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ABSTRACT

This comprehensive research explores the molecular interactions between diverse dyes and
amphiphilic systems—comprising conventional surfactants and surface-active ionic liquids
(SAILs)—in aqueous media, emphasising how variations in head group charge, hydrophobic
tail structure, counterion size, and micellar polarity govern solubilization, aggregation, and
spectroscopic properties. A multi-technique approach, including UV—visible and fluorescence
spectroscopy, time-correlated single-photon counting (TCSPC), dynamic light scattering
(DLS), zeta potential analysis, and conductometric titration, supplemented by Density
Functional Theory (DFT) and Time-Dependent DFT (TDDFT) calculations, provides
molecular-level insights. For the cationic dye Acridine Red (AR), the hydrophobic SAIL
BMImOS exhibits superior solubilization compared to SDS and BMImBr, driven by reduced
head-group repulsion and hydrophobic tail-mediated encapsulation, as supported by spectral
shifts, fluorescence lifetime enhancement, and HOMO-LUMO overlap. The anionic dyes
Eosin Y (EY) and Phloxine B (PhB) show maximum stabilisation and micellar incorporation
with the zwitterionic surfactant C12DmCB, surpassing cationic and anionic analogues through
balanced charge distribution and minimised electrostatic repulsion. In contrast, Methylene Blue
(MB) interactions with CTAB, CTAT, and BMImOS reveal counterion-controlled binding, with
CTAT forming the most stable ion-pair complex due to its bulky tosylate counterion. Across all
systems, zwitterionic surfactants and hydrophobically tailored SAILs outperform conventional
surfactants by enhancing solubilization, thermodynamic stability, and micellar efficiency while
reducing toxicity. The strong agreement between experimental observations and DFT-derived
electronic parameters establishes a predictive framework for rational amphiphile design.
Collectively, the findings advance a generalizable strategy for tuning dye—micelle interactions
through charge modulation, hydrophobic integration, and counterion engineering, with broad
implications for drug delivery, photosensitization, bioimaging, solar energy harvesting, and

wastewater treatment using sustainable amphiphilic materials.
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PREFACE

This thesis presents a comprehensive investigation into the molecular interactions between
diverse dyes and amphiphilic systems, including conventional surfactants and surface-active
ionic liquids (SAILs), in aqueous media. By integrating advanced experimental techniques—
UV-visible and fluorescence spectroscopy, time-correlated single-photon counting (TCSPC),
dynamic light scattering (DLS), zeta potential measurements—with Density Functional Theory
(DFT) and Time-Dependent DFT (TDDEFT) calculations, the work aims to elucidate the
aggregation behavior, micellization mechanisms, and spectral modifications underlying these

systems.

The research spans four representative dye-amphiphile models, exploring both similarly and
oppositely charged interactions, and systematically assessing the roles of surfactant head group
charge, hydrophobic chain length, counterion size, and micellar polarity. The comparative
analysis highlights the enhanced solubilization efficiency and structural tunability of SAILs
and zwitterionic surfactants over traditional systems, alongside their reduced environmental

toxicity.

By bridging experimental observation with computational insight, this study not only advances
the fundamental understanding of micelle-dye interactions but also provides a predictive
framework for designing optimized amphiphilic systems. The findings have broad implications
for applications in drug delivery, bioimaging, photodynamic therapy, material fabrication, and
wastewater treatment, thereby contributing to both scientific knowledge and sustainable

technological development.
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Introduction

The study of aggregation behavior of amphiphiles in the presence of dyes is a promising area
of inquiry within colloid and interface science, offering valuable insights for applications in

drug delivery" 2, dye-sensitized solar cells® *

, and nanomaterials. Amphiphiles have the
remarkable ability to self-assemble into micelles or other nanostructures in aqueous
environments, and their interactions with dye molecules, through mechanisms such as
electrostatic®”’, hydrophobic, or m—m stacking interactions®, can significantly enhance our
understanding of these systems. By influencing key parameters like the critical micelle
concentration (CMC), aggregation number, and micellar morphology, the presence of dyes can
facilitate new pathways for co-aggregation or disrupt established assemblies. This dynamic
interplay can improve solubilization capacity, enhance photophysical properties, and reinforce

structural stability. Ultimately, exploring these interactions provides critical knowledge that can

lead to more effective formulation strategies and innovative applications.
Dyes: Chemistry of Natural and Synthetic Colorants

Dyes are colorful organic compounds that can stick to materials like fabrics, papers, and
plastics to add color by absorbing certain wavelengths of light®. Unlike pigments, which are
often not soluble, dyes dissolve in water or other solvents, allowing them to be absorbed by
surfaces'’. Dyes contain two key parts: chromophores and auxochromes. Chromophores are
the parts that absorb visible light, while auxochromes are groups that help to improve color and
sticking ability. For instance, an azo group (-N=N-) or a carbonyl group (—-C=0) acts as a
chromophore, and groups like —OH or —NH: are auxochromes that enhance the color by
donating electron density to the chromophore. Common chromophores include azo (—N=N-),

nitro (—-NO3), carbonyl (C=0), and

large aromatic rings, while typical auxochromes are -OH, -NH., -COOH, and —SOsH. These

auxochromes can shift the color a dye absorbs and often make dyes more water-soluble.

e Chromophore: The part of a dye molecule (often a conjugated n-bond system or
aromatic ring array) is responsible for its color. Examples include -N=N- (azo), -C=0

(carbonyl), -NO: (nitro), and extended aromatic polyenes.

e Auxochrome: An auxochrome, such as —OH, —NH., -COOH, or —SOsH, when
attached to a chromophore, extends conjugation or donates electrons, causing shifts in

absorption wavelength (bathochromic or hypsochromic) and enhancing dye affinity for



substrates. For example, phenol (—OH on benzene) shows stronger absorption than

benzene, while —-NH: in aniline shows red shifts and intensifies the azo dye color.
Classification of Dyes by Chemical Structure

Dyes can be classified based on their chromophoric core or ring system'!, which is fundamental
to their chemical structure and application. The major structural classes of dyes include azo,
anthraquinone, triarylmethane, indigoid, xanthene, heterocyclic, and phthalocyanine dyes.
Each of these classes has a distinct chemical formula that contributes to its unique coloring
properties and behaviors in various applications. Azo dyes, for instance, are known for their
vibrant hues and are widely used in textiles, while anthraquinone dyes are recognized for their
stability and rich colors. Triarylmethane dyes often exhibit bright colors and are commonly
used in a variety of industries, including inks and food coloring. Indigoid dyes, renowned for
their deep blue shades, have a rich history in fabric dyeing. Xanthene dyes, on the other hand,
are typically fluorescent and used in biological staining. Heterocyclic dyes encompass a broad
range of structures, providing versatility in color selection. Lastly, phthalocyanine dyes are
valued for their intense shades and excellent lightfastness, making them ideal for commercial
applications. Each of these dye classes showcases a unique blend of chemistry and artistry,

leading to a wide array of options for coloring materials.
Azo Dyes

Azo dyes are a significant category of synthetic dyes, characterized by one or more —N=N—
(azo) linkages between aromatic rings'>'*. Their fundamental structure can be represented as
Ar—N=N-Ar". The extensive conjugation within these compounds contributes to a diverse
range of vibrant colors, including red, orange, yellow, and brown, which vary depending on the
specific substituents attached. To enhance functionality, one of the aromatic rings is typically
phenyl, while the other can be naphthyl or phenyl with tailored electron-donating or electron-
withdrawing groups. The incorporation of sulfonate (—SOs") or carboxylate groups is common,
as these modifications improve the dye's water solubility, making it more versatile in various
applications. For example, tartrazine' (C1sHoN4NasOsS:) serves as a prime illustration (Figure
1A); this lemon-yellow azo dye, also known as FD&C Yellow 5, is extensively utilized as a
food coloring'® due to its appealing hue. Its structure features a pyrazolone ring linked through
the -N=N- bond to a benzene sulfonate, demonstrating the thoughtful design behind azo dyes.
Similarly, methyl orange (Ci4sH14N3NaOsS) is employed effectively as an orange pH indicator
dye'” (Figure 1B). In the textile industry, dyes such as congo red and direct azo dyes play a



crucial role'® 1, binding efficiently to cotton via their sulfonate groups. Overall, azo dyes are
celebrated for their vibrant colors and ease of synthesis, making them invaluable in the
production of fabrics, inks, plastics, and food products®’. Their versatility and effectiveness

continue to support a broad range of industries and applications.
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Figure 1: Chemical structure of (A) tartrazine, and (B) methyl orange.
Anthraquinone Dyes

Anthraquinone dyes are fascinating compounds built upon the anthracene-9,10-dione structure
(C14aHsO2). By substituting various positions on this ring structure, a diverse palette of colors
can be achieved, including vibrant reds, blues, and violets. A notable example is alizarin (1, 2-
dihydroxyanthraquinone, Ci1sHsOs), which is a rich red dye, originally extracted from madder
plants and is now predominantly produced synthetically?! 2. The presence of two —OH
auxochromes in alizarin (Figure 2A) enhances the conjugation within the anthraquinone
framework, resulting in its distinctive red hue. In the accompanying diagram, the anthraquinone
core is illustrated with its three fused rings, and the red atoms indicate the oxygen substituents.
Historically known as Turkey red, alizarin was widely used to dye fabrics, such as, cotton and
wool. Similar to alizarin, quinizarin (1,4-dihydroxyanthraquinone) (Figure 2B) and derivatives
of anthracene blue provide beautiful yellow and blue tones, respectively. Many vat dyes,
particularly those that are insoluble and applied through reduction, such as, indigoid®*, are
derived from anthraquinone. These dyes are highly valued for their vibrant colors and

remarkable fastness, making them a staple in the textile industry.
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Figure 2: Chemical structure of (A) alizarin, and (B) quinizarin.
Triarylmethane Dyes

Triarylmethane dyes, also known as triphenylmethane dyes, are characterized by their unique
structure, which consists of a central carbon atom that is bonded to three aromatic rings. This
configuration creates a highly conjugated cationic chromophore, which is crucial for the dyes'
vibrant coloration and light absorption properties. Typically classified as basic dyes or cationic
salts, these dyes exhibit a range of striking hues, including vivid greens, purples, and blues. A
quint essential example of a triarylmethane dye is crystal violet, with the chemical formula
C25H30CINs (Figure 3A). The molecular structure of crystal violet reveals a central carbon atom,
C*, which is integrally linked to three benzene rings. Each of these aromatic rings is modified
by three —-N(CH3)2 (dimethylamino) auxochrome groups. These auxochrome groups play an
essential role by donating electrons into the conjugated system of the dye, which enhances its
color intensity and saturation?*. As a result, crystal violet is renowned for its deep violet shade.
Triarylmethane dyes like crystal violet have a wide array of applications. They are extensively
utilized in the textile industry for dyeing fabrics, where their ability to produce vivid and lasting
colors is highly valued. Additionally, these dyes are key components in various writing
instruments, such as ballpoint pens, owing to their rich pigmentation. In the field of biology,
triarylmethane dyes are utilized as staining agents in microscopy>’, notably in techniques such
as gram staining, which is used to differentiate bacterial species based on the characteristics of
their cell walls?. Another noteworthy example of this class of dyes is malachite green, which
is formulated as C23sH2sCIN: (Figure 3B). This dye is recognized for its green coloration and
shares similar properties and applications with crystal violet, making it a staple in various

industrial and biological contexts?’. As a whole, triarylmethane dyes are integral to both



practical applications and scientific research, underscoring their importance across multiple

fields.
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Figure 3: Chemical structure of (A) crystal violet, and (B) malachite green.
Indigoid Dyes

The indigoid class encompasses dyes that are structurally related to indigo, which are
characterized by the presence of two heterocyclic or aromatic subunits connected by a double
bond. The most notable example is indigo (CisH10N20:2), a deep blue dye that was initially
derived from Indigofera plants®®?°. Chemically, indigo is synthesized from two indole units,
which are the blue atoms in the molecular model, linked by a C=C bridge (Figure 4). The
carbonyl groups, depicted as red atoms, serve as the chromophore responsible for the dye's
color. The presence of auxochromatic NH groups and carbonyls imparts the distinctive blue
hue to indigo. A related natural dye is tyrian purple, known scientifically as 6,6'-dibromoindigo.
Indigo functions as a vat dye; it is insoluble in water and must undergo reduction to form a
soluble leuco variant before application to fiber, after which it is oxidized back to its insoluble
blue form. Indigoids are prominently utilized in the production of denim and in the dyeing of
cotton textiles*®. Moreover, synthetic indigo, produced via aniline, has largely supplanted the

use of plant-derived sources.



Figure 4: Chemical structure of Indigo dye.
Xanthene and Heterocyclic Dyes

Xanthene dyes are characterized by their unique tricyclic xanthene ring structure. Notable
examples include fluorescein and its brominated derivative, eosin Y (C20HesBraNaz20s), both of
which exhibit bright yellow-orange colors and are commonly used in biological staining and
as fluorescent tracers®'*. These dyes typically feature auxochromes such as -OH and -COOR
groups, enhancing their color properties (Figure S5A). Another category of dyes is the
phenothiazine dyes, with methylene blue (CisHisCINsS) being a prominent example (Figure
5B). This thiazine-based blue dye is utilized in medical staining and as an indicator®>~’. Both
xanthene and phenothiazine dyes are highly valued for their vivid colors and fluorescence,

making them significant in various applications®®.

Figure 5: Chemical structure of (A) eosin yellow, and (B) methylene blue.

Other classes include phthalocyanines®-°, large planar macrocycles with a central metal (e.g.,
copper phthalocyanine, Cs2HisCuNs) that are used as brilliant blue-green pigments. Cyanine
dyes (polymethine chains linking nitrogen-containing rings) and carbonyl dyes (like
indanthrones) also exist. In practice, dyes are often categorized by application (acid dyes,
reactive dyes, vat dyes, etc.), but the chemical structure classification highlights the role of

conjugated chromophores and auxochromes in the color properties.
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Uses of Dyes in Industry and Science

Dyes have broad applications across textiles, foods, biological research, and more. Each field
uses characteristic classes of dyes for their properties. Below are examples of dyes in textiles,

food, and biological contexts.
Textile Industry

The textile industry dyes fibers like cotton, wool, silk, and synthetics*"#?. Indigo (CisH1oN202)
is commonly used for blue denim***. Cotton fabrics are often dyed with reactive dyes, which
bond covalently with cellulose, or direct dyes that adsorb through hydrogen bonding. Reactive
dyes, like Remazol anthraquinone*’, contain chromophores that bond to fibers. Wool and nylon
are dyed with acid dyes through ionic interactions. Acrylic fibers typically use basic (cationic)
dyes, such as, triarylmethanes. In cotton printing, vat dyes like indigoid provide wash-fast
colors. The choice of dye depends on fabric chemistry, with the chromophore and auxochromes

determining color and solubility.
Food Industry

Food dyes, chosen for safety and brightness, include synthetic options like tartrazine (FD&C
Yellow 5), a lemon-yellow azo dye used in various products, and Allura Red AC (FD&C Red
40), a red azo compound. These dyes often contain sulfonate or sodium groups for solubility

48,49 and

and non-toxicity*®. Natural colorants include betanin from beets*’, annatto extracts
spirulina phycocyanin®®. The structures of these dyes typically feature extended conjugation

for stability. Regulations ensure that they remain stable under various pH levels.
Biological applications

In biology and medicine, dyes serve functions in staining and diagnostics>!~*. For instance, the
Gram stain employs crystal violet to differentiate bacteria. Hematoxylin and eosin (H&E) are
used in histology>*, with hematoxylin staining nuclei blue-black and eosin staining cytoplasm
pink-orange®. Molecular biology uses dyes like coomassie brilliant blue G-250 for protein
visualization®® and ethidium bromide for DNA3?. Acidic dyes bind basic proteins, while basic
dyes bind acidic components. Fluorescent dyes enable fluorescence microscopy®® > through

their light-excitable structures.

In summary, the chemistry of dyes — their chromophores and auxochromes — underlies all their

applications. Textile dyes exploit covalent or ionic attachment to fibers, food dyes require



stability and water solubility, and biological stains must bind selectively to tissues or molecules.
Each example above includes chemical formulas and structures to illustrate how molecular
features produce the observed colors and functions. The versatility of dyes arises from tailoring
conjugated structures and substituents to achieve the desired hue and binding in natural or

industrial settings.
Surfactants:

The term "surfactants" is an abbreviation for "surface active agents," referring to a category of

compounds that play a crucial role in many cleaning and personal care products®® ©!.

62-64 which are

Surfactants are the primary active ingredients found in soaps and detergents
widely used for laundry and various household tasks. The history of surfactants dates back to
1907 when a German company developed a groundbreaking cleaning agent known as
'PERSIL'®®. This product was among the first commercial detergents to utilize a "self-activated"
formula, revolutionizing the way laundry was done. Initially, 'PERSIL' included sodium
perborate as its bleaching agent and sodium silicate as its washing agent. However, it is
important to note that while these compounds contribute to the cleaning process, they do not
function as typical surfactants, which are more versatile in their cleaning abilities. Surfactants
possess unique molecular structures that allow them to interact effectively at various interfaces.
They are designed with a hydrophilic (water-attracting) head and a hydrophobic (water-
repelling) tail, enabling them to align themselves at the boundaries between different phases®®.
This alignment helps to reduce interfacial tension or free energy between different substances,
such as between air and liquid, solid and liquid, or two immiscible liquids (Figure 6), enhancing
the effectiveness of cleaning and emulsification processes®” ®®. These compounds are vital
across a wide range of everyday consumer products beyond just detergents. They are integral
components in items such as toothpaste, shampoos, conditioners, shaving foam, facial
cleansers, toilet cleaners, adhesives, hair gels, and inks. In these applications, surfactants
perform varied roles, including serving as emulsifiers that help to mix oil and water®;
dispersants that prevent the separation of ingredients’® 7!; wetting agents that enhance the
spread of liquids’?; foaming agents that create lather, and stabilizers that maintain consistency
and texture. Moreover, surfactants are known for their exceptional detergency properties,
making them indispensable for achieving cleanliness and maintaining the performance of

numerous products we rely on in our daily lives. Their versatility and effectiveness in reducing

surface tension make them a key ingredient in both cleaning and personal care formulations.
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Figure. 6. Adsorption patterns of surfactants at various interfaces: (a) air-water interface, (b)

air-oil interface, (c) oil-water interface, (d) solid-water interface, and (e) solid-oil interface.

Surfactants, often referred to as amphiphiles due to their remarkable ability to interact with
both water and oil, possess a captivating molecular structure that includes a hydrophobic tail
and a hydrophilic head. The hydrophobic tail is typically formed from lengthy chains of alkyl
hydrocarbons, usually containing between 8 to 22 carbon atoms, which grants the surfactant a
strong affinity for oily substances. Conversely, the hydrophilic head can adopt various forms—
such as, cationic, anionic, nonionic, or zwitterionic—each imparting distinct properties that
influence how the surfactant behaves in different environments. Unlike traditional soaps, which
are created through the saponification of fatty acids sourced from natural materials like plants
and animal fats, many surfactants are synthetically manufactured using petroleum products”
4 This synthetic process offers considerable versatility, allowing for intricate adjustments to
their molecular structures that enhance their effectiveness’. Modern detergents are complex
mixtures that often consist of 10 to 20 different components, primarily composed of salts of
surfactants and fatty acids’®. These typically include sodium and potassium salts derived from
long-chain alkyl groups ranging from C12 to C18. The surfactant and fatty acid salts are
generally obtained from sources, such as, animal fats, palm oil, soybean oil, and coconut oil”’-
82 through the saponification process. This diverse blend yields detergents that are significantly
more effective than conventional soaps, allowing them to clean surfaces thoroughly even in
challenging conditions, such as low temperatures or hard water. Beyond their cleaning process,
surfactants play crucial roles in various biological processes®. In the microscopic world of
living cells, phospholipids—molecules remarkably similar to amphiphiles—serve as
fundamental building blocks of biological membranes known as lipid bilayers. These structures
are crucial for regulating the selective movement of ions, proteins, and other essential
molecules across cell membranes, thereby maintaining proper cellular function. In the digestive

system, bile salts, a specific class of steroidal anionic surfactants, are vital organic solutes
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present in bile juice®. They facilitate the absorption of dietary lipids in the intestine, ensuring
efficient nutrient uptake. Additionally, in the lungs, a specialized kind of surfactant, known as
pulmonary surfactant or pulmonary epithelial lining fluid (ELF), is produced by lung cells.
This critical substance significantly enhances lung compliance and total lung capacity by
reducing surface tension at the air-liquid interface within the alveoli. Composed mainly of
lipoproteins secreted by type Il alveolar epithelial cells, pulmonary surfactant plays an essential
role in stabilizing the alveoli, ensuring effective gas exchange during the process of breathing.

Classification of surfactants:

In aqueous solutions, surfactants are typically organized according to the charge of their head

groups. The following section lists several surfactants that are commonly used:

Cationic Surfactant: These surfactants have positively charged head groups (phosphonium
salts, alkyl quaternary ammonium salts, amine salts, amine oxides, etc.)®® along with negatively
charged counterions (mainly chlorides and bromides). The preparation of these types of

surfactants is expensive, limiting their use.

Example: Cetyl trimethylammonium chloride (CTAC) (Figure 7A), 1-hexadecyl triphenyl
phosphonium bromide (Figure 7 B) (C;sTPB).

CHs

B
A
- 7N
HiC(HoC)ts——N—=—CHs Cl  cm o P

CHs

Figure 7: Chemical structure of (A) CTAC, and (B) Ci6TPB.

Anionic Surfactant: This type of surfactant has negatively charged head groups with
positively charged counterions®®. The head groups may include sulfonates, alkyl sulfates,
carboxylates, sulfosuccinates, and N-acyl amino acids. Quaternary ammonium cations and
positively charged alkali metal ions (Na"/K") may be present as counterions. Anionic
surfactants are primarily used in daily products. Anionic surfactants are almost always used in

household products.

11



Example: Sodium lauryl sulfate (SLS/SDS) (Figure 8A), Sodium lauryl sarcosinate (SLAS)
(Figure 8B).
0
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Figure 8: Chemical structure of (A) SDS and (B) SLAS.

