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ABSTRACT

Amphiphilic aggregation into micellar and non-micellar assemblies constitutes a major area of
both academic and industrial research, owing to its wide range of physicochemical characteristics
and technological utilities. These include enhanced detergency, efficient solubilization and
emulsification, membrane-mimetic environments, and the formation of nanoreactors for
enzymatic and catalytic processes. The emergence of unconventional solvent systems,
particularly ionic liquids (ILs), deep eutectic solvents (DESs), and fluorous liquids (FLs) has
created newer avenues to expand the scope of such amphiphile-based soft materials. These
alternative media not only remove environmental challenges but also have emerged as promising
substitutes for conventional organic solvents and traditional aqueous systems, offering distinctive
and easily tunable physicochemical properties that render them highly versatile in diverse
chemical processes. The judicious selection of such media enables precise control over
aggregation behavior and paves the way for more advanced, yet sustainable, soft-matter
architectures. Consequently, demonstrating amphiphilic aggregation within these unconventional
solvents is a critical endeavour for revealing their untapped practical applications and shaping

the future design of soft-matter systems.

The thesis titled ‘Investigation of Surfactant Aggregation within Ionic Liquid, Deep
Eutectic Solvent, and Fluorous Solvent-Based Media’ focuses on the effect of dispersion
medium on amphiphilic aggregation in unconventional solvents such as ionic liquids (ILs), deep
eutectic solvents (DESs) and fluorous solvents (FLs). It also reports the formation and
characterization of environmentally-benign surfactant-free water-in-DES microemulsions (MEs)
(along with their physicochemical properties) and surfactant-assisted nonaqueous solvent-in-
fluorous MEs. The thesis also features the modulation of the physicochemical properties of type-
V DESs by non-surfactant small amphiphilic molecule, i.e., hydrotrope, which creates favorable

conditions for the formation of water-in-oil MEs in hydrophobic type-V DESs.
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The thesis has been divided into eight chapters. Chapter 1 (Background and
Introduction) introduces the emerging field of unconventional solvent systems, namely, ILs,
DESs, and FLs, highlighting their growing academic and industrial relevance. It also features the
advances in the field made by the scientific community as well as an overview of the limitations
that encouraged our work and potential solutions to circumvent the present problems. The
overarching objective of the thesis is to investigate amphiphile aggregation behavior in these non-
traditional solvents, thus establishing the groundwork for their application in various relevant
fields. Amphiphile self-assembly, including micellization, vesicle formation, and monolayer
organization, is well-studied in conventional aqueous and hydrocarbon systems. However, its
behavior in alternative solvents remains underexplored. This research aims to fill this gap by
systematically studying amphiphile aggregation in ILs, DESs, and FLs to deepen our
understanding of solvent—surfactant interactions and broaden the scope of amphiphile-based

applications in novel solvent environments.

Chapter 2 titled ‘Materials and Methodologies’ provides an in-depth description of all
the techniques and protocols involved in the procurement/synthesis of chemicals as well as the
investigative procedures followed. Specifically, uv-visible molecular absorbance spectroscopy,
steady-state/time-resolved fluorescence spectroscopy, fluorescence correlation spectroscopy
(FCS) along with certain non-invasive techniques, such as dynamic light scattering (DLS), small-
angle X-ray scattering (SAXS), differential scanning calorimetry (DSC), Fourier-transform
infrared (FTIR) spectroscopy, rheometry, electrical conductivity, surface tension, density (p), and
dynamic viscosity () measurements are exercised to obtain the desired information.

Chapter 3 titled ‘Mixed Micelle Formation by Sodium Dodecylsulfate and
Dodecyltrimethylammonium Bromide in Aqueous Ionic Liquid Media’ explores how the IL
[C2Ciim][EtSO4] influences (SDS + DTAB) mixed micellization. In water, limited miscibility

led to precipitation due to poor charge screening.’ However, introducing even a small amount of
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IL eliminated this problem, enabling clear solutions across all compositions. Using pyrene
fluorescence, the critical aggregate concentration (CAC) was measured at 90°C. In water, strong
synergism between SDS and DTAB lowered the CAC, but increasing IL content reduced
attractive interactions, reflected in rising CAC values and less negative (eventually positive at
higher IL composition) interaction parameters (/3), estimated using Rubingh’s model. The micelle
composition also shifted with IL content, aligning more closely with ideal behavior. IL ions
penetrated the micellar palisade layer, altering solvation and increasing micelle dipolarity.
Overall, the study demonstrates how ILs can fine-tune surfactant interactions by screening

electrostatic forces, enabling more flexible micelle design.

