1 Introduction

Demand for environment friendly and less toxic solvent leads to the invention of different types
of solvents such as room temperature super critical fluids(RTSFs)," gas expanded liquids

(GXLs),*® room temperature ionic liquids ( RTILs) ™ 1116,

and deep eutectic solvents (DESS)
Deep eutectic solvent (DES) is a new generation potential alternative to the conventional
molecular solvents and possess exquisite solvent properties. Plentiful natural and biodegradable
chemicals along with huge possible combinations, easy preparation, low cost, favorable
transportation, minimal vapor pressure and other physicochemical features have made DESs
interesting system for basic science research and its applications as host media in different areas.
Extensive hydrogen bond formation among the H-bond donors (HBD) and H-bond acceptors
(HBA), and entropy gain for being in the liquid phase contribute to the depression of melting
temperature in DESs. Proper selection of eco-friendly and biodegradable components keeps
DESs always in the focus of green solvents.**'?° Selection of a solvent with desirable properties
is critical for a selective reaction and/or specific application, for example, extraction, dissolution,
separation, purification and so on. Solution properties (thermal stability, viscosity, polarity,
toxicity etc.) of the DESs depend upon its components and composition. Therefore, desirable
properties of DESs can be achieved by the appropriate selection of its components and
composition.?**° Thus, the selection of the component of DES is vital, and one prefers naturally
abundant compounds, such as, amino acids, urea, sugars and substances like these to preserve
greenness and eco-sustainability of the resultant DESs.'*%*'® DESs prepared from these
natural raw materials are known as naturally abundant deep eutectic solvents (NADESSs) and

utilized in various interdisciplinary areas.?*333-46
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In this work we have taken betaine, urea and water as components of deep eutectic solvent (see
Scheme 4.1). Betaine is a trimethyl derivative of glycine (amino acid) present in bacteria,
invertebrates, plants, various foods and mammals.*’™>> Moreover, non-toxic nature encourages to
select betaine as one of the components of DES.*® Betaine is used as an osmolyte,”” a methyl
group source for different biochemical reactions,”® and in treatment of several diseases.”®®
Another component of the DES under investigation is urea, the most common nitrogenous
fertilizers used and also have immense impact on protein stability and functionality.®*®’
Interestingly, betaine can be served as an osmolyte in the preservation of protein against the
extreme physical conditions,®® while urea acts as a protein denaturant. Note that the stability of
protein depends on the ratio of osmolytes and urea.®®™ Therefore, betaine, urea and water based
DES would be interesting system for understanding interspecies interactions and their dynamics.
Physical properties of betaine or urea based DESs were studied before and used for various
purposes.”"" Betain-urea based deep eutectic solvents have been employed for stabilization of

78,79 8 biomedical applications,®* etc. For

proteins, extraction of bioactive compounds,
preservation and stabilization of DNA, one needs to understand how DNA molecules interact
with these novel solvent system as this interaction is crucial for the DNA stabilization and
functionality.® The study of interaction and dynamics in these DESs is essential for smart
applications (for example, protein preservation). Moreover, interaction and dynamics present in
DESs may help to understsand many biochemical processes that involve poorly water-soluble

but fairly lipid-soluble metabolites which are nicely soluble in DESs.**%°

Scheme 4.1: Chemical structures of (A) Betaine, (B) Urea, (C) Coumarin 153 and (D) Coumarin
343

CH, o o
el L A
N -
(A) H;C (0] (B) H,N NH,
CF,
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As the properties of the DESs depend on its structure, dynamics and interaction, thus, property-
driven application of DESs insist comprehensive understanding of structure, dynamics and
interaction present in it. Structure, dynamics and interaction of DESs have been studied using
different experimental techniques such as neutron diffraction,®** pulsed field gradient (PFG)
NMR,*# dielectric relaxation,'®%®" fs-RIKES,?® 2D-IR,** time-resolved fluorescence,'>?%8"
and also by computer simulation®®°. Here, we have made an attempt to investigate dynamics
and interaction of [Bet+Ure+Wat] DES using steady state and time-resolved fluorescence
spectroscopy. For the fluorescence measurements two different types of probe have been chosen:
hydrophobic coumarin 153 (C153), and hydrophilic coumarin 343 (C343).

4.2 Experimental Details

4.2.1 Sample Preparation

Betaine (>99.0%, Sigma-Aldrich, T,~574 K) and Urea (>98%, Sigma-Aldrich, T, ~405-408 K)
were vacuum-dried (~300 K) overnight before use, and Millipore water was used for sample
preparation. Laser grade coumarin 153 (C153) (Sigma-Aldrich) and coumarin 343(C343)
(Sigma-Aldrich) were used as received. Betaine, urea and water [Bet:Ure:Wat (11.7:12:1; weight
ratio)] were taken in a screw-capped glass vial and heated at ~343 K with constant stirring at
~600 rpm in a hot oil bath for ~2h. A colorless transparent liquid (i.e. the DES) was formed and
allowed to cool gradually to the room temperature (~298 K). For solubility checking, required
amount of three components were taken in a container and kept under constant stirring at 600
rpm at 298 K. This mixture becomes opaque (‘B’ of Fig. A.b.1) and never formed transparent
solution at 298 K. The resultant DES prepared following the ‘appropriate’ method is a

transparent liquid at that temperature (‘A’ of Fig. A.b.1; T, =279+2K). Above observation

suggests that the system under study is not a mere multi-component mixture containing betaine,
urea and water in liquid phase but a DES only. Hydrophobic C153 and hydrophilic C343 were
employed for all the optical measurements as local reporters. Stock solutions of C153 and C343
were prepared in carrier solvents. For optical measurements few drops of probes solution
prepared in carrier solvent taken into the preparation container prior to the DES constituent, and
carrier solvent was evaporated off. To overcome the solubility problem of probe in the prepared

DES due to high viscosity we have adopted this approach. All the optical measurements are
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performed well above the glass transition temperature (T,) (see Fig. A.b.2) of [Bet+Ure+Wat]

DES. Note that composition of betaine, urea and water for DES prepared here are different from
the existing one® and thus this DES (under study) can be termed as a new one. Prepared DES
was transferred into a preheated quartz cuvette (path length 1 cm). Before measurements,
sufficient time was allowed to the cuvette (placed into the sample chamber) for thermal
equilibration (with uncertainty 1 K). Note that external probe (C153 and C343, for structure see

Scheme 4.1) concentration was maintained at <10°M in all optical measurements.

Refractometer (RUDOLPH, J357), automated density-cum-sound analyzer (Anton Paar,
DSA5000) and micro viscometer (AMVn, Anton Paar), were employed respectively for
refractive index, density and viscosity measurements.'*** These data are summarized in Table
A.b.3 (Appendix). Glass transition temperature (Tg) of the prepared DES was measured by a
differential scanning calorimeter (DSC, TA Instrument Q2000) and the calorimetric trace is
shown in Fig. A.b.2. Note that all measurements presented here were performed well above (90-
130 K) the T, of the [Bet+Ure+Wat] DES as the measured T for this DES is ~218 K.

4.2.2 Steady State Measurements

UV-Visible spectrophotometer (UV-2600, Shimadzu) and fluorimeter (Fluorolog, Jobin-Yvon,
Horiba) connected with peltier-temperature controller were used for steady state absorption and
fluorescence emission collection, respectively. Prior to analysis, solvent blanks were subtracted
from the probe spectra and transformed properly to the frequency domain for further analyses

and frequency determination.?*®’

4.2.3 Time-Resolved Fluorescence Measurements

Time-correlated single photon counting (LifeSpec-ps, Edinburgh Instruments, U. K.) technique
along with 409 nm (LED) excitation laser source have been employed for time-resolved
fluorescence measurements and the details of this setup discussed elsewhere.**?® The full width
at half-maximum (FWHM) of the instrument response function (IRF) using 409 nm excitation
laser source and scattering solution was found to be ~85 ps. Based on the standard protocol we

have performed dynamic Stokes shift and anisotropy measurements.”’ %!

54



Details regarding time-resolved fluorescence spectroscopic measurements have been described

in chapter 2.
4.3 Results and Discussion

4.3.1 Steady State Absorption and Emission of Two Different Probes: Hydrophobic C153
and Hydrophilic C343

Temperature (303 < T/K <343) dependent steady state absorption and emission spectra of C153
and C343, dissolved in [Bet+Ure+Wat] DES are shown in Fig. 4.1. The spectral features of C153
and C343 are similar and nearly insensitive to the temperature, though one expects that C153 and
C343, owing respectively to their hydrophobic and hydrophilic nature, would explore different
environments and therefore spectral features would not be the same. These results indicate that
the solute—solvent interactions remain unaffected within the temperature range 303 < T/K <343,
for both the solutes. In DESs this type of insensitivity of steady state spectral behavior of C153
to temperature variation has been observed previously.?*®" This insensitivity to temperature is
somewhat counter-intuitive because temperature rise is expected to reduce the dielectric constant
(and hence polarity) of the medium. % Therefore, observed result is probably the outcome of
the preferential solvation of probes by the more polar species of the DES components (betaine (
10~12),% urea (o ~4)'* water (g, ~80)'%"; for molten urea, g, ~ 65,"° with a liquid phase dipole
moment ( x) of ~ 7 D)) present in the [Bet+Ure+Wat] DES. Excitation wavelength dependence
fluorescence measurements provide information regarding the spatially distributed different
environments surrounding the probe molecules within its excited state lifetime. Spatial
homogeneity refers to the average uniform density fluctuation around the solute and thus the
emission peak frequency (of a dissolved solute) would be insensitive to the excitation

wavelength (Aexc.). Fig. A.b.4 represents the emission peak frequencies (v, ) of C153 and C343
as a function of excitation wavelength (Meec )- A exe -induced

Av,, (= v™PR( ) —vemPER (), ))obtained for C153 and C343 is within 100~280 cm™

bluegexc. red,exc.
which suggests that the present DES is mildly heterogeneous within the lifetime (see Table
A.b.5) of these probes. Moreover, to check the fast fluctuation in the medium a short lifetime

probe  trans-2-[4-(dimethylamino)styryl]benzothiazole (DMASBT) (7, =750 ps in
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[Bet+Ure+Wat]) has been employed and e dependence of v, monitored. Results for

DMASBT are also shown in the same figure. A_,. -induced shift of v, for DMASBT is found
to be similar as those for C153 and C343 in this DES, supporting the view of homogeneous
solution structure in the timescale of ~1-5 ns.

Temperature dependent (303 < T/K <343) average lifetimes (<rme>) for C153 and C343 in this
DES are summarized in Table A.b.5. Note that average lifetime of C343 in this DES are
insensitive to temperature, whereas a decrease of ~30 % is observed for C153. This may reflect
different solvation environments surrounding these hydrophilic (C343) and hydrophobic (C153)

probes.

1-2 L] I L] I L] I L] I L] I L] I L] I L] I L] I

[ [Bet+Ure+Wat] DES
1.0 b
0.8
0.6

0.4 333

Normalized Intensity

0.8 |-
0.6
04

02

o.o/ L—

Frequency(10°cm™)

Fig. 4.1: Temperature dependent absorption (left panels) and emission (right panels) spectra of

C153 and C343 in [Bet+Ure+Wat] DES. All representations are color coded.
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4.3.2 Solute Rotation: Coupling with Medium Viscosity

Time-resolved fluorescence intensity decays, (t) and 1 (t), of C153 (upper panel) and

I para perp

C343 (lower panel) dissolved in [Bet+Ure+Wat] DES are shown in Fig. A.b.6. Representative
rotational anisotropy decays, r(t), of C153 (upper panel) and C343 (lower panel) in
[Bet+Ure+Wat] DES at 323 K are displayed in Fig. 4.2. Solid black lines are the bi-exponential
fits going through the data points and the corresponding fit parameters are summarized in Table
4.1. This biphasic nature of friction experienced by probe molecules in [Bet+Ure+Wat] DES are
characterized by a minor (~20%) component with time constant ~100 ps, followed by a
dominating, slower component with a time constant of a few nanoseconds. As increase in

temperature leads to decrease in solution viscosity (see Table A.b.3), it is expected that the

friction felt by a rotating molecule would also be less. Therefore, <r,> follows the same trend as
viscosity with temperature (see Table 4.1). Next the coupling between solute rotation and
solution viscosity is explored by showing the measured solute rotation times, <rr> , as a function
of temperature-scaled viscosity, /T in a log-log plot (See Fig. 4.3) for C153 (upper panel) and

C343 (lower panel). A fractional viscosity dependence of average rotational time (<rr>) of the

type, <’Er> oC (n/ T)p with p=0.5, suggests the existence of pronounced temporal heterogeneity in

the medium. This type of strong fractional viscosity dependence has also been observed in ionic
DESs.**1% Interestingly, irrespective of inherent chemical nature, C153 and C343 show similar

decoupling from medium viscosity.

In the same figure,( Fig. 4.3), stick and slip hydrodynamic predictions (z, =7VfC /k T
)?8109110 £or the rotation of C153 and C343 in [Bet+Ure+Wat] are also shown by dashed lines. In

these calculations, volume V©'*=246A°% (V©***=243A%), shape factor f“*°*=171 (
3% =1.99), Couc=1, and Cg°=0.24% (Ci°=0.18"") have been used for these solutes.

<rr>of C153 and C343 fall between stick and slip predictions at high temperature or at lower

n/T values, but become sub-slip at lower temperatures (highern/T). This deviation from
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hydrodynamic predictions for both the solutes at lower temperature is probably arising from non-

hydrodynamic angular moves, such as, orientation jumps and persistent inertia-driven motion.
112-114

0.4

0.3

0.2

0.1

0.0

Time (ns)

Fig. 4.2: Representative time-resolved fluorescence anisotropy (r(t)) decays of C153 (upper

panel) and C343 (lower panel) in [Bet+Ure+Wat] DES at 323 K. Lines going through data

denote bi-exponential fits.
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Table 4.1: Bi-exponential fit parameters for the temperature dependent r(t) of C153 and C343 in
[Bet+Ure+Wat] DES.