Nonionic Surfactant: Surfactants that fall into the category of non-ionic surfactants do not
carry any electrical charge, making them unique in their behavior and function®”. These
compounds are inherently miscible in water, primarily because of the polar functional groups
incorporated into their molecular structures. This property allows them to interact effectively
with water and is crucial for their performance in various applications. Common examples of
non-ionic surfactants include alkylpolyglucosides, which are derived from renewable
resources, polyoxyethylenes, which are widely used for their emulsifying properties®®,
glucamine-based surfactants that offer excellent biodegradability, and polyglycidols that
provide versatility in formulations. Together, these surfactants are produced on an industrial
scale, amounting to large quantities, second only to anionic surfactants in terms of production
volume. Their widespread use spans multiple industries, including personal care, cleaning, and

pharmaceuticals, due to their effectiveness and environmental compatibility.

Example: (1,1,3,3-Tetramethylbutyl) phenyl-polyethylene glycol (Triton X-114) (Figure 9),
Polyoxyethylene sorbitan monolaurate (Tween-20), N-decanoyl-N-methylglucamine (MEGA-
10).

n=7 or 8

Figure 9: Chemical structure of Triton X-114.

Zwitterionic Surfactants: Zwitterionic surfactants are a unique class of compounds that
possess both positively and negatively charged centers®®, which allows them to function as

either anionic or cationic surfactants depending on the surrounding pH levels. Examples of

12
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these versatile surfactants include imidazole derivatives, phosphatides, and betaines. The
positive charge typically comes from ammonium ions, while the negative charge can be derived
from functional groups, such as, carboxylates, sulfates, or sulfonate ions*’. These surfactants
are well-known for their exceptional dermatological properties’!, making them particularly
popular in personal care formulations. Due to their high foaming ability and milder effects on
the skin, zwitterionic surfactants are commonly found in a variety of cosmetic products,
including shampoos, hand soaps, and dishwashing liquids. Their ability to balance both charges
not only enhances their cleaning efficiency, but also minimizes irritation, making them a

favorable choice for sensitive skin types®?.
Example: N-Dodecyl-N, N-dimethyl-2-ammonio- 1-ethanecarbonate (C12DmCB) (Figure 10).
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Figure 10: Chemical structure of C1,DmCB.

Surfactants, which play a crucial role in various applications, can be further classified into
distinct categories beyond their general classification. In recent decades, particularly over the
last twenty years, these specialized types of surfactants have garnered significant interest and
have been the subject of extensive research efforts. Scientists and industry experts alike have
explored the unique properties, mechanisms, and potential uses of these compounds,
highlighting their significant contributions to fields ranging from detergents to pharmaceuticals

and beyond.

Gemini Surfactant:

Gemini surfactants represent a distinctive class of surfactants (Figure 11) that exhibit enhanced
surface activity compared to traditional surfactants®®. They are composed of an extended
hydrocarbon chain linked to a polar head group, accompanied by a rigid or non-rigid spacer,
followed by another hydrocarbon chain that is sequentially arranged with an additional polar
head group. The polar head groups can be classified as nonionic (derived from carbohydrates),
negatively charged (such as sulfates and carboxylates), or positively charged (like ammonium).
The lengths of the spacers can vary from two to twelve methylene groups, and they can be

either stiff (as seen in stilbene) or flexible (like a saturated hydrocarbon chain). Bunton et al.
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first synthesized gemini surfactants in 1971, while Menger et al. coined the term "Gemini" in
1991%. The spacers can connect in two ways: either at the midpoint of the elongated
hydrocarbon tails or to both of the same head group.

Figure 11: Chemical structure of Gemini 12-2-12 surfactant.
Fluoro surfactants:

The surfactants in question belong to a specialized category characterized by the substitution
of at least one hydrogen atom in the alkyne chain with a fluorine atom (Figure 12). These fluoro
surfactants are highly versatile and find extensive applications across various fields, including
adhesives, cosmetics, biomedicine, and firefighting® . The effectiveness of these surfactants
is often evaluated by the number of fluorine atoms that replace the alkyne hydrogens, serving
as an indicator of their surface activity. Notably, fluoro surfactants exhibit superior surface
activity compared to traditional organic surfactants, making them particularly valuable in

applications where enhanced performance is required.

Figure 12. Perfluorooctane sulfonate (PFOS) is generally used in firefighting foam.

SILICONE surfactants:

Silicone surfactants, scientifically known as siloxane-polyoxyalkylene copolymers, represent

a fascinating and specialized category of surfactants that possess a unique molecular
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architecture®” *8, These compounds are characterized by the presence of one or more
hydrophilic polar groups, which can take on various forms such as anionic, cationic, non-ionic,
or zwitterionic. Complementing these hydrophilic elements are the permethylated siloxane
hydrophobic groups, which impart distinct properties that set silicone surfactants apart from
traditional hydrocarbon-based counterparts. Among the hydrophilic groups, the most prevalent
types include polyoxyethylene (PEO) and polyoxypropylene (PPO), which contribute to the
surfactants' ability to interact with water and oils effectively. This unique structure enables
silicone surfactants to excel at reducing surface tension, achieving remarkably low values of
15-20 mN/m across both aqueous and non-aqueous environments. This level of efficacy is
crucial for applications where surface activity is paramount. Owing to their exceptional
spreading and wetting characteristics, silicone surfactants have become indispensable in a
variety of industries. In the cosmetics industry, they play a vital role as emulsifiers in lotions
and creams, facilitating the stable combination of oil and water components to achieve a
smooth and luxurious texture. In textiles, these surfactants serve as effective conditioners,
enhancing the softness and performance of fabrics to ensure they feel comfortable against the
skin®. Additionally, silicone surfactants (Figure 13) are used as additives in inks, where they
enhance flow and consistency, resulting in more vibrant and uniform prints. They also function
as stabilizers in polyurethane foams, helping to maintain the integrity and durability of foam
products. In summary, the versatility and unique properties of silicone surfactants make them
a key ingredient in a wide array of formulations, spanning from personal care products to
industrial applications, highlighting their significant role in enhancing product performance

across diverse sectorsi® 101,
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Figure 13. General structure of silicone surfactants; x=7to 10, y=2to 5, m=5to 15,n=0
to 5, and R is the alkyl group which has been selected for the compatibility of surfactants in

special purposes.
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Amphiphilic compounds exhibit varying degrees of hydrophilicity and lipophilicity depending
on their structure. The hydrophilic-lipophilic balance (HLB) is crucial for classifying

surfactants as either water-soluble or oil-soluble based on their solubility.
Ionic Liquids

Ionic liquids (ILs) represent a distinctive category of organic salts that maintain a liquid form
at temperatures lower than 100°C, and often even at room temperature.'!?® 1% Over the last
twenty years, these materials have garnered significant attention due to their remarkable
characteristics, including negligible vapor pressure, high thermal stability, adjustable solvation
capabilities, and excellent chemical resistance. Their customizable properties, stemming from
the vast combinations of cations and anions, enable the creation of "task-specific ionic liquids"
tailored for specific industrial, biochemical, and environmental uses. One of the most
promising advancements in this field is the development and application of surface-active ionic
liquids (SAILs)—a specific type of ILs that have amphiphilic properties akin to surfactants.
These substances demonstrate notable surface activity and are utilized in various applications,
including emulsification, drug delivery, micellar catalysis, and particularly in dye adsorption,

solubilization, and separation.
An ionic liquid is typically composed of:
Cation: Usually a bulky, asymmetric organic ion.
Anion: Can be organic or inorganic and influences many physicochemical properties.

The identity of the cation has a dramatic effect on the IL's solubility, thermal stability, and

polarity. Common cations include:
Imidazolium-based ILs

Among the various types of ionic liquids (ILs), these particular ones stand out for their

remarkable chemical stability!%

and the straightforwardness with which they can be modified
for specific applications.!?: 1% Their unique properties make them highly favored in a range of
industries, allowing for adaptable functionalities that cater to diverse scientific and engineering

needs.m’ 108

Example: 1-Butyl-3-methylimidazolium bromide ([BMIM][Br]) (Figure 14).
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Figure 14: Chemical structures of 1-Butyl-3-methylimidazolium bromide ([BMIM][Br]).

Pyridinium-based ILs

These ionic liquids (ILs) exhibit remarkable thermal stability, making them highly suitable for
various electrochemical applications'?’. Their unique properties, such as, a broad liquid range

110

and low volatility " allow them to perform effectively under a range of temperatures, ensuring

reliable performance in processes such as energy storage, battery technology, and

electrochemical sensors!'!"113,

Example: N-butylpyridinium hexafluorophosphate ([BPy][PFs]) (Figure 15).

Figure 15: Chemical structures of N-butylpyridinium hexafluorophosphate ([BPy][PFs]).
Ammonium-based ILs

These ionic liquids (ILs), which are derived from quaternary ammonium salts, are typically
more cost-effective and widely utilized in various industrial applications''*. Their unique
properties make them suitable for a range of processes, contributing to their popularity in

commercial settings'"”.
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Example: Tetra alkylammonium chloride ([N (CHs)4] [Cl]) (Figure 16).
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Figure 16: Chemical structures of Tetra alkylammonium chloride ([N (CH3)4] [CI]).

Phosphonium-based ILs

Recognized for their exceptional thermal and chemical stability''®, these materials are designed
to endure and perform reliably in extreme environments where high temperatures and

aggressive chemicals prevail'!’.

Example: Trihexyl (tetradecyl)phosphonium chloride (Figure 17).
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Figure 17: Chemical structures of Trihexyl (tetradecyl)phosphonium chloride.

Pyrrolidinium-based ILs

Widely utilized in battery electrolytes, these substances are favored for their excellent

118

electrochemical stability' ', which ensures reliable performance and longevity in energy

storage applications'’.

Example: N-methyl-N-propylpyrrolidinium bis(trifluoromethylsulfonyl)imide (Figure 18).
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Figure 18: Chemical structures of Trihexyl (tetradecyl)phosphonium chloride.
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Anions play a significant role in determining properties like hydrophilicity, viscosity, and ionic

conductivity.

a. Halide Anions

Typically include Cl-, Br, and I"; often hydrophilic.

Example: 1- butyl -3- methyl imidazolium chloride [BMIM][CI].
b. Inorganic Anions

Includes PFs, BF4~, and NOs™. These confer hydrophobic properties and are used in extraction

and catalysis.
Example: [BMIM][PFs].
¢. Organic Anions

Such as acetate, formate, and octyl sulfate. These ILs are often biodegradable and hydrophobic

in nature and used in green chemistry.
Example: [BMIM][Os] (Octyl sulphate).
Physicochemical properties of ionic liquids

Ionic liquids (ILs), often regarded as salts in a liquid form at temperatures below 100 °C,
possess a distinctive array of physicochemical properties that set them apart from traditional
molecular solvents. These characteristics are vital for their use in green chemistry,

electrochemistry, separation science, and materials engineering.

1. Thermal Stability: lonic liquids typically demonstrate high thermal stability due to the
robust electrostatic interactions among their constituent ions'?® 2!, The majority of ILs
decompose at temperatures significantly exceeding 300°C, making them suitable for
high-temperature applications with minimal degradation.

2. Low Vapor Pressure: A prominent feature of ILs is their minimal vapor pressure at
ambient temperature!?. This lack of volatility diminishes the chances of evaporation and
inhalation exposure, which contributes to their designation as environmentally friendly
or "green" solvents!?3125,

3. High Ionic Conductivity: Being composed entirely of ions, ILs inherently possess ionic

conductivity'?% 127, However, the degree of conductivity can vary based on ion mobility,
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10.

ion dimensions, and viscosity. Consequently, ILs are extensively utilized as electrolytes
in batteries, supercapacitors, and fuel cells.

Wide Electrochemical Window: lonic liquids exhibit a wide electrochemical window,
often surpassing 4—6 V, which is considerably broader than that of water or many organic
solvents'?8, This property enables them to act as stable electrolytes in electrochemical
devices under high-voltage conditions.'?- 13

Viscosity: The majority of ILs manifest moderate to high viscosities due to strong
interactions between ions and hydrogen bonding!3!. This factor affects diffusion,
solubility, and reaction kinetics in systems based on ILs. The viscosity is also responsive
to temperature and the structural makeup of the ions involved.

Polarity and Solvation Ability: lonic liquids display adjustable polarity, which is
contingent on the selection of cations and anions'** 133, They have the capability to
dissolve a diverse array of both polar and nonpolar substances, including gases, organic
compounds, and metal salts. This versatility in solvation renders ILs valuable for
extraction, catalysis, and drug delivery.

Density: Tonic liquids generally possess densities that range from 1.0 to 1.6 g/cm?®. The
density is influenced by the types of ions, their dimensions, and the efficiency of
packing'** 135, The presence of larger atoms, such as fluorine or phosphorous-containing
anions, tends to increase the overall density.

Hydrophobicity/Hydrophilicity: The hydrophobic or hydrophilic characteristics of ILs
can be customized by altering the alkyl chains on the cation or by selecting certain anions.
This property plays a crucial role in phase separation, biphasic catalysis, and strategies
for environmental cleanup'3® 137,

Melting Point: Tonic liquids are characterized by their low melting points, which are
generally below 100°C. The asymmetry and delocalization of charge in their ions
diminish the lattice energy and inhibit crystallization, enabling them to remain in a liquid
state across a wide temperature rangeBg’ 139,

Chemical and Thermal Tunability: Owing to the vast array of organic cations (such as
imidazolium, pyridinium, and ammonium) and various anions (including halides, PFs,

BF+, and NTf), ILs can be specifically tailored for distinct applications, yielding

optimal physicochemical properties.
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These cumulative characteristics render ionic liquids versatile functional materials with a broad

range of applications in both industrial and academic settings, particularly in driving

sustainable and efficient chemical processes.

Significance and Uses of Ionic Liquids (ILs):

Tonic liquids (ILs), which are salts that exist in liquid form at or near room temperature, exhibit

a distinctive set of physicochemical characteristics—such as minimal vapor pressure,

remarkable thermal and chemical stability, adjustable solubility, and ionic conductivity—that

make them essential in both scholarly research and industrial usage. Their extensive

applications range from sustainable chemistry to advanced materials and biotechnology. Below

1s a university-level summary of their significance and uses:

1.

Eco-friendly Solvents for Sustainable Chemistry: ILs are increasingly being utilized as
environmentally friendly solvents'*’ because of their non-volatile characteristics, which
help to lower harmful emissions and enhance safety in processes like organic synthesis,
catalysis, and separation'*! 142,

Catalytic Media and Catalysts: Numerous ILs serve as solvents and co-catalysts in
various reactions, including Friedel-Crafts alkylation, Diels—Alder reactions, and

hydrogenation, improving reaction rates, selectivity, and the recyclability of catalysts!**

144

Electrolytes in Electrochemical Devices: ILs are employed as highly stable and
conductive electrolytes for batteries (like lithium-ion), fuel cells, supercapacitors, and
dye-sensitized solar cells due to their broad electrochemical windows and ionic
conductivity'# 146,

Extraction and Separation Processes: ILs facilitate the selective extraction of metals
(such as lanthanides and uranium), organic contaminants, and biomolecules via liquid—
liquid or solid-liquid extraction, often substituting volatile organic solvents in
hydrometallurgy and environmental cleanup'47 145,

Biocatalysis and Enzyme Stabilization: Their capacity to stabilize proteins and enzymes
makes ILs advantageous in non-aqueous enzymology, enhancing enzyme activity,
selectivity, and lifespan in the pharmaceutical and biofuel sectors !4’ 1%,

Gas Capture and Storage: ILs serve as effective media for absorbing gases like CO-, SOz,
and H2S due to their adjustable polarity and functional groups, presenting promising

applications in carbon capture and storage (CCS) technology'>! 152,
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7. Materials Synthesis and Nanotechnology: 1Ls function as reaction media for the creation
of nanoparticles, metal-organic frameworks (MOFs), and advanced polymers. Their ionic
characteristics allow for precise control over particle size, shape, and
functionalization, !> 154

8. Analytical Chemistry and Chromatography: 1Ls are utilized as additives in the mobile
phase or as stationary phases in gas and liquid chromatography, improving separation
efficiency, resolution, and consistency for complex mixtures!>> 156,

9. Pharmaceutical Formulation and Drug Delivery: ILs enhance drug solubility, stability,
and bioavailability, and are being investigated as active pharmaceutical ingredients (API-
ILs), excipients, and agents for transdermal delivery'” 158,

10. Lubricants and Antistatic Agents: ILs that possess low volatility and high thermal stability

159 161

are used in lubricants'>’, antistatic coatings'®’, and heat-transfer fluids'®!, particularly in
extreme conditions.

11. Nuclear and Space Applications: Due to their radiation stability and low flammability,
ILs are being explored for applications in nuclear fuel processing and as thermal fluids in

aerospace technologies!> 16,

Interaction of ionic liquids with dyes

The relationship between dyes and ionic liquids (ILs) has gained significant interest lately due
to the distinct physicochemical characteristics of ILs, including low vapor pressure, excellent
thermal stability, adjustable polarity, and high ionic conductivity. These qualities render ILs
remarkable solvents and media for the solubilization, stabilization, and modification of dyes!®*
165 Several factors influence the interaction of dyes with ILs, primarily the chemical structure
of the dye (particularly the types of chromophores and auxochromes), the composition of the
IL's cation-anion pair, and the overall polarity and hydrogen-bonding capacity of the system.
ILs can boost the solubility of hydrophobic dyes, shield them from photo-degradation, and
affect their spectral behavior by changing the electronic environment surrounding the dye
molecules. Surface-active ionic liquids (SAILs), a specific subclass that possesses amphiphilic
properties, can create micelle-like structures'®S, effectively enclosing dyes and altering their
aggregation states'®’, which is especially relevant for applications like dye-sensitized solar cells
(DSSCs)!%8, drug delivery'®, and fluorescence-based sensors'’’. For example, cationic dyes

171-173 or rhodamine B!™* often show bathochromic or hypsochromic

such as methylene blue
shifts in their absorption and emission spectra depending on the used IL, as the

microenvironment created by the IL can affect the electronic transitions of the dye. The anion
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significantly contributes to hydrogen bonding or the formation of ion pairs, while the cation
affects the m-m interactions and van der Waals forces'” '7°. Additionally, ILs facilitate the
selective extraction and separation of dyes from aqueous solutions due to their affinity for
specific types of dyes, making them suitable for environmental clean-up and textile wastewater
treatment!”’"!7°, These interactions can be more than physical; ILs can occasionally form
chemical bonds or engage in ion-exchange reactions with dyes, resulting in modified reactivity
or photophysical characteristics. The application of ILs in dye chemistry also opens
opportunities for the development of task-specific ILs that can improve dye performance in
various industrial applications like printing inks, electrochemical sensors, and catalysis.
Furthermore, researchers have utilized computational methods and spectroscopic techniques
such as UV-Vis, FTIR, NMR, and fluorescence spectroscopy to delve into these interactions,
providing insights into solvation dynamics, aggregation trends, and excited-state stabilization.
Consequently, the interaction between ionic liquids and dyes offers a flexible and adjustable
platform for enhancing dye applications across scientific and industrial fields, merging

principles of green chemistry with functional material design.
Aggregation of Surfactants:

The primary characteristic of surfactants and the surface-active ionic liquids (SAILs) is their

ability to self-aggregate in solution's": '8!

. To avoid unfavorable interactions with polar
solvents, the hydrophobic regions of surfactants can create favorable interactions among
themselves in the bulk phase. This leads to the establishment of structures where the
hydrophobic tails (Figure 19A) come together to form an oil-like core while the hydrophilic
heads remain exposed to the polar surroundings. Micelles represent a specific form of
surfactant self-assembly, which can vary in size (Figure 19B). The concentration at which
micelles begin to form is referred to as the Critical Micelle Concentration (CMC). In the

micellization process, there is a dynamic equilibrium between free surfactant molecules and

micelles!®?.

Micelles fall into the category of colloidal dimensions.'®* Despite facing severe criticism from
a group of scientists at a Royal Society meeting in London at the time, it was later validated by
scientific research that surfactants can effectively aggregate in solution, as evidenced by their
exceptional detergent properties, which enable them to dissolve dirt by reaching its

hydrophobic core effortlessly. Additionally, electrostatic and van der Waals forces play crucial
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roles in the formation of ionic surfactants, as they bind counterions to the oppositely charged
heads of micelles, thereby neutralizing the charge and inducing repulsion between the head
groups'®*. The primary driving force behind the formation of micelles is hydrophobic
interactions among the tails. The micellization process is significantly affected by a positive
contribution to entropy, as the increase in entropy from the free water molecules that were once
"trapped" within the solvation cage around surfactant monomers due to hydrogen bonding
surpasses the entropy lost from the aggregation of surfactant monomers. Essentially, the term
CMC refers to a range of surfactant concentrations rather than an exact concentration, which
is described as "inexact" yet "convenient." Micelles can take on various shapes that depend on

the surfactant makeup and the microenvironments.

In a solution where a non-polar solvent (like alkanes, haloalkanes, aromatic solvents, etc.)
predominates over polar solvents, reverse micelles can form in a manner akin to water droplets
in an oil system'®. Surfactants aid in stabilizing the components of the solution while the
amphiphiles aggregate. This method has led to the creation of a type of microemulsion. In a
reverse micelle (Figure 19C), the hydrophobic parts are oriented outward towards the non-polar
solvents. In contrast, the polar head groups are oriented towards the inner micellar core, known
as the "Water pool," surrounding the water molecules. Reverse micelles are at the nanoscale,
and increasing the amount of water in a solution will lead to larger micelles. These reverse

micelle water pools are utilized for solubilizing proteins and in the production of nanomaterials.

Free Monomer Micelle Reverse Micelle
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Figure 19. Aggregates of surfactants in solution: (A) free monomer, (B) normal

micelle (spherical structure), (C) reverse micelle.
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Determination of CMC:

The primary feature of surfactants is their CMC values. Literature provides various quantitative
methods for calculating CMC. For instance, Mukerjee and Mysels identified 71 possible

methods through their literature review!'s®

and have critically evaluated each one. The
appropriate method will depend on multiple factors, including the preferences of the researcher,
the available instruments, and the intended application of the methodology. Techniques such
as conductometry, tensiometry, viscometry, vapor pressure osmometry, turbidimetry, light
scattering, fluorimetry (including steady state, steady state anisotropy, and time-resolved
fluorimetry), calorimetry, spectrophotometry, and magnetic resonance can all be utilized to
determine CMC. Among these, conductometry, fluorimetry, and tensiometry are the most
commonly used methods. Conductometry is restricted to ionic surfactants. Various methods are

employed to assess the physical properties of surfactants in solution, and changes in surfactant

concentration lead to different characteristics in the resulting plots in distinct ways.