Chapter 4 titled ‘Aggregation of Mixed (Cationic + Anionic) and (Cationic +
Nonionic) Surfactant Systems within a (Lanthanide Salt : Urea) Deep Eutectic Solvent’,
marks the first experimental investigation of mixed micellization within a type-IV lanthanide
salt-based DES, which has water-like solvating properties and moderate ionic strength.®
Surfactant aggregation of DTAB with SDS and TX-100 was monitored using fluorescence
(PyCHO probe) and subsequently confirmed through DLS study. CAC values of both (DTAB +
SDS) and (DTAB + TX-100) surfactant mixtures lied between the CACs of the respective
surfactants in the mixture. This observation suggested that the ionic nature of the (La : U) DES
effectively screened the charges on the surfactant headgroups. The estimated thermodynamic
parameter revealed that DES facilitated the self-aggregation of mixed micellization of (DTAB +
SDS) over the complete composition range of the surfactant mixture at ambient conditions. This
was in contrast to IL, which facilitated mixed micellization at higher temperatures than room
temperature, imposing restrictions on their use.’ Results of the investigated surfactant mixture
compared with the aqueous system (characterized by low ionic strength) and IL (characterized
by high ionic strength) systems, and a striking contrast was observed, particularly for the (cationic
+ anionic) mixture, likely due to the presence of lanthanide metal ions that screen the charges on

the surfactant headgroups. Aggregation numbers and solvation environments were also studied,
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showing that (La : U) DES enables favorable, tunable micellization under mild conditions.
Overall the work highlighted that (La : U) DES with its moderate ionic strength, not only
facilitates favorable thermodynamics at ambient conditions but also modulates the synergistic

effect, and hence, allows better tunability in mixed micellization.

Chapter 5 titled ‘Formation of Ethanolamine-Mediated Surfactant-Free
Microemulsions Using Hydrophobic Deep Eutectic Solvents’, focuses on replacing the
traditional surfactants and conventional organic solvents used in the MEs. This study introduces
a novel, surfactant-free strategy using ethanolamine (ETA) as a hydrotrope to facilitate the
mixing of immiscible phases. In this study, five novel and green hydrophobic DESs (HDESs)
were synthesized using DA and five (5) structurally different terpenoids [thymol, L(—)-menthol,
linalool, B-citronellol, and geraniol] in a molar ratio 1 : 1. These DESs were used as oil phase,
and water as the aqueous phase. Optimal ETA concentrations were determined using Béizer
interpolation. The resulting surfactant-free MEs (SFMEs) were characterized through FTIR
absorbance, interfacial tension, electrical conductivity, DLS, UV-vis absorbance, and
fluorescence, revealing stable nanoaggregates (8-30 nm) with low polydispersity and a strong
dependence on water content. UV-vis absorbance and DLS analyses further supported the
formation of water-rich domains. Nile red fluorescence suggested core—shell structures, and the
system successfully solubilized the insoluble metal salts like KsFe(CN)s. Density (p) and
viscosity (7) studies (293—-343 K) revealed non-ideal behavior. Viscosity showed non-Arrhenius
temperature dependence, following the VFT model, and exhibited a non-linear trend with water
content, initially decreasing, then increasing due to growing nanoaggregate size. These findings

emphasized nanoaggregate formation as a key mechanism for water solubilization in SFME:s.

Chapter 6 titled ‘Ethanolamine-mediated Microstructural Transitions within
Terpenoid- and Fatty Acid-based Deep Eutectic Solvents’ presents the modulation of

physicochemical properties of the fatty acid-based DESs with the addition of a small amphiphilic
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ETA molecule, which created the favorable conditions for the formation of water-in-oil ME
within aforementioned V DESs. The type-V DESs presented in the study were composed of
terpene [menthol (Men) or thymol (Thy)] and a fatty acid (DA)]. For comparative purposes, a
non-DA-based DES composed of Thy and Men was selected. The addition of ETA led to a
monotonic increase in p across all systems. However, a striking divergence in 7 behavior was
observed, while the 7 of the non-DA system increased gradually, DA-based DESs exhibited an
unusual, exponential increase in #. This phenomenon, referred to as 7 synergism, is rarely
reported in non-aqueous systems and is herein demonstrated for the first time in DES media. T-
dependence of 77 shows a better correlation to VFT equation rather than Arrhenius model. Despite
an increase in 77, rheology measurements confirmed the DES retained the Newtonian fluid
characteristics (R? > 0.997), ruling out gelation. A concurrent sharp rise in electrical conductivity
was observed in DA-based DES system, hinting the induced ionic interactions leading to
increased 7. In contrast, a negligible change in electrical conductivity (x) in non-DA DES implied
that DA played a crucial role in bringing microstructural changes in DA-based DESs, especially
its carboxylic acid functionality. This was further supported by UV-vis and FTIR absorbance,
and DSC studies, all indicating enhanced ionic interactions and extended H-bonding networks.
Cybotactic regions of the fluorescence microfluidity probes [BPP - an intramolecular excimer
forming probe as well as perylene and DPH - well-established anisotropy probes] also manifested
the unprecedented increase in 77 of the DA-based DES system upon ETA addition, indicating that
observed structural changes are molecular interaction-driven. Solvatochromic probe analysis (via
DENA, NR, and NA probes) further showed the microstructural transitions with ETA addition.
Overall, the study demonstrated that the carboxylic acid functionality of the DA played a crucial
role in bringing microstructural transition upon ETA addition driven by a combination of
enhanced ionic interactions and extended H-bonding. While in non-DA DESs, extended H-