C153 in [Bet+Ure+Wat] DES
T/K a 7 a, T <Tr >a
(%) (ps) (%) P | (ps)

303

308 20 84 80 6812 5466
313 18 70 82 5731 4712
318 16 89 84 5038 4246
323 15 92 85 4651 3967
328 11 118 89 3742 3343
333 14 98 86 2866 2478
338 12 108 88 2298 2035
343 14 114 86 1707 1484

C343 in [Bet+Ure+Wat] DES

303

308 21 62 79 8598 6805
313 20 54 80 7760 6219
318 14 57 86 6464 5567
323 17 62 83 5753 4786
328 9 65 91 4602 4194
333 13 80 87 3837 3349
338 14 72 86 3042 2626
343 10 61 90 2301 2077

®Average rotational time, <rrot> , can be reproduced within £10% uncertainty

Next, estimated activation energies (E,) associated with solute (C153/C343) rotation and

viscosity of the medium are shown in Fig. 4.4. E, associated with the solute rotation is expected

to be similar to that from viscosity if solute rotation is regulated by the bulk solution viscosity. In

[Bet+Ure+Wat] DES, temperature dependent measurements of solution viscosity provide an
activation energy, E]}=56.73 kJ mol™, which is ~2 times greater than that obtained from
temperature dependent C153/C343 rotation times ( ES™**~31.39 kJ mol™ and ES***~29.68 kI
mol™). This is a direct reflection of the partial decoupling of solute rotation from solution

viscosity, shown in Fig. 4.3.
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Fig. 4.3: Viscosity coupling of average rotation times ((r,)) for C153 and C343 in
[Bet+Ure+Wat] DES. Temperature-dependent average rotational times are shown as a function
of temperature-reduced viscosity (n/T) in a log-log fashion. Lines through the data represent
fits to the following expression: log <t>=A + p log[n/T]. Dashed lines represent the
hydrodynamic (Stokes-Einstein-Debye) predictions, 7°® =(V#n/k,T)fC, where V denotes
volume, f shape factor and C solute-solvent coupling parameter, and kT Boltzmann constant

times the absolute temperature.
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Fig. 4.4: Arrhenius plot for temperature dependent viscosity coefficients (n) for
[Bet+Ure+Wat] DES, and average rotation times ( <rr>) of two different solutes dissolved in it.
Solid lines represent fits through the respective data sets. Note the activation energies for n and

(1,). All representations are color coded.
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4.3.3 Solvation Dynamics

Fig. A.b.7 presents fluorescence transients of C343 in [Bet+Ure+Wat] DES at the short
wavelength (blue: 450 nm) and long wavelengths (red: 590 nm) along with the tri-exponential
fits. Parameters of the tri-exponential fits are presented in the inset. Only decay at the lower
wavelength (blue), and rise followed by decay at the higher wavelength (red) is a hallmark of
Stokes shift dynamics.?®**® Fig. A.b.7 displays this feature for C343 in [Bet+Ure+Wat] DES
where data were taken at 303 K. Time-resolved emission spectra (TRES) along with steady state
spectrum are shown in Fig. 4.5 (upper panel). Blue shift in the steady state spectrum relative to
TRES at t = oo indicates incomplete equilibration of solvent environments surrounding the
excited C343 in [Bet+Ure+Wat] DES during the steady state fluorescence emission. Magnitude
of dynamic Stokes shift for C343 in [Bet+Ure+Wat] DES is ~800 cm™ with an estimated
missing component of ~70% (calculated using the Fee-Maroncelli method''®) of the total
dynamics. This means the broad temporal resolution (~85 ps) employed in the measurements
could detect only the slower portion of the dynamics, leaving out completely the sub-picosecond
and sub-50 ps relaxations. These relaxation timescales are quite feasible for this DES because it
contains small dipolar molecules (urea and water), and all the constituents are capable of
participating in H-bonding. Collective low frequency motions of H-bonded species are known to
generate sub-picosecond solvation response, while reorientational relaxations of urea and water
in this medium are expected to contribute to the sub-50 ps dynamics. Missing percentage
increases with increasing temperature (see Table 4.2). Therefore, we refrain from measurements
of Stokes shift dynamics at higher temperatures. Representative temperature dependence of
solvation response function S(t) is shown in Fig. 4.5 (lower panel). Fit parameters are
summarized in Table 4.2. Solvation response obtained is described by a fast ~250 ps component
and a slower one with a few nano-second (~3 ns) time constant, both with nearly equal

amplitudes.

Now we discuss about the probable origin for these solvation timescales for C343 in
[Bet+Ure+Wat] DES. In the absence of DR data and simulations we speculate the following. The
fast solvation component may arise from structural hydrogen bonding among the constituents of
this DES.*
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Fig. 4.5: Time-resolved emission spectra (TRES) (upper panel) at different time slices
constructed from the measured intensity decays of C343 dissolved in [Bet+Ure+Wat] DES and
the corresponding steady state emission spectrum. Temperature dependent solvation response
functions, S(t), of C343 in [Bet+Ure+Wat] DES are shown in the lower panel. Solid lines
through the data points represent bi-exponential fits to the S(t).
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The relaxation of the structural H-bonding involves centre-of-mass diffusion of the participating
species, and a timescale of ~200-300 ps can easily arise from translational diffusion of urea and
water molecules. The multi nanosecond component probably originates from the restricted
rotation coupled to collective H-bond dynamics involving the N-H group of urea acting as H-
bond donor and C=O (of urea or/and betaine) as a H-bond acceptor.®” Simulations and
measurements with sharper temporal resolution are required to fully map and understand the

solvation response of this important deep eutectic solvent.

Table 4.2: Bi-exponential fit parameters for temperature dependent solvation response functions,
S(t), obtained with C343 in [Bet+Ure+Wat] DES along with observed dynamic Stokes shift (

Av,,. ) magnitudes and missing percentages.

TR [ a0 [ @) [ a0 [ =®) [ oer [ a, | %missed
(ps) (em™)
303 44 270 56 3894 2299 863 064
313 58 247 52 2689 1542 830 69
323 68 197 42 2033 087 779 72

Average solvation time, <TS> , can be reproduced within £10% uncertainty. "Uncertainty & 150 cm™

4.4 Conclusion

Here we have reported preparation of a new DES composed of betaine, urea and water
([Bet:Ure:Wat (11.7:12:1 weight ratio)]) and explored temperature dependent solute-centered
relaxation dynamics employing time-resolved fluorescence measurements. This DES is stable at

a temperature lower than room temperature (T, =297 +2K) with a measured T,~218 K.

Excitation wavelength dependent steady state fluorescence measurements using probes with
widely different lifetimes suggest mild-spatial heterogeneity in the medium. Interestingly, time-
resolved fluorescence anisotropy measurements depict strong fractional viscosity dependence for
solute rotation times, which has been interpreted in terms of pronounced temporal heterogeneity.

Dynamic Stokes shift measurements with a temporal resolution of ~85 ps reveal bi-exponential
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solvation response for C343 in [Bet+Ure+Wat] at 303 K with an estimated missing component
of ~70 % of the full dynamics. Bi-exponential solvation response with time constants of ~250 ps
and ~3 ns has been detected. This biphasic response is speculated to arise from structural H-bond
relaxations, and restricted reorientations of H-bonded species coupled to collective H-bond
relaxations. Ultrafast dynamics measurements employing sharper temporal resolution and
simulation studies are required to map the full dynamics and understand the molecular

mechanisms related to solvation energy relaxation in this biodegradable medium.
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Chapter 5

Are Water-Xylitol Mixtures Heterogeneous? An Investigation Employing
Composition and Temperature Dependent Dielectric Relaxation and Time-

Resolved Fluorescence Measurements

5.1 Introduction

Biologically important molecules, especially the building blocks of cell walls, nucleic acids,
exoskeletons and also the regulators of the human body’s functions, constitute an important area
of research. A thorough understanding of microscopic interaction and dynamics in aqueous
phase is necessary for smarter application of biologically relevant molecules, such as, amino
acids, saccharides, polyols etc. Xylitol is a polyhydroxy alcohol which contains five hydroxyl

groups attached to five separate carbon atoms and is represented by the chemical formula,

CH,OH(CHOH),CH,OH . Xylitol is considered as natural sugar because it is found in many

vegetables, fruits, and also produced in the human metabolism process.* Pure xylitol is as sweet
as sugar and believed to reduce dental plaque, caries, and assists in remineralization of teeth.?*
Lower glycemic-index value (GI~7) of xylitol makes it a potential alternative to commonly used
sugars (glucose G1~100) for diabetic patients.>® Xylitol, like many other polyols, is widely used
as a food additive because of non-carcinogenicity, low energy content, and other relevant

features.>’*

Structure and dynamics of pure water undergo considerable changes in the presence of external

solutes and co-solvents (such as sugar, alcohol etc.).”*

Identification of the origins for such
changes in solute-solvent mixtures is an important aspect. Water-sugar and/or water-polyol
mixtures are critically relevant to processes that sustain life, and assume importance in food
sciences and cryopreservation technology. In water-sugar or water-polyol mixtures, presence of
hydrophilic and hydrophobic interactions adds to the complexity in the solution structural and
dynamical properties via resolving the interparticle interactions in a new way, and modifying the
motional features of the mixture components. Aqueous solutions of sugar or polyol is known to

stabilize proteins and other biological substances.**™° The stabilization of proteins may occur via
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either changing their internal structural characteristics or altering the external medium properties
that are in contact with them. It is believed that stabilization (by external stimuli) of protein
occurs through processes such as preferential solvation, alteration of water structure etc.'’**
Sometimes it may be assisted by the solution-phase spatio-temporal heterogeneity.*® Thus, a
thorough knowledge of structure and dynamics of aqueous solutions containing sugar or other
polyols is critical for understanding the activity of biologically relevant molecules in aqueous

environments, and their preservation at cryogenic temperatures.

Relaxation in glass-forming liquids (such as sugar, polyols) has been studied by using various
techniques (such as dielectric relaxation, light scattering etc.).?:** Notably, those studies explore
the impact of water on glass transition temperature as well as relaxation behavior. Interestingly,
in many glass forming liquids an ultraslow dynamics was detected in dielectric relaxation
(DR),>*% and dynamic light scattering (DLS)*%* measurements. This ultraslow process is
different from the viscosity related structural (o)) relaxation and was explained by long-range
density fluctuations or hydrogen bonded cluster diffusion. A low-frequency Debye peak in the
imaginary part of the permittivity is a characteristic representation of an ultraslow process. This
Debye peak has been observed in alcohols and their mixtures which represents slower dynamics
than the viscosity-related (o) relaxation.”>?® Note low frequency Debye peak has been observed
in xylitol and supports presence of ultraslow process other than viscosity related structural (o)
relaxation.* Although ultraslow relaxation processes in water-xylitol mixtures were detected in
dynamic light scattering (DLS) measurements, small-angle neutron scattering (SANS)
experiments did not find any significant excess scattering or any structural inhomogeneity in the
medium.3 These SANS results therefore raise a debate regarding the interpretation of ultra-slow
relaxation detected in DLS measurements in terms of cluster formation. Most of these studies

|21,27,31 22,33

either focused on slow dynamics of xylito or relaxations of water-xylitol mixtures at

lower temperatures. Though, there exist a few sporadic studies®**

at higher temperatures (>298
K), a thorough and uniform study of dynamics and interaction in water-xylitol mixtures
addressing the solution heterogeneity aspect at temperatures higher than room temperature is still

lacking.
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We address the solution heterogeneity aspect in this paper via steady state and time-resolved
fluorescence measurements, and DR experiments in the temperature range, 295-323 K.
Temperatures beyond 323 K have not been considered because (i) we wanted to explore the
solution characteristics at a temperature range not too away from the physiological temperature
(=310 K) given the fact that xylitol is produced during metabolism, (ii) the DR dynamics
becomes faster at higher temperature, particularly those at lower xylitol concentrations, which
eventually become undetectable in our frequency window, and (iii) the heterogeneity signature
becomes weaker upon increasing temperature. We presume that extensive interaction of water
molecules with xylitol may lead to orientational relaxation slower than bulk neat water, and this
may be detected in the present DRS measurements. In addition, exploration of the viscosity
coupling to solute and solute-centered dynamics would lead to a qualitative information
regarding microheterogeneous nature of these solutions. In this work, measurements have been
carried out for water-xylitol mixtures in various concentrations (2.31 mol% to 9.62 mol%) of
xylitol. DRS technique has already been used to understand the dynamics of pure solvents,**’
water-alcohol mixtures,”**® deep eutectic solvents (DESs)***° and other media. TRF
measurements of non-reactive solution dynamics and DR is intimately related, and a
combination of them has been employed to explore dynamics and interaction in many different
systems.**** For fluorescence measurements, we have used non-reactive hydrophilic coumarin
343 (C343) and hydrophobic coumarin 153 (C153) as external probes to profile the medium
frictional response on a dissolved solute. We have refrained from measuring the solvation
dynamics (via dynamic Stokes shift measurements) of these probes in these mixtures as water
response is too fast to be detected by the present set-up (see later). Chemical structures of xylitol,

coumarin 343 and coumarin 153 are shown in Scheme 5.1.
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Scheme 5.1: Chemical structures of (A) Xylitol, (B) Coumarin 343 and (C) Coumarin 153

OH OH
HO OH
(A) OH (B)
CF;
X
©)
N (0] o)

5.2 Experimental Details

5.2.1 Sample Preparation

Laser grade coumarin 153 (C153) and coumarin 343 (C343) were from Sigma-Aldrich, and used
as received. Xylitol was from Sisco Research Laboratories (SRL, India) and used as received.
Solutions of six different concentrations of xylitol were prepared by dissolving required amount
of xylitol (by weight) in millipore water at room temperature. Stock solutions of C153 and C343
were prepared in carrier solvents, such as, heptane and acetone, respectively. A few uL of these
stock solutions were taken into quartz cuvettes (optical path length 1 cm), and the career solvent
was evaporated off. Approximately 3 mL of sample solution (water+xylitol) was then poured
into the cuvette and, complete dissolution of C153/C343 grains in sample solution was ensured.

Concentration of C153 (or C343) in each of these sample solutions were maintained at ~10™ M.
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5.2.2 Viscosity and Refractive Index Measurements

Temperature dependent viscosity coefficient and refractive index of water-xylitol mixtures were
measured by using AMVn automated micro-viscometer from Anton Paar (falling ball method)

and automated temperature controlled refractometer (RUDOLPH, J357), respectively.*34>4®

5.2.3 Steady State and Time-Resolved Fluorescence Measurements

Steady state absorption and emission spectra were collected using a UV-visible
spectrophotometer (UV-2600, Shimadzu) and a fluorimeter (Fluorolog, JobinYvon, Horiba),

respectively, and data analysis were carried out following the protocol described elsewhere.***"

49

Time-resolved fluorescence measurements were performed using a time correlated single photon
counting (TCSPC) ( LifeSpecps, Edinburgh Instruments, U. K.) setup fitted with a diode laser of
409 nm wavelength (details provided elsewhere).”>*?The instrument response function (IRF)
measured using scattering solution was found to be ~ 85 ps. Time resolved fluorescence
anisotropy (r(t)) measurements were performed following standard protocol described in

chapter 2.10°3-%

5.2.4 Dielectric Relaxation Spectroscopy

Dielectric spectra were collected using a PNA-L Network Analyzer (N5230C) combined with a
probe kit (85070E) operating in the frequency range 0.2 <v/GHz <50. Around 8-10 ml solution
of each mixture was used for all the measurements. Details regarding DR measurements have

been provided in chapter 2.°"*®

Among all measurements presented here, some of the DR spectra fit to 2-D (2-Debye) and rest to

3-D (3-Debye) relaxations. Fits were employed to obtain the best simultaneous descriptions of
both the measured &'(v) and &'(v). Different combinations of Debye, Cole-Cole and Cole-

Davidson processes were attempted but did not obtain any better description than the fits chosen

here (shown in Fig. A.c.1).
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5.3 Results and Discussion

5.3.1 Dielectric Relaxation Measurements: Concentration and Temperature Dependence

Fig. 5.1 presents the concentration and temperature dependent real (&) and imaginary (&")
components of the measured complex dielectric relaxation (DR) spectra of water-xylitol
mixtures along with simultaneous multi-Debye fits. Concentration dependent measurements
were done at 295 K and at six different xylitol concentrations (mol%). The highest concentration
chosen here is limited by the aqueous solubility of xylitol at 295 K. For a comparison, we have
also shown our experimental DR spectra of pure water at 295 K in the same (upper) panel. Fit
parameters are summarized in Table 5.1. Two aspects could be immediately realized from these
concentration dependent spectra. First observation is the gradual decrease of the estimated static

dielectric constant (&,) upon increase of xylitol concentration in the agqueous solution. Second,
the peak position in the imaginary component (&") shifts to lower frequency with xylitol
concentration, producing longer relaxation times at higher concentrations. The concentration

dependent slowest DR timescale (z,) falls in ~50-80 ps range, the fastest (z,) being <10 ps.