Each physical property shows distinct breaks known as CMC, which are indicated by the dotted
white line. Since CMC can vary based on the method used, it is important to note that it
represents not just a single point but a narrow range, shown by a second bracket with a short
bar. After the CMC, large assemblies are clearly evidenced by a notable rise in scattering
radiation beyond the CMC as measured by the light scattering technique, since this scattering
effect relies on the size of the scattering units present in the solution. Following an investigation
into the self-diffusion of monomers, post-CMC through nuclear magnetic resonance (NMR)
analysis, another important demonstration of the density of surfactant monomers within

micelles has been established.
Micellar characteristics:
Structures, Shapes, Microenvironment, and properties of micelles:

In 1936, Hartley proposed the fascinating notion that micelles predominantly adopt a spherical
configuration'®”. This viewpoint is consistent with the core principles introduced by McBain
in 1920. Hartley suggested that these spherical micelles are composed of roughly 50 to 100
monomers, which aggregate within a relatively limited concentration range. The total diameter
of these clusters of monomers is estimated to be approximately double the length of the
hydrocarbon chains that make up their structure. Inside micelles, the core is mainly
hydrophobic, effectively protecting water-soluble components from the surrounding aqueous

environment. The hydrophilic head groups of the surfactants interact with counterions, forming
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a barrier that inhibits these head groups from getting too close to each other due to their
repelling like charges. This ionic surfactant system exhibits several characteristics that are well
aligned with Hartley’s classical micelle model'®®. Tonic micelles create an electrical double
layer because of their intrinsic surface charge and zeta potential, allowing them to display
electrophoresis when placed in an electric field. The head groups of ionic micelles, along with
oppositely charged counterions, create a "Stern layer" through electrostatic interactions.
Surrounding this stern layer is the "Gouy Chapman layer," which establishes a diffuse boundary
around the stern layer. Collectively, these layers are capable of releasing free monomers,
counterions, and water molecules, which further aid in the solvation of micelles through ion-
dipole interactions. The expression "electrical double layer" includes both the "Stern layer" and
the "Gouy Chapman layer," as shown in Figure 20. The hydrophobic core of the micelle lies

within the stern layer. The kinetic characteristics of micelles comprise both the core and the

stern layer.
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Figure 20. Schematic representation of ionic micelles demonstrating counterion binding,
charge neutralization, micellar core, and electrical double layer, assuming spherical symmetry

of the micelle.

The diffuse layer, commonly referred to as the Gouy Chapman layer, functions as a boundary
or slipping plane that can adjust in accordance with the movement of the micelle in solution.
The zeta potential (p), a metric frequently used to assess the stability of colloidal dispersions,

represents the potential at the slipping plane, as depicted in Figure 20. A micellar solution is
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deemed stable when the absolute value of the zeta potential surpasses + 30 mV'*°. For non-
ionic micelles, several water molecules can infiltrate the core through hydrogen bonding
interactions with polyethylene oxide groups located near the micelles’ head groups, an area
known as the palisade layer. Recent scientific developments have offered a more refined and
complex understanding of micelles, expanding upon Hartley’s original idea. Consequently, it
has become evident that micelles are not static structures; instead, they are dynamic entities
where molecules can rapidly shift between the solution phase and the micelle phase. When
using high-resolution imaging methods, or when the molecular motion is captured in a frozen
state, micelles appear as irregular molecular clusters instead of smooth, perfectly uniform
shapes. Hartley’s straightforward "two-state" spherical micellar model has faced criticism for
its inadequacy in effectively explaining various experimental results. In investigating the
solubilization of non-polar compounds within micelles, Menger presented a notably different
molecular model known as the "porous cluster" model. This model indicates that water
molecules can penetrate into the micelle up to a certain limit: generally about 3 to 4 methylene
carbon atoms past the head group suggest that the micellar core is comparatively small and
more accessible than previously thought, as demonstrated by NMR and fluorescence studies.
Additional structural variations of micelles have been suggested, such as Debye’s rod-like

micelle'?

, spherical bilayers or vesicles, worm-like formations, ellipsoidal shapes, disk-like or
cylindrical structures, and the lamellar configuration described by Philippoff'®!. To distinguish
among the varied supramolecular assemblies that form in solution, Israelachvili and colleagues
introduced the packing parameter concept'®’. The amphiphile packing parameter (P) for
micelles can be computed using a specific equation, offering insights into the micellar structure

and behavior.

p=—" 1)

Amin X ¢

Ic is the maximum effective length of a hydrophobic chain of an amphiphile (hm), and v is the
volume of the hydrophobic chain (nm®), assuming it is incompressible. Amm is the headgroup's
surface area (nm?molecule) at the micellar-solution interface. Tanford's formula is used to
determine the effective length and volume of the hydrophobic chain in pure amphiphiles. N¢

denotes the number of carbon atoms in the hydrophobic chain.

le < Lnax =(0.154+0.126 nc) nmand v = (0.0274 + 0.0269n,) nm? 2

where Lnax is the maximum length of the monomer chain.

Packing parameter values for different aggregates are tabulated as follows:
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Aggregates P

Micelles <1/3
Non-spherical aggregates 1/3<P <%
Bilayers and vesicles 1/2<P<1
Inverted aggregates >1

Some aggregated molecular geometries are shown in Figure 21.

A B C

Figure 21. Schematic representation of geometrical forms of aggregates. A: spherical

micelle; B: lamellar or bilayer arrangement; C: rodlike micelle.

Recent technological advancements have greatly improved our capacity to collect experimental
data and visual proof concerning different types of micelles®3, By representing micelles as
spherical structures and considering their size distribution, the dynamic light scattering (DLS)
method enables us to examine micellar properties such as the average hydrodynamic diameter
and diffusivity. This technique provides direct insights into micelle behavior, although it does
not disclose their exact structural forms. Alongside DLS, various other advanced techniques
can be utilized to investigate micellar properties. Static light scattering (SLS), small angle
neutron scattering (SANS), small angle X-ray scattering (SAXS), cryo-transmission electron
microscopy (cryo-TEM), and atomic force microscopy (AFM) are all effective tools for
estimating the dimensions and shapes of micelles. Among these methods, cryo-TEM is unique
in its ability to differentiate between linear and branched micelles. Notably, the shape of
micelles can undergo significant changes when exposed to different inorganic and organic salts.
For example, sodium dodecyl sulfate micelles can shift from spherical to cylindrical forms

when placed in concentrated sodium chloride solutions. Similarly, in case of micelles created
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from sodium alkylbenzenesulfonate, transition is possible from spherical to cylindrical shapes,
and at higher salt concentrations, they may further evolve into multilamellar vesicles.
Additionally, micelles of cetyl trimethyl ammonium bromide and cetyl pyridinium chloride
can transform into wormlike structures, illustrating the adaptable nature of micellar

configurations influenced by their surroundings.
Aggregation number:

The aggregation number (n) refers to the total number of molecules that come together during
the formation of micelles. Debye proposed a traditional method to determine the aggregation
number that involved measuring elastic light scattering.!®* This involved assessing the intensity
of scattered light at various angles, both below and above the CMC, to ascertain the average
aggregation number as well as the molecular weight (MW) of the aggregates. Another method
for measuring the aggregation number and hydrodynamic diameter is laser light scattering.®
A significant technique that remains widely utilized today is the fluorescence quenching of a
fluorescent probe by a hydrophobic quencher. The arrangement of the probe and quencher
within micelles adheres to Poisson statistics; considering a probe located inside a micelle that
is primarily quenched by a given quencher. Surfactant solutions were created above their CMC,
maintaining fixed probe concentrations in both the quencher and the micellar solution. The
ratios of [probe] to [micelles] and [quencher] to [micelles] were kept low enough to ensure
Poisson distribution. Both the probe and the quencher should be selected to ensure that they
reside either within the micellar cores or at their surfaces. The fluorescence technique employs
probes to not only interact with the micellar system, yielding insights into the aggregation level,
but also to assess the polarity of the micellar core, its surrounding environment, and the
relationship between substrate and micelle interactions. Pyrene, anthracene sulphonate,
safranine-T, fluorescein, and similar probes are commonly used to evaluate the mean
aggregation number, while quenchers like cetylpyridinium chloride, dodecyl pyridinium
chloride, thiourea, and inorganic complexes of Ru?*, Cu?*, and Ni** have been employed as
well. The mean aggregation number can be calculated using both steady-state and time-
resolved fluorescence methods'%, depending on whether the quenching mechanism is static or

dynamic.
Static quenching:

This quenching occurs due to the formation of a non-fluorescent ground-state complex between

the fluorophore and quencher. Because the complex does not absorb at the emission
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wavelength, the apparent fluorescence decreases. The Stern—Volmer relation for static

guenching®’ is:

=1+ K,[0] (3)

where Fo and F are the fluorescence intensities of the probe in the absence and in the presence
of quencher molecules, respectively; K, is the association constant between the fluorophore
and the quencher complex, and [Q] is the concentration of the quencher (surfactant).

Characteristics of Static Quenching:

» Temperature dependence: The efficiency of quenching decreases with temperature as the
complex dissociates.

* Lifetime change: The fluorescence lifetime remains unchanged since the complex does not
fluoresce.

* Changes in the absorption spectrum occur due to new ground-state species.

The static quenching method is frequently used (in which it is presumed that an increase in
quencher concentration may reduce the emission of the probe located on the micelle, without
affecting its lifetime), employing the following relation.

mE n[Q] ()
Fy [Surfactant] — CMC

Where F and Fo represent the fluorescence intensities with and without the quencher.
[Surfactant] denotes the total surfactant concentration, [Q] indicates the quencher
concentration, and n refers to the average aggregation number at the CMC. A plot of In (F/Fo)

against [Q] easily provides the value of n from the slope.
Dynamic (Collisional) Quenching

Dynamic quenching happens when an excited fluorophore loses energy non-radiatively
through interactions with a quencher molecule during its excited state. The likelihood of
quenching is related to the frequency of these encounters, which in turn depends on factors

such as diffusion rates, the concentration of the quencher, and temperature.

The Stern—Volmer equation for dynamic quenching is:

% =1+ K, [Q], where Ksv = Kq 10 )
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here, Fo and F are the fluorescence intensities of the probe in the absence and presence of
quencher molecules, respectively; Ksy is the Stern-Volmer quenching constant, Kq is the
bimolecular quenching rate constant, 1o indicates lifetime of the fluorophore in the absence of

the quencher and [Q] is the concentration of the quencher (surfactant).
Characteristics of Dynamic Quenching:

e Temperature dependence: Quenching efficiency increases with temperature (faster

diffusion).
o Lifetime change: Both fluorescence intensity and lifetime decrease proportionally.

e No change in absorption spectrum (no ground-state complex formation).

% vs. [Q] has been plotted, and a graph showing a curved pattern with upward curvature. This

leads to the inference of a simultaneous static and dynamic quenching, and the modified Stern-

Volmer equation'®® has been introduced for those systems. The equation is as follows,

Fo—F

log( ; ) = logK + nlog[surfactant] (6)
where Fo and F are the fluorescence intensities in the absence and presence of quencher,

respectively, K is the binding constant, and n stands for the binding site.

) vs. [surfactant], a straight line is obtained. The value of

However, in the plotting of log (FO;F

the binding constant and the binding site have been calculated accordingly.

When quenching occurs in a dynamic manner, it means that the lifetime of a probe is affected
by an increase in the concentration of a quencher, which coincides with a noticeable decrease
in fluorescence intensity. In this context, the previously mentioned equation yields an
inaccurate representation of amalgamation number values. This discrepancy is particularly
evident in systems characterized by relatively high microviscosity and lower aggregation
numbers. In such cases, the mean aggregation number determined through steady-state
measurements is observed to be lower than predictions made using time-resolved techniques.

Furthermore, the behavior of a probe that is free and not associated with the micelles contrasts
sharply with that of a micelle-soluble probe when an "immobile" quencher is present. The
fluorescence decay curve for the micelle-soluble probe displays a distinctly different pattern

compared to the free probe. For this fluorescence decay curve in the presence of a quencher, a
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specific equation can be employed, tailored to capture the unique dynamics at play in this
scenario.

I= Io{—t/to—R[1—exp(—kqt)]}c (7

ltand lo are the fluorescence intensities at time t and zero, respectively. ko is the
first-order quenching rate constant. o is the lifetime of a probe in the absence of a

quencher. R can be written as,

[Micelle]

[Micelle] is the concentration of micelles. R values are adjusted close to 1 and not exceeded by
2 for theoretical consideration. Taking the value of R, the average aggregation number (n) can

be calculated at a particular quencher concentration [ Q] using the following relation:

([Surf]—-cMC)
n =R BT 9)

The light scattering experiment tends to provide an inflated estimate of the mass and,
consequently, the volume of micelles due to the effects of solvation and the binding of counter-
ions to the micelles themselves. To accurately assess the extent of solvation and counter-ion
binding, a comparative analysis of light scattering and fluorescence studies can be quite
effective. Furthermore, a variety of internal and external factors can significantly impact both

the size and dispersity of micelles, contributing to the complexity of their characterization.
Internal factors:

A homologous series of surfactants characterized by longer hydrocarbon chains exhibits an
increasing trend in their aggregation numbers. Recent research indicates that for each carbon
atom that is transformed into an alkyl group, the micelle aggregation number increases linearly,
typically by approximately 16 monomers for each micelle formed. In contrast, a decrease in
the hydrophilicity of the head group—manifested through a greater degree of ion binding or a

reduction in the length of the polyoxyethylene group—Ileads to a rise in the aggregation number
(n).

Tanford's studies have projected that for spherical and ellipsoid micellar structures within a
specific ellipticity range, the micellar aggregation number reaches its peak for a given alkyne

chain length!®3,

At a temperature of 298.15 K in an aqueous solution, it has been observed that when the spacer
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length of gemini surfactants is increased from 2 to 12, the aggregation number dramatically
decreases from about 48 to just 11. This indicates that increasing the effective size of the head
group—particularly when head groups are relatively bulky—contributes to a reduction in the

aggregation number®°,

Interestingly, bile salt micelles tend to aggregate at lower aggregation numbers, typically
ranging from 4 to 10%% 201, Meanwhile, cationic surfactants in an aqueous environment

demonstrate a broader range of aggregation numbers?°?, falling between 20 and 100.
External factors:

The aggregation number of surfactant micelles tends to decrease as the salinity of the
surrounding medium increases. Interestingly, however, when the concentration of salt is
elevated or the pH level is increased, the micellar aggregation number becomes greater than
what is observed in pure aqueous solutions?®®. This phenomenon occurs because these specific
conditions help to screen the electrostatic repulsion between the head group charges of
surfactant monomers, particularly those located in the stern layer. When examining the impact
of temperature on ionic surfactants, we find that their aggregation numbers experience minimal
reduction. In contrast, for non-ionic surfactants, an intriguing behavior known as the “cloud
point” phenomenon takes place, leading to a significant rise in their aggregation numbers as
temperature changes. Additionally, the size of micelles tends to increase when small amounts
of poorly soluble, non-amphiphilic organic compounds are introduced into the system.
However, this increase in size is likely more attributable to the process of solubilization rather
than an actual rise in the number of surfactant molecules incorporated within the micelle

structure.

Degree of counterion binding: The key constituents of micelles are counterions, which play a
critical role in the structure of the micelles' stern layer?®* 2%, The behavior of the electrical
double layer and the calculation of thermodynamic parameters related to the micellization
process are significantly influenced by the extent of counterion binding. This degree of binding
can fluctuate anywhere from 20% to 80%, depending on various factors, such as, the type of
amphiphiles used, the characteristics of the solution media, and the presence of various
additives?®. To quantify counterion binding, several methods can be employed with

conductometry being the most prevalent technique.

At lower concentrations of surfactants, both free surfactant monomers and counterions

contribute to the overall specific conductance—a measure of how well the solution conducts
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electricity. As the concentration of surfactants increases, the specific conductance also rises

consistently.

However, once micellization occurs, a notable shift takes place. Some counterions begin to
associate with the newly formed micelles, increasing their size and decreasing their mobility.
This process results in a reduced number of free monomers and unbound counterions remaining
in the solution, which is the primary factor that affects specific conductance values.
Consequently, these values become offset, reflecting the presence of bound counterions in the
micelles. The conductometric behavior reveals two distinct slopes (labeled S; and S,) of
varying magnitudes, representing different phases of the surfactant behavior in the solution.
These slopes can be utilized in a straightforward mathematical relationship to effectively
determine the degree of dissociation (P), offering valuable insights into the micellization

process and its thermodynamics.

The degree of dissociation (3) can be calculated by using the following equation,

B=3 (10)

$1
where S; and S; are the post-micellar and pre-micellar slopes, respectively.
The Gibbs free energy (AG) can be determined by using the equation®’’
AG = (2—[F)RT InCMC (11)

where R and T are the universal gas constant and temperature in the Kelvin scale, the binding

constant (K) has been determined by using the following formula.
AG=-RTInK (12)

Despite some assumptions, this method works quite well, and the allowable error range (about 2-

3%) covers the uncertainty of the degree of counterion binding.
Thermodynamics of micellization

Micellization is a process that is significantly influenced by various thermodynamic factors.
During micellization, the so-called iceberg structure formed between surfactant monomers and
the surrounding aqueous environment disintegrates, leading to an increase in entropy. However,
two primary models have been utilized to describe micellization: [i] the mass action model**®

and [ii] the phase separation model*”’, also known as the pseudo-phase model.
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In the mass action model, after reaching the CMC, the monomers and micelles behave
independently with regard to any further increase in monomer concentration and vice versa, as

illustrated by the following equilibrium
nS <Sor M (13)

For a non-ionic surfactant, S, Sy, n, and Ky denote surfactant monomers, micelles, aggregation

number, and equilibrium micellization constant, respectively.

In the case of ionic surfactants, studying micellization reveals a new equilibrium that

incorporates both the charges and the counterions:
nS++ mZ+ KM (SnZm):(n—m) or M+(n—m) (14)

for an ionic surfactant, where Z+ and m denote counterions and the number of counterions

attached to the micelle in the above equilibrium process.

Consequently, it can be expressed in the following manner for nonionic substances, while

disregarding the impact of activity coefficients,

Ky-am_cu (15)

where a is the activity coefficient and C is the concentration.
For ionic surfactants,

:ali\:l(n—m) _ Cﬁ(n—m)

Ku (16)

afzall T CRLCTY
In the case of nonionic surfactants, we can express the standard Gibbs free energy of
micellization using the following relationship:

AGy°=—RTIn Ky=—RTIn Cy+nRTInCs (17)

The standard Gibbs free energy change of micellization per monomeric unit (n) can be

expressed as:

0
=M = AGpic =—"InCy +RTInCs (18)

At CMC, the percentage of monomers forms micelles, which are very small. Hence, the eq. 18

can be approximated as:
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AGY = RTInCs = RTIn CMC (19)

For ionic surfactants,
AGY = —RTInKy = —RTInCE™™ 4 nRTInCF + mRTInC} (20)

Therefore, it can be written as standard Gibbs free energy change per monomeric unit in the

following form:

AGYy
n

= AGpie = == InC™™ + RTInC§ + ZRTInC; 1)

Again, as the percentage of monomers is very small and usually n is large, the eq. 18 is

transformed as

AGpic = RTInC§ + = RTIn Cy (22)
For normal ionizable surfactants, it can be written as

Ci=Cf (23)
Therefore, at CMC,

€5 = CF=CMC (24)
So that, AGS - (1+2)RTINCMC = (1 + g)RTICMC (25)
where g is the fraction or degree of counterion binding.

If g = 0, there is no counterion binding in the case of a non-ionic surfactant.
Therefore, the equations become,

AGY;. = RT InCMC (26)

On the other hand, if 100% counterion binding is found, then, g= 1 and the equation becomes

AGY,. = 2RT InCMC (27)

The previously mentioned relationship operates under the assumption of a constant aggregation
number (n) along with several established approximations. The pseudophase model points that
micelles, which are clusters of surfactant molecules, form a distinct phase when the
concentration of surfactants reaches or exceeds the CMC. In this state, the concentration of free

monomers in solution remains unchanged, even as micelles coexist.
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According to the pseudophase model, we can express the following equilibrium that illustrates

the phase equilibrium involved:
Monomer < Micelle (pseudophase)

This equilibrium highlights the dynamic between individual surfactant molecules and the

micelles they form, particularly in conditions that meet or surpass the CMC threshold.

At a constant temperature, the chemical potential of free surfactant monomers (us) in solution

is equal to the chemical potential of surfactant monomers in the pseudo micellar phase

(usmicelle),

Thus, for a nonionic surfactant, ug = uMcee or u,, (28)
The equation can be written for a non-ionic surfactant,

u + RTInag, = u + RT Ina,, (29)

Or, AGY, = ud — u = RTInag, =~ RT InCMC (30)
Since am (activity of micelle, considering it as a separate pure phase or pseudo phase) = 1,

In the case of an ionic surfactant,

uE + T uf = ud (31)

n
aS, Au'S = l’lm

Therefore, the equation will be transformed into

pdy + RT lnaf +% RTInaf = ud, + RT Ina}, (32)
or, [l — (o + %ugi)] =RT Inat + % RT Inaf — RT ln a3, (33)
Hence, AGY, = RT Inaf + % RT Inaf — RT Ina®, (34)
Science, af, =1,AGH, = RT Inaf + = RTInaf = (1+ =) RT InCMC (35)
Or,AGY = (14 g) RT InCMC (36)

t(n-m),
m 5

In the equations [33] to [35], uZ is actually u the factor (n-m) has been neglected for

simplicity.
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The same equation for AG), is obtained from the pseudophase model like that from mass action
model. us" and un’ are the standard chemical potentials of monomer and micelle respectively,
and, asand aum are the activities for the same respectively. Here, it is noted that, for the above
two methods, the equilibrium concentration of free monomer (Cs) is considered to be

equivalent to CMC.

In the case of the mass action model, including the contribution of aggregation number (n),
standard Gibbs free energy of micellization (AGmi") and standard enthalpy of micellization

(AHnic°) can be expressed by,

AGSc = (1+9) RT In Xeye + = In [2n(n +m)] (37)
d[() in{2
And, AHS; = —RT?[(1+ ) 225ME 4 iy, 90 4 TR (38)

CMC has been expressed in mole fraction (Xcmc) unit in the above two equations. Here, g is
the number of counterions binding, and n is the aggregation number. Usually, the second and
third terms of equations [37] and [38] are small. In the pseudophase model, the terms can be

conceptually avoided.