bonding networks dominated and derived the synergistic viscosity behavior.
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Chapter 7 titled ‘Perfluorinated Surfactant-Assisted Polar-in-Fluorous Nonaqueous
Microemulsions: Formation and Solute Solvation’ is focused on providing the first
experimental evidence of ME formed by dispersing polar nonaqueous solvents within a fluorous
continuous phase using PFMC as the bulk medium. The study encompassed EtOH, EG,
formamide, and DMF as the non-aqueous components and PFHA as an emulsifier. The MEs were
characterized using steady-state absorbance and fluorescence spectroscopy, time-resolved
fluorescence anisotropy, fluorescence correlation spectroscopy (FCS), DLS, and small-angle X-
ray scattering (SAXS), confirming the formation of polar-solvent-rich nonaqueous domains. The
structural integrity of ME strongly depended on the polarity, hydrogen-bonding capability, and
functional groups of the polar solvent. A dual-dye comparison using coumarin dyes (C102 and
C153) provided insights into both bulk and interfacial structures. C153 responded predominantly
to variations in the interfacial microenvironment, governed by surfactant organization, whereas
C102 reflected changes in the bulk fluorous phase. This dual-dye approach offered
complementary insight into both interfacial structuring and bulk-phase dynamics within these

novel fluorous solvent-based MEs.

Chapter 8 titled ‘Conclusions and Future Perspectives’ clays down the conclusions
drawn from the overall investigation and the future scope of the work. This chapter summarizes
the key findings of the study and outlines promising directions for future research. This study
explored unconventional solvents - ILs, DESs, and FLs - for surfactant self-assembly. IL
[C2Ciim][EtSO4] and hydrated metal salts effectively supported mixed-surfactant aggregation.
Ethanolamine-based DESs can offer environmentally-friendly alternatives to toxic surfactants.
Surfactant-free MEs in DESs can demonstrate sustainable formulation strategies. Fluorous-phase
ME:s provide water-free systems for advanced dispersion phase engineering, potentially opening

a new direction in fluorous-phase chemistry.
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. . . 1
line represents outcome of the fit to the Perrin equation; ==

1 TRT
+
<rp> <rp> 77V

Variation of rotational reorientation times (8) of rotors [perylene (1
UM), Aoy =405 nm and Agp, = 442 nm, DPH (1 uM), Aex = 308 nm
and Ag, =428 nm] dissolved in ETA—added (Thy : DA) DES system
at investigated mole fractions of ETA (yeta) at 298 K. Dotted lines
are just to guide the eyes. Inset of graph show the variation of
rotational reorientation times (6) with dynamic viscosities (7). Solid
lines represent outcomes of the linear regression analysis
Non-aqueous polar solvent miscibility (M) and loading (Pg) within
PFHA-added PFMC system with varying PFHA concentrations
under ambient conditions

DLS spectra showing the normalized scattering intensity of PFHA—-
assisted MEs of EtOH and EG at various P (left panel). The right
panel presents the variation of the hydrodynamic radius with P; under
ambient conditions

DLS spectra showing the normalized scattering intensity of PFHA—
assisted MEs of FA and DMF at various P; (left panel). The right
panel presents the variation of the hydrodynamic radius with P; under
ambient conditions

Autocorrelation function (obtained from DLS measurements) of 0.30

M PFHA assisted-ME of investigated non-aqueous polar solvents in
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7.5

7.6

7.7

7.8

7.9

7.10

PFMC bulk medium with varying polar solvent loading (F;) under
ambient conditions

Plots of In[/(g)] versus g for DMF (panel A) and EtOH (panel B).
Guinier plot for Pgioy = 4.0 is shown in panel C, and panel D show
Kratky plot for Pgog = 4.0 and Pgg = 1.25

FTIR absorbance spectra (panels A and B) of 0.30 M PFHA -assisted
MEs with increasing P under ambient condition

Deconvoluted curves of 0.30 M PFHA-assisted ME of EG within the
H-bonding region with increasing Pgg (panel A). Panel B present the
variation of the absorbance ratio of peak 2 to peak 1 (A4;/1) as a
function of Pgioy