Another timescale (z,) also appears at this temperature which is somewhat slower than the

fastest but covers the range ~13-26 ps.

The decrease of &,with xylitol concentration is expected because &, of xylitol is ~40.>® Note DR
measurements with appropriate frequency coverage for neat water have revealed two relaxation
timescales( ~9 ps and ~1 ps) in pure water at ~293 K.®® We also have observed the ~9 ps
timescale in our DR measurements for pure water at 295 K, although we have missed the fast 1
ps timescale due probably to our limited frequency coverage at the high-frequency wing (up to
50 GHz only). We may therefore associate the <10 ps DR timescale observed for xylitol
solutions with the DR of bulk-like water molecules. The other two DR timescales (7, and z,)
are much slower than the DR timescale of bulk pure water and thus may have connection to
xylitol orientation dynamics. The slowest timescale (t,~48-80 ps) and its amplitude (8-32%)
increases with increasing xylitol concentration and therefore supports the connection of xylitol

molecules to the slow (compared to neat water) DR dynamics in these agueous mixtures.
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Notably, the second slower component (z,) dominates the total relaxation (~68-55%) and also

becomes longer with xylitol concentration.
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Fig. 5.1: Upper panel: DR spectra of water-xylitol mixtures at 295 K within the frequency
regime, 0.2<v/GHz<50 at various xylitol concentrations. Lower panel: Temperature
dependence of the real (¢') and imaginary (&”) parts of the measured complex DR spectra of
water-xylitol (5.58 mol%). Solid lines through data represent simultaneous fits using multi-
Debye relaxation model. Spectra at different xylitol concentrations and different temperatures are

color-coded. Green color represents DR response of neat water.
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Table 5.1: Parameters obtained from the 3-D/2-D fits of the complex dielectric response

functions of water-xylitol mixtures for all the concentrations at 295 K.

Mole% | T g | A | 1) | Ag, | 1, | Agy | T4 &, n e -n| (o™
Xylitol | (K) % | ()| % | (ps)| % | (ps) ) (pS)
Water | 295 | 80.0 | - | - | 100 | 9.3 -~ [ 47 [ 1333 [ 292 | 93

295 | 764 | 76 | 48 | 6/8 | 13 | 246 | 66 | 61 | 1.358 | 4.26 14

298 | 761 | 57 | 46 | 515 | 15 | 428 | 79 | 6.6 1.358 | 4.76 14

303 | 73.7 | 27 | 51 [ 253 | 17 | 726 | 76 | 59 1.359 | 4.05 11

231 | 308 | 725 | 26 | 47 | 216 | 16 | 755 | 7.2 | 57 | 1359 | 3.85 10

313 | 723 - - |155] 16 | 845 | 6.7 | 48 | 1359 | 2.95 8
318 | 70.2 - - |141] 19 | 859 | 65 | 49 | 1360 | 3.05 8
323 | 68.9 139 ] 16 | 8.1 | 58 | 39 | 1360 | 2.05 7

452 | 295 | 739 | 157 | 49 | 664 | 16 | 179 | 6.2 | 68 | 1378 | 490 19

295 | 734 1207 | 57 | 635 ] 18 | 158 | 5.7 | 6.7 | 1386 | 4.78 24

298 | 727 | 187 | 56 | 620 | 18 | 193 | 64 | 71 1.386 | 5.18 23

303 | 708 | 154 | 55 [529 | 19 | 317 | 69 | 70 | 1386 | 5.08 21

558 | 308 | 69.4 | 119 | 54 | 478 | 18 | 403 | 71 | 6.9 1.386 | 4.97 18

313 | 678 | 90 | 52 [ 412 | 18 | 498 | 69 | 6.7 | 1385 | 4.78 15

318 | 664 | 57 | 58 | 359 | 18 | 584 | 68 | 65 | 1386 | 457 13

323 | 647 | 48 | 55 [ 307 | 17 | 645 | 63 | 61 | 1386 | 4.18 12

765 | 295 | 707 | 251 | 68 | 606 | 21 | 143 | 6.0 | 6.9 | 1399 | 494 31

865 | 295 | 70.1 | 298 | 77 |557 | 24 | 145 | 67 | 70 1.405 | 5.02 37

295 | 689 | 317 ] 80 | 548 | 26 | 136 | 56 | 7.1 | 1410 | 511 40

208 | 679 | 286 | 78 | 532 | 28 | 182 | 66 | 72 | 1410 | 521 38

303 | 66.2 | 250 | 76 [523 | 25 | 227 | 66 | 72 | 1410 | 521 34

9.62 | 308 | 655 | 236 | 69 | 513 | 23 | 251 | 66 | 73 | 1410 | 531 30

313 | 63.7 | 186 | 64 | 499 | 22 | 315 | 66 | 7.3 | 1410 | 531 25

318 | 624 | 165 | 58 | 476 | 20 | 359 | 64 | 71 | 1410 | 511 21

323 | 618 | 161 | 50 [474 | 18 | 365 | 6.0 | 7.0 1.410 | 5.01 19

a) Indicates dispersion amplitude ( Ag; , i=1-3) of a given dispersion step in percentage.
b) t, (i=1-3) are better within 5% of the reported values (based on 2-3 independent measurements).

c) Measured refractive index at 295 K.
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Now, what could be the likely origins for these two slower timescales, 7z, and z,. In water-

xylitol mixtures, it is quite natural to expect that the relaxation dynamics would be regulated by
both H-bonding fluctuation dynamics and orientation relaxations.®* Interestingly, the magnitudes

of t, (~13-26 ps) corroborates well with the concentration dependent peak times corresponding

2.31mol% ~15

with v,

to the peak frequencies in ¢" displayed in the upper panel (z ., =1/27v

peak peak?

9.62mol%
peak

GHz producing ~12 ps, and v ~5 GHz producing ~32 ps). Stokes-Einstein-Debye

(SED)**%*® relation with stick boundary condition, z, —3;v /k, T, predicts values of
molecular rotation times for xylitol and water at 295 K in these solutions either too large or

inconsistent to be favorably compared to the observed t, and t,or to their amplitude-weighted

2
average, (Tpr) = Zairi . Table A.c.2 (Appendix) provides this comparison after connecting T,
i=1

(0 +D) 8

with 1, as follows, 1, = and for DR, ¢ =1. Molecules were treated as spheres in

Tor *

the SED predictions with molecular volumes (V) for water®®® was 10.9 A% and for xylitol®’

107.3 A3, 1t is therefore quite clear that molecular rotation times cannot cogently explain these
two relaxation times. In light of the recent findings for acetamide containing deep eutectics,®
these components may derive contributions from H-bond fluctuation dynamics and collective
single particle reorientational relaxations. Simulation studies are therefore required to confirm

this conjecture.

The temperature dependent (295 K to 323 K) DR spectra shown in the lower panel (Fig. 5.1) are
a representative of the DR measurements that we have carried out for three (2.31, 5.58 and 9.62
mol %) of the six different xylitol concentrations considered here. Here also these spectra fit to
multi-Debye model, and the fit parameters are summarized in Table 5.1. With temperature, peak
of ¢" shifts toward higher frequency. This is because of lowering of solution viscosity with the
rise in solution temperature leading to faster relaxation. As the slower relaxation becomes faster
upon rise in temperature with concomitant loss of amplitude, distinct relaxations may merge
together at higher temperatures to produce total relaxations with fewer steps. This is the reason
for two-step relaxation at higher temperatures for the lowest xylitol concentration studied here.

Note also that the fastest relaxation component (t,) remains nearly insensitive to temperature
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variation whereas the other two show relatively stronger temperature dependence. This may be
due to the limited frequency coverage of the present measurements which is unable to detect

temperature—induced shortening of the fastest DR timescale.

Fig. 5.2 shows the viscosity dependence of the average DR relaxation times (<rDR >) for aqueous

xylitol solutions at the lowest (upper panel) and the highest (lower panel) concentrations. SED
predictions with stick boundary condition for water and xylitol molecules using the experimental

temperature dependent solution viscosity coefficients (n, see Table 5.2) are also shown in these

panels for comparison. Clearly, the SED predictions for xylitol are highly over-estimated relative
to the average values from measurements at both the concentrations, whereas the calculations for

water are strikingly close. Note these average times are the amplitude-weighted average of the

DR relaxation times. A fit of these data to the expression, <rDR> =An®, provides a value for the

power (p=1.06) very similar to that for SED prediction (p=1) at 2.31 mol% . However, at 9.62

mol%, p=0.82, which is smaller than unity. We therefore infer that these xylitol solutions are not
strongly heterogeneous in the temperature range studied. In order to confirm this observation we
have carried out both steady state and time-resolved fluorescence measurements using
hydrophobic (C153) and hydrophilic (C343) probes of comparable molecular volumes,>*®

results of which are presented below.
5.3.2 Steady State Measurements

Fig. 5.3 presents the UV-VIS absorption and steady state fluorescence emission spectra for C153
and C343 in these aqueous xylitol solutions at 298 K. For comparison, spectra of these solutes in
neat water are also provided in the respective panels. It is quite evident that these spectra exhibit
weak xylitol concentration dependence. In addition, C153 spectra in these aqueous solutions are
slightly red-shifted than those in neat water, while the reverse (though faint) is seen for C343.
This is probably because of their inherent preferences for solvation environments. The solution
heterogeneity aspect is subsequently explored by monitoring the excitation wavelength
dependence of the emission peak wavelengths for these solutes in these solutions at 298 K. Fig.

5.4 shows these results by showing a xylitol concentration dependence of the total dispersion of

the peak emission wavelength (A°™"*) at a given concentration upon changing the excitation

exc
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wavelength (A,..) from blue to red across the corresponding absorption spectrum:

exc

AL(C) = XSIPEK () — AP () | Clearly, these solutions are mildly heterogeneous as the total

red exc blueexc

dispersion of the peak emission wavelength (AL ) is not significant and remains limited only

within ~4-6 nanometer for both the solutes.
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Fig. 5.2: (/T ) dependence of the average DR relaxation times (<TDR>) for aqueous xylitol

solutions at the lowest (upper panel) and the highest (lower panel) concentrations. SED
predictions with stick boundary condition for water and xylitol molecules using the experimental

temperature dependent solution viscosity coefficients (n, see Table 5.2) are also shown in these

panels for comparison.
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Table 5.2: Viscosity, density and average rotational time (z,)of water-xylitol mixtures at
different mole % of xylitol and temperatures

Xylitol T (K) 1(cP) (.Y (ps)[C153] | (z,) (ps)[C343]° Density
mol% 3
(g/cm’)

298 1.49 143 143 1.0537

303 1.33 132 127 1.0519

2.31 308 1.19 115 119 1.0498
313 1.08 95 100 1.0475

318 0.98 87 91 1.0441

323 0.86 83 84 1.0407

298 2.29 201 195 1.0963

303 2.04 183 174 1.0941

4.52 308 1.87 160 166 1.0918
313 1.63 130 129 1.0886

318 1.44 119 115 1.0853

323 1.30 108 109 1.0813

298 2.92 222 263 1.1153

303 2.52 189 215 1.1130

5.58 308 2.26 157 180 1.1105
313 1.96 148 164 1.1078

318 1.75 138 150 1.1049

323 1.60 125 120 1.1019

298 4.35 335 350 1.1479

303 3.71 280 304 1.1453

7.65 308 3.19 222 251 1.1427
313 2.78 207 190 1.1391

318 2.44 170 168 1.1370

323 2.16 158 150 1.1339

298 5.35 354 399 1.1616

303 4.50 292 357 1.1590

8.65 308 3.87 268 298 1.1561
313 3.35 243 252 1.1529

318 2.90 180 205 1.1484

323 2.55 166 173 1.1449

298 6.54 458 445 1.1741

303 5.45 360 357 1.1718

9.62 308 4.62 280 310 1.1686
313 3.96 245 298 1.1658

318 3.44 203 256 1.1626

323 3.01 180 196 1.1580

a,bUncertainty+10%
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Fig. 5.3: Absorption (left panels) and emission (right panels) spectra of C153 and C343 in
water-xylitol mixtures at different concentration (2.31, 4.52, 5.58, 7.65, 8.65, 9.62 mole %) of
xylitol at 298 K. Blue broken lines represent the absorption and emission spectra of C153 and

C343 in neat water.

84



| ' | ' | ' | ' |
O c153
87 O «caa3 ]
i 5 O i
— @)
E 6 O O O -
c
N @)
2 i @) @) o O |
@)
4 - —
» l 1 l 1 l 1 l 1 l
2 4 6 8 10

Concentration (mole%)

Fig. 5.4: Excitation wavelength (4

exc.

) dependence of fluorescence emission peak wavelength

difference (between red and blue end, Ak = Al —ATP% ) for C153 (red circles) and C343

blueexc
(blue circles) in water-xylitol mixtures at all xylitol mol% studied. The excitation wavelengths
are from 380 nm to 460 nm for C153, and 396 nm to 466 nm for C343 with 10 nm interval,
scanning wavelengths that can cover ~60% of the total intensity on both sides of the peak of the
respective absorption spectra.

5.3.3 Time-Resolved Fluoresce Measurements

Next we follow the temperature and concentration dependence of dynamic fluorescence
anisotropy, r(t), for these solutes in these solutions. Fig. 5.5 depicts the representative
dependence where the collected data for the lowest and highest concentrations at room
temperature (for concentration dependence), and for the highest concentration at 298 K and 323
K (for temperature dependence) are compared. Both these solutes show dependencies on these
two solution parameters. As mentioned earlier, measured r(t) decays for both the solutes fit
adequately to single exponentials and quality of fitting are shown in Fig. A.c.3. This might be

due to the limited temporal resolution employed (~85 ps) in the present measurements.>®
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Fits through these data are also shown in these panels, and the corresponding fit parameters

summarized in Table 5.2. Average solute rotation times (<rr>) in this table is the relaxation time

constant (t,) associated with the underlying single-exponential decay function. This time
constant, following the temperature dependence of viscosity, is becoming faster with temperature

for all these solutions. The coupling to the viscosity of the solute rotation times in these solutions

is then explored in Fig. 5.6 where the measured <rr>are shown as a function of temperature-
scaled viscosity, /T, in a double-logarithmic fashion for both C153 (upper panel) and C343
(lower panel). Fit of these data to the viscosity dependence of the type, <rr> 1P, then produces

(represented by the solid line through the data) p values (~0.8) which are not too away from

unity. Such values for the fraction power suggest presence of mild temporal heterogeneity in

these solutions. Note also that these pvalues are quite close to those obtained from DR

measurements, and therefore inferences drawn from both these different experiments regarding
solution dynamics corroborate well to each other. Combining steady state fluorescence results
with these relaxation measurements, one may then conclude that these solutions are not too

spatially and temporally inhomogeneous.