Thus, for ionic micelles,

AHS = —RT? [(1+ g) = 4 In Xeye o (39)
and for nonionic micelles,
AHS,;, = RT? ZCue (40)

Entropy of micellization (ASmic’) can be calculated from the Gibbs-Helmholtz equation,

0  _ Ap0 .
ASo — AHmic AGmlc (41)

mic T

The CMC should be assessed at various temperatures to determine AHpmi® and ASmi” using
equations 38 to 41, depending on the specific system. Typically, ASm:” values are positive. The
negative entropy contributions from the amphiphilic association in micelles or the solvation of
monomers are outweighed by the disruption of the hydration shell surrounding the monomers,

causing their incorporation into micelles, which ultimately increases overall entropy.

It is important to note that for the calculation of thermodynamic parameters, CMC should be

expressed in mole fraction units (as previously mentioned). The van’t Hoff method is utilized
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for calculating the standard enthalpy of micellization (AHmi") by measuring CMC values at
various temperatures using equation 38. With the isothermal titration calorimetry (ITC)
technique, both CMC and AHmi” can be measured directly. The enthalpy values obtained
through the calorimetry method provide precise measurements with a high level of accuracy.
Enthalpies derived from the van’t Hoff method (by measuring CMC at different temperatures)
usually differ from those obtained directly, particularly for ionic surfactants. Neither the mass
action model nor the pseudophase model for surfactant micellization is entirely accurate. Both
models assume that the equilibrium free monomer concentration during the micellization
process equals to CMC. It is also a common assumption that the aggregation number and the
extent of counterion binding remain independent of temperature, or at least consistent within
the 25 °C temperature range studied. Despite these limitations, these two models are the most

straightforward methods for determining thermodynamic properties.

In addition to the two previously discussed models, there exists a diverse array of alternative
approaches in the field of thermodynamics as applied to small systems. One notable
contribution comes from Hill, who developed a comprehensive thermodynamic model
specifically designed for small-scale systems?!®. This model was later adapted by Hall and
Pethica for applications involving nonionized and noninteracting systems, enhancing its
relevance and utility. Expanding on this foundation, Hall has provided an extensive
examination of a multicomponent system characterized by interacting aggregates. This work
delves into the complexities of how different components within a system interact, thereby
influencing the overall thermodynamic behavior. Another significant approach was introduced
by Corkill and his colleagues, who proposed a distinct thermodynamic strategy tailored
specifically for non-ionic surfactant systems?!!:2!2, Their work adds valuable insights into the
behavior of surfactants, which play a crucial role in various industrial and biological processes.
Tanford introduced a compelling concept regarding the formation of micelles, focusing on the
structural aspects that govern micelle production'® 213, His ideas laid the groundwork for
further exploration into the geometric parameters’'* influencing micellar behavior. This
geometrical approach was subsequently expanded upon by the research of Israelachvili and his
colleagues, who provided deeper insights into the molecular interactions at play*'> 21°,
Ruckenstein and Nagarajan further built upon these findings, investigating the nuanced effects

of micelle structure and behavior in greater detail'®!-2!7,

Despite the advancements in understanding thermodynamic parameters associated with

micellization and surfactant behavior, accurately determining these parameters remains a
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challenge. This difficulty arises from a variety of factors that complicate the analysis, including
fluctuations in aggregation number, variations in micellar shape and size, counterion
condensation effects, changes in micellar solvation driven by temperature shifts, and other
environmental influences. Given the complexity and importance of these factors, it is clear that
this area of study warrants further research to refine our understanding and improve the

precision of thermodynamic measurements in these systems.
Scope and objective of the present work

The studies examine the complex interactions between various dyes and surfactants or surface-
active ionic liquids (SAILs) in aqueous media. The aim is to understand their aggregation
behavior, spectroscopic responses, micellization mechanisms, and potential applications in
fields such as drug delivery, medicinal photosensitization, material fabrication, and wastewater
treatment. Each study focuses on a different dye and investigates its interactions with
surfactants of varying charge characteristics. A combination of experimental techniques—such
as UV-visible spectroscopy, fluorescence spectroscopy, time-correlated single-photon counting
(TCSPC), dynamic light scattering (DLS), zeta potential measurement, and density functional
theory (DFT) -calculations—is employed to provide a comprehensive molecular-level

understanding of dye-surfactant or dye-SAIL interactions.

Acridine red (AR), a cationic azo dye with unique photophysical properties, is used with three
amphiphilic systems: anionic sodium dodecyl sulfate (SDS), which is a conventional
surfactant, and two surface-active ionic liquids (SAILs), BMImOS (an ionic liquid with an
imidazolium cation and an octyl sulfate tail) and BMImBr (an imidazolium-based ionic liquid
without a hydrophobic tail). The main objective is to compare the aggregation behavior and
solubilization efficiency of a traditional surfactant (SDS) with those of SAILs. The study
investigates how the presence or absence of hydrophobic components in these amphiphiles
influences the micellization process and the encapsulation of the dye. The findings indicate that
BMImOS exhibits superior solubilizing power due to its imidazolium cation and hydrophobic
tail, which reduce repulsion between head groups and promote the incorporation of AR, even
at concentrations below the CMC. This conclusion is supported by shifts in absorption and
fluorescence spectra, increased lifetime measurements obtained from TCSPC, and changes in
anisotropy values. In contrast, BMImBr, which lacks a hydrophobic chain, does not effectively
solubilize AR and instead forms only salt-like ion pairs. Density functional theory (DFT) and
time-dependent DFT (TDDFT) calculations further validate the observed phenomena, showing
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favorable overlap between the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) and indicating electrostatic charge transfer interactions.
Overall, the study demonstrates that SAILs have enhanced capabilities compared to
conventional surfactants in encapsulating dyes and altering their spectral properties, with

potential applications in photosensitization, drug delivery, and advanced material fabrication.

Eosin Y (EY), an anionic dye, interacts with the four surfactants: CTAC (cationic), SLAS and
NaDC (anionic), and a newly synthesized zwitterionic surfactant, C;12DmCB. The primary
objective is to investigate how the charge of the surfactant head group influences the
solubilization, spectral behavior, and stabilization of EY within micellar media. Spectroscopic
analyses indicate that the zwitterionic surfactant C;2DmCB demonstrates the highest
interaction efficiency with EY. This is evidenced by significant bathochromic shifts, an
increased average fluorescence lifetime, higher anisotropy, and reduced particle size and zeta
potential. The cationic surfactant CTAC also shows favorable interactions with EY, facilitated
by electrostatic attraction that allows EY to incorporate into micelles. In contrast, both SLAS
and NaDC, which have a similar charge to EY, exhibit poor solubilizing ability due to
electrostatic repulsion, resulting in minimal spectral changes. This study highlights the unique
advantages of zwitterionic surfactants in stabilizing oppositely charged dye molecules, while
avoiding the environmental and toxicity issues often linked to cationic systems. The DFT-
optimized structures and energy gaps further support the experimental findings, suggesting that
the EY-C12DmCB complex has superior thermodynamic stability. Ultimately, the study aims to
demonstrate the superior role of zwitterionic surfactants in dye stabilization, which has
important implications for analytical chemistry, bioimaging, dye delivery, and wastewater

remediation.

Again, the interaction between Phloxine B (PhB), an anionic xanthene dye with significant
biomedical and industrial applications, and three different surfactants: cationic CTAC, anionic
SDS, and zwitterionic C12DmCB has been investigated. Utilizing a multi-technique approach,
the research demonstrates that C;xDmCB exhibits superior solubilization capabilities for PhB
compared to CTAC and SDS. Unlike SDS, which shows minimal interaction due to
electrostatic repulsion, C12DmCB facilitates the intercalation of PhB into its stern layer at
concentrations exceeding the CMC. This is evidenced by increased spectral shifts, longer
fluorescence lifetimes and anisotropies, larger micellar sizes, and reduced zeta potentials. The
zwitterionic surfactant's combination of positive and negative charge centres minimizes

intramolecular repulsion, allowing more monomers to participate in micelle formation.
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Conversely, CTAC demonstrates a moderate binding affinity, while SDS is the least interactive
due to charge repulsion and a lack of favorable binding sites. DFT results support these
findings, revealing the lowest energy gaps in the PhB-C12DmCB system, which confirms its
higher stability. The aim of this work is to illustrate how charge distribution and micellar size
influence dye solubilization and the stability of micelle-dye interactions. This study is one of
the first to report such interactions involving a zwitterionic surfactant, with significant
implications for biomedical dye delivery, colorant stabilization in food and drugs, and

photosensitization.

Moreover, the investigative study of methylene blue (MB), a commonly used cationic
phenothiazine dye, and its interactions with two conventional cationic surfactants—CTAB and
CTAT—as well as a surface-active ionic liquid (BMImOS) is performed. Even though MB and
these surfactants share the same charge polarity, notable differences in solubilization behavior
arise due to the effects of counterions and the properties of the micellar environment. CTAT,
which contains a bulky tosylate anion, creates strong ion-pair interactions with MB. This
interaction delays micellization but enhances overall binding affinity. In contrast, CTAB, which
has smaller bromide ions, demonstrates a lower affinity for MB. Although BMImOS is less
interactive overall, it allows MB to partially embed within its micellar stern layer due to
electrostatic interactions with its octyl sulfate tail. Spectral analysis indicates no significant
bathochromic shifts in the CTAB and CTAT systems, but it suggests partial encapsulation in
the BMImOS micelles. This conclusion is supported by zeta potential and anisotropy studies.
Observations from conductometric titration and steady-state fluorescence provide binding
constants and Gibbs free energy metrics that further corroborate these findings. DFT
calculations reveal that the MB-CTAT complex is the most stable configuration, with the
Highest Occupied Molecular Orbital (HOMO) localized on the counterion and the Lowest
Unoccupied Molecular Orbital (LUMO) on MB, indicating a potential charge transfer
interaction. The objective of this research is to uncover how systems with similar charges can
still exhibit favorable interactions through counterion-dye affinities, highlighting aspects, such
as, micellization delay, dye partitioning, and thermodynamic stability. These insights could be

valuable in designing dye delivery systems where charge matching is necessary.

Collectively, these studies systematically explore dye-surfactant and dye-surface-active ionic
liquid (SAIL) interactions across various amphiphilic systems. Through detailed experimental
and theoretical characterization, they demonstrate how micellar polarity, surfactant head group

charge, hydrophobic chain length, and counterion size influence dye solubilization, aggregation
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behavior, and spectral modifications. The findings not only enhance our fundamental
understanding of micelle-dye interactions, but also pave the way for the strategic design of
more efficient micellar systems for industrial and biomedical applications. Notably, SAILs and
zwitterionic surfactants have emerged as superior alternatives to traditional surfactants,
offering better solubilization, reduced environmental toxicity, and greater structural tunability.
The incorporation of DFT and Time-Dependent DFT (TDDFT) studies into these four works
provides molecular-level insights that reinforce the experimental observations, creating a
predictive framework for the design of future dye-surfactant systems. The results are set to
impact a wide range of fields, including drug delivery, biosensing, material science, solar
energy harvesting, wastewater treatment, and photodynamic therapy. In summary, these studies
significantly enhance our understanding of how amphiphilic systems interact with dyes,
whether they are similarly charged or oppositely charged, and they offer a blueprint for
developing intelligent, sustainable micellar systems tailored for specific applications across

chemistry, biology, and materials science.
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An inclusive comparison regarding aggregation of surface active
ionic liquid and conventional surfactant with a cationic dye
Acridine Red exposed in view of spectroscopic and theoretical

study

Abstract

The investigation was conducted on the interaction of acridine red (AR) with sodium dodecyl
sulfate (SDS) and 1-butyl-3-methyl imidazolium octyl sulfate (BMImOS) in both premicellar
and post micellar concentrations. The interaction between AR and room temperature ionic
liquid (RTIL) 1-butyl-3-methyl imidazolium bromide (BMImBr) was studied to understand the
effect of imidazolium cation on micellization. Spectroscopic experiments, such as UV-visible
absorption spectroscopy, steady-state fluorescence spectroscopy, time-resolved fluorescence
spectroscopy, and dynamic light scattering, have been introduced. Various important
parameters like spectral shifts, anisotropy, and aggregation number have been determined
spectroscopically. However, a fresh insight into density functional theory calculations has also
been provided. The observed results have been explained in terms of the aggregation behavior
of the amphiphiles. A prominent redshift accompanied by a change in intensity is observed in
the presence of surfactant and SAIL. However, in the case of BMImBTr, no such spectral shift
has been observed; only a decrease in spectral intensity highlights the quenching ability of the
imidazolium cation. Average lifetime also provides some additional information regarding the
difference in the formation of aggregates by SDS and BMImOS, which is further established
from particle size density obtained from DLS. The salt like role of 1-butyl-3-methyl
imidazolium cation also has been logically explained by anisotropy measurement and the
determination of aggregation number. Using Gauss View 5.0 and Gaussian 09 package, the

energy of optimization of each set of amphiphiles along with dye has been determined to follow
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the interaction at the molecular level. TDDFT calculations have also been performed to

determine the structure of HOMO and LUMO.

1. Introduction

In the past few decades, the interaction of ionic dye and ionic surfactants having the same or
opposite charges generated a significant amount of coverage and discussion due to its
widespread applications in various fields like textiles dying [1, 2], food [3-5], photography [6],
printing ink, hair coloring [7], sustainable wastewater treatment [8, 9], etc. Moreover, besides
those industrial applications, surfactant dye association is important in various analytical and
pharmaceutical fields like spectrophotometric determination of metal ions [10], biological
transportation [11], medicinal photosensitization [12, 13], etc. Surfactants are used in drug
delivery [14-16], food processing [17, 18], petroleum industries [19, 20], and traditional
household products like detergents [21]. Despite the above-mentioned usefulness, surfactants
are hazardous to the environment [22, 23]. In recent eras, room temperature ionic liquids
(RTILs) have had a promising future due to their unique physical properties such as low melting
point, negligible vapor pressure, high viscosity, thermal stability, inclusive electrochemical
window, and less toxic environmental effect [24-27]. The presence of these particular features
allows these solvents to be classified as green solvents. Ionic liquids with long alkyl chains are
surface active ionic liquids (SAILs), a combination of ionic liquid and a short-chain surfactant
moiety. SAILs have been used extensively in fuel [28, 29], nanoparticle synthesis [30, 31],
catalysis [32, 33], advanced material fabrication [34, 35], drug delivery [36, 37], polymerization
[38, 39], separation, and extraction processes [40, 41]. However, SAILs containing 1-alkyl-3-
methyl imidazolium cations have shown much prospect for academic and industrial purposes
[42]. This work utilizes sodium dodecyl sulfate (SDS) as a surfactant and 1-butyl-3-methyl
imidazolium octyl sulfate (BMImOS) as SAIL. SDS is an anionic surfactant that has been
studied extensively for its interaction with cationic dyes, such as methylene blue [43],
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rhodamine [44], and acridine orange [45], using spectrophotometry. It can solubilize and
encapsulate dyes, altering their spectral properties and physical behavior by forming micelles.
In aqueous media, BMImOS, having a polar head group is used to form micelles [46]. The
photophysical properties [47] and interaction of BMImOS with coumarin [48], Safranine T, and
Congo red [49] have been previously investigated. Furthermore, the literature reports the
aggregation behavior of BMImOS in mixed micellar systems [50] in both aqueous and organic
media. This work aims to compare conventional surfactants' aggregation behavior and similar
structures of SAILs. In this study, we have opted to use acridine red (AR) as a probe. AR is a
unique fluorescent, basic, cationic azo dye with distinct chemical properties that make it
suitable for various applications such as photocatalysis [51], inclusion, and complexation
behaviors of native and modified cyclodextrins [52, 53], and other modified supramolecular
systems like 2,4,6-triaryl pyridine-modified cyclodextrin [54]. It is also utilized as a probe to
improve the fluorescence intensity of nucleic acids [55]. However, the interaction of AR with
surface active agents is very much less reported [55]. We aim to find out the difference in
solubilization of AR in SDS and BMImOS aggregation, respectively. Moreover, BMImOS
contains an imidazolium ring in many biologically important molecules, such as the amino acid
histidine. To understand the role of imidazolium cation upon micellization, an RTIL, named 1-
butyl-3-methyl imidazolium bromide (BMImBr) has been introduced to interact with AR.
Several spectroscopic techniques like UV-visible spectroscopy, steady-state and time-resolved
fluorescence spectroscopy, and anisotropy measurement have been made to explore the nature
of the interaction, aggregation behaviour, and spectral changes in an aqueous medium.
Moreover, a DFT study has also been conducted to understand better the molecular and non-

covalent interactions at the molecular level.
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2. Experimental

2.1. Materials

Acridine red (AR) (purity > 99%), pyrene (purity > 98%), sodium dodecyl sulfate (purity >
98%), cetylpyridinium chloride (purity > 98%), 1-butyl-3-methyl imidazolium bromide
(purity> 97%), and 1-butyl-3-methyl imidazolium octyl sulfate (purity> 98%) were purchased
from Sigma Aldrich company. All chemicals were used without further purification. Double

distilled water was used to prepare all the solutions for the experiments.
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Figure 1. Structures of the materials used: (A) Acridine red, (B) Sodium dodecyl sulfate, (C)

1-butyl-3-methylimidazolium octyl sulfate and (D) 1-butyl-3-methylimidazolium bromide.
2.2. Preparation of Stock Solution

A 1.0 mM stock solution of acridine red (AR) has been prepared by taking of known weight of
the respective compound in water. The required experimental concentration of dye was

produced by diluting the stock solution. The concentrations of all the amphiphiles in the
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aqueous solution have been kept~15 times greater than their corresponding CMC. However,
CMC values of SDS [56] and BMImOs [48] are available in the literature, but the CMC of
BMImBr was not found there. Spectrofluorometric determination of CMC of BMImBr was
carried out before making the stock solution. All the solutions were sonicated properly to get

clear solutions.

2.3. UV visible spectral measurements

Absorbance was measured in a UV 1601 Shimadzu (Japan) spectrophotometer using a 10mm
path-length quartz cuvette. The spectra have been measured in 200-800nm wavelength range.
SuL stock solution of acridine red was added in 2mL of water taken in a cuvette so that the
concentration of dye solution became 0.0025mM. The AR concentration was deliberately kept
very low to avoid self-aggregation of dye molecules and reduce the van der Waals force of
attraction between the hydrophobic parts of neighbouring dye molecules. The gradual addition
of SDS, BMImOs, and BMImBr has been carried out in different sets using an aqueous solution
of AR to record the microenvironment's premicellar and post-micellar behaviour. The cell was
kept at a constant temperature (25+ 0.1) °C by circulating a water bath. All these experiments
are repeated twice to minimize errors.

2.4. Steady-state fluorescence study

Fluorescence spectra, emission intensity, and anisotropy measurements were done by Perkin
Elmer LS 55 fluorescence spectrophotometer attached with a Peltier facility at 298.15K with
an accuracy of +0.02K with a 10 mm path length quartz cuvette. A SuL stock solution of AR
was added to 2mL water in a cuvette to record fluorescence spectra. However, here, [AR] is

also 0.0025mM. Fluorometric titrations were carried out by gradual addition of SDS (0 to
~10mM) and BMIMOS (0 to~144mM) and BMImBr (0 to~14mM) to each set of the same

concentration of AR. Emission spectra were recorded from 520nm to 630nm, with excitation

and emission slit widths fixed at 15.0 nm and 2.5 nm, respectively. The scan time was fixed at
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250 n/ min. Anisotropy was measured at the wavelength of excitation at 480 nm and emission
at 562.5 nm for AR. The measured anisotropy value was the average of six consecutive values.
All the anisotropy values were averaged over an integration time of 20 s, and temperature was
fixed at 298.15K by circulating water through Peltier. The sample temperature was maintained
at 298 K before each measurement. All these experiments were repeated twice to minimize

CITof1s.

2.5. Time-resolved fluorescence study:
Time-resolved fluorescence spectral analysis was carried out using the time-correlated single
photon counting (TCSPC) technique in the Horiba-Jobin-Yvon Cube fluorescence lifetime
system using NanoLED at 370 nm (IBH, UK) as the excitation source for AR and TBX photon
detection module was used as a detector. The decaying data were fitted using IBH DAS-6 decay
analysis software. The lamp profile was collected by placing a dilute micellar solution of SDS
in water as a scatterer in place of the sample. The accuracy of fits was evaluated from the
y’criterion and visual inspection of the residuals of the fitted function to the data. Mean
(average) fluorescence lifetimes (tavg) for bi-exponential iterative fittings were calculated from
the decay times (11 and 12) and the pre-exponential factors (a; and a>) by using the following
relation.

Tavg=a1T] T a2 T2
However, the dye, surfactant and ionic liquid concentration were kept constant like steady state
emission spectral analysis.
2.6. Dynamic Light Scattering (DLS):
DLS measurement was performed using Nano ZS Zetasizer (Malvern, UK), measuring at 900
angles with an exposure of a He-Ne laser. The temperature has been kept constant throughout
the experiment at 25°C. A set of different concentrations of solutions is taken for the

measurement. The water solution of dye, premicellar, and post micellar concentration of SDS,
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BMImOS, and BMImBr are added to the aqueous solutions of AR for different sets. All
experiments are repeated twice for reproducibility, and the generated % of intensity vs. size (r

nm) has been plotted.

2.7. Density functional theory calculations:

Density functional theory calculation has recently been of supreme importance to

understanding covalent and non-covalent interactions at the molecular level. Structures of AR,
SDS, BMImOS, and BMImBr were drawn using Avogadro software and these structures were
further refined by using auto-optimization tools obtained in Avogadro software. The force field
of auto optimization was MMFF94S, where steps per update were 4, and the steepest descent
algorithm was used. Moreover, to determine the energy of interaction of AR with various
amphiphiles in a ratio of 1:1 molecular level, energy optimization has been carried out of these
pre-optimized structures using Gaussian 9 software. All calculations were carried out using
b3lyp functional and 6-31g (d, p) basic set. TDDFT calculations have also been performed to
know the structures of the highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbitals (LUMO) in order to illustrate the nature of interactions between dye and
several added amphiphiles.

3. Results and discussion:

3.1. Absorption and emission spectra of AR:

AR 1in a very dilute aqueous solution shows absorption maxima at the wavelength region of ~
543 nm (Amax) along with a shoulder at the wavelength region of~505 nm. This observation is
very similar to the literature [57]. The formation of this shoulder may be due to n-n stacking of
the dye molecules causing H type of aggregation [58] or maybe low lying n—n* transition
caused by the heterocyclic oxygen atom present in the aromatic ring. The amine group present
as a substituent shows a very low tendency towards n—n* transition; rather, a lone pair of

nitrogen may participate as an extended aromatic system [59], which is facilitated by the
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electron-donating capability of the substituent, —CH3 group present in the ammine nitrogen. As
a result, t—7* transition becomes more intense and appears in higher wavelength regions [60].
AR shows emission maxima (Aemission) at the wavelength region of~562nm and also shows
Stokes shift~661.3 cm™. This small Stokes shift signifies that the energy difference between
HOMO and LUMO of ground and excited states is high enough, and also, molecular
geometries of the dye in the ground and excited state is very similar [61].