UV-vis absorbance spectra of coumarin dyes (C102 and C153)
dissolved in 0.30 M PFHA-assisted ME of EtOH, prepared in bulk
PFMC solvent at ambient temperature. Right panel present the
normalized absorbance spectra

Fluorescence excitation spectra of C102 dye (20 uM,
excitation/emission slits are 2/2 nm, Agy, = 507 nm for polar
solvent/PFHA/PFMC MEs) dissolved in 0.3 M PFHA-assisted MEs
of EtOH, EG, FA, and DMF, prepared in PFMC bulk solvent at
different P, at 298 K

The steady state fluorescence emission spectra of C102 dye (20 uM,
Aex =410 nm for polar solvent/PFHA/PFMC MEs) dissolved in 0.30
M PFHA-assisted MEs of EtOH, EG, FA and DMF prepared in

PFMC bulk solvent at different P; at 298 K is shown in panel A.
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7.11

7.12

7.13

7.14

Emission spectra of neat polar solvents and PFMC are also shown.
Panel B present the corresponding relative fluorescence intensity
Representative steady state fluorescence excitation spectra of C153
dye (20 uM, A = 510 nm, excitation/emission slits are 2/2 nm)
dissolved in 0.30 M PFHA -assisted MEs of EtOH and FA at different
P, is shown in panels A and C, respectively. Panel D present the
representative emission wavelength-dependent excitation spectra at
Pra= 0.96 while panel B shows excitation spectra of C153 dissolved
in 0.30 M PFHA solution of other solvents

Excitation wavelength-dependent fluorescence spectra of C153 dye
(20 uM, excitation/emission slits are 2/2 nm; panel A) dissolved in
0.3 M PFHA-assisted EtOH MEs, prepared in PFMC bulk solvent at
different Pgioy at 298 K. Panel B represent variation of fluorescence
intensity with Pgioy at different excitation wavelength

The steady-state emission spectra of C153 dye (20 uM, A,, = 349
nm, excitation/emission slits are 2/2 nm) dissolved in 0.30 M PFHA -
assisted MEs of EtOH, EG, FA and DMF, prepared in PFMC bulk
solvent at different P, at 298 K is shown in panel A. Insets of panel
A present their corresponding emission maxima (Agn ), while panel
B shows the relative fluorescence emission intensity

Plots of single exponential fit to the excited-state anisotropy decay
data of C102 dye (5 uM, Aer, = 520 nm) dissolved within 0.30 M
PFHA-assisted MEs of ETOH, prepared in PFMC bulk solvent, at
different Pgioy at 298 K is shown in panel A. Excitation for C102 is

achieved using 405 nm Nano-LED. Panel B represent excited-state
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7.15

7.16

7.17

7.18

anisotropy decay data of C153 (5 uM, Aey = 496 nm) dissolved
within the same system. Excitation for C153 is achieved using 298
nm Nano-LED. Residuals for both dyes are provided below each
panel

Variation of rotational reorientation time (8) of C102 (5 uM)
dissolved within 0.30 M PFHA-assisted MEs of non-aqueous polar
solvents with increasing P; at 298 K

Variation of rotational reorientation time (8) of C102 and C153 (5
uM) dissolved within 0.3 M PFHA- assisted MEs of EtOH with
increasing Pgioy at 298 K

Plot of longer diffusion time; recovered from the autocorrelation
function of FCS data, and the hydrodynamic diameter; extracted from
the autocorrelation function of DLS data, with variation of Pg in
PFHA-assisted ME, prepared in PFMC bulk solvent at 298 K
Autocorrelation curve and the recovered diffusion time (from FCS
measurements) of C102 dissolved in 0.30 M PFHA -assisted MEs of
ETOH and EG prepared in PFMC bulk solvent at different P; at 298

K is shown in panels A and B, respectively
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Abbreviation Full form

DES Deep Eutectic Solvent

IL Ionic Liquid

PFS Perfluorinated Solvents

FLs Fluorous Solvents

PFC Perfluorocarbons

VOC Volatile Organic Compounds
CAC Critical Aggregate Concentration
ChCl Choline Chloride

NADES Natural Deep Eutectic Solvent
DLS Dynamic Light Scattering
HBA Hydrogen Bond Acceptor
HBD Hydrogen Bond Donor

VFT Vogel-Fulcher-Tammann

EG Ethylene Glycol

Py Pyrene

PyCHO Pyrene-1-Carboxyaldehyde
SDS Sodium Dodecyl Sulfate
TCSPC Time-Correlated Single Photon Counting
TX-100 Triton X-100

uv Ultraviolet

Vis Visible

DMF N,N-Dimethylformamide

FA Formamide
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o/W
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BPP

DENA

NA
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N,N-Diethyl-4-Nitroaniline
4-Nitroaniline
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