If the relaxation times — be it from DR measurements or from dynamic fluorescence anisotropy
experiments — follow closely the solution viscosity, then the activation energies extracted from
the respective temperature dependent measurements should be agreeing well to each other. This
exercise is undertaken next and the results are shown in Fig. 5.7. Arrhenius-type temperature
dependence is found for average rotational times for both the solutes in these solutions; so are for
the average dielectric relaxation times and viscosity coefficients. Representative data for three

different xylitol concentrations are shown for these observables along with the associated
activation energies, E,. Note the one-to-one correspondence between the activation energies at
individual concentrations and the agreement among the concentration averaged activation
energies, <Ea>c, which ranges between ~21 kdmol™ to ~23 kdmol™. Such a good agreement
among activation energies from different measurements originates from the overwhelming
dominance of the frictional response of the system on these solution-phase relaxation processes

in the temperature range studied, and the frictional resistance is nearly quantified by the

macroscopic solution viscosity. This near-hydrodynamic coupling to solution viscosity (of
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relaxation dynamics) suggests mild spatio-temporal heterogeneity in these aqueous xylitol
solutions at these temperatures. This is different from our earlier observation for other sugar

containing binary mixtures.”

[
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; 2.31 mol %

C343 -
T =298K

- & — N —
0.3 & 9.62 mol % 2.31 mol %
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Fig. 5.5: Representative time-resolved fluorescence anisotropy (r(t)) decays for C153 (left

panels) and C343 (right panels) in water-xylitol mixture with 2.31 and 9.62 mol% of xylitol
(upper panel) and also at 298 K and 323 K (lower panel). Lines going through data denote single

exponential fits. (Residuals of r(t) decays are shown in Fig. A.c.3, Appendix).
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Fig. 5.6: Viscosity coupling of rotation times ({z,)) for C153 and C343 in water-xylitol

mixtures at various xylitol concentrations are plotted. Temperature-dependent measured rotation

times are shown as a function of temperature reduced viscosity (77/T ) in a log—log fashion.
Lines through the data represent fits to the following expression: log (1:>:A+plog[n/T].

Broken lines represent the hydrodynamic (SED) predictions, 7> = (Vr/k,T) fC, where V-

volume , f-shape factor and C-solutes-solvent coupling parameter. All these parameters are taken
from Ref. 53 and Ref. 68 for C153 and C343, respectively.

88



4o F T T T T T

| €153 c(mol%) E (kImol’) |
2.31 19.06
-4.5 5.58 20.11

9.62

29.34

In[ps/z ]

T

-6.0 <E,> =228 kimo1”
1 l 1 l 1 l 1
3.7 3.8 3.9 4.0
-1.5 T T T T T T T
- c(mol%) E (kImol?) -
2.0 2.31 20.08 |
558 21.06
= 3 9.62 22.04
A
@
[a)
e
v
<
(%)
o
£

3.5 <E > = 21.06 ki mot™

_40 1 l 1 l 1 l 1
3.7 3.8 3.9 4.0

4.1

In[ps/t ]

-4.5 I~

6.5 L
3.7 3.8 3.9 4.0
| T | | T | T
L c(mol%) E (kImol’) |
L 2.31 17.52 .
5.58 19.95
o 9.62 25.21 |
_
=
K .
o
o
NS
£1 -
2 |- <E_> =209 kimo1” —
"l 1 l l l 17
3.7 3.8 3.9 4.0

c(mol%)
2.31
5.58
9.62

T

I

E, (kI mol™)
17.89
23.31
27.92

T

10°(I mol™/[RT]
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right panel) rotation times in water-xylitol mixtures (upper panels), and the same for the DR

rotation times and viscosity coefficients (lower panels). Solid lines represent fits through the

respective data sets.

5.4. Conclusion

In conclusion, the temperature dependent DR and fluorescence measurements suggest near-
homogeneous solution structure and dynamics for these aqueous xylitol solutions in the
temperature range studied. Multi-probe measurements do not indicate substantial concentration
dependent spectral shift, indicating no dramatic change in over-all polarity of the system in
presence of this poly-hydroxy alcohol. In addition, we do not find any evidence for cluster
formation resulting from extensive H-bond interaction between water and xylitol molecules. In

fact, the extent of viscosity coupling of probe rotation times observed in these solutions only
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indicates a mild heterogeneity. Measured DR timescales do not match the hydrodynamic
predictions for molecular rotation of these species, leaving space for explanation in terms of H-
bond fluctuation dynamics and collective single particle reorientation relaxation. Extensive
computer simulations are necessary for microscopic understanding of the DR relaxation
processes of these solutions, although the challenge here is to construct, at least qualitatively

correctly, the inter- and intra-molecular interaction pair potentials. Such an effort is in progress.
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Chapter 6

Exploring Aqueous Solution Dynamics of an Amphiphilic Diblock
Copolymer: Dielectric Relaxation and Time-Resolved Fluorescence

Measurements

6.1 Introduction

Amphiphilic block copolymers, made of hydrophobic and hydrophilic segments, are well known
to form ordered self-assembly such as cylinders, bicontinuous structures, micelles, vesicles, and
other complex aggregations." Among these various nanostructures, micelles are the most studied
morphologies in an aqueous medium, where micelle formation takes place upon appropriate
hydrophobicity/hydrophilicity balance, wherein the impact of micelle hydrophobic block is
compensated by the water soluble hydrophilic segment.? Polymeric micelles have widely been
considered as convenient nano-carriers for drug® and gene delivery,” diagnostic imaging,® and so
forth. Admirable biocompatibility, lower critical micellar concentration (CMC) value, aqueous
solution stability, high solubilization ability of a large number of hydrophobic drugs in their
micellar core, etc. made polymeric micelle an excellent carrier in the biomedical field.®"
Compared to surfactant micelles, polymeric micelles are generally more stable, with a
remarkably lowered CMC, and have a slower rate of dissociation, allowing retention of loaded
drugs for a longer period of time and, eventually, achieving higher accumulation of a drug at the
target site.® Unlike the conventional low-molecular weight surfactants and lipids, block
copolymers have the advantage of modifying their shape and functionality depending on both
their intrinsic properties (block-block interaction parameter) and extrinsic properties (molecular

weight, block composition, solvent composition, concentration of the solution, etc.).

Diverse biologically relevant self-organized aggregates such as micelles,”*° reverse micelles, 2

1314 macromolecules and polymer aggregates,'*° have frequently been used to study

vesicles,
solvent dynamics using fluorescence spectroscopy. Among the different self-aggregate systems,
micelles have been repeatedly used as model systems for confined reaction media.*”*® Exploring

dynamics in these media is critical because often micellar interface is heterogeneous, and this
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heterogeneity can considerably impact the course of a chemical reaction occurring at these
interfaces.®® In addition, micelle may be considered as a model bio-mimetic system for
understanding the interaction of a biologically relevant species with the interface and subsequent
transportation and release of it at a desired place. Thus, a thorough knowledge of
microenvironment structure, dynamics and interaction with guest molecules is essential to
control and/or suitably alter to meet the demands of daily care products, pharmaceutical and

biomedical necessities.

Neutron scattering,?* nuclear magnetic resonance (NMR),?* fluorescence,? static and dynamic
light scattering(DLS)® measurements have been used earlier to understand block copolymer
micelles.?®*” Dynamics and interaction in solution phase of several different copolymers have
been explored using a variety of ultrafast fluorescence techniques such as fluorescence resonance
energy transfer (FRET),”® fluorescence correlation spectroscopy,? fluorescence Stokes shift, and
anisotropy relaxations.**** Dielectric relaxation spectroscopy (DRS) probes the inherent medium

3233 and has been utilized to explore polarization relaxations in a variety of systems

dynamics,
that include pure solvents,* ionic liquids,® deep eutectic solvents (DESs)*® organic
electrolytes,®” polymer solution,® micelles,* and reverse micelles.*> However, a thorough and
systematic investigation combining dielectric relaxation and pico-second resolved fluorescence
spectroscopic techniques is still lacking for aqueous solutions of diblock copolymers. In order to
provide such information of diblock copolymers possessing potential for applications, here we
have employed DR and TRF measurements for exploring interaction and dynamics of poly(2-
(((tert-butoxycarbonyl)alanyl)oxy)ethyl methacrylate)-b-poly(polyethylene glycol monomethyl

ether methacrylate) (P(Boc-L-Ala-HEMA)-b-PPEGMA)) diblock copolymer in its aqueous

solutions. These diblock copolymers were synthesized and characterized by Prof. Priyadarsi De's
group, IISER, Kolkata, India.** In these polymers amino acid segment has been used as a
hydrophobic block because of their remarkable advantages, namely, good biocompatibility, non-
toxicity and, more importantly, availability of side functional groups. The utility of these side
functional groups is targeted for conjugation with molecules of biological relevance after the
tert-butoxycarbonyl (Boc) deprotection followed by post-polymerization modification
reactions.*? On the other hand, the oligo(ethylene oxide) side chains are uncharged, water-

soluble, non-toxic, biocompatible, and thus advantageous towards smarter applications.*?
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6.2 Experimental Section

6.2.1 Materials and Sample Preparation

Coumarin 153 (C153) (Sigma Aldrich), coumarin 343 (C343) (Sigma Aldrich) and pyrene
(Sigma Aldrich) were used as received. For the preparation of micellar nanoaggregates in
aqueous solution, de-ionized (DI) water was added drop-wise to the dried block copolymers and
kept under stirring for about 10 min. Four different polymers* (2a, 2b, 2c and 2d) with same
number of hydrophobic chain length (n=18) and different number of hydrophilic chain length (2a
(m=20); 2b (m=36); 2c (m=61) and 2d (m=85)) were used in this work. Using this similar
procedure, a series of micellar solutions of different concentrations (1, 5, 10 mg/mL) were
prepared for all measurements at 25 °C. For optical measurements, the concentration of coumarin
153 (C153) and coumarin 343 (C343) were maintained to ~10° M in each sample. The
structures of synthesized diblock copolymer, C153, C343, and pyrene are shown in Scheme 6.1.

Scheme 6.1. (A) P(Boc-L-Ala-HEMA)-b-PPEGMA), (B) Coumarin 153, (C) Coumarin 343 and

(D) Pyrene CF,
2 S_S
Howb%mg ‘CizHzs X
CNO 02\0
02 . N
OIS (B)
N OG
@)

(©) (D)
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6.2.2 Dynamic Light Scattering (DLS)

DLS measurements were conducted at 25 °C in a Malvern Nano Zetasizer instrument. The
system was equipped with a He—Ne laser operating at a wavelength of 633 nm and a detection
angle of 173° Polymer solutions were filtered through a 0.45 pm syringe filter prior to

measurement.
6.2.3 Density, Viscosity and Refractive Index Measurements

An automated temperature controlled density-cum-sound analyzer (Anton Paar, DSA 5000) was
used for density measurements, and viscosity coefficients () were measured using a micro-
viscometer (AMVn, Anton Paar).*** Refractive indices of the micellar solutions were measured

using an automated temperature controlled refractometer (RUDOLPH, J357).4°
6.2.4 Steady State Measurements

Absorption spectra were recorded using UV-visible spectrophotometer (UV-2600, Shimadzu).
Steady state emission spectra were obtained from fluorimeter (Fluorolog, Jobin-Yvon, Horiba).
Before analysis, solvent blanks were subtracted from the spectra and converted properly to the

frequency domain for further analysis and frequency determination.*’*

6.2.5 Time-Resolved Fluorescence Measurements

Time-correlated single photon counting (TCSPC) technique along with 409 nm (LED) excitation
source was used for the time-resolved fluorescence measurements and the details of this setup
are described elsewhere.***® The full width at half-maximum (FWHM) of the instrument
response function (IRF) obtained using 409 nm excitation sources and a scattering solution was

~80 ps. Established standard protocol has been followed for the anisotropy measurements.>>*

Time-resolved fluorescence intensity decays of C153 in different polymeric solutions at magic

angle (54.7°) were also collected for average lifetime measurements.*®

Details regarding time-resolved fluorescence spectroscopic measurements have been described

in chapter 2.
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6.2.6 Dielectric Relaxation Spectroscopy

The collection of DR data and associated analysis protocol are similar as discussed in chapter
2.°%%8A|l DR measurements were performed using a PNA-L Network Analyzer (N5230C)
combined with a probe kit (85070E) operating in the frequency range 0.2 <GHz <50.
Approximately 8 mL solution of each system was used, keeping all the external parameters

fixed. Details regarding DR measurements can be found elsewhere

For all measurements presented here, 2D fits (2Debye processes) were employed to obtain the

best simultaneous descriptions of the measured e’(v)and e”(v). Different combinations of

Debye, Cole-Cole and Cole-Davidson processes were attempted but no better descriptions were
found.