3.2. Absorption spectra of AR in the presence of surfactant and ionic liquids

Effect on the addition of SDS: Aqueous solution of SDS (120mM) has been added gradually
from the concentration range of 0.28mM to 15.72mM to study premicellar and post micellar
aggregation behavior and incorporation of dye into micelle (Figure 2A). However, at a
premicellar concentration of SDS, increase in absorbance intensity without any appreciable
change in Amax value, indicating an electrostatic force of attraction between the cationic dye
molecule and an oppositely charged polar head group of surfactants, and this results in the
formation of dye-surfactant salt-like ion pair or a dye-rich dye-surfactant mixed micelle.
However, when the concentration of SDS approaches its CMC, a redshift of ~ 4 nm is observed,
along with an increase in absorption intensity. When [SDS] > CMC, absorption decreases with
the same bathochromic shift. The addition of SDS to the cationic dye AR at premicellar
concentration facilitates the formation of a special kind of micelle called dye — dye-surfactant
mixed micelle or dye-surfactant salt-like ion pair. The formation of this type of complex is
mainly due to the electrostatic force of attraction created between cationic dye and anionic
surfactant. There will also be a chance of van der Waals's force of attraction between
hydrophobic moieties of dye and surfactant, which may also be slightly responsible for the
incorporation of dye into the stern layer of the micelle. However, the spectral behaviour also
may be explained in terms of the change in the polarity of the medium. The addition of SDS

decreases the polarity of the microenvironment in which AR becomes solubilized, and hence,
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the energy gap between m and n* orbitals increases, and the probability of —n* transition
decreases to a great extent, and so absorption intensity reduces.

Effect on the addition of BMImOS and BMImBr:

BMImOS (0.5M) solution is added gradually from a concentration range of 2.94 mM to 75.04
mM. Adding BMImOS to the aqueous solution of AR causes a change in UV-visible absorption
spectra (Figure 2B). According to the literature, the critical micelle concentration (CMC) of
BMImOS is around 40 mM [62]. The experimental concentration of BMImOS ([BMImOS])
varies from its premicellar concentration to its post-micellar concentration. When [BMImOS]
1s <CMC, a prominent bathochromic shift of 3 nm occurs along with an increase in absorbance
intensity. This phenomenon may be explained by the creation of a new type of interaction,
especially, the electrostatic force of attraction between AR and the polar head group, octyl
sulfate of BMImOS. Solubilization of AR in water produces hydrogen bonds like several weak
van der Waals forces of attraction. The addition of this ionic liquid initially causes rupture of
weak van der Waals force of attraction as BMImOS tends to reside on the interstitial space of
AR molecules, and the formation of AR-rich AR-BMImOS mixed micelle or AR-BMImOS
salt-like ion pair is possible. An increase in the concentration of BMImOS results in the
formation of a new micellar environment from polar premicellar to the nonpolar micellar
environment where AR is solubilized. This phenomenon can be attributed to a red shift of 4nm
that appears when [BMImOS] is >CMC. This dehydration (replacement of water molecules by
octyl sulfate chain of BMImOS) causes a decrease in the polarity of the AR-BMImOS
microenvironment, and the probability of n—n* transition increases than that of m—n* [63].
This causes a reduction in absorbance intensity. However, in the case of another ionic liquid,
BMImBr, no significant absorption spectral shift is observed except for an increase in
absorption intensity at a very low concentration, and intensity gradually decreases with an

increase in concentration (Figure 2C). This characteristic observation can be explained in terms
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of the surface activity of ionic liquid moiety. As BMImBr does not have a long hydrophobic

chain, it will not go to the solubilized dye molecule; rather, it will sustain itself just like an ion

pair.
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Figure 2. Absorbance of AR with varying concentrations of (A) SDS, (B) BMImOS and (C)
BMImBEr at different wavelengths, (Inset shows Absorbance vs. corresponding [amphiphile]).
3.3. Emission spectra of AR in the presence of surfactant and ionic liquids

Effect on the addition of SDS:

Figure 3A shows the change in emission spectra of AR in the presence of SDS. With the
addition of SDS in the premicellar region, i.e., [SDS] < CMC, a small red shift along with a

lowering of fluorescence intensity occurs. This observation can be explained in terms of excited
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state complex formation between AR and SDS. This exciplex formation causes dynamic
quenching in

fluorescence intensity due to the de-excitation of exciplex. Further addition of SDS creates a
micellar microenvironment where dissociation of these exciplexes is possible; AR becomes
solubilized in the stern layer of the micelle, where the hydrophobic part of AR is expected to
be closer to the micelle. As a result, when [SDS] is > CMC, a greater bathochromic shift (5
nm) appears along with an increase in intensity.

Effect on the addition of lonic Liquid:

Ionic liquids interact differently with AR, as they contain imidazolium cation, which acts as a
charge acceptor, and this causes gradual quenching [64] in emission intensity. The addition of
BMIMOS in the water solution of AR results in a bathochromic shift along with a decrease in
emission intensity at constant intervals (Figure 3B). However, this bathochromic shift specifies
intercalation of AR and AR-imidazolium cation exciplex to the vicinity of a stern layer of the
micellar environment created by the octyl sulfate chain. This intercalation changes the
microenvironment's polarity towards a more nonpolar phase following a bathochromic shift in
emission spectra. Moreover, positively charged imidazolium cation is also able to reduce the
mutual electrostatic repulsion among a head group of octyl sulfate chains [65] and facilitates
the insertion of AR into the micellar medium. As a result, the gradual addition of BMImOS
results in a quenching in fluorescence intensity (Table 1) along with redshift due to dissociation
and de-excitation of exciplexes. The addition of BMImBr in the aqueous solution of AR results
in no spectral shift; only a decrease in intensity is observed (Figure 3C). As BMImBr has very
low surface activity and its counter ion is very small, so BMImBr shows no interaction with
AR. Hence, it can be concluded that surface activity is the most important parameter for

interaction with AR. As SDS and BMImOS both have surface activity and an ability to
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transform from polar media to a non-polar microenvironment, so they have the ability to

solubilise AR in the vicinity

of a non-polar microenvironment.

Table 1. Various spectroscopic parameters and calculation of Stokes’ shift of AR and AR-

amphiphiles in their pre-and post-micellar concentration.

Concentration (mM)

Amax"®(nm) Absorbance Amu/™(nm) Fluorescence Stokes shift

Intensity (4v, cm™)
AR in water
-- 542.5 0.188 562.5 159.1 655.4
AR in SDS
2.33 543.45 0.207 563.19 128.63 644.9
8 546.87 0.199 567.62 150.90 668.4
10.8 547.21 0.193 566 149.82 606.67
AR in BMImOs
23.63 547.29 0.188 567.38 116.31 647
443 548.32 0.187 568.58 107.81 650
75.04 550.34 0.165 570.61 82.61 645.5
AR in BMImBr
5.6 543 0.244 562.34 147.54 633.3
9 542.6 0.198 562.34 140.43 647
12.93 542.9 0.147 562.4 134.75 638.6

Formation of this kind of dye-surfactant salt like ion pair or exciplexes can be assumed as an

intermediate species in electron transfer from donor to accepter, which may be further

concluded by using some theoretical method with the help of calculation of the energy gap

between HOMO and LUMO. Furthermore, the increase in stokes shift values follows a similar
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pattern to the concentration of amphiphiles. This indicates high solvent reorganization around
the fluorophore, making the dye mobile or less rigid. However, in the post-micellar region of
the amphiphiles, it decreases, suggesting an incorporation phenomenon of the dye in the

vicinity of the stern or palisade layer of the micellar environment.
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Figure 3. Variation of Fluorescence intensity of AR with varying concentrations of (A) SDS,
(B) BMImOS, and (C) BMImBr (Inset shows Fluorescence Intensity vs. corresponding

[Amphiphile]).

3.4. Steady-state Anisotropy study of AR with different amphiphiles
Measurement of Anisotropy can give a piece of information about rotational diffusion,
molecular orientation, and rigidity of the microenvironment [66 - 68]. Anisotropy (r) can be

measured by using the following equation,

_ Iy—Gly
Iy +2Gly

(1)

71



where [, and Iy are the intensities of excitation light towards parallel and perpendicular

directions, respectively, arising from the probe's vertically polarised excitation.

Factor G is defined as, G=2Xx (2)

Iy
In this experiment, variation of anisotropy with [SDS], [BMImOs], and [BMImBr] has been
graphically represented in Figure 4. It is clearly evident that variation of anisotropy follows the
same sigmoidal pattern (r = 0.99) in the case of SDS and BMImOs. However, in the case of
BMImBr, no significant change in anisotropy has been observed. This observation can be
illustrated in terms of rotational diffusion of AR in various amphiphilic media. SDS and
BMImOs have surface activity inserted with AR in the vicinity of micellar environment,
causing an increase in anisotropy because incorporation of AR in the rigid hydrophobic region
of spherical amphiphile aggregate causes wobbling, as well as translational motion of dye
molecule at the surface of micelle, is rendered [69]. However, as BMImBr exhibits very low
surface activity, it forms an AR-BMImBr salt-like ion pair, so the motion of AR in the solution

is not restricted, which causes no significant change in anisotropy (Table 2).
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Figure 4. Variation of the anisotropy of AR with different concentrations of (A) SDS, (B)

BMImOS, and (C) BMImBr.
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3.5. Measurement of Aggregation Number

The aggregation number (Nage) is the number of surfactant monomers accompanying CMC
[70]. The determination of the aggregation number is an important parameter for understanding
the accumulation behaviour of the microenvironment. In this work, aggregation numbers of
dye-amphiphile binary systems have been determined by steady-state fluorescence quenching
measurement. AR itself can act as a probe, and CPC can act as a quencher. In this experiment,
it has been assumed that only static quenching is happening, i.e., AR and CPC are soluble in
micellar pseudo-phase. All the amphiphiles were added in a concentration 15 times higher than
that of their CMC values. The aggregation number was determined by the gradual addition of
CPC up to 100uL to the 2mL solution of SDS, BMImOS, and BMImBEr. In all solutions, SpL
of AR (10°*M) has been added previously, and in aqueous solution, [SDS], [BMImOS], and
[BMImBr] were 120 mM, 607 mM, and 97.5 mM, respectively. A regular pattern of

fluorescence quenching is observed, supporting the Stern-Volmer equation,

Io _ [Q]
In I [Mic] (3)

where Iy and I are the fluorescence intensities in the absence and presence of the quencher,
respectively, [Mic] is the concentration of the micelles, and [Q] is the total concentration of the

quencher. [Mic] can also be written as

__[S]-cMmc

[Mic] 4)

agg
[S] is the concentration of various amphiphiles taken for experiments.

So, by combining equations 3 and 4, one can obtain,

1_0 _ NggglQ]
1 I [S]-cMc (5)

Equation 5 predicts a linear plot between In (Io/I) and [Q] with a slope equal to Nags/ ([S]-
CMCO). So, from the slope, the aggregation number can be determined (Figure 5). The values

of aggregation numbers have been depicted in Table 4. However, the exceptionally high Nagg
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value of AR-BMImOS again supports the efficiency of the salt-like nature of the imidazolium
cation. The presence of the imidazolium cation in the stern layer of the micelle favors the
formation of a very large micelle by reducing the mutual electrostatic repulsion of the
negatively charged head group of the octyl sulfate chain. This causes immense association of
the octyl sulfate chain monomers. In the case of the AR-SDS system, small counterion Na*
may get hydrated by surrounding water molecules. Therefore, it is not effectively engaged in
reducing the mutual electrostatic repulsion of the polar head group of SDS. As a result, a
smaller amount of monomers are associated, causing a lesser value of Nagz. The AR-BMImBr

system has a meager Nag, value due to the surface inefficiency of the BMImBr ionic liquid.
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Figure 5. Plots for the determination of aggregation numbers (Ngg) of (2) BMImBr (b)
BMImOs and (c) SDS.
3.6. Time-resolved fluorescence decay measurement
The excited state dynamics give rise to valuable information in photophysical, photochemical,
and photobiological processes [71]. The stability of a probe molecule in the excited state of the
micellar environment can be measured by this technique [72]. The anisotropy decay parameter

of AR in water shows a double exponential decay having an average time constant of ~1.95
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ns, which is very similar to what is found in the literature [57]. However, in the micellar
systems, the anisotropy decays are more complex, and data can be fitted using double and
single exponential decay. For double exponential decay, the anisotropy value (r(t)) at time t

with two relaxation components, 7;and 7, is presented in the equation (6).
ny =y
r(t) =ryja,e” 't +aze” /T2 (6)

Here, 1, indicates the anisotropy value at t = 0 and a, and a, are called the pre-exponential
factors; in other words, a4, a, are the contributing factors of each time scale component. Here,
two components originate from two different environments of the probe molecules located in
the water-micelle interface and penetrate into the micelle. The average value of the time scale

Tap 18 given by the equation (7) as follows:

Tay = QT1 + A3T, (7)

In this experiment, the surfactant and both the ionic liquids have been added in their pre- and
post-micellar concentrations to observe both pre- and post-micellar aggregation (Figure 6).
However, in the case of [SDS] < CMC, the average lifetime of the excited state decreases (Table
2). This observation is very much compatible with observed steady-state fluorescence
quenching and can be explained by diffusion-controlled collisional deactivation of the excited
state of AR-SDS exciplex. Gradual increment in [SDS] results in an increase in average
lifetime. However, at [SDS] > CMC, micellization as well as solubilisation of AR into the
vicinity of the hydrophobic core of the micelle take place, resulting in the subsequent increment
of the values of fluorescence anisotropy and average lifetime. As in the micellar environment,
the motion of the fluorophore has been restricted, so all types of translational, rotational, and
vibrational relaxation processes are not observed.

The addition of BMImOS leads to a very interesting observation in premicellar concentration.

When [BMImOS] < CMC, a single exponential decay leads to a 100% contribution of AR in a

75



fixed location of the microenvironment. Moreover, this observation is also commensurate with
a very high aggregation number of BMImOS micelle. These two observations lead to the
introduction of the role of 1-butyl-3-methyl imidazolium cation in the formation of micelle.
This cation may be placed in either the stern layer or in the palisade layer of the micelle to
reduce mutual electrostatic repulsions of polar head groups of octyl sulfate anion. As a result,
more monomers come together to form micellar aggregates, and the increment of spacing of
polar head groups facilitates the entry of AR into the hydrophobic region even at premicellar
concentration. This hypothesis explains the observation of mono-exponential decay along with
the highest contribution in one location of the entire microenvironment and also an increase in
an average lifetime. In the case of [BMImOS] > CMC, a slight increase in average lifetime is
observed with double exponential decay, although the contribution of the slow component is
very low. The addition of BMImBTr results in no such change in a lifetime and anisotropy value
in comparison with the average lifetime of an aqueous AR solution. Because this ionic liquid
does not have much surface activity, there is no such hydrophobic core to stabilize the excited

state of the AR-BMImBr salt-like ion pair.
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Figure 6. Time-resolved fluorescence spectra of AR along with premicellar and post-micellar
concentrations of (A) SDS, (B) BMImOS, and (C) BMImBr.
Table 2. Time-resolved decay parameters and anisotropy (r) of (a) AR in water, (b) AR in SDS
(pre- and post-micellar), (c) AR in BMImOS (pre- and post-micellar), and (d) AR in BMIMBr

(pre- and post-micellar) media

Concentration t;(ns)  a, T,(ns) a, Tavg (DS) x> r
(mM)
AR inwater
0 1.52 0.51 2.79 0.48 1.95 1.000664 0.022
AR in SDS

6.4 1.04 0.10 2.02 0.89 1.84 1.02522 0.049

12.8 0.41 0.02 3.20 0.98 2.83 1.030184 0.070
AR in BMImOS

32 2.22 1.00 - - 2.22 1.196238 0.027

64 2.04 0.73 4.16 0.26 2.36 1.085671 0.061
AR in BMImBr

5.6 1.43 0.40 2.70 0.60 1.99 1.100046 0.022

11.2 1.53 0.52 2.79 0.48 1.96 1.042598 0.022
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3.7. Dynamic Light Scattering (DLS):

DLS study has been introduced to detect the Brownian motion of particles, the size of the
macromolecules and their relative existence in the dye-amphiphile aqueous mixture [73, 74].
However, this study is very much obvious to understand various types of aggregations of AR
with several amphiphiles in their pre- and post-micellar concentrations. In this measurement,
SuL of'an aqueous solution of AR (10-3M) is taken in a 2mL of a cuvette, and SDS, BMImOS,
and BMImBr are added in each set in their pre-and post-micellar concentrations, respectively.
For [SDS] < CMC, aggregate size (r) varies in the range of 43-50 nm. However, for [SDS] >
CMC, r varies in the range between 91-220nm (Figure 7). The increment of this aggregate size,
as well as the existence of a variety of aggregates with different sizes, is also in agreement with
previous observations. In post micellar concentration, the existence of AR is not only limited
to the hydrophobic core of the SDS micelle, but AR also exists in the stern layer and palisade
layer and also forms either dye-rich or surfactant-rich salt-like ion pairs. In other words, in AR-
SDS salt-like mixed micelle, a maximum number of aggregates (92.1%) exists in the radius
range ~ 164 nm, so it can be concluded that the radius of AR-SDS micelle is the same. However,
in the pre-micellar concentration of BMImOS, the value of r is much higher than that of SDS,
and maximum aggregates coexist in the size range of r from 122nm to 190nm. This further
leads to the fact that imidazolium cation reduces electrostatic repulsion created between octyl
sulfate monomers, and a large number of octyl sulfate chains is accumulated along with AR to
form a premicellar aggregate sufficiently well than SDS. Moreover, [BMImOS] > CMC,
aggregate size range becomes 220nm to 342 nm, having a maximum intensity of 255 nm
(38.9%) to 295.3 nm (33.6%), which further concludes the formation of bigger micelle by
BMImOS than SDS. This observation is quite commensurate with the aggregation number
value. In the case of both pre- and post-micellar concentrations of BMImBr, the existence of
one type of particle (mean intensity 100%) is observed where r values are 32.67 and 58.77,

respectively, which may further conclude its disability to form a micelle. It can only form an
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AR-BMImBr salt-like ion pair. However, a relatively lower value of r can be explained in terms
of charge neutralization between AR and BMImBr, which in turn decreases intramolecular
repulsive interactions. This effect makes them come closer and forms a small-sized ion pair,

and this causes a lessening in aggregate size. This inference is also supported by literature [75].
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Figure 7. The size distribution of (A) SDS(5.98mM), (B) SDS (10.17mM), (C) BMImOS

(24.93mM), (D) BMImOS (54.86mM), (E) BMImBr (4.98mM) and (F) BMImBr (10.97mM).
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Table 3. Aggregate size range obtained from DLS measurement for (a) AR in SDS (pre- and
post-micellar), (b) AR in BMImOS (pre- and post-micellar), and (c) AR in BMIMBTr (pre- and

post-micellar) media

Concentration (mM) Aggregate diametre (nm)
AR in SDS
5.98 43.82 -50.75
10.17 91.28 —220.2
AR in BMImOS
24.93 122.4 - 190.1
54.86 220.2 — 342
AR in BMImBr
4.98 32.67
10.97 58.77

3.8. Density Functional Theory Calculation:

In recent eras, the determination of molecular-level interactions by using DFT theory [76] has
had a great outcome for its accuracy in predicting the position and mode of interactions at the
1:1 molecular level. In the past few years, DFT studies have become very popular in the case
of dye-surfactant interactions [77, 78]. For a better understanding of the interaction of AR with
various amphiphiles, DFT calculations have been made by using Gaussian 09 package to
determine optimized energy (Eop), energy of highest occupied molecular orbital (HOMO),
lowest unoccupied molecular orbital (LUMO) and their corresponding band gap of AR, AR-
SDS, AR-BMImOS, AR-BMImBr systems (Figure 8). AR, being a cationic dye, will interact
with negatively charged amphiphiles primarily by electrostatic force of attraction. Hence, the
optimized energy of the AR-Amphiphiles complex is much lower than AR itself due to the
neutralization of charges. Among AR-Amphiphile systems, Eopt of AR-BMImBEr is the lowest,
which concludes that it forms the most stable complex salt in a 1:1 ratio due to its smallest size
and being devoid of long-chain hydrophobic moiety (Table 4). However, between AR-SDS and
AR-BMImOS systems, it is found that the Eopt of AR-BMImOS is much lower. So, it can be

applicable in a 1:1 molecular ratio where the electrostatic force of attraction plays the main
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role, and the AR-SDS system is the most unstable. TDDFT calculations have been made using
the same functional and basic set to determine the structures of HOMO and LUMO of the same
early-stated systems. However, transition contains the highest oscillator strength (f), and so the
transition has been chosen for HOMO-LUMO calculations in order to get the highest transition
probability. It is very interesting to observe all polar heads of amphiphiles which are potentially
HOMO and ©n* orbitals of AR are potentially LUMO. So, it can be inferred from these
observations that not only electrostatic force of attraction is created between AR-Amphiphile
complexes, but the probability of intramolecular charge transfer on excitation may also be
possible between AR-amphiphile complexes.

Table 4. Optimized energy, the energy of HOMO and LUMO, band gap, dipole moment,

aggregation Number of (a) AR, (b) AR-SDS, (¢) AR-BMImOS, and (d) AR-BMImBr

systems.
System Eypi(a.u) Energy of | Energy of | AE (E:- Dipole Nogg
HOMO(E1) | LUMO(E2) E1) moment
(ev) (ev) (Debye)
(ev)
AR -1225.58 | -0.24372 | -0.10789 | 0.13583 | 16.9406 --
AR-SDS | -1936.80 | -0.22328 | -0.11583 | 0.11745 | 20.1961 22
AR- -2663.18 | -0.22693 | -0.11686 0.11 14.56 100
BMImOS
AR- -4220.74 | -0.1835 | -0.10561 | 0.0784 | 16.3413 13
BMImBr

From the orbital diagram, it can be observed that from Br-, the maximum electron density is
shifted from the LUMO orbitals of AR (Figure 9). As Br™ has a very small size, it can reach
close proximity to AR, and this causes a lowering of the energy gap between HOMO and
LUMO of the AR-BMImBr complex. However, this HOMO-LUMO energy gap follows the
order of AR > AR-SDS> AR-BMImOS. These observations can further conclude that AR is

more stable in surfactant media than in aqueous solution. For this reason, the bathochromic
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shift is observed in absorption and emission spectra, and the intensity of fluorescence lifetime

also increases in both cases.