6.3 Results and Discussion

6.3.1 Self-Assembly Behaviour of the Diblock Copolymers

The synthesized diblock copolymers, 2a-2d, contain hydrophilic (PPEGMA) and hydrophobic
(P(Boc-L-Ala-HEMA)) segments, thus expected to undergo self-assembly under proper
conditions. All the diblock copolymers are completely soluble in water without any external
assistance, because of the significant introduction of the hydrophilic PPEGMA entity into all the
copolymer chains. The critical aggregation concentration (CAC) of the copolymers were
determined by virtue of fluorescence spectroscopy (Fig. A.d.1) using pyrene as a luminescent
probe due to its high sensitivity to the microenvironment polarity change.**®® As illustrated in
Fig. A.d.2, the CAC of 2a-2d were measured from the cross-section of two linear fitting curves
of I3gs/l365 vS. log(polymer concentration) plot. Notice that increase in hydrophilic length leads to
a higher CAC value (Table A.d.3). This is expected because increased hydrophilicity induces
better dissolution of these amphiphilic polymer molecules by the aqueous environment. For these
polymeric micelles, lower CAC value gives an advantage for its application as a carrier as lower

CAC may help to resist dissociation on dilution inside the body fluid.®*

In the next step, the size of the self-assembled particles in an aqueous medium from 2a-2d was
investigated by DLS measurement. The number-average hydrodynamic diameters, Dy, were in
the range of 14+0.8 nm (polydispersity index, PDI = 0.459) to 20£1.0 nm (PDI = 0.333) in an
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aqueous medium at a polymer concentration of 1.0 mg/mL (Fig. A.d.4) and concentration-
dependent Dy, values are tabulated in Table A.d.3. These Dy, values are above the threshold value
(~5.5 nm) of excretion limit and avoid renal excretion.®® Furthermore, these values are much
lower than 100 nm and help to bypass RES (reticuloendothelial systems) uptake.®® Nevertheless,

fluorescence and DLS measurements confirmed micelle formation from 2a-2d in water.
6.3.2 Steady State Absorption and Emission

Fig. 6.1 represents the absorption and emission spectra of coumarin 153 (C153) in aqueous
micellar solutions of diblock copolymer (1 mg/mL). Average spectral peak frequencies at
different polymer concentrations (1, 5 and 10 mg/mL) are summarized in Table 6.1. For
comparison, steady state absorption and emission spectra of C153 in pure water are also shown
in the same figure. Clearly, the absorption spectra of C153 in aqueous polymer solutions show a
much weaker blue-shift (compared to that in neat water) than that for the corresponding
fluorescence spectra. Blue shift of emission spectra in these polymeric micellar solutions
(relative to that in water) suggests local environments probed by C153 are less polar than water.
This suggests that C153, due to its hydrophobic nature, locates itself at the micelle-water
interface. This blue shift in emission spectra relative to water has already been observed for bile
salt aggregates,® and micellar mixtures.®® Note that the extent of spectral blue-shift does not
depend upon the number of hydrophilic chain (as for 2a, 2b, 2c and 2d) in these aqueous
polymeric micellar solutions. This observation provides a support in favour of C153 being
located at the micellar interface. A sharp increase of emission intensity over that in bulk water
(controlled experiments with same C153 concentration), shown in Fig. A.d.5, further supports
this view of C153 location in these polymeric micellar solutions. Excitation wavelength
dependence of fluorescence emission of C153 in these micellar solutions (shown in Fig. A.d.6)
suggests that, these solutions, within the lifetime of C153, are spatially homogeneous in nature.
Here, spatial homogeneity refers to the ‘uniformity’ in microenvironments that surround the
probe molecules in different micellar aggregates present in the solution. If microenvironments
around probe molecules in different aggregates in solution are similar or the interconversion
among dissimilar environments is much faster than the average excited state lifetime of the
probe, then the fluorescence emission occurs from the excited probe molecules surrounded by a

completely relaxed, fluctuation-averaged ‘single’ environment. This leads to insensitivity of the
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fluorescence emission energy to the choice of probe excitation wavelength. This is reflected in
our emission spectra (Fig. A.d.6) collected after varying the excitation wavelength. Note the
emission peak frequencies corresponding to different excitation wavelengths are nearly similar
(within the uncertainty of +250cm™). An excitation wavelength dependence of fluorescence
emission is then interpreted in terms of differing solvation environments (spatial heterogeneity)

surrounding the dissolved probe molecules.

I T I T I T I T I T I T I T I T I T I T
1.0~ Abs.
> - C153
=
w
- 0.8 [~
<5}
- -
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- 0.6
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E // 2almg/mL
T 0.4 [~ / 2b 1 mg/mL
S — 2c1lmg/mL
1S
o - 2d 1 mg/mL
Z 0.2 — == Water =
] 1 ] 1 ] 1 ]
20 22 24 26 28 16 17 18 19 20 21 22

Frequency (10°cm™)

Fig. 6.1: Absorption and emission spectra of C153 in aqueous micellar solutions of diblock
copolymers (2a, 2b, 2c, 2d) with 1 mg/mL polymer concentration. Spectra of different polymers
are color-coded. Black broken lines represent the absorption and emission spectra of C153 in

water.
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Table 6.1: Absorption and Emission peak frequency of C153 in different polymeric (2a, 2b, 2c,

2d) micelle solutions at three different concentrations at ~25 °C.

Polymer Absorption™ Emission™
Peak frequency (10° cm™) Peak frequency (10° cm™)
1 mg/mL | 5mg/mL | 10 mg/mL | 1 mg/mL | 5 mg/mL | 10 mg/mL
2a 23.57 23.59 23.59 19.69 19.87 20.00
2b 23.63 23.67 23.64 19.64 19.79 19.87
2C 23.68 23.79 23.68 19.64 19.72 19.75
2d 23.72 23.67 23.73 19.45 19.70 19.74

"These data are reproduced within the uncertainty of 250 cm™ (based on 2-3 independent measurements).

6.3.3 Solute Rotation and Probe Location

Dynamic fluorescence anisotropy measurements provide an estimate of the restriction
experienced by a dissolved solute while undergoing rotation in its own environment.®®
Representative time-resolved fluorescence anisotropy decay (r(t)) for C153 in one of these
micellar solutions and the corresponding bi-exponential fit is shown in Fig. 6.2. Fig. A.d.7
presents the corresponding intensity decays at the parallel and perpendicular polarizations for
this solution. r(t) decays at other polymeric micellar solutions are provided in Fig. A.d.8. Bi-
exponential fit parameters for the measured r(t) decays are summarized in Table 6.2. Note these
bi-exponential anisotropy decays are characterized by a dominant (~60%) fast relaxation (~60
picoseconds) component and a relatively slower nanosecond component. This behaviour of
relaxation represents the bimodal nature of frictional resistance of the local environment to the
rotational motion of the solute. It is also clear from Table 6.2 that increase of the number of
hydrophilic chain in polymer does not have significant impact on the average rotational time (

<rr> ) of the probe (C153). Such an observation indicates that C153 resides near to the

hydrophobic surface, supporting the conclusion from steady state spectroscopic results.
Furthermore, average rotational time (~ 1 ns) of C153 in this polymeric micelle is approximately
10-15 times greater than that (~50 ps)® for C153 in neat water, although the bulk viscosity of the
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aqueous polymeric solution (shown in Table A.d.9) is comparable to that of neat water.>* This

supports the view that C153 in these polymeric solutions resides at the water-micelle interface.

WET T T T T T T T T T T 1]
[ § C153 ’

0.3 ™ & 2b 1 mg/mL —

02

e

= =

0.1 I~

0.0

Time (ns)

Fig. 6.2: Representative time-resolved fluorescence anisotropy (r(t)) decay for C153 in aqueous

polymer solution (2b). Black line going through the data denotes bi-exponential fit.

Polymer concentration dependent rotational anisotropy decays, shown in Fig. 6.3 and bi-
exponential fit parameters in Table 6.2, indicate that increase of polymer concentration slows
down the probe rotation. Interestingly, the nanosecond timescale becomes longer with polymer
concentration whereas the sub-100 ps timescale shows relatively much weaker concentration
dependence. This is due to the increase in the number of micellar aggregates (“crowding”) with
polymer concentration which is consistent with the DLS results that indicate near-insensitivity of
the micellar size to the polymer concentration but increase in scattering intensity (Table A.d.3).
For further confirmation of probe location, dynamic anisotropy measurements using a
hydrophilic probe coumarin 343 have been carried out that produced average rotation times in
the ~300-800 ps range (shown in Table A.d.10). This much faster average rotation time for a
probe (C343) comparable to the size of C153 indicates C343 preferentially locates in the more
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labile water-like environments.>*®” However, these C343 environments in these aqueous
solutions are neither bulk water-like nor like those for C153 which penetrates deeper due to
hydrophobicity, but rather away from the deep palisade layer and toward the outer periphery of
the micellar interface. Formation of more micellar structures at higher concentrations
(“crowding”) is likely to reduce the mobility of the interfacial water molecules, inhibiting further
the solute rotation. Concentration-dependent rotational anisotropy decays of C343 are shown in
Fig. 6.4. Data summarized in Table A.d.10 reflects that average rotational time for C343 slows
down with polymer concentration, which corroborates well with the observation of lengthening

of C153 rotation times in these solutions.

Table 6.2: Parameters from bi-exponential fits to concentration-dependent anisotropy decays

measured using C153 in different polymeric (2a, 2b, 2c, 2d) micellar solutions at ~25 °C.

Sample Conc. a, (%) | zy(ns) | a, (%) | 7,(ns) | (z,(ns))" | (7 (ns))°
(mg/mL)
1 60 0.070 40 2.04 0.86 3.34
2a 5 58 0.055 42 2.36 1.02 3.20
10 70 0.052 30 4.38 1.35 3.42
1 o7 0.079 43 241 1.08 3.64
2b 5 61 0.065 39 3.29 1.32 3.70
10 64 0.063 36 4.09 1.51 3.81
1 59 0.069 41 2.24 0.96 3.80
2c 5 65 0.062 35 3.52 1.27 3.93
10 66 0.059 34 3.80 1.33 3.85
1 61 0.096 39 2.31 0.96 3.96
2d 5 64 0.069 36 2.78 1.04 3.84
10 75 0.051 25 4.40 1.14 3.68

"Fit parameters have been obtained after fixing the I, values at 0.376> (C153) and 0.35*° (C343). Individual time

constants are better than 8% of the reported values. °These data can be reproduced within the 5% uncertainty
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Fig. 6.3: Polymer concentration dependence of rotational anisotropy (r(t)) decays for C153 in

aqueous polymer solution (2b). Decays at different concentrations (mg/mL) are color-coded.

Due to much faster medium relaxation compared to the time resolution available, we were
unable to detect the Stokes shift dynamics for the solutions under study. Average fluorescence
lifetime decays for C153 in these solutions have been collected. Excited state average lifetimes,

(r;) oObtained from time-integrating the tri-exponential fits to the lifetime decays, are

summarized in Table 6.2. Individual tri-exponential fit parameters are provided in Table A.d.11
(Appendix). Note in these tables that not only the average lifetimes are similar in all these
polymeric micellar solutions but also the individual amplitudes and time constants remain nearly
insensitive to the polymer concentration. This suggests micro-environments surrounding the
probe are similar in all these aqueous solutions. This corroborates well with the view that C153
resides at the interface, and polymer concentration cannot alter this preferential location for
C153.
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Fig. 6.4: Time-resolved fluorescence anisotropy (r(t)) decays for C343 in aqueous polymer

solution (2b) at different concentrations (1, 5 and 10 mg/mL). Decays at different concentrations

are color-coded.

6.3.4 Dielectric Relaxation

Fig. 6.5 represents the real (&') and imaginary (&'') components of the complex dielectric
spectra of polymeric micellar solutions (10 mg/mL) along with 2-Debye fits. Fit parameters are
shown in Table 6.3. Tabulated data suggest two DR time scales, and they are in ~40 ps and ~10
ps ranges. This may represent two different relaxation mechanisms (involving the same or
different species) in these micellar media. Note this ~40 ps component, although changes slightly
with the identity of the polymer, is too small to be considered seriously. However, a comparison
between the residuals obtained from single and two Debye fits (Fig. A.d.12) suggests that the
presence of this slow component might be real. If we allow for this then the relatively faster ~10
ps timescale may be attributed to the DR of bulk-like water as separate DR measurements of neat
water in this frequency window provide a single Debye relaxation with a DR time ~9 ps (see
Table 6.3).°° The slower ~40 ps timescale then may be considered to originate from the

relaxation of those water molecules which are residing at the micellar interface. Note such
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slower relaxations have been observed earlier in aqueous solutions containing biologically
relevant molecules such as lipids, proteins, nucleic acids etc. and confined water systems

(micelle, reverse micelle etc).”

80 (mooee , -
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s | i
S 2a10mg/mL
g 40 2b 10mg/mL —
_ 2c 10 mg/mL
w - 2d 10mg/mL
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Fig. 6.5: Real (¢') and imaginary (¢") components of the measured DR spectra for aqueous
micellar solutions of different polymers (2a, 2b, 2c, 2d) at 10 mg/mL concentration.
Measurements were done in the frequency regime, 0.2 <v/GHz <50 and at ~ 25 °C. Solid lines
through these data represent simultaneous fits using 2D relaxation model. Note the collected DR

spectrum for neat water (pink) is nearly indistinguishable from those for polymer solutions.

The small, less-than-a-percent, amplitude of the slow relaxation observed here may indicate that
the population of water molecules residing in the interfacial regions is extremely small. Such a
negligible population of interfacial, “slow” water molecules might be the reason for us not being
able to detect the Stokes shift dynamics in these polymeric micellar systems. This may be one of
the significant differences between the micelles created by these diblock copolymers, and those
by the conventional more-studied surfactants.”>** Note also that the measured reorientational

dynamics of C153 in these aqueous micellar solutions is faster than that observed with the same
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probe in non-ionic aqueous micellar solutions of Triton X 100 (TX100) and n-octyl-p-D-
thioglucoside (OTG) of comparable viscosity.”® These differences in solute-centred dynamics
(solute rotation and solvation) between the classical surfactant solutions and the present diblock

copolymeric systems warrant further study.

Table 6.3: Parameters obtained from simultaneous 2D fits to real (¢') and imaginary (&")
components of the measured DR spectra for aqueous polymer solutions at 10mg/mL polymer
concentration and ~25 °C.

System & | Ag | 2 Ag, | T, £, | Mo Keg |7

(10 mg/mL) (ps) (ps) (S/m)

2a 79.4 1 0.20 |47 73.7 | 9.6 55 | 1264 |0.01 |0.013
2b 785020 |34 73.3 | 8.9 5.0 |1.264 |0.01 |0.009
2C 78.6 | 040 |36 73.1 | 8.9 51 [ 1.265 |0.01 |0.005
2d 80.0 | 0.44 | 37 739 (9.9 5.7 |1.264 | 0.01 |0.005
Water (~22°C) |80.1 | - - 754 |93 47 |1.263 |- 0.062

72 (i = 1-2) are better within £ 5% of the reported values.

6.4 Conclusion
In conclusion, megahertz-gigahertz dielectric relaxation and pico-second resolved fluorescence
measurements were used to explore and understand the solution dynamics in aqueous milieu

containing P(Boc-1-Ala-HEMA)-b-PPEGMA diblock copolymers with tunable segment lengths.
Two coumarin probes, C153 (hydrophobic) and C343 (hydrophilic), have been employed

independently to explore the different environments in these solutions and the corresponding
magnitudes of the frictional resistance exerted by the different local environments. An
introduction of appropriate amphiphilicity into copolymer permits to investigate their self-
assembly behaviour in water. The synthesized diblock copolymers* formed well-defined

spherical micelles of nanoscopic size. The hydrophobic probe, due to its preferential location at
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the micellar interface, experiences greater frictional resistance than the hydrophilic counter-part,
although the latter reports stronger polymer concentration dependence of the frictional
retardation than the former. Steady state and time-resolved fluorescence spectroscopic results
suggest that the hydrophobic probe resides at the water-micelle interface whereas the hydrophilic

probe prefers to locate in the water-like environment. In addition, DRS results suggest possible
presence of “slowed down” water molecules at the interfacial region although the population of
such “slow” water molecules in this region might be very small. Such thin hydration layers
around the aggregates possessing relatively smaller hydrodynamic radii may have specific use as

a carrier through tortuous path of nanometer dimension.
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Chapter 7

Dynamics at the Non-lonic Micelle/Water Interface: Impact of Linkage
Substitution

7.1 Introduction

Detergents are frequently used for solubilization and purification of intrinsic membrane proteins
because of their amphipathic structure,* however, there are detergents such as sodium dodecyl
sulfate (SDS)? which facilitate denaturation of proteins. Therefore detergents, depending upon
their physical and chemical properties, can act both as a stabiliser and a denaturant for proteins.
A thorough understanding about the physicochemical properties of these detergents is then
needed for smarter use of them in the field of protein chemistry. Among the detergents currently
available, alkyl polyglucosides (APGs) are well known protein solubilising detergents and
increasingly being used for solubilization and reconstitution of many membrane proteins.**They
are also being extensively used as liquid dishwashing agent, in personal care and agrochemical
products, and for industrial and institutional cleaning® because of their nontoxic and
biodegradable nature. n-Octyl-$-D-glucopyranoside (OG) and n-octyl-f-D-thioglucopyranoside
(OTG) are two examples of such alkyl polyglucosides. In this work we have investigated the
effects of replacing connector ‘O’ atom (for n-octyl-S-D-glucopyranoside) by a comparatively
larger ‘S’ atom (for n-octyl-B-D-thioglucopyranoside, see Scheme 7.1) on the water/micelle
interfacial dynamics via time-resolved fluorescence measurements (TRF), dielectric relaxation

spectroscopic (DRS) studies and differential scanning calorimetry (DSC).

It is well-known that the dynamics of the solvent molecules that are close to the surface of the

micelles is different from the dynamics of the solvent molecules that are in the bulk.® It is now

established that the dynamics at bio-macromolecule/water interfaces depends on structures®*!

and charge of the interfaces.>*** Subsequently, the structure of the micelle /water interface,

10,14-17 18-23

depend on alkyl chains, nature of counter ions (for ionic surfactants), chain length of
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2426 and shape of the monomers®”?%. Moreover, sometimes it has been found that the

the spacer
structure of the micelles and the solubility of the non-ionic surfactants depend on the

stereochemistry of the head group.?**" Incidentally, this is true for n-octyl-D-glucosides.*

Scheme 7.1: Chemical structure of (A) n-Octyl-5-D-glucopyranoside, (B) n-Octyl-g-D-
thioglucopyranoside and (C) Coumarin 153
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Instead of having four similar phases in their phase diagrams, n-octyl-a-D-glucoside/water and n-
octyl-5-D-glucoside/water binary mixtures differ distinctly in their phase diagrams.®*** However,
in this work, our focus is on interfacial dynamics of the micelles formed by the S-conformers
only, where the phase diagrams of n-octyl-p-D-glucoside/water and n-octyl-5-D-
thioglucoside/water systems are quite similar.®® Different experimental techniques, like quasi
elastic light scattering (QELS),*® small-angle X-ray scattering (SAXS),*” small-angle neutron

39-41 and

scattering (SANS),® nuclear magnetic resonance(NMR),* fluorescence spectroscopy
dynamic light scattering (DLS)**** have been applied to determine the critical micellization
concentration (CMC) values, and estimate shape and size of the micelles, hydration numbers and
structure of the hydration layer and the dynamics of the micelles in both n-octyl-5-D-
glucoside/water and n-octyl-4-D-thioglucoside/water  solutions.  Temperature  dependent

measurements® 4344

suggest that the dynamics of these non-ionic surfactants are temperature
sensitive, though not as much as ethylene oxide (EO)-based non-ionic surfactants, and with
increasing temperature the CMC value decreases. Moreover, it has been found that micellization,

occurring at the cost of a significant amount of hydration water molecules from each monomer
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(undergoing monomer to micelle transition),*® of these surfactants strongly depends on the

4547 4849 and polymeric substance® in the medium. Although a

presence of cosolvent, electrolyte
number of experimental and simulation® studies have been carried out so far to explore the
dynamics of these two surfactant molecules, the understanding regarding the dynamics of the
hydration water molecules at the non-ionic micelle/water interface is still lacking. Herein, we
investigate the differences in interfacial dynamics induced by the atom substitution via
monitoring the time-resolved fluorescence of a non-reactive solute probe, and explain the
observation through auxiliary measurements employing dielectric relaxation and differential

scanning calorimetric experiments.

Time-resolved fluorescence measurement has always been a useful technique to probe the
environmental dynamics of various media.***>*® We have employed coumarin 153 (C153), one

of the extensively studied fluorescent molecules,®®®*

to capture the local dynamics at the
interfaces. The main reason behind the selection of C153 as the probe molecule is its
hydrophobic character, and previous reports indicate that this fluorescent molecule resides at the
palisade water layer surrounding micelles in aqueous solutions.®*®” We have prepared solutions
of 15 mM and 30 mM for n-octyl-8-D-thioglucopyranoside (CMC ~ 9-10 mM)* and n-octyl-g-
D-glucopyranoside (CMC ~ 20-25 mM),* respectively. For confirmation of micelle formation, we
have performed fluorescence and DLS measurements. DR dynamics of these two surfactant solutions
in the frequency regime, 0.2 <v(GHz)<50, have been followed to understand the aqueous
dynamics probed by TRF measurements. Dielectric relaxation spectroscopy has been an
excellent technique to investigate medium dynamics of such aqueous macromolecular
solutions.®®"® Note here that a combined DR and TRF study to unravel the impact of atom
substitution on dynamics of aqueous micellar interfaces of two similar surfactant molecules is

completely new and has not been attempted before.
7.2 Experimental Section

7.2.1 Sample Details

n-Octyl-f-D-glucopyranoside(>98%) and n-Octyl-S-D-thioglucopyranoside (>98%) were
purchased from Sigma Aldrich and used without further purification. Laser grade C153 was

purchased from Sigma Aldrich (99%) and used as received. Millipore water was used for the
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preparation of aqueous solution of the surfactants. Aqueous solutions of these surfactants well
above the micellar concentrations (OG ~30 mM and OTG ~15 mM) were prepared by dissolving
the required amount of OG and OTG in water (Millipore). All measurements were performed at
298+1K. In each sample for optical measurements the concentration of C153 was maintained at
~10° M.

7.2.2 Density and Viscosity Measurements

Density measurements were carried out using an automated-temperature-controlled density-cum-
sound analyzer (Anton Paar, model DSA5000). Solution viscosity coefficients (r) were

measured via a micro viscometer (AMVn, Anton Paar).”*"

7.2.3 Dynamic Light Scattering (DLS) Measurements

DLS measurements were performed employing a NanoS Malvern instrument equipped with a 4
MW He-Ne laser (A = 632.8 nm). All the scattered photons were collected at 173° scattering
angle. Detail description can be found elsewhere.”®

7.2.4 Differential Scanning Calorimetric (DSC) Measurements

DSC (TA Instruments Q2000) technique was applied to investigate the presence of bound water
molecules. The samples were taken in a hermetically sealed aluminium pan (40 pl, Tzero, TA
Instruments) to prevent evaporation during the measurements. Description can be found

elsewhere.”’
7.2.5 Steady State Measurements

UV-Visible spectrophotometer (UV-2600, Shimadzu) and fluorimeter (Fluorolog, Jobin-Yvon,
Horiba) were used for the collection of steady state absorption and emission spectra,
respectively. Spectra were then solvent-blank subtracted and converted properly to the frequency

domain before further analyses and frequency determination.”®

7.2.6 Time-Resolved fluorescence measurements

Time-correlated single-photon counting (TCSPC) coupled with a laser diode (Aexc = 409 nm as an
excitation light) was used for the time-resolved fluorescence (TRF) measurements, and the setup
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description can be found elsewhere.®®® The full width at half-maximum (fwhm) of the
instrument response function (IRF) was ~85 ps (using a scattering solution and 409 nm
excitation light). Using standard protocol described in chapter 2 we have performed dynamic

Stokes shift and anisotropy measurements.>’-82.83

7.2.7 Dielectric Relaxation Spectroscopy

Dielectric relaxation spectroscopy (DRS) measures the frequency dependent dielectric response
of a given medium toward an external electric field, and contains information about the
rotational, vibrational and translational motions of the constituents.®*®> The DR measurements
were performed using a PNA-L Network Analyzer (N5230C) combined with a probe kit
(85070E) operating in the frequency range 0.2 <GHz <50. The collection of DR data and
associated analysis protocol are similar as discussed in chapter 2. For all measurements presented
here, 1D fits (single Debye processes) were employed to obtain the best simultaneous

descriptions of the measured ¢'(v) and £"(v).

7.3. Results and Discussion

7.3.1 Steady State Measurements

Fig. 7.1 presents the absorption and emission spectra of C153 in 30 mM and 15 mM aqueous
solutions of OG and OTG, respectively. Spectral features, provided in Table 7.1, indicate that the
steady state environments around the probe molecules in both the solutions are quite similar,
although both of the solutions have different surfactant concentrations. Notice here that all the
experiments have been performed well above the reported CMC values, which we have checked
by performing both controlled fluorescence experiments (see Fig. A.e.1), and dynamic light

scattering (see Fig.7.2) measurements.
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Fig. 7.1: Absorption and emission spectra of C153 in 30 mM and 15 mM aqueous solutions of
OG and OTG, respectively. Spectra are color-coded.

Table 7.1. Spectral features of C153 in water, 30 mM and 15 mM aqueous solutions of OG and
OTG, respectively.

Medium Vape (103cm-1)a Vo, (103cm-1)b r,,. (FWHM) r,, (FWHM)
(10%cm™) (10%cm™)
OG 30mM 23.17 18.73 4.57 2.64
OTG 15mM 23.18 18.74 4.46 2.70
Water 23.20 18.28 5.14 2.56

*These data are reproduced within the uncertainty of + 200 cm™

On the other hand, comparison of the steady state spectral features, especially emission spectra,
of C153 in pure water (presented in the same table) with the same in aqueous OG and OTG
solutions suggests that, like in other micellar solutions,®*% here also the probe molecules are
located at the micelle/water interfaces. Furthermore, the associated narrowing in absorption and

broadening in emission spectra (see Table 7.1) of C153 in OG and OTG surfactant solutions

117



relative to those in neat water indicate location of the probe at less polar region in the surfactant
solutions than water.®> Analyses of excitation wavelength dependent emission spectra (see Fig.
A.e.2 ) suggest that the environment surrounding the probe solute is nearly homogeneous within
the excited state lifetime (~ 4 ns) of the probe. This was also observed for diblock copolymer
micelles in aqueous media.*

12

10 |~
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OTG 15 mM

Intensity (%)

0 10 20 30 40 50 60

Diameter (nm)

Fig. 7.2: A comparison of the size of aggregates of 30 mM and 15 mM aqueous solutions of OG
and OTG, respectively. Representations are color-coded.

7.3.2 Time-Resolved Fluorescence Measurements

7.3.2.1 Rotational Anisotropy Decay, r(t), Analysis: Slower Probe Rotation in OTG

Fig. A.e.3 represents the collected vertically (|para(t)) and horizontally (|perp(t)) polarized

emission decays. Furthermore, Fig. 7.3 and Table 7.2 display the r(t) decays of C153 in the

surfactant solutions and the fitting parameters, respectively. Solid lines going through the
experimental data points represent the bi-exponential fits and the quality of the fits is shown in
Fig. A.e.4.
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Fig. 7.3: Representative r(t) decays of C153 in 30 mM and 15 mM aqueous solutions of OG

and OTG, respectively. Solid lines going through the data points represent bi-exponential fits.

Presentations are color-coded.

In both the solutions, r(t) are characterized by a fast component of sub nanosecond timescale,

having contribution ~ 60 to 70%, followed by a slower component with a few nanosecond time

constant. This relaxation behaviour represents the bimodal nature of the underlying frictional
resistance of the local environment to the reorientational dynamics of the solute. Estimated (z, )
are in good agreement with previous report for OTG solution.”® We have fixed r, at 0.376>°.
The average rotational times, <rr>, of C153 in OG and OTG solutions are 15-20 times slower

than that in neat water (~100 ps°’), although the viscosity coefficients for these aqueous
surfactant solutions are comparable to that of neat water (see Table 7.2). This relatively slow
rotation of C153 in OG and OTG solutions (compared to that in neat water) indicates the

interfacial location of the dissolved probe solute.
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Table 7.2: Fit parameters required for r(t) decays of C153 in water, 30 mM and 15 mM

aqueous solutions of OG and OTG, respectively.

Medium a, (%) | 7,(ps) | a, (%) | =, (ps) <Tr>c 7o n (cP) Diameter(nm)
(ps) | (ns)
OG 30 mM 70 377 30 4547 1628 | 3.5 0.999 5+1
OTG 15 mM 58 405 42 4828 2263 | 3.7 1.022 19+2
water - - - - ~100 0.893
ps®;
~50 ps”

a) Our measurement; b) Ref. 57, and ““uncertainty +10 %.

Interestingly, <rr> of C153 in OTG solution is slower than that in OG solution (Table 7.2),

although in both of the surfactant solutions the micelle/water interfaces are constituted by the
same head group (pyranose ring). Moreover, similar steady state spectral features of C153 in
both the surfactant solutions indicate similar environment around the probe. Now the simple
question: why the friction exerted on the rotating solute (C153) differs from each other in these
micelle/water interfaces? Since the only difference between OG and OTG is the presence of
different connecter atoms (oxygen and sulphur respectively), the extra slowing down of
rotational in OTG solution may arise from the specific interaction involving electropositive

carbon atom (—CF;: charge on carbon atom calculated using G03,% see Table A.e.5) of C153

and sulphur atom of OTG. Larger size (S™™*= 100 pm; O™%*= 60 pm) and lower
electronegativity (S™ = 2.58; O™ = 3.44) than oxygen have made sulphur (better Lewis base)

better lone pair donor (ligand) toward the electropositive atom,” allowing to interact more
prominently with the electropositive carbon atom (—CF,). If we consider the specific interaction
of —CF; with S atom of OTG then it should have been reflected in the steady state

measurements. However, a strong solute-environment interaction as in the present cases may

completely swamp the impact of the specific interaction between —CF, and S, making the

steady state spectral features appear completely free from such solute-solvent specific

interactions. Therefore, the similar steady state spectral features for C153 in OG and OTG is
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plausible, although slower rotation for C153 in OTG than in OG containing solution provides

evidence of solute-surfactant specific interaction.
7.3.2.2 Solvation Dynamics Study: Slower Solvation in OTG

Fig. 7.4 depicts the comparison of the Stokes shift dynamics of C153 in OG and OTG solutions.
Moreover, a representative figure for the corresponding fluorescent transients at the red (640 nm)
and blue (490 nm) wavelengths along with the tri-exponential fits going through the data are
presented in Fig. A.e.6 and Fig. A.e.7 (Appendix). Time-resolved emission spectra (TRES) of
C153 in OG and OTG solutions are shown in Fig. A.e.8 along with steady state emission
spectrum (dashed lines). Note the steady state emission spectrum is blue shifted compared to
emission spectrum at t=oco. This indicates steady state emission takes place from incompletely

solvent-relaxed configuration of the laser-excited solute.

1 1 1 1
I I I I
a, (%) 7,(ps) a,(%) =z,(ps) % missed

oG 51 195 49 1042 53
OTG 52 322 48 1866 54
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Fig. 7.4: S(t) decays for C153 in 30 mM and 15 mM aqueous solutions of OG and OTG,

respectively. Solid lines going through the data points represent the bi-exponential fits. Fit

parameters are presented in the inset. Spectra are color-coded.
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Dynamical solvent response (S(t)) for both of these solutions can be well described by bi-

exponential decay functions. Fit parameters along with the missing percentages are presented in
the inset. From the figure it is clear that the solvation of the probe molecule is significantly faster
(~2 times) in OG solution than in OTG solution. We have missed ~ 30% of the total dynamics
for both the solutions due to broad temporal resolution (~85 ps) in these measurements. To
understand the reason behind this relative slowness of the solvation response in OTG solution,

we discuss the following factors.