(a) '
O g,
| T
(c)

Figure 8. B3LYP/6-31g(d,p) - the optimized structure of (a) AR, (b) AR-SDS, (¢) AR-
BMImOS, and (d) AR-BMImBr. Color code for atoms: red, oxygen; dark grey, carbon; light

grey, hydrogen; yellow, sulfur; blue, nitrogen; green, chlorine; brown, bromine.
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Figure 9. HOMO-LUMO diagrams of AR with various amphiphiles.

4. Conclusion

In this work, the interaction of a cationic dye with three different types of amphiphiles having
opposite charges has been studied. One is a conventional anionic surfactant, SDS, and the other
two are ionic liquids having different amphiphilicity. BMImOS has an octyl sulfate chain
similar to SDS along with an imidazolium cation, whereas BMImBr contains only an
imidazolium ring but no hydrophobic polar tail. Finally, it can be concluded that the change in
polarity of the medium causes the solubilization of dye into the stern layer of the micellar

environment. SDS and BMImOS both contain a hydrophobic tail, which facilitates the



formation of a micelle and solubilization of the hydrophobic portion of dye into the micelle,
and the hydrophilic portion resides on the outer portion of the stern layer accompanied by water
molecules, causing a bathochromic shift in both absorption and fluorescence spectra.
Moreover, this phenomenon also causes an increment in the average lifetime in the TCSPC
experiment. Solubilization of AR into a hydrophobic core stabilizes its excited state primarily
by the formation of exciplex. Then surfactant-rich dye-surfactant mixed micelle and overall,
motion-like rotational diffusion is restricted and causes an increment in anisotropy. As
BMImBr does not contain long hydrophobic counter ion, it cannot solubilize AR into its micelle
and exists only as an AR-BMImBr salt-like ion pair for charge neutralization. Neither
absorbance and emission spectral shift, nor increment of average lifetime is evidence of this

phenomenon.

However, a different mode of aggregation behaviour is also found for SDS and BMImOS. A
salt-like imidazolium cation present in BMImOS facilitates the reduction of repulsive
interactions of the polar head group of octyl sulfate anion. As a result, an increase in mutual
spacing on a head group of octyl sulfate helps AR to enter into the stern or palisade layer in
even premicellar concentration of BMImOS, whereas, in the premicellar concentration of SDS,
this happening seems to be difficult. TCSPC measurement, along with the particle size obtained
in DLS, can conclude this argument. Moreover, Eop and diagram of HOMO and LUMO
obtained from TDDFT calculation infer an electrostatic force of attraction has always been
created between oppositely charged dye and amphiphiles, and an electron-rich polar head group
of amphiphile moiety always resides in a state of donation into the vacant orbital of dye.
Furthermore, this work is an effort to establish a more efficient solubilizing power of SAIL
than conventional surfactants. We envisioned that these findings would enrich the investigation

in the field of medicinal photosensitization, material fabrication, drug delivery, and so on.
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microenvironment of solvatochromic eosin
yellow dye in the presence of zwitterionic,

cationic, and anionic surfactants: a

spectroscopic and theoretical approach.
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Aggregation and characterization of the microenvironment of
solvatochromic eosin yellow dye in the presence of zwitterionic,
cationic, and anionic surfactants: a spectroscopic and theoretical

approach

Abstract

This study explores the interactions between the anionic dye eosin yellow (EY) and various
amphiphiles, specifically focusing on a newly synthesized zwitterionic surfactant called N-
dodecyl-N, N-dimethyl-2-ammonio-1-ethanecarbonate (C12DmCB), along with sodium lauryl
sarcosinate (SLAS), sodium deoxycholate (NaDC), and cetyl trimethyl ammonium chloride
(CTAC). The investigation encompasses both premicellar and postmicellar concentrations. By
utilizing advanced techniques such as conductometric titration, UV-visible absorption
spectroscopy, steady-state  fluorescence spectroscopy, time-resolved fluorescence
spectroscopy, and dynamic light scattering (DLS) measurements, this research aims to provide
a comprehensive understanding of the behavior and properties of these interactions. We have
effectively determined several vital parameters through spectroscopic analysis, including
spectral shift, Stokes shift, and anisotropy. This contributes significantly to our understanding
of the underlying phenomena. Recent findings from density functional theory calculations have
effectively integrated into this work. Moreover, particle size and zeta potential of the studied
system have been determined regarding the colloidal stability of each EY-surfactant system.
The observed results can be thoughtfully interpreted in light of the differing aggregation
behaviours of amphiphiles, which contributes to a nuanced understanding of their interactions.
By utilizing Gauss View 5.0 and Gaussian 09, we have effectively optimized the energy of each
amphiphile-dye combination, allowing us to uncover critical insights into their molecular
interactions. Furthermore, the implementation of TDDFT calculations has provided us with a
comprehensive analysis of the HOMOs and LUMOs, enhancing our understanding of these
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complex systems. Ci2DmCB, a zwitterionic surfactant, stabilizes EY most effectively by
creating a more protective microenvironment than all other amphiphiles. CTAC, being an
oppositely charged surfactant concerning EY, provides extra stability to the EY-CTAC system.
However, a very prominent spectral shift in UV-visible absorption and steady-state
fluorescence spectroscopy denoting an increment in the average lifetime of EY-C12DmCB

establish the stable system.

1. Introduction:

Since the beginning of the 20th century, the surfactant-dye association has had a supreme
increasing interest due to its vast applications in the fields of textiles [1, 2], cosmetics [3, 4],
food [5-7], and the photographic industry[8]. Surfactants are a special class of amphiphiles
with a hydrophilic polar head group and a hydrophobic non-polar tail group consisting of
mainly long-chain alkyl groups. Considering the charge of the hydrophilic group, classification
of surfactants are into four types: cationic, anionic, non-ionic, and zwitterionic. It also has a
self-association property when its concentration is on or above its critical micellar
concentration (CMC)[9]. However, the interaction of the dyes with surfactants also serves a
valuable contribution in various analytical and pharmaceutical fields, such as
spectrophotometric determination of metal ions[10-12], biological transportation[13-15],
characterization of drug delivery[16, 17], medicinal photosensitization[18], etc. Moreover,
from an environmental point of view, the dye-surfactant association also has an important use
in wastewater treatment [19, 20]. The association mechanism of oppositely charged dye-
surfactants assembly depends on some parameters, especially, the electrostatic force of
attraction created between two oppositely charged species[21, 22], the van der Waals force of
attraction generated between the hydrophobic portions of each moiety[23], and the change in

solvent polarity[24] to affect the microenvironment of dye-surfactant association.
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Eosin yellow [EY], a member of triaryl methane dyes, has several biological applications, such
as, histology[25, 26], pap stain[27, 28], solar energy conversion[29], photoreduction of
water[30-32], characterization of superconductors[33], and is widely used as a photosensitizer
in organic synthesis[32, 34]. Depending on the polarity and nature of the solvent, it can form
aggregates of either (H type or J type)[35]. Chakraborty and Panda[36]investigated the
interactions of EY with cationic surfactants in different solvent polarity and concluded that
dimerization happened more in the ground state and in the presence of a protic solvent where
Mahajan et al. [37] studied the interaction of EY in gemini pyridinium surfactants and observed
charge transfer complexation between EY and surfactants. Previtali et al.[38] studied
photophysics of EY in the reverse micellar environment; Rebery and Acharya[39] studied
interactions of EY with several cationic, anionic and nonionic surfactants; Jerca et al.[23]
investigated solubilization of EY in non-ionic surfactant (Ci2Es) medium in the presence of
hydrophobically modified poly acrylic acid. In the present work, interaction between EY and
a synthesized zwitterionic surfactant named N-Dodecyl-N,N-dimethyl-2-ammonio-1-
ethanecarbonate (C12DmCB), cetyl trimethyl ammonium chloride (CTAC), sodium lauryl
sarcosinate(SLAS), and sodium deoxycholate (NaDC) separately have been investigated in
aqueous medium using conductometry, UV-visible spectroscopy, steady-state and time-
resolved fluorescence spectroscopy, anisotropy measurement, DLS and zeta potential methods.
Such studies explore the nature of the interaction, aggregation behaviour and the spectral
changes. Moreover, a DFT study has also been made for optimization of molecular structure
and to get the energy gap between HOMOs and LUMOs of several EY-surfactant systems, such
as, in zwitterionic surfactant, nitrogen is positive, and oxygen is negative. The same pattern has
been followed for other chosen surfactants, i.e., in CTAB, nitrogen is positive; in NaDC,
oxygen is negative; and in SLAS, nitrogen is neutral, but oxygen contains a negative charge.

This work aims to study the association property of various surfactants containing different
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polar head groups in the presence of EY in the ground and excited states and the extent of EY-
surfactant moiety stabilization. To the best of our knowledge, this is the first investigation

report on the interaction of EY with zwitterionic surfactant.

2. Experimental

2.1 Materials

Eosin Yellow (purity >90 %), CTAC (purity >98%), SLAS (purity >97%), NaDC (purity
>97%) and Ci2DmCB were the primary chemicals for all the experiments. All substances
except C12DmCB were purchased from Sigma Aldrich (see table 1). Ci.DmCB has been
synthesized in our laboratory [40] (yield: 10.04g, 93%). All chemicals were used without
further purification. Double-distilled water was used to prepare all experiment solutions. The

structures of all the chemicals have been drawn in Figure 1.

]: GO0

Bro_ P P P Br

Figure 1: (A) C12DmCB, (B) CTAC, (C) EY, (D) NaDC and (E) SLAS.
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Table 1. Chemical compounds and models used in the Study

materials chemical formula CAS supplier purity
Eosin Yellow C20HsBrsNa>Os 302-95-4 Sigma >90%
Aldrich
cetyl trimethyl ammonium Ci9H42CIN 112-02-7 Sigma >98%
chloride Aldrich
sodium lauryl sarcosinate Ci5H28NNaO3 137-16-6 Sigma >97%
Aldrich
sodium deoxycholate C24H39NaO4 302-95-4 Sigma >97%
Aldrich
N-Dodecyl-N, N-dimethyl- Ci.DmCB - Synthesized -
2-ammonio-1-
ethanecarbonate

2.2 Preparation of stock solution

A 1.0 mM stock solution of Eosin Yellow (EY) was prepared by dissolving the compound of
known weight in water. The desired experimental concentration of the dye was achieved by
diluting the stock solution. The concentration of all surfactants in the aqueous solution was
maintained at approximately 15 times greater than their respective CMCs. The CMC of
C12DmCB has been previously determined[40], and a solution has been prepared accordingly.

Proper sonication was performed on all solutions to ensure clarity.

2.3 Electrical conductivity measurements

In this experiment, electrical conductivity measurements were conducted using an Eutech
(Singapore) conductivity meter, which was calibrated with a cell constant value of 1 cm™. To
ensure accurate readings, the temperature of the solution was maintained at a steady 298 K,
utilizing a water bath with a precision of +0.1 K. A stock solution was prepared in aqueous
medium at approximately 15 times the critical micelle concentration (CMC), and was gradually
introduced into a container holding 6 mL of the water, using a Hamilton microsyringe. After

each addition of the stock solution, the mixture was thoroughly agitated to ensure uniformity
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before recording the specific conductance (k). Each measurement was repeated three times to
ensure reliability, and the average value was calculated along with an error assessment of 2
standard deviations. The CMC values were determined by analyzing the breakpoints in the
graphs of specific conductance (k) plotted against surfactant concentration, providing valuable

insights into the behavior of the surfactant in solution.

2.4 UV visible spectral measurements

Absorbance was measured using a UV-1601 Shimadzu spectrophotometer from Japan,
employing a quartz cuvette with a 10 mm path length. The spectra were recorded over a
wavelength range of 200 to 800 nm. To create the dye solution, 5 uL of EY stock solution was
combined with 2 mL of water in the cuvette, resulting in a concentration of 0.0025 mM. This
low concentration of EY was selected to prevent self-aggregation of the dye molecules and to
reduce the van der Waals forces of attraction between the neighbouring hydrophobic regions
of the molecules. Incremental additions of C;,DmCB, CTAC, NaDC, and SLAS were made to
the aqueous EY solution to study the premicellar and post-micellar behavior of the
microenvironment. The temperature was carefully maintained at a constant 25 £ 0.1 °C using

a water bath. Each experiment was replicated twice to minimize any potential errors.

2.5 Steady-state fluorescence study:

The Perkin Elmer LS 55 fluorescence spectrophotometer, equipped with a Peltier system, was
employed to measure the fluorescence spectra, emission intensity, and anisotropy of various
surfactant-dye systems at a controlled temperature of 298.15 K, with an accuracy of +£0.02 K.
A 10 mm path-length quartz cuvette was used for all measurements. For the fluorescence
spectra recordings, a 10 puL stock solution of EY was introduced into 2 mL of water within the
cuvette, ensuring an EY concentration of approximately 0.0025 mM. Fluorometric titrations

were carried out by gradually adding C1,DmCB (from 0 to ~6 mM), CTAC (from 0 to ~3 mM)),
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SLAS (from 0 to ~31 mM), and NaDC (from 0 to ~12 mM) to each sample, all maintaining the
same concentration of EY. Emission spectra were documented across the wavelength range of
520 nm to 650 nm, with fixed excitation and emission slit widths set at 15.0 nm and 2.5 nm,
respectively. The scan speed was adjusted to 250 nm / min. Anisotropy measurements were
taken with an excitation wavelength of 515 nm and an emission wavelength of 539 nm for EY.
The average anisotropy value is determined from six consecutive readings. All anisotropy
values were computed over an integration time of 20 seconds. The temperature was
consistently maintained at 298.15 K using the Peltier system and circulating water, and the
sample temperature was stabilized at 298 K prior to each measurement. Each experiment was

performed twice to minimize potential errors

2.6 Time-resolved fluorescence study

This study executed time-resolved fluorescence spectral analysis using the time-correlated
single photon counting (TCSPC) technique, utilizing the Horiba-Jobin-Yvon Cube
fluorescence lifetime system. The excitation source for the EY and TBX photon detection
module was a NanoLED operating at 370 nm (IBH, UK), and the TBX photon detection
module served as the detector. The decay data were analyzed with the IBH DAS-6 decay
analysis software. To capture the lamp profile, a dilute micellar solution of sodium dodecyl
sulfate in water was employed as a scatterer instead of the sample. The accuracy of the fits was

assessed through the y? criterion as well as visual inspection of the residuals of the fitted

function compared to the data. Mean (average) fluorescence lifetimes (Tavg) for bi-exponential
iterative fittings were calculated using the decay times (T: and T2) and the pre-exponential
factors (a; and a») according to the following equation:

Tavg = A1T1 T A2T2 (1)
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It is important to highlight that the concentrations of both the dye and surfactants remained
constant throughout the steady-state emission spectral analysis.

2.7 Dynamic Light Scattering (DLS): DLS (Dynamic Light Scattering) and zeta potential
measurements were carried out using the Nano ZS Zetasizer (Malvern, UK) at an angle of 90°
with exposure to a He-Ne laser. The temperature was maintained consistently at 25°C
throughout the experiment. Measurements were conducted using a range of solution
concentrations. A dye solution was prepared, to which premicellar and post-micellar
concentrations of C;o.DmCB, CTAC, SLAS, and NaDC were added separately. To ensure
reproducibility, all experiments were repeated twice, and the percentage of intensity versus size
(in nanometers) was plotted.

2.8 Density functional theory calculations: Recent advancements in density functional theory
calculations have significantly enhanced our understanding of covalent and non-covalent
interactions at the molecular level. This progress is paving the way for new insights and
applications in various fields of chemistry and materials science. Structures of EY, C12DmCB,
CTAC, SLAS, and NaDC were generated using Avogadro software and subsequently refined
through an auto-optimization tool within the same platform. The auto-optimization utilized the
MMFF94S force field, with four steps per update, and employed the steepest descent algorithm
for improved accuracy. Furthermore, to evaluate the interaction energy between EY and various
amphiphiles at a 1:1 ratio on a molecular level, energy optimization was performed on these
pre-optimized structures using Gaussian 09 software. All data were collected using the B3LYP
functional and the 6-21G (d, p) basis set to balance accuracy and computational efficiency. To
investigate the structures of the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO), time-dependent density functional theory (TDDFT)
calculations were executed by using those optimized structures, thereby elucidating the nature

of the interactions between the dye and different surfactants.
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3. Results and Discussion

3.1 Conductivity measurements

Specific conductance measurements were conducted to investigate the aggregation behavior of
C12DmCB, CTAC, SLAS, and NaDC in the presence and absence of EY. The results of these
experiments are illustrated in Figure 2. Figure 2 shows a noticeable increase in specific
conductivity when surfactants are introduced into the aqueous medium, both with and without
the presence of dye molecules. The addition of surfactants contributes more charged ions to the
solution, leading to a rapid increase in conductance. However, up to a specific concentration of
the surfactants, the rate of growth in conductivity values diminishes, and the slope of the
conductivity graph shows a sharp decline, resulting in an intersection point. The concentration
at which this breakpoint occurs is referred to as the critical micellar concentration (CMC) of
the respective surfactants. Figure 2 illustrates a decrease in CMC values for C;,DmCB and
CTAC in the presence of EY, indicating that these surfactants achieve micellization at lower
concentrations when EY is present. This behavior can be attributed to the electrostatic and
hydrophobic forces of attraction between EY and the surfactants. Specifically, CTAC exhibits
a CMC value of 1.17 mM without EY and 1.03 mM with EY. As a cationic surfactant, CTAC
is consistently influenced by the electrostatic attraction between its positively charged head
group and the negatively charged EY. This interaction facilitates the positioning of EY near the
polar head group of CTAC. Within sub-micellar aggregates, the inclusion of EY into the stern
layer of CTAC diminishes the mutual electrostatic repulsion among the polar head groups of
the CTAC surfactant. Consequently, this phenomenon enables more CTAC monomers to form
micelles at lower CTAC concentrations. C12DmCB, being a zwitterionic surfactant, has its
anionic component [COO] already engaged in mitigating the mutual electrostatic repulsion of
the NR," group, which also serves as a potential binding site for EY. This interaction enhances
the intercalation of EY into the premicellar aggregation of C12DmCB, leading to a reduction in
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critical micelle concentration (CMC) values. Pure C12DmCB exhibits a CMC of 1.74 mM,
whereas the presence of EY lowers the CMC to 1.40 mM. Additionally, hydrophobic
interactions may contribute to the decreased CMC values. Given that both surfactants and dyes
are predominantly hydrophobic, introducing the surfactant into an aqueous EY solution reduces
the polarity of the microenvironment. This reduction, combined with the hydrophobic
interactions between the dye and surfactant, facilitates the self-aggregation of surfactant
monomers at lower concentrations to form micelles. The interaction between SLAS and NaDC
in the presence of EY reveals a complex and delayed micellization process. When assessed
individually, the critical micelle concentration (CMC) values for pure SLAS and NaDC were
recorded at 11.54 mM and 3.85 mM, respectively. However, upon the introduction of EY, the
CMC values for SLAS and NaDC increased to 12.57 mM and 4.23 mM, respectively. This
increase in CMC indicates a stronger mutual electrostatic repulsion between the similarly
charged dye and the surfactants. The presence of the dye in the water-surfactant binary system
enhances the repulsive interactions among the polar head groups of the surfactants.
Consequently, the surfactant monomers experience greater difficulty coming together, resulting
in a delayed micellization process. This intricate interplay of electrostatic forces underscores

the significant influence that such interactions have on surfactant behavior [41].
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Figure 2: Plot of specific conductivity vs. concentration of (A) CioDmCB, (B) CTAC, (C)

SLAS, and (D) NaDC in the presence and absence of EY.

3.2 Spectroscopic investigation

Spectroscopic investigation always helps to elucidate a fluorophore's physical properties in the
presence of various surface-active media. Here, the UV-visible and fluorescence techniques are
applied. The reacting surfactants do not show any absorbance and emission in the wavelength
region in which the absorbance and emission of EY are studied.

3.2.1 UV-visible spectroscopy:

UV-visible spectral data of EY in aqueous solution has been recorded where [EY]~10°(M).

The absorption spectrum shows absorption maxima (Amax) in the wavelength region 517nm
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along with a shoulder peak at 491nm. This observed data resembles data found in the
literature[42]. The band's appearance at 517nm corresponds to the monomeric form of EY, and
the shoulder peak corresponds to the aggregated form of EY[36]. [EY] is very low in this work
to avoid any self-aggregation of EY. However, in the presence of various surfactants, EY shows
characteristic spectral shifts, which suggest different types of interactions of EY with various
amphiphiles. All the Amax values at different concentrations of the corresponding surfactants
and the corresponding absorbance have been depicted in Table 2. The addition of Ci2DmCB in
an aqueous solution of AR provides a prominent spectral change, which suggests a significant
interaction between EY and C1o.DmCB (Figure 3A). Initially, [Ci12DmCB] <CMC, a gradual
decrease in absorbance clearly indicates the creation of an electrostatic force of attraction
between dye and surfactant and the formation of EY- Ci2DmCB salt-like ion pair or dye
surfactant mixed micelle[43]. However, with the increase in the concentration of C12DmCB in
the range of 1x CMC to 2.2 x CMC, i.e., in the post micellar region, a sharp rise in absorbance
along with a prominent bathochromic shift ¢ 17 nm) has been observed. This observation is
quite different from the interaction of conventional cationic surfactants with EY, which was
reported earlier regarding absorbance. As C12DmCB is a zwitterionic surfactant, the anionic
part, i.e., the carboxyl group, COO- may help to reduce the mutual repulsive interaction of the
cationic part of the surfactant (-NH>"), which is also the binding site of EY. As a result,
intercalation of EY into the stern layer of the micelle becomes easier, and EY is trapped into
the hydrophobic portion of Ci12DmCB immediately after the formation of oppositely charged
EY-C12DmCB salt-like ion pair, causing a gradual increase in absorbance. Moreover, due to an
increase in van der Waals force of attraction between hydrophobic portion, i.e., aromatic rings
of EY moiety (n-m) stacking may cause self-association of EY, i.e., formation of J-aggregate
(head to tail) which may cause a prominent bathochromic shift in the absorbance spectra[44].