There exist several reports regarding the slow (sub-nanosecond to multi-nanosecond time scales)
solvation dynamics of polar dye molecules in restricted environments like micelles, reverse
micelles, cyclodextrins and many other bio-macromolecules.**®” Most of them indicate that this
slow solvation of the probe molecules is mainly due to sluggish dynamics of the interfacial
solvent molecules. Furthermore, it has been observed that the dynamic solvent response of
dissolved dye molecules gets affected when the interactions (mainly H-boding) between the
micellar surface and water molecules around it are tuned, either physically®® or chemically.®9°*%
But the question still remains: why the dynamic solvent responses in OTG is approximately
twice slower than that in OG, although the miclle/water interfaces in both the surfactant solutions
are constituted by same head group. The amplitudes of the relaxation components (see Fig. 7.4),
are similar for both the surfactant solutions, although OTG micelles are ~ 4 times larger in size
than OG micelles. Interestingly, the slower solvation time constant (z,) is ~ 2 times longer

without any significant change in the respective amplitudes. This suggests that either the
dynamic equilibrium between the bound and bulk water, which is typically assigned for slower
S(t) decays in restricted environments,” 1?1 has altered upon atom substitution, or the origin
of z,is completely new and different. Interestingly, we do not find any signature of bound water
in both DSC (see Fig. A.e.9) and DRS (discussed in section 7.3.4) measurements for these
surfactant solutions. This observation indicates a secondary role for bound water molecules even
if they exist via forming a very thin layer at the interface. The main contributor to this
nanosecond solvation component could be the time-dependence in solute-solvent interaction
energy due to fluctuations in solute’s location via its own rotational and translational motions.
Restricted dynamics of the pyranose ring of the surfactant molecule, as previously observed for

the ion solvation near the micellar surface,'® could also be a possible origin although the
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corresponding DR data do not show any additional relaxation timescale over the detected ~10 ps
time constant. We would, however, like to mention that restricted low amplitude motion of the
pyranose moiety may participate in the solvation process contributing to both sub-nanosecond
and nanosecond solvation components without being reflected in the measured DR data because
of their presence at very low concentrations (milli-molar level) in these aqueous solutions.
Similarly, an extremely thin layer of bound water, as reported recently for aqueous solutions of
amphiphilic diblock copolymer at higher concentration,™ might contribute to the sub-
nanosecond solvation component without getting detected in the present DR measurements
because of extremely low population. Let us discuss further about this contribution arising from

solute diffusion (rotation and translation).

Fig. A.e.10 shows the time dependent changes of the width (I'(t)) of the time-resolved emission
spectra in OG and OTG solutions, where I'(t) first increases and then decreases. However, this
change in T'(t) is limited within ~200-400 cm™, and is much smaller than what was observed in
ionic liquids and deep eutectic solvent (~1000 — 1500 cm™). This suggests that the environments
probed by the solute during its lifetime are nearly similar and thus homogeneous. Table A.e.11
summarizes the hydrodynamic rotational and translational diffusion timescales for C153
employing the measured solution viscosities (water-like,n~1cP). Interestingly, calculated
translational diffusion timescale (Table A.e.11) is ~1 ns which is the timescale of the slow
solvation component here. However, the average rotation times for the solute were found to be
~15-20 times longer than that for the same solute in neat water (1 ~1cP). If this lengthening of
solute rotation timescales (over that in water) are attributed to the proportionate local viscous
resistance then the modified hydrodynamic solute rotational diffusion times become ~1-1.5 ns,
translational diffusion times become ~15-20 ns. Considering the magnitude of the variation in
the I'(t) discussed above, solute’s rotational diffusion is the likely candidate for producing the
slow nanosecond solvation components in these aqueous micellar solutions. Note in spatially
heterogeneous viscous media (for example, ionic liquids and deep eutectics), I'(t) fluctuates over
a wider range (and corroborates well with the corresponding excitation energy dependence of
steady state fluorescence emission). This possibly signals participation of solute translation on its

own rate of solvation in these heterogeneous media. Relatively smaller fluctuation of I'(t) for
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C153 in OG and OTG solutions may therefore be interpreted as a support for solute rotation as a

probable origin for the nanosecond solvation component in these aqueous surfactant solutions.

Now we concentrate on the faster, sub-nanosecond, solvation time constant (t1) which is also
slightly faster for OG solutions. Similar solvation time constant has also been reported for
aqueous solutions of other non-ionic surfactants, like triton-X-100,%% triton-X-165,% and Brij-
35, and explained by the collective dynamics of interfacial water molecules. Likewise, we
attribute this sub-nanosecond time component to the collective H-bond dynamics of the water
molecules at the palisade layer. This faster component does not show appreciable atom-
substitution dependence because the chemical nature of the head group remains mostly the same
for both the surfactants. Further and careful studies regarding the dynamics of the hydration layer
of these two closely similar surfactant molecules are still required to generate a clear

understanding of the substitution effects explored here.
7.3.3 DRS Data Analysis

Fig. 7.5 and Fig. A.e.12 show the recorded DRS spectra for the two surfactant solutions at room
temperature along with the fit parameters and residuals, respectively. Unlike other aqueous

97.104-106 olecules;

micellar solutions,’®™ here we have not found any signature of “slow” water
the whole spectrum (within the experimental frequency regime) can be adequately described by a
single Debye relaxation step for both the surfactants. However, in earlier study for bile salt

solutions” and in other study’®-'%

involving different surfactant solutions of comparable
concentrations, DR measurements have detected the presence of water molecules slower than
those in neat bulk water. Here in these micellar solutions the absence of such slower relaxation
may suggest that the hydration layer does exist but is too thin to be detected by the present DRS
measurements. This view is in good agreement with the results from DSC measurements
discussed earlier, and provides further support to the solute motion as a likely origin for the

nanosecond solvation component observed for the present cases.
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Fig. 7.5: The real (¢") and imaginary (&") components of the measured DR spectra of 30 mM
and 15 mM aqueous solutions of OG and OTG, respectively, within the frequency regime,
0.2<v/GHz<50. Solid lines through these data points represent simultaneous fits using 1D

relaxation model. Spectra are color-coded.

7.4 Conclusion

In conclusion, the present work reveals a considerable impact of atom substitution in the
surfactant molecules on the interfacial aqueous dynamics. Presence of “slow” water has not
been detected by DRS measurements for aqueous solutions of both the surfactants, and
corresponding DSC measurements support this observation. Polar probe solute locates at the
micelle/water interface for both the surfactants but reports nearly homogeneous solvation
environment through steady state spectral features. This interfacial location for the solute is
further evidenced in the considerably slowed down rotational dynamics (of the solute) over that
in neat water which is nearly as viscous as these aqueous surfactant solutions. Slow nanosecond
solvation timescale, typical of that for a variety of other surfactant solutions, has also been found
for the aqueous solutions of these surfactants. Solute’s rotational diffusion and solute-solvent

specific interaction have been identified as possible contributors to the nanosecond solvation
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component and a difference of factor two between them in these surfactant solutions measured
using C153.
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Chapter 8

Concluding Remarks and Future Problems

We do not dedicate a full chapter for drawing conclusions of the research study reported in this
Thesis because each of the chapters includes individual conclusion section. Here we just briefly
remind the general finding, and then enlist some exciting problems that may be studied in the

near future.

As a general and over-all conclusion, we may state that the prepared highly viscous NADESs
show mild spatial heterogeneity but strong fractional viscosity dependence. This strong viscosity
dependence is appearing in a temperature range much away from the measured glass transition
temperature and has been considered as a signature of pronounced temporal heterogeneity. DRS
and TRF measurements show that water-xylitol mixtures are mildly heterogeneous. Structure,
dynamics and interaction in bio-mimetic micelles made of diblock copolymers have been
explored. Clear impact of the connector atom of surfactants head and tail part is observed on
both size of the micelle as well as in the dynamics at their interfaces. Again, these systems were
found to be mildly heterogeneous. In a way, one can say that the unifying thread that runs

through the chapters in this Thesis is medium heterogeneity.
Now let us enlist a few problems that could be studied in the near future, and briefly discuss.

8.1 Temperature Dependent Dielectric Relaxation (DR) Study of Naturally Abundant Deep
Eutectic Solvents (NADESS)

Polarity of the solvent is an essential property for any reaction occurring in that solvent and is
provided by the magnitude of the static dielectric constant. Dielectric relaxation (DR)
measurements provide information regarding reorientational relaxation and cooperative
dynamics of dipolar species. Therefore it is very exciting to perform DR measurements for
solvents to reveal their inherent dynamics and polarity. These informations are critical for
solvent selection as reaction media. In chapter 3 and 4 time-resolved fluorescence (TRF)
measurements explored solute-centre dynamics of NADESs using external dipolar probes and
that showed fractional viscosity dependence of solute rotation. Dynamic fluorescence anisotropy

measurements probe the medium friction on a dissolved dipolar solute while DR probes the
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medium friction on its own constituent dipolar species. Therefore, temperature dependent DR

measurements for these NADESs would be very informative.

8.2 Heterogeneity Aspects in Non-lonic DESs: Temperature Dependent Time-Resolved

Fluorescence and Dielectric Relaxation Measurements

Deep eutectic solvents prepared from the natural components such as carbohydrates,
polyhydroxyl alcohols have great impact due to their less toxic and eco-friendly nature. Meta-
stable multi-component molten mixtures (i.e. DESs) show fractional viscosity dependence of
transport motion in the systems which is usually observed in glass forming liquids near glass
transition temperature. Many ionic DESs show this sort of fractional viscosity dependence.*®
However, TRF measurements of non-ionic (acetamide+urea) DES did not show any temporal
heterogeneity signature.” Interestingly, non-ionic (acetamide +urea +polyethylene glycol (PEG))
DES is mildly heterogeneous. Therefore, heterogeneity in the medium is not exclusively
associated with ionic DESs and that can be further supported by the result we found in chapter 3
and 4. Several attempts have been made to explore dynamics and interaction of ionic deep
eutectic solvents while very few could be found for the non ionic deep eutectic solvents.
Investigation of dynamics and interaction of (sorbitol+urea+water) and (sorbitol+urea+PEG)

DESs through DR and TRF measurements could be exciting and useful.

8.3 Interaction and Dynamics of Amino Acid Based Deep Eutectic Solvents: Temperature
Dependent TRF and DRS Measurements

High vapor pressure, toxicity, many health and environmental issues are associated with
conventional organic solvents. ®** Therefore, DESs made of protein and amino acids would be
an efficient green alternative to the conventional solvents. Moreover, it is believed that NADESs
can support in organisms’ biological processes through dissolution of metabolites which are
sparingly soluble in water and lipids.***® Therefore, interspecies interaction among the
constituents of DESs, would be helpful for the smart applications of these DESs in the
biomedical filed. In this scenario, investigation of dynamics and interaction of [proline+tartaric
acid], [arginine+malic acid], [proline+glucose] DESs using both TRF and DRS would be useful

and informative.
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8.4 Impact of the Spacer (-CH,-) on the Dynamics and Physical Properties of Amino Acid
Based DESs

Amino acid based DESs would be preferable as green solvents. Dynamics and physical
properties of the DESs depend on the constituents and their compositions.*>****> Here in this
work we would like to explore the impact of the spacer (-CH,-) of carboxylic acid ( oxalic acid,
malonic acid and glutaric acid) on the interaction and dynamics of (proline+carboxylic acid)

DESs via temperature dependent TRF and DRS measurements.*®
8.5 High Viscous NADES Based on Glucose, Tartaric Acid and Water

As a demand for eco-friendly alternatives to the conventional organic solvents increases day by
day, it is necessary to explore every possible way for the preparation of DESs, especially
NADESs. This is because of their less negetive impact on the living beings and environment.
Here we want to prepare DES based on glucose, tartaric acid and water and explore the medium

dynamics and interaction.

8.6 Acid-Induced Fluorescence of Polyethylenimine (PEI) Aggregates: A Spectroscopic
Study

Polyethylenimine (PEI) is a polymer with repeating unit composed of the amine group and two
carbon aliphatic-CH,CH,-spacer.'” There are three types of PEI molecules —i) Linear PEI (mostly
secondary amines ) ii) Branched PEI (Primary, Secondary and Tertiary amines) and iii)
Dendrimeric PEI (Mostly Primary and Tertiary amines). Polyethylenimines are used in cell
culture of weakly anchoring cells to increase attachment.*® Photoluminescence arises in amino-
containing polymers in presence of CO,.*® Here we want to study the luminescence behaviour of
PEIl-water solutions and also the impact (trace amount) of acid (formic acid, acetic acid,
isobutyric acid) on that. If those aqueous solutions show intrinsic fluorescence then we will try to
find out the probable species with the help of NMR and IR (and others, if needed) spectroscopy.
Apart from the basic scientific view it would be very helpful for acid reorganization inside the

biologically important moiety as PEI can be used in in-vivo processes.?
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Appendix A.a

Fig. A.a.1: A and B are the two [Glu+Ure+Wat (6:4:1; weight ratio)] mixtures. ‘A’ was prepared
by heating the mixture at 303 K. ‘B’ was prepared by mixing all the constituents and heating at
~345 K, and then allowed hot liquid solution to gradually cool down to room temperature ( as
describe in section 3.2.1). Notice mixture A is opaque and semi-solid at room temperature,

whereas the DES B appears as a transparent solution.
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Fig. A.a.2: Absorption (left panel) and emission (right panel) spectral features of C153 and C343 in

[Glu+Ure+Wat] DES. Intrinsic absorption (left panel) and emission (right panel) of DES prepared
in the presence and in the absence of nitrogen atmosphere are shown in solid pink and black
dashed-lines, respectively. Inset of absorption spectrum (left panel) clearly depicts the importance

of nitrogen atmosphere in the preparation of DES.
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Table A.a.3: Temperature dependence of density, viscosity coefficient, and refractive index of
[Glu+Ure+Wat] DES.

T (K) Viscosity® | Refractive® Density®
(cP) index (g/cm®)

308 1.51105 1.37693
313 1.51085 1.37374
318 570 1.51044 1.37052
323 376 1.51006 1.36725
328 255 1.50979 1.36393
333 179 1.50950 1.36058
338 129 1.50905 1.35729
343 96 1.50896 1.35396

a) Uncertainty +5%; b) +10%
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Fig. A.a.4: Differential scanning calorimetric (DSC) trace for [Glu+Ure+Wat] DES. The glass

transition temperature (Tg) is indicated.

139



Normalized Intensity

22 23 24 25 26 18 19 20 21 22
Frequency (10°cm ™)

Fig. A.a.5: Temperature dependent (308< T/K <343) absorption (left panels) and emission
(right panels) spectra of C153 (upper panels) and C343 (lower panels) in [Glu+Ure+Wat] DES.