Gradually, CTAC was added to the aqueous solution of EY. However, spectral changes show a
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significant difference concerning the spectral change of C;2DmCB. From Figure 3B, it is
evident that adding CTAC to the concentration range of the solution of 0.1 x CMC to 2.2 xCMC
increases absorbance continuously, and a gradual red shift of 10 nm appears. This bathochromic
shift may be attributed to the change in the microenvironment of the chromophore from more
polar to less polar, i.e., pre-micellar aggregation between EY-CTAC forming a salt-like ion
pair[45]. Moreover, [CTAC] >CMC indicates greater solubilization of EY-CTAC mixed
micelle taking place due to the adhesion of ion pairs to the micelle surface, causing an increase
i absorbance. As SLAS and NaDC are both anionic in nature, the addition of both of them to
the aqueous solution of EY in the concentration range 0.1 x CMC to 2.2 x CMC causes only
an increase in absorbance (Figure 3C and 3D). Still, unlike C;2DmCB and CTAC, no
bathochromic shift has been observed. This phenomenon may be explained in terms of the
position of the dye in the microenvironment. As both dye and surfactants contain the same
charges, their polar part has created a repulsive interaction. However, a weak attractive force
in the hydrophobic portion between dye and amphiphiles facilitates dye entering the
surfactants' stern layer[46] to a lesser extent. The insights of Figure 3 show the variation of

absorbance with the concentration of the corresponding surfactants at Amax of EY.
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Figure 3: Absorbance of EY with varying concentrations of (A) Ci2DmCB, (B) CTAC, (C)
NaDC, and (D) SLAS (Inset shows absorbance recorded at 517nm vs. corresponding
[Amphiphile]).

3.2.2 Steady-state fluorescence measurement

In order to understand more accurately the interaction phenomenon of EY with various
amphiphiles, the fluorescence spectroscopic technique has been introduced as emission
spectroscopy, which is very sensitive to the microenvironment where fluorophore resides[47].

Emission spectra of EY in an aqueous solution have been recorded at 540 nm (i.e., Aemission),
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which is very similar to literature values[48]. However, emission spectra of EY with various
amphiphiles have been recorded in their pre-micellar and post-micellar concentrations (Figure
4). Like absorption spectroscopy, a similar trend has also been followed. Interaction of EY with
CTAB and Ci;DmCB causes a very prominent redshift, indicating a variation in the
microenvironment from polar water to non-polar amphiphilic media. Moreover, in both cases,
emission intensity has decreased markedly (Insight of Figure 4A and 4B) when [surfactant]<<
CMC. This phenomenon can be attributed to forming an exciplex, i.e., EY-surfactant salt-like
ion pair, due to the electrostatic force of attraction between EY and oppositely charged
surfactants. This type of dye-surfactant mixed micelle is a lesser absorbing species than EY
alone; so, fluorescence intensity decreases rapidly[49]. However, both CTAC and Ci.DmCB
interact differently with EY in their respective higher concentration, and this difference has
been depicted in their respective spectral pattern. In the case of CTAC, when [CTAC] > CMC,
a sharp increase in emission intensity along with a bathochromic shift of 10nm has been
observed. This observation can be explained in terms of the solubilization of EY into the
hydrophobic environment of the micelle, which may stabilize the excited state of EY, resulting
in a red shift in the spectra[50]. As C12DmCB is a zwitterionic surfactant, its anionic part may
play a role in reducing the mutual repulsive interactions of the positively charged heads, which
may more efficiently bind with EY. When [C12.DmCB] > CMC, a sharp increase in fluorescence
intensity has been observed along with a prominent bathochromic shift of 20 nm. This
observation can be attributed to the better solubilization of EY into the stern layer of the
micellar environment. EY, being a polar probe, may undergo intramolecular charge transfer
upon excitation. Therefore, in the EY-C;2DmCB intercalated micelle, EY may undergo a
reorganization phenomenon leading to a relaxed, excited state of minimum free energy, and
this leads to reduced hydrophobic repulsive interaction of the nonpolar part of EY and

C12DmCB as well so that they can come closer to each other[51]. However, being anionic
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surfactants, SLAS, and NaDC do not show any characteristic spectral shifts in their pre and
post-micellar concentration. Still, emission intensity increases (Insight of Figure 4C and 4D)
due to the adhesion created between the hydrophobic part of EY and amphiphiles. Though they
have the same charges, mutual electrostatic repulsion may be overcome by the van der Waals
force of attraction created between the hydrophobic part of EY and surfactants. When
[surfactants] > CMC, EY may approach the vicinity of the micelle's stern layer and cause
emission intensity enhancement. Stokes’ shift is a physical parameter of a fluorophore, and it
happens due to the dissipation of energy of excited state electron and can be measured

following the equation,

Stokes " shift = 107 [ ;1 — @)

Aex Aem

where Aex and Aem are the excitation and emission maxima, respectively, expressed in
nanometers, stokes’ shift values of EY along with EY-surfactants in their specific
concentrations have been depicted in Table 2. However, Stokes " shift values of EY-surfactants
do not change significantly concerning Stokes’ shift value of aqueous solution of EY.
Moreover, the decrease in Stokes’ shift is due to a decrease in the polarity of the
microenvironment surrounded by a fluorophore, and this phenomenon is clearly visible in the

EY-Ci12DmCB system.
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Figure 4: Variation of Fluorescence intensity of EY with varying concentration of (A)
Ci,DmCB, (B) CTAC, (C) SLAS and (D) NaDC. (The inset shows fluorescence intensity

recorded at 540nm, compared to the corresponding [ Amphiphile]).
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Table 2: Various spectroscopic parameters and calculation of Stokes shift of EY and EY-

amphiphiles in their pre- and post-micellar concentration.

Concentration [mM] A% (nm) Abs  Amax " (nm) F. L Stokes’ shift
EY in water
107 518 0.045 540 686 786.5
EY in C12DmCB
0.26 518 0.211 540 684 786.5
1.03 521 0.143 539 337 640.9
1.75 540 0.181 561 78 693.2
3.28 540 0.239 562 270 724.9
4.82 540 0.240 560 691 661.3
EY in CTAC
0.15 529 0.20 551 34.41 754.7
0.57 528 0.26 551 97.41 790.5
0.98 528 0.305 552 195.4 823.4
1.83 527 0.373 550 886.4 793.5
2.28 527 0.386 548 1002 727.15
EY in SLAS
1.48 518 0.161 539 242 752.14
5.74 518 0.28 539 327 752.14
9.76 518 0.38 539 348 752.14
18.34 518 0.43 539 344 752.14
22.78 518 0.44 539 338 752.14
EY in NaDC
0.59 517 0.156 539 666 789.5
2.30 518 0.173 540 668 786.5
3.90 518 0.184 541 667 820.73
7.33 519 0.208 542 653 817.63
10.78 520 0.22 543 646 814.6

3.2.3 Determination of binding constants of EY with various surfactants

To enhance our understanding of the interaction between EY and various surfactants, we aimed

to determine the binding constants that reflect EY's binding capacity in a surface-active

microenvironment. In the EY-C;2DmCB system, we observed a pronounced quenching of

fluorescence intensity at C12DmCB concentrations of up to 2.43 mM. The Stern-Volmer
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equation has been introduced to determine the nature of quenching, i.e., whether the quenching

is static or dynamic in nature, and the equation is as follows.
Fo
= 1+ K,[Q] 3)

Here, Fo and F are the fluorescence intensities of the of probe in the presence and absence of
quencher molecules. K is the binding constant or Stern-Volmer constant and [Q] is the
concentration of the quencher. If Fo/F changes linearly with [Q] there can be one form of
quenching present in the microenvironment. But in case of the EY-C12DmCB system plotting
of Fo/F vs [Q] give rise to a curved graph having a upward curvature (Inset of Figure 5A). This
observation strongly signifies the occurring of both static and dynamic quenching in the
microenvironment. So, we employed a modified Stern-Volmer equation [52, 53] to analyze
these findings effectively, facilitating a more accurate assessment of the interactions involved

and the equation is as follows.

Fo

-F
F

log( ) = logK + nlog[surfactant] 4)

Where Fgand F are the fluorescence intensities of the fluorophore in the absence and presence

of different concentrations of surfactants, respectively, K represents the binding constant. At
. e Fo—F .
the same time, n denotes the number of binding sites. If log (OT) vs.log[surfactant] is plotted

in a linear fitting, then the equilibrium binding constant (K) can be obtained from the intercept.
In the EY-NaDC system, the fluorescence intensity exhibits a consistent decrease as the
concentration of NaDC ranges from 0.59 mM to 9.96 mM. Consequently, Stern-Volmer
equation has been introduced and a curved graph pointing in a upward direction (Inset of Figure
5B) arises by plotting Fo/F vs [NaDC] indicate the presence of simultaneous static and dynamic
quenching. So, here also the modified Stern-Volmer equation also has been employed to

calculate the binding constants, using the fluorescence intensity obtained at NaDC
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concentration of 0.59 mM as Fo. C12DmCB being a zwitterionic surfactant most effectively
binds with EY and this results in very good commensurate with the other spectroscopic and
conductometric findings. K for EY -C12DmCB system is 1.14 X 10 M and the same for EY-
NaDC system is 0.0014x 103 M. NaDC, a negatively charged surfactant, shows a very weak
binding affinity with EY due to electrostatic repulsion created between same charged species.
In the EY-CTAC system, fluorescence intensity steadily increases when the concentration of
CTAC is increased from 0.15 mM to 2.89 mM. So, the Benesi-Hildebrand equation [54] has

been introduced to determine the binding constants, and the equation is as follows

1 1 1
= +
F-Fy  (Fe—Fy) Kp [Surfactant]® (Fo—Fg)

()

Where Fo, F and F,, are the fluorescence intensities at the absence of surfactant, the

intermediate surfactant concentration, and the final surfactant concentration, respectively. Ky

is the binding constant and can be determined by plotting of L s ! . Here, we
F-Fgo [Surfactant]®

have assumed the fluorescence intensity recorded at 0.15 mM concentration of CTAC as Fo
and the calculations have been done accordingly. CTAC, being a negatively charged surfactant,
effectively binds with EY by electrostatic force of attraction and Ky obtained for CTAC-EY
binding is 0.79% 10> M. The EY-SLAS system will undoubtedly adhere to this equation, as
we have observed that FI consistently increases with the addition of SLAS, and the EY-SLAS
system shows a very weak binding (Kp= 0.0413x107 M) as both dye and surfactant contain

the same charge. All the binding constant values have been depicted in Table 3.
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Figure 5: A and B are the modified Stern Volmer plot for the system EY-C1,DmCB and EY-

NaDC and C and D are Benesi-Hildebrand plot for the system EY-CTAC and EY-SLAS. Inset

of A and B are the Stern-Volmer plots of EY-C12DmCB and EY-NaDC system respectively.

Table 3. The binding constants of different systems.

System Binding constant (M) Number of binding sites
(m)
EY-C12DmCB 7.94 x 107 4
EY-NaDC 0.39 x10! 1
EY-CTAC 5.76 x 10* 1
EY-SLAS 3.55x10! 1
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3.2.4 Steady-state anisotropy study of EY with different amphiphiles:
Measurement of anisotropy can give information about rotational diffusion molecular
orientation, and rigidity of the microenvironment[55]. Anisotropy can be measured by using

the following equation,

_ Iy—Gly
Iv+2GIH

(6)
Here, Iy and Iy are the intensities of excitation light towards parallel and perpendicular

directions, respectively, arising from the probe's vertically polarised excitation.

Factor G defines

G=Y (7)

In
Measurement of anisotropy with varying concentrations of surfactants in an aqueous solution
of EY provides a piece of important information regarding the microenvironment. The addition
of C12DmCB and CTAC in an aqueous solution of EY gives rise to a decrease in anisotropy of
the medium when [surfactants]<< CMC (Figure 6A and 6B). This lowering in anisotropy
explains the rupturing of hydrogen bonding between EY and water, i.e., EY becomes relatively
free to bind with surfactants, or EY moves towards the polar end of the oppositely charged
surfactants by breaking the H bond between EY and water. However, by adding more
surfactants in the aqueous solution of EY, when the concentration of CTAC and C12DmCB has
reached their respective CMC values, a sharp increase in anisotropy happens in both cases.
These results can be attributed in terms of varying the nature of the microenvironment, i.e.,
incorporation of EY into the micellar environment, where the motion of the fluorophore has
been restricted, resulting in an enhancement in anisotropy[56]. These observations are also
supported by absorption and emission spectroscopy. Moreover, the addition of SLAS and
NaDC to the aqueous solution of EY also executes, and a small enhancement in anisotropy has
been recorded in their respective pre-micellar and post-micellar concentrations (Figure 6C and

6D). These observations also provide a good agreement with respect to absorbance and
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emission spectrum. A weak hydrophobic interaction between EY and those surfactants
facilitates approach of EY to the stern layer of the micelle to a lesser extent. As a result, the

motion of EY has not been restricted so much, i.e., a slight change in anisotropy is recorded.
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Figure 6: Variation of anisotropy of EY with varying concentrations of (A) C1.DmCB, (B)
CTAC, (C) SLAS, and (D) NaDC.

3.2.5 Dynamic light scattering and zeta potential measurement.

Dynamic light scattering also provides critical information regarding the solution's particle
size, which helps to infer various types of aggregation behavior of dye with various

amphiphiles. The DLS method enables the measurement of the particle size of an aqueous
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solution of EY and various surfactants in their pre-micellar and post-micellar concentrations.
In this experiment, 10uL stock solution of EY was taken in 2mL water placed in a cuvette, and
all four surfactants were added separately in the solution of the same volume to measure the
changes in aggregate size (r) (Figure 7). However, an aqueous solution of EY exhibits two
types of aggregates, one in a size range of 7.5-11.3 nm, which corresponds to the monomeric
form of EY, and the other in a size range of 105-160 nm, which corresponds to the aggregated
form of dye molecules. The hydrodynamic diameter of the monomeric form of EY obtained in
this study more or less aligns well with values reported in the literature [57]. The aggregated
form of EY arises due to n-m stacking of the dye molecules or due to hydrogen bonding with
water, which makes a larger hydrodynamic radius. The addition of Ci2DmCB to the aqueous
solution of EY initially causes enhancement of particle size (400-450 nm). This observation
relates very well to other spectroscopic experiments. As C12DmCB is zwitterionic in nature, its
cationic part is attracted by the anionic part of EY, and this electrostatic attraction causes the
formation of an EY- C1,DmCB salt-like ion pair and results in enhancement in particle size,
but when [C12DmCB] >CMC, aggregate size decreases. This observation also supports the
intercalation of EY into the stern layer or the palisade layer of the micelle of C1.DmCB very
effectively and supports the bathochromic shift found from absorbance as well as emission
spectra. The addition of CTAC also provides the same result in the premicellar concentration
of CTAC. However, when [CTAC] >CMC, the particle size of CTAC decreases approximately
1.5 times compared to the previous one. CTAC is a cationic surfactant whose polar part attracts
negatively charged EY in its premicellar concentration, forming a dye-rich dye-surfactant
mixed micelle. Then, with an increase in the concentration of CTAC, EY gets solubilized into
the stern layer of the micelle due to the micelle's adhesion effect, causing a decrease in particle
size[58]. Moreover, the addition of SLAS and NaDC to the aqueous solution of EY results in

a huge increment, approximately 4 times, in their respective aggregation size. The formation
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of such huge aggregates by these surfactants with EY can be explained by the repulsive
electrostatic force created between them as they contain the same charge[59]. However, the
van der Waals force of attraction between the hydrophobic moiety of EY and surfactants also

plays an attractive effect. These dual effects cause EY-surfactant aggregate when [surfactant]

> CMC and cause an increment in aggregation size.
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Figure 7: DLS profile of (A) EY, (B) EY-C12DmCB (< CMC), (C) EY-C12DmCB (> CMC),
(D) EY-CTAC (< CMC) (E) EY-CTAC (> CMC) (F) EY- SLAS (< CMC), (G) EY- SLAS (>

CMC) (H) EY- NaDC (< CMC) (I) EY- NaDC (> CMC).
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3.2.6 Measurement of Zeta potential

Zeta potential or electrokinetic potential develops in the interfacial double layer of the colloidal
system. It is a very useful tool for measuring the stability of colloids[60]. The Zeta potential of
the 105 M solution of EY was measured, and the same experiment was carried out with various
surfactants in their premicellar and post-micellar concentrations. All the zeta potential values
are depicted in Table 4. The Zeta potential of the aqueous EY solution is 5.11 mV. However,
the addition of C;12DmCB reduces the zeta potential of the system. More reduction of zeta
potential has been observed in the post-micellar concentration of Ci2DmCB. These
observations infer the reduction of charges in the micelle-water interface[61] by virtue of the
proximity of EY and Ci2DmCB. When [C1,DmCB] > CMC, the best intercalation of EY
facilitates the residing EY into the stern layer of the C12DmCB micelle; here, it binds with the
cationic part of Ci,DmCB. However, the anionic counterpart of the surfactant may now be
engaged in bonding with the water molecules, the counter ion of EY, and reducing the mutual
electrostatic repulsion of the cationic micelle-forming head group. This reduction of charges
may cause coagulation of the micellar system[62], leading to a relatively sizeable aggregate in
DLS measurement. Again, in the case of the EY-CTAC system, when [CTAC] < CMC, higher
zeta potential indicates the formation of an electrical double layer between two oppositely
charged dye-surfactants. However, with an increase in the concentration of CTAC, the positive
zeta potential value increases due to the enhancement of the positive charge in the micelle water
interface, leading to higher colloidal stability. This observation also supports the localization
of the hydrophilic portion of the dye into the stern layer of micelle [63]. Negative zeta potential
values were observed in the case of anionic surfactants like SLAS and NaDC. Those values
were also sharply incremented when [surfactants] > CMC. A negative zeta potential value
results from negatively charged surfactants and dye. The higher negative values in the post-

micellar concentration of the surfactants are a good indication of the potential stability of the
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colloidal system[64]. In both cases, negatively charged dye and surfactants tend to repel each
other electrostatically. Still, due to hydrophobic interactions, the hydrophobic part of EY has
been placed into the stern layer of the micelle, and these may stabilize the colloidal system by

enhancement in zeta potential values.

Table 4. Aggregate size, zeta potential, and anisotropy values of aqueous EY and EY-

surfactants in their respective premicellar and post micellar concentrations.

Concentration(mM) Aggregate size Zeta potential (mV) Anisotropy
(nm)
EY in water
0 ~140 5.11 0.033
EY in C;2DmCB
0.78 ~458 4.52 0.038
3.68 ~342 1.96 0.076
EY in CTAC
0.43 ~342 29.9 0.006
2.06 ~190.1 39.5 0.082
EY in SLAS
4.34 ~342 -2.98 0.026
20.6 ~712 -26.7 0.030
EY in NaDC
1.74 ~615 -17.8 0.038
8.24 ~615 -47.3 0.042

3.2.7 Time-resolved fluorescence study.

Time-correlated single photon counting (TCSPC) is a very sophisticated technique used to
measure the lifetime of a fluorophore. The fluorescence lifetime of a dye depends on its
chemical structure, shape, and, very importantly, on its external microenvironment[65]. So, the
difference in the lifetime of the same fluorophore in various microenvironments provides
valuable information regarding the interaction of the dye with these microenvironments and
their relative stability in the excited state. In this work, the TCSPC technique was applied to an
aqueous solution of EY along with various surfactants in their respective premicellar and post-
micellar concentrations. The corresponding lifetimes of EY with varying concentrations of
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different surfactants with their respective pre-exponential factor have been depicted in Table 5.
Moreover, the average lifetime has also been determined to establish the stability of the excited
state. 10°(M) aqueous solution EY exhibited an average lifetime (tave) of 1.03 ns with a single
exponential decay. This value is consistent with the findings in the literature[66]. However, the
average fluorescence lifetime has been increased markedly during CTAC and C;2DmCB
addition when [surfactant] > CMC (Figures 8A and 8B). Between CTAC and Ci2DmCB,
C12DmCB is found to form a more protective and stable microenvironment with higher
microviscosity[67], leading to the enhancement of tave by shielding the excited state from non-
radiative decay than CTAC. The value of ta of EY-CTAC complex is 2.32ns when
[CTAC]>CMC whereas Tavg of EY-C12DmCB complex is found to be 3.74ns when [C12DmCB]
>CMC. From lifetime measurements, it is evident that in post micellar concentration,
C12DmCB stabilized excited state more than CTAC. These observations lead to an excellent
agreement with previous spectroscopic data and give rise to a prominent explanation regarding
the bathochromic shift in post micellar concentration of C12DmCB in an aqueous solution of
EY in absorption and emission spectral studies. CTAC, being an oppositely charged surfactant,
binds obviously with EY electrostatically, and with an increase in the concentration of CTAC,
placing EY in the vicinity of the micellar environment of CTAC is a prophecy. However, during
this experiment, a new synthesized zwitterionic surfactant named C2DmCB is more capable
of stabilizing negatively charged EY. Moreover, in their premicellar concentration, Tayg of
C12DmCB and CTAC shows no significant change. These observations infer that quenching in
fluorescence intensity is a static quenching, i.e., EY-surfactants complexation forms in the
ground state before excitation occurs. The addition of SLAS in the aqueous solution of EY does
not affect taye significantly (Figures 8C and 8D). This observation also leads to the limited
interaction between the same charged dye and surfactant. However, when [SLAS] >CMC, a

slight increase in observed average lifetime may be due to hydrophobic interactions. NaDC, a
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negatively charged surfactant, does not show any significant change in average lifetime when
added to an aqueous solution of EY; however, when [NaDC]>CMC, a slight increment in the
value of Tavg with a single exponential decay may be due to the attraction of the hydrophobic

part of EY and NaDC in the post-micellar concentration of NaDC.
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Figure 8: Time-resolved fluorescence spectra of EY along with premicellar and post-micellar

concentrations of (A) C12DmCB, (B) CTAC, (C) SLAS, and (D) NaDC.
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Table 5. Time-resolved decay parameters of EY in (a) water, (b) C12DmCB (pre- and post-
micellar), (¢) CTAC (pre- and post-micellar), (d) SLAS (pre- and post-micellar) and (e) NaDC

(pre- and post-micellar) media.

Concentration T1 (ns) a; T2(ns) as Tavg(ns)  x?
(mM)

EY in water

- 1.03 1 - - 1.03 0.97
EY in C;2DmCB

0.78 1.03 1 - - 1.03 1.08

1.27 0.38 0.2 1.07 0.8 0.78 1.18

3.68 11.93 0.06 3.31 0.94 3.47 1.08
EY in CTAC

0.43 0.31 0.52 0.80 0.48 0.44 1.16

0.71 0.42 0.2 1.40 0.8 0.95 1.09

2.06 2.30 0.49 2.33 0.51 2.32 1.00
EY in SLAS

4.34 0.94 0.35 0.99 0.65 0.98 1.13

7.1 1.07 1 - - 1.07 1.16

20.6 0.67 0.08 1.19 0.92 1.12 1.09
EY in NaDC

1.74 1.09 1 - - 1.09 0.99

2.84 1.09 1 - - 1.09 1.04

8.24 1.24 1 - - 1.24 1.07

3.3 Density functional theory calculations.

A theoretical aspect in terms of density functional theory (DFT) introduced a better
understanding of EY-surfactant interactions at the 1:1 molecular level. All DFT calculations
are performed in this experiment using the gaussian-09 package. Energy optimization of EY,
EY- C1o.DmCB, EY-CTAB, EY-SLAS, and EY-NaDC systems has been performed using b3lyp
functional and 6-31g (d,p) basic set. Moreover, TDDFT calculations have been introduced to
find out the nature of both the Frontier molecular orbitals (FMOs), i.e., HOMOs and LUMOs
of each system and their corresponding energy. The HOMO-LUMO energy gap has a crucial
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impact on a molecule's chemical and optical properties, like spectroscopic behavior, optical
polarizability, kinetic stability, etc[68]. Optimized energy structures and structures of HOMOs
and LUMOs of each system have been shown in Figures 9 and 10, respectively. All optimized
energy values and energies of HOMOs and LUMOs of each system have been depicted in Table
6. The optimized energy value data clearly indicates that the EY-C12DmCB system is the most
stable as it contains minimum optimization energy. Moreover, the energy gap between HOMO
and LUMO is also least for this system. So, it can be said that C;xDmCB effectively solubilizes
EY by lowering the energy of n* excited state [33]. EY-CTAB system also has less optimized
energy and lesser energy gap between HOMO and LUMO in comparison with EY alone.
CTAC, being a positively charged surfactant, also effectively solubilizes EY into its micellar
core and stabilizes the system by reducing the HOMO-LUMO energy gap. However, in the
case of SLAS and NaDC, higher energy optimization values, as well as a greater energy gap
between respective HOMOs and LUMOs, indicate instability and poor interaction of EY with
surfactants. However, the HOMOs and LUMOs of each system have been located over EY.
HOMO-LUMO structures evidently indicate intramolecular charge transfer of polar probe EY.
It can be assumed that EY is solubilized into the micellar microenvironments and also
reorganized its 7 electron density, leading to a relaxed state of minimum free energy[69]. This
process happens most effectively in the micellar environment ofCi2DmCB. As a result, the
value of HOMO-LUMO energy gap (AE) of the EY-C12DmCB system is minimal. Zwitterionic
surfactant solubilizes EY more effectively than other conventional cationic and anionic

surfactants.
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Table 6. Optimized energy, the energy of HOMO and LUMO, band gap and dipole moments

of (a) EY, (b) EY-C12DmCB (c) EY-CTAC (d) EY- SLAS and (E) EY- NaDC systems.

System Eorr (a.u) Energy of Energy of AE(E2-Er) Dipole

HOMO (E.) LUMO (E») (ev) moment

(ev) (ev) (Debye)

EY -11705.5 -0.22 -0.08 0.140 16.8935

EY- -12174.02 0.02 0.136 0.116 22.0564
C12DmCB

EY-CTAC | -12104.40 -0.097 0.031 0.128 26.6487

EY- SLAS | -12047.01 0.02 0.177 0.157 27.4204

EY- NaDC | -11540.23 0.0093 0.152 0.142 33.8485

123




Figure 9. b3lyp/6-31g (d,p)- the optimized structure of (A) EY, (B) EY-C1.DmCB, (C) EY-
CTAC, (D) EY- SLAS and (E) EY-NaDC. Color code for atoms: red, oxygen; dark gray, carbon;

light gray, hydrogen; blue, nitrogen.
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Figure 10. HOMO-LUMO diagrams of (A) EY, (B) EY-C;,DmCB (C) EY-CTAC (D) EY-

SLAS, and (E) EY- NaDC systems.
4. Conclusion

This study comprehensively examines the interactions between an anionic dye, known as EY,
and four distinct surfactants. The aim is to elucidate the nature of these interactions and to

understand how varying concentrations influence the behavior of the dye in the presence of the
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surfactants, thereby providing insights into their potential applications in various chemical and
industrial processes. As SLAS and NaDC contain the same charge concerning EY, it predicts
that neither surfactant can solubilize EY properly into the micellar environment. Adding both
surfactants results in a minimum spectral shift in absorption and emission with no such
increment in an average lifetime. However, due to hydrophobic attraction, EY and surfactants
may approach each other mutually. This inference is a support by an increment in particle size
and very high negative values in the zeta potential as well as the colloidal stability of EY-SLAS
and EY-NaDC systems. Moreover, optimized energy and energy gap between HOMOs and
LUMOs also support the instability of these systems concerning an aqueous solution of EY
itself. An oppositely charged surfactant, CTAC provides extra stability in the EY-CTAC system
by producing a protective microenvironment. Incorporation of EY into the stern layer of the
micelle is a support by prominent bathochromic shift in absorption and emission spectra,
increment in anisotropy and average lifetime and decrease in particle size and energy gap
between HOMOs and LUMOs concerning aqueous solution of EY itself. However, Ci1.DmCB
stabilizes EY mostly and the interaction of Ci,2DmCB with EY has been found to be most
prominent among the four surfactants. The addition of C1.DmCB to the aqueous solution of
EY results in the most considerable bathochromic shift in both absorption and emission spectra;
average lifetime and anisotropy have been increased markedly, and a decrease in particle size
and zeta potential supports the incorporation of EY into the vicinity of the micellar
microenvironment. Moreover, the lowest optimized energy and lowest energy gap between
HOMOs and LUMOs also establish that EY- C12DmCB system is the most stable. In this work,
a new synthesized zwitterionic surfactant is introduced, and it interacts effectively with EY. We
are optimistic that these findings will significantly enhance advancements in various branches
of analytical chemistry, material fabrication, medicinal photosensitization, drug delivery,

wastewater treatment, and other related fields.
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A thorough investigation into the interactions of Phloxine B with surfactants
of varying charges, employing advanced spectroscopic techniques and

robust theoretical analyses to deliver compelling insights.

Abstract:

This study effectively explores the property of the microenvironment and the aggregation
behavior of different surfactants, namely a synthesized zwitterionic surfactant called N-
dodecyl-N, N-dimethyl-2-ammonio-1-ethanecarbonate (Ci2DmCB), the cationic surfactant
CTAC, and the anionic surfactant SDS in their respective pre- and post-micellar concentrations
using a novel fluorophore known as Phloxine B (PhB). Several advanced techniques were
utilized, including UV-visible absorption spectroscopy, steady-state and time-resolved
fluorescence spectroscopy, and dynamic light scattering (DLS) measurements. A theoretical
approach was also conducted using density functional theory (DFT) calculations. Various
spectroscopic parameters, such as spectral shifts, Stokes shift formation, and the creation of
exciplexes, were analyzed by altering the polarity of the microenvironment. Additionally, by
varying fluorescence intensity, the nature of the interaction between PhB and the different
surfactants was predicted in terms of static and dynamic quenching, as well as by calculating
the binding constant and the number of binding sites. Anisotropy measurements were
performed to assess the rigidity of the microenvironment provided by the surfactants. Time-
correlated single photon counting (TCSPC) experiments helped to determine the probe’s
location in the excited state in both pre- and post-micellar concentrations of the surfactants.
DLS measurements were conducted to assess aggregate size and the intercalation of the probe
within various micellar environments, and zeta potential calculations were performed to predict
the stability of the colloidal system. DFT calculations were employed to investigate the nature
of interactions at a 1:1 molecular ratio, while time-dependent DFT (TDDFT) calculations

provided insights into the location of frontier molecular orbitals (FMOs). Generally, the
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interaction between the dye and surfactant is governed by electrostatic attraction when they
carry opposite charges. The anionic dye PhB interacts readily with CTAC, resulting in a
significant bathochromic shift and an increase in average lifetime values. Conversely,
C12DmCB, the zwitterionic surfactant, proved to be the most effective in solubilizing PhB,
resulting in a greater bathochromic shift and a more pronounced increase in average lifetime.
In contrast, a hydrophobic stacking mechanism was observed in the PhB-SDS system, resulting

in effective static quenching.

1. Introduction:

In the past few decades, surfactant dye interactions in dilute aqueous solutions have drawn
widespread attention due to their vast industrial applications in various fields, including textile
dying 2, food >4, photography >, printing ink ®7, and hair coloring % °. Moreover, besides its
industrial applications, surfactant dye association is of significant practical importance in
various analytical and pharmaceutical fields, such as the spectrophotometric determination of

14,15

metal ions '%!!, biological transport '% 3, and medicinal photosensitization '* !5, among others.

Surfactants, a special class of amphiphiles characterized by a polar head group and a non-polar,

long hydrophobic tail, have been utilized in drug delivery'é: !’

, in addition to the fields above.
Considering the charge of the hydrophilic group, surfactants can be classified into four types:
cationic, anionic, non-ionic, and zwitterionic. It also exhibits a self-association property,
forming micelles when its concentration exceeds its respective critical micellar concentration
(CMC) 31, Dyes are unsaturated organic compounds with various biological and industrial
applications. Based on their solubility and chemical properties, the nature of chromophore dyes
can be classified into several groups. Xanthene dyes are found to be one of the most important
classes of compounds for their wide variety, several biological applications, and remarkable

photophysical properties?®. Karaman et al. utilized xanthene dyes for cancer imaging and

treatment 2!, Sekar et al. made Xanthene-based fluorophores for NIR emission*? 2*. The
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interaction of several xanthene dyes with surfactants has been reported earlier’*2°. Ganguly et
al. studied several photophysical properties of erythrosine B, rose bengal, and eosin in the
presence of cationic, anionic, and nonionic surfactants?’-?%. P Garg et al. studied the interaction
behavior of several xanthene dyes with chromium-based metallosurfactants 2°. Phloxine B,
commonly known as phloxine [PhB], a derivative of xanthene dye fluorescein, has several
biological and industrial uses. It is a water-soluble red dye and has been used as a color additive
in food [26, 27], drugs [28], and cosmetics *. Moreover, the various bactericidal and
antimicrobial activities of phloxine have also been reported '3, It is also used as a potential
bacterial stain as well as a staining material for dead cells **. Although phloxine B has potential
applications in various fields of chemistry, the interaction between phloxine and surfactants is
very low. Genwa et al. studied the photocurrent response of phloxine with cationic surfactant
CTAB*®, and Teja et al. used phloxine as a filler in the composite of octadecyl
trimethylammonium cations with saponite 3. However, in this work interaction of phloxine B
has been studied with cationic surfactant cetyl trimethyl ammonium bromide [CTAB], anionic
surfactant [SDS], and synthesized zwitterionic surfactant N-Dodecyl-N, N-dimethyl-2-
ammonio-1-ethanecarbonate (C12DmCB), by using UV-visible spectroscopy, steady state and
time resolve fluorescence spectroscopy, anisotropy measurement, DLS and zeta potential
measurements to explore the nature of interaction, aggregation behaviour and spectral changes
in aqueous medium. Moreover, a DFT study has also been made for the optimisation of
molecular structure and to get the energy gap between HOMOs and LUMOs of several PB-
surfactant systems. The primary objective of this work is to investigate the nature and strength
of interaction between PB and differently charged surfactants. Dye surfactant interaction is
commonly attributed to the electrostatic force of attraction *7 3%, forming a salt-like ion pair
between the dye and oppositely charged surfactants 3°. Various other factors, such as hydrogen

40-42

bonding, van der Waals forces of attraction, n-m stacking , and the formation of H and J
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aggregates +>

, may also significantly impact the spectral behavior. However, in this work,
the association property of PB in various charged micellar media has been studied

spectrophotometrically and theoretically. To the best of our knowledge, this is the first report

on the investigation of the interaction between PB and a zwitterionic surfactant.

2. Experimental:

2.1. Materials:

Phloxine B (Dye content > 80%), CTAC (purity > 98%), SDS (purity > 98.5%), and C;.DmCB
were the primary chemicals used in all experiments. All substances except Ci2DmCB were
purchased from Sigma Aldrich (see Table 1). Ci,DmCB has been synthesized in our
laboratory®, (yield: 10.04g, 93%). All chemicals were used without further purification.
Double-distilled water was used to prepare all experimental solutions. The structures of all the

chemicals are depicted in Figure 1.

2

Figure 1: Chemical Structures of (A) PhB (B) C;.DmCB, (C) CTAC, (D) SDS.
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Table 1. Specifications of chemical compounds used in the Study

Materials Chemical formula CAS Supplier Purity

Phloxine B C20H2Br4ClsNaxOs 18472-87- Sigma > 80%
2 Aldrich

Sodium dodecyl sulphate Ci2H2504SNa 151-21-3 Sigma >98%
Aldrich

cetyl trimethyl Ci9H42CIN 112-02-7 Sigma >98%
ammonium chloride Aldrich

N-Dodecyl-N, N- C12DmCB - Synthesized -
dimethyl-2-ammonio-1-
ethanecarbonate

2.2. Preparation of Stock Solution:

A 1.0 mM stock solution of phloxine B (PhB) was carefully prepared by dissolving a precise
amount of the vibrant dye in distilled water, ensuring complete dissolution for accurate
concentration. To achieve the desired experimental concentrations, this stock solution was
systematically diluted with additional water. In the aqueous solutions containing surfactants,
the concentrations were meticulously maintained at approximately 15 times their respective
critical micelle concentrations (CMCs), which is essential for the intended interaction of the
surfactants. The critical micelle concentration (CMC) for C;.DmCB has been successfully
established *!, and we’ve prepared the solution accordingly to ensure optimal results. To
enhance the clarity and homogeneity of all solutions, they were thoroughly sonicated,

facilitating uniform dispersion of the dye and surfactants.

2.3. UV-Visible spectral measurements:

Absorbance was recorded using a Shimadzu UV-1601 spectrophotometer (Japan) with a 10
mm path-length quartz cuvette. The spectra were acquired in the wavelength range of 200-
800nm. A 5 pL stock solution of PhB was mixed with 2 mL of water in a cuvette to achieve a

dye solution concentration of 0.0025 mM. The concentration of PhB was intentionally kept
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low to prevent self-aggregation of dye molecules and to diminish the van der Waals forces
between the hydrophobic regions of adjacent dye molecules. Different sets were prepared by
gradually adding C12DmCB, CTAC, and SDS to an aqueous solution of PhB to observe the
premicellar and post-micellar behavior of the microenvironment. The cell's temperature was
maintained at a constant 25 °C + 0.1 °C through the use of a circulating water bath. All
experiments were conducted twice to reduce errors.

2.4. Steady-state fluorescence study:

Fluorescence spectra, emission intensity, and anisotropy measurements were conducted using
a PerkinElmer LS 55 fluorescence spectrophotometer equipped with a Peltier system at 298.15
K, with an accuracy of £0.02 K, utilizing a 10 mm path length quartz cuvette. To capture the
fluorescence spectra, 5 uL of a PhB stock solution was added to 2 mL of water in a cuvette,
resulting in a concentration of [PhB] of 0.0025 mM. Fluorometric titrations involved the
gradual introduction of C;2DmCB (ranging from 0 to approximately 5.18 mM), CTAC (from
0 to around 2.90 mM), and SDS (from 0 to about 24.04 mM) to each set of PhB at the same
concentration. Emission spectra were recorded over a range of 540nm to 600nm, with
excitation and emission slit widths fixed at 15.0 nm and 2.5 nm, respectively. The scanning rate
was set to 250 nm/min. Anisotropy was assessed at an excitation wavelength of 525 nm and an
emission wavelength of 557.9 nm for PhB. The anisotropy value recorded was the average of
six consecutive measurements. All anisotropy calculations were averaged over a 20-second
integration time, and the temperature was stabilized at 298.15K by circulating water through
the Peltier system. Prior to each measurement, the sample temperature was maintained at 298

K. All experiments were repeated twice to reduce any potential errors.

2.5. Time-resolved fluorescence study:
Fluorescence spectral analysis with time resolution was performed using the advanced

technique of time-correlated single photon counting (TCSPC). This was executed in the
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Horiba-Jobin-Yvon Cube fluorescence lifetime system, which utilized a NanoLED emitting at
370 nm (supplied by IBH, UK) as the excitation source. For the detection of photons from both
PhB and TBX, a specialized photon detection module was employed. To analyze the decay of
fluorescence signals, the collected data were fitted using the IBH DAS-6 decay analysis
software, which allows for rigorous modeling of the decay kinetics. To establish a baseline for
the analyses, the lamp profile was recorded by substituting the sample with a dilute micellar
solution of sodium dodecyl sulfate (SDS) in water, acting as a scatterer. The accuracy of the
fitting process was assessed using the ¥ criterion, alongside a thorough visual inspection of the
residuals from the fitted functions compared to the experimental data. The mean (average)
fluorescence lifetimes (tavg) for the bi-exponential iterative fittings were derived from the
individual decay times (t1 and t2) and the corresponding pre-exponential factors (al and a2)
using a specific mathematical relation, which helps in accurately characterizing the
fluorescence decay behavior of the samples.

Tavg=1T1 T 22 T2 (1)
The concentration of the dye and surfactants was maintained at a constant level throughout the
experiment, resembling a steady-state condition for emission spectral analysis. This approach
ensured that the results were reliable and comparable, allowing for a clearer understanding of
the spectral emissions observed.
2.6. Dynamic Light Scattering (DLS) and zeta potential measurement:
Dynamic Light Scattering (DLS) and the Zeta potential measurements were conducted using a
Nano ZS Zetasizer from Malvern, UK, employing a He-Ne laser at an angle of 90 degrees for
optimal sensitivity. Throughout the experiment, the temperature was meticulously maintained
at 25°C to ensure consistency in the results. A series of various concentrations of solutions was
prepared for measurement, specifically focusing on water solutions of dye, along with

premicellar and postmicellar concentrations of Ci2DmCB, CTAC, and SDS. These were
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systematically blended with aqueous solutions of PhB across different experimental sets. To
ensure reliability and accuracy, each set of experiments was repeated twice, allowing for a
thorough assessment of reproducibility. The resultant data was plotted to illustrate the
percentage of intensity versus particle size (in nm), providing valuable insights into the
characteristics of the samples analyzed.

2.7. Density functional theory calculations:

The calculation of density functional theory has recently been crucial for comprehending both
covalent and non-covalent interactions at the molecular scale. Structures of PhB, C12DmCB,
CTAC, and SDS were created using Avogadro software, and these structures underwent further
refinement through the auto-optimization tools available in the same software. The force field
employed for auto optimization was MMFF94S, with 4 steps per update, utilizing the steepest
descent algorithm. Additionally, to assess the interaction energy of PhB with various
surfactants at a 1:1 molecular ratio, energy optimization was performed on these preoptimized
structures using Gaussian 9 software. All calculations utilized the B3LYP functional along with
a 6-31g(d,p) basis set. TDDFT calculations were also conducted to analyze the structures of
the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) to illustrate the nature of interactions between the dye and different amphiphiles
added.

3. Results and discussion

3.1 UV-Visible Spectral Study: The UV-Visible spectral study is a preliminary yet critical
experiment for predicting how the dye interacts in micellar media. In aqueous media, PhB
shows a maximum absorption wavelength (Amax) at 539 nm and a shoulder peak at 512 nm
(Fig. 2). These findings are consistent with the reported literature®#°, The shoulder peak may
arise from the aggregation of dye molecules in the bulk aqueous phase. However, the

absorbance and spectral patterns of PhB vary across different micellar environments.
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When Ci2DmCB and CTAC are added to an aqueous solution of PhB in their premicellar
concentrations, a reduction in absorbance is observed (Fig. 2A, 2B). This change is attributed
to the formation of colloidal dye-surfactant submicellar aggregates (mixed micelles) or
insoluble dye-surfactant salts*’, resulting from the electrostatic attraction between oppositely
charged molecules. Notably, as the concentration of C12DmCB increases from 0.15 CMC to
2.70 CMC, a significant bathochromic shift of 15 nm occurs, accompanied by a marked
increase in absorbance. This behavior can be explained by a change in the polarity of the
microenvironment from a more polar (water) to a less polar (C12DmCB micelle) one, indicating
that PhB is being solubilized in the stern or palisade layer of the micellar core.

Additionally, when CTAC is added up to 2.62 CMC, a notable redshift of 13 nm is observed.
Since CTAC is an oppositely charged surfactant, PhB is intercalated into the Stern layer of the
micelle. However, the degree of the bathochromic shift is greater with C;2DmCB than with
CTAC, indicating better incorporation of PhB in the former.

The addition of SDS at premicellar concentrations initially leads to an increase in absorbance
(Fig. 2C) due to repulsive interactions between the similarly charged dye and surfactant. PhB
tends to remain in the aqueous bulk phase. However, increasing the SDS concentration from 1
CMC to 2.5 CMC may result in weak hydrophobic interactions between the hydrophobic
moiety of PhB and SDS. The subsequent decrease in absorbance can be interpreted as m-w
stacking between the aromatic rings of the dye, leading to the formation of dye J aggregates,

ground-state complexes, or associations between the hydrophobic part of PhB and SDS 3.
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Figure 2. Absorbance of Ph B with varying concentration of (A) C1.DmCB, (B) CTAC, and

(C) SDS, (Inset shows Absorbance vs corresponding [ Amphiphile]).

3.2 Steady-state fluorescence spectra analysis: Like absorption spectroscopy, emission
spectra provide important insights into the position and nature of the interaction between a
fluorophore and its sub-micellar and micellar microenvironments. The emission wavelength
(Aemission) of aqueous PhB has been recorded at 558 nm, which aligns well with values found
in the literature®. Initially, the addition of C12DmCB and CTAC to the aqueous solution of PhB
results in a quenching of fluorescence intensity (Fig. 3A, 3B). This observation can be
explained by the oppositely charged head groups of the surfactants relative to PhB, leading to
the initial formation of exciplexes at submicellar concentrations *°, i.e., when [surfactant] is
less than the critical micelle concentration (CMC). However, as the concentrations of

C12DmCB and CTAC increase to levels where [surfactant] is equal to or greater than CMC, the
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spectral patterns and the extent of bathochromic shift also change. C12DmCB is a zwitterionic
surfactant, which contains both COO- and NR4+ groups attached to the same carbon atom. In
the presence of the anionic PhB, the NR4+ group of Ci2DmCB is predicted to serve as a
potential binding site. This interaction allows the COO- group to engage in reducing the