Spectra at different temperatures are colour-coded.
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Fig. A.a.6: Excitation wavelength (., ) dependence of fluorescence emission peak frequencies

(v, ) for C153, C343, DMASBT and ANS in [Glu+Ure+Wat] DES at 308 K.
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Table A.a.7: Temperature dependent average fluorescence lifetimes of C153 and C343 in
[Glu+Ure+Wat] DES.

T (K) <T"cflss>a <T“cf343>b
(ns) (ns)
308 2.75 3.43
313 2.58 3.41
318 2.43 3.40
323 2.31 3.33
328 2.23 3.45
333 2.15 3.46
338 2.03 3.48
343 1.98 3.47

2P Uncertainty +10%
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Table A.a.8: Average fluorescence lifetimes of C153 and C343 in several common

(representative) solvents at 298 K.

Solvent c d
<T|<i:flss> <Z_"cfs43>
(ns) (ns)
Acetonitrile 5.74 3.68
Methanol 4.08 3.85
Ethanol 4.72 3.67
Propanol 4.97 3.69
Ethylene 3.43 3.91

glycol

“d Uncertainty +10%
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Fig. A.a.9: Representative fluorescence intensity decays of C153 (upper panel) and C343 (lower
panel) in [Glu+Ure+Wat] DES at 328 K, collected with different emission polarizations.
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Fig. A.a.10: Representative intensity decay profiles of C153 (upper left panel) and C343 (lower
left panel) dissolved in [Glu+Ure+Wat] DES collected at the red and the blue end (wavelength)
of the steady state emission spectra (right panels). Pink lines depict the IRF. Circles on the steady
state spectra (right panels) represent emission wavelengths at which intensity decays were
collected (shown in left panels). Dashed lines (green) through the data represent tri-exponential

fits. Fit parameters are given in the inset. All representations are colour-coded.
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Table A.a.11: Hydrodynamic molecular rotation times for water, urea and glucose at 308 K
calculated using the SED relation with stick boundary condition, 7, =3V /k,T . van der Waals
volume of water, urea and glucose used here are calculated from the Ref. 103 indicated below.
Note the viscosity at 308 K for ([Glu+Ure+Wat]) DES was obtained from the extrapolation of
the high temperature data.

n (cP) Water Urea Glucose
(T=308 K) (V =17A%) (V =54A%) (V =162A%)
7, (ns) 7, (ns) 7, (ns)
676 8.11 25.76 77.29
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Fig. A.a.12: H-bond dynamics involving the hydrogen atom of the glucose hydroxyl group (-OH
as donor site), sp’- hybridized oxygen atom of the carbonyl group (-C=0O as acceptor) of urea,
and the amide hydrogens of the same urea molecule to water oxygens. The restricted rotations of

these multiple H-bonded species with simultaneous H-bond breakage may produce timescales in

the nanoseconds.
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Appendix A.b

Fig. A.b.1: A and B are the two [Bet+Ure+Wat (11.7:12:1; weight ratio)] mixtures. ‘A’ was
prepared by mixing all the constituents and heating at ~344 K as described in section 4.2.1
(Sample Preparation). ‘B’ was prepared by heating the mixture at 298 K for solution preparation
and solubility checking. Both the systems were kept at room temperature (~298 K). Mixture, B,

was opaque and semi-solid whereas A formed a transparent colourless liquid, DES.
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Fig. A.b.2: Differential scanning calorimetric (DSC) trace for [Bet+Ure+Wat] DES. The glass

transition temperature (Tg) is indicated
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Table A.b.3: Temperature dependence of density, viscosity coefficient, and refractive index of
[Bet+Ure+Wat] DES.

T (K) Viscosity | Refractive’ | Density”
(cP) index (g/cm®)
303 1.49656 1.219047
308 431 1.49672 1.216162
313 281 1.49689 1.213264
318 192 1.49691 1.210346
323 136 1.49696 1.207398
328 99 1.49702 1.204443
333 74 1.49721 1.201593
338 56 1.49745 1.198734
343 45 1.49757 1.195861

a) Uncertainty £10%; b) £5%
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Fig. A.b.4: Excitation wavelength (A, ) dependence of fluorescence emission peak frequencies
(Ve ) for C153, C343, DMASBT in [Bet+Ure+Wat] DES at 303 K.
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Table A.b.5: Temperature dependent average fluorescence lifetimes of C153 and C343 in
[Bet+Ure+Wat] DES.

T |
(ps) (ps)
303 3157 3528
308 2906 3595
313 2745 3551
318 2591 3557
323 2549 3549
328 2462 3606
333 2420 3598
338 2346 3537
343 2289 3562

*dUncertainty +10%
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Fig. A.b.6: Representative fluorescence intensity decays of C153 (upper panel) and C343 (lower
panel) in [Bet+Ure+Wat] DES at 323 K, collected with different emission polarizations. While

the red circles denote intensity decays with parallel polarization, the blue ones with
perpendicular polarization.
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Fig. A.b.7: Representative intensity decay profiles of C343 dissolved in [Bet+Ure+Wat] DES
collected at the red and the blue end (wavelength) at303 K. Pink line represents the instrument

response function (IRF).
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Appendix A.c

2.31 mole%, T=295 K

1CC2D (a= 0.053; x’= 0.00666)
1CD2D (B= 0.985; x’=0.00672)
3D (x’= 0.00670)

€" 231 mole%, T=295K
1CC2D (o= 0.053; x’= 0.00666)
1CD2D (B= 0.985; x’= 0.00672)
3D (x’= 0.00670)

©
=}
©
w
Py .
x o. g’ . _ — Pl
9.62 mole% , T=295 K E 9.62 mole% , T=295 K
0. 1CC2D (o= 0.019; x = 0.04885) =] 1CC2D (o= 0.019; x’= 0.04885)
1cD2D (B=0.9899; x"= 0.04870) 7 1CD2D (B= 0.9899; x’= 0.04870)
0.4 3D (x°=0.04874) 3D (x°= 0.04874)
0.2
0.0
-0.2 |~
-0.4
-0.6
-0.8 |~
1.0 1 ]

v (GHZ)

10 20 30 40 50

Fig. A.c.1: A representative comparison between the three fit models. Diamonds and circles
represent the real (&'(v)) and imaginary (&"(v)) part of the DR data for the water-xylitol
mixtures, respectively. Presentations are color coded.
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Table A.c.2: Molecular rotational times from SED relation for water and xylitol molecules in

water-xylitol mixtures (using experimental viscosity) at 295 K. From SED using stick boundary

condition, 7, =31V /KT .

Xylitol 1 (cP) Water Xylitol st — | (rEEY =ayr, T,
Mole % (V=109A% | (v=107.3R%) (ps) (ps)
(ps) (ps)

2.31 1.58 13 125 48 17

4.52 2.46 20 194 49 22

5.58 3.11 25 246 57 28

7.65 4.67 37 369 68 35

8.65 5.75 46 454 77 43

9.62 7.01 56 554 80 46
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Fig. A.c.3: Residuals of r(t) decays are plotted here to show the validity of fits.
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Appendix A.d
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Fig. A.d.1: Variation of fluorescence emission spectra of encapsulated

polymeric micelles (Aexc. = 330 nm).
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Fig. A.d.2: Determination of CAC of amphiphilic diblock copolymer, P(Boc-L-Ala-HEMA)-b-
PPEGMA (2a).
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Table A.d.3: The CAC and size distribution data of the diblock copolymers at varying

concentrations in agueous media.

Polymer | CAC (mg/L) | Hydrodynamic diameter, Dy, (hm)

1 mg/mL | 5mg/mL | 10 mg/mL
2a 4.42 15+0.7 15+0.5 14+2.0

2d 8.06 18+0.5 17+0.7 17+£1.0
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Fig. A.d.4: Particle size distribution of the diblock copolymers, (2a-2d) at a concentration of 1

mg/mL in water.
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Fig. A.d.5:The steady state emission spectra of C153in pure water and also in micellar media

with 1.0 mg/mL polymer concentration (above CMC).
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Fig. A.d.6: Excitation wavelength (Aexc.) dependence of emission spectral peak frequency of
C153 in 2a, 2b, 2c, and 2d solutions at 25 °C. Representations are color-coded.
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Fig. A.d.7: Representative fluorescence intensity decay profiles for C153 in aqueous polymer

solution at different polarizations
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Fig. A.d.8: Rotational anisotropy decays, (r(t)), of coumarin 153 in aqueous solutions of

different polymers (2a, 2b, 2c, 2d).
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function of polymer concentration at 25 °C.

Table A.d.9: Density, viscosity and refractive index for 2a, 2b, 2c, 2d polymer solutions as a

Polymer Concentration Refractive Density? Viscosity"
(mg/mL) Index? (9/cm3) (cP)

0.002 1.26328 0.997053 0.9214

2a 1 1.26341 0.997223 0.9354
5 1.26348 0.997429 0.9379

10 1.26379 0.997770 0.9395

0.002 1.26334 0.997033 0.9254

2b 1 1.26355 0.997216 0.9435
5 1.26387 0.997826 0.9455

10 1.26451 0.998550 0.9773

0.002 1.26339 0.997072 0.9249

2C 1 1.26343 0.997236 0.9308
5 1.26388 0.997887 0.9717

10 1.26464 0.998731 1.0066

0.002 1.26338 0.997077 0.9244

2d 1 1.26351 0.997250 0.9445
5 1.26385 0.997867 0.9743

10 1.26448 0.998660 1.0300

P4These data can be reproduced within the & 2 % uncertainty ; "These data can be reproduced within the 3%

uncertainty (based on 2-3 independent measurements).
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Table A.d.10: Bi-exponential fit parameters for the measured anisotropy decay, r(t), and
average rotational time (z,)for C343 in 2a, 2b,2c, 2d at 1 mg/mL concentration and average

rotational time(z, ) for the probe in 2b and 2d at 1, 5 and 10 mg/mL concentrations.

Sample Conc. o, (%) 7,(ns) a, (%) 7,(ns) (rr(ns)>a
(mg/mL)
2a 1 85 0.072 15 1.77 0.327
1 82 0.073 18 1.71 0.368
2b S) 56 0.061 44 1.62 0.747
10 49 0.042 o1 1.53 0.800
2C 1 79 0.081 21 1.58 0.396
1 83 0.058 17 1.70 0.337
2d 5 61 0.051 39 1.57 0.643
10 58 0.045 42 1.52 0.664

8Uncertainty & 10%
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Table A.d.11: Average lifetime (z,, ) of C153 in aqueous solutions of 2a, 2b, 2c, 2d at 1, 5, and

10 mg/mL concentration and 25 °C

Sample Conc. (%) 7,(ns) a,(%)| 7,(ns) (%) 75(NS) (73 (NS))
(mg/mL)
1 21 0.11 26 1.68 53 5.47 3.34
2a 5 24 0.10 25 151 51 5.50 3.20
10 24 0.13 22 1.57 54 5.63 3.42
1 18 0.10 26 1.64 56 5.70 3.64
2b 5 20 0.12 23 1.58 57 5.81 3.70
10 22 0.15 20 1.67 58 5.93 3.81
1 18 0.10 23 1.66 59 5.77 3.80
2C 5 20 0.16 21 1.68 59 6.01 3.93
10 22 0.14 18 1.54 60 5.90 3.85
1 19 0.12 22 1.70 59 6.04 3.96
2d 5 18 0.12 24 1.74 58 5.87 3.84
10 22 0.16 21 1.58 57 5.82 3.68
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Residual

Frequency

Fig. A.d.12. A representative comparison between the two fitting models. Diamond and circles

represent the real and imaginary part of the DR data for the aqueous micellar solution of 2b
polymer (10 mg/mL).
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Appendix A.e
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Fig. A.e.1: Change in the fluorescence characteristics (ls/l;) of pyrene as a function of OG
concentration. The inset shows fluorescence intensity change as a function of OG concentration.
Representations are color-coded.
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Fig. A.e.2: Excitation wavelength (Aexc.) dependence of emission spectral peak frequency of

C153 in 30 mM and 15 mM aqueous solutions of OG and OTG, respectively. Representations
are color-coded.
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Fig. A.e.3: Representative fluorescence intensity decay profiles of C153 in 30 mM and 15 mM
aqueous solutions of OG and OTG, respectively, collected with different polarizations.

Representations are color-coded.
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Fig. A.e.4: Residuals for r(t) decay fits of C153 in 30 mM and 15 mM aqueous solutions of OG

and OTG, respectively. Representations are color-coded.
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Table A.e.5: Charge calculation on —CF,; carbon atom of C153 in

Gaussian03 package

water (go~80) using

Probe Hy He Au, —C*F,
HF/3-21G CIS/3-21G (CIS/3-21G)
(Mulliken Charge)
a.u.
C153 9.11 15.68 6.57 1.213
in
water (g,~80)
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Fig. A.e.6: Representative intensity decay profiles collected at blue (490 nm) and red (640 nm)
wavelengths with respect to the steady state emission peak wavelength of C153 in 30 mM
aqueous solution of OG. Lines going through the data sets depict the tri-exponential fits through
them. Pink dashed lines depict the IRF. Fit parameters are given in the inset. Representations are

color-coded.
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Fig. A.e.7: Representative intensity decay profiles collected at blue (490 nm) and red (640 nm)
wavelengths with respect to the steady state emission peak wavelength of C153 in 15 mM
aqueous solution of OTG. Lines going through the data sets depict the tri-exponential fits
through them. Pink dashed lines depict the IRF. Fit parameters are given in the inset.

Representations are color-coded.
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Fig. A.e.8: Representative time-resolved emission spectra (TRES) at different time slices from
the experimentally obtained decay profiles of C153 in 30 mM and 15 mM aqueous solutions of
OG and OTG, respectively. Dashed lines represent corresponding steady state emission spectra.

Representations are color-coded.
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Fig. A.e.9: : DSC traces of 30 mM and 15 mM aqueous solutions of OG and OTG, respectively.
Representations are color-coded.
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Fig. A.e.10: Time dependence of the full width at half maxima (I'(t)) of the time-resolved

emission spectra of C153 in 30 mM and 15 mM aqueous solutions of OG and OTG, respectively.

Representations are color-coded.
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Table A.e.11: Molecular rotational and translational diffusion times from Stokes-Einstein-Debye

(SED) and Stokes Einstein (SE) relation respectively, for C153. From SED using stick boundary
condition, 7, =7V /k;T . Where r, is reorientational time, V represent the van der Waals
volume of the solute consider (calculated using Ref. 108) 7 is the viscosity of the medium at

temperature T and kg is the Boltzmann constant.

Translational diffusion time, z,,.,, of a spherical solute with a diameter & in a medium of

2

. . . (o2
viscosity n at temperature T obtained from SE relation (stick boundary) as rtranS:E;

D= KeT . For our systems 77 =1cP .
3mno

Solute | Volume | 7 =5V /k,T ol
3\Cal r -
(A ) (ps) Tirans D
(ns)
C153 | 248 (246% 60 1.085
a) Ref. 59
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Fig. A.e.12: Residuals from 1

(lower panel) components of the measured DR in 30 mM and 15 mM aqueous solutions of OG

and OTG, respectively. Representations are color-coded.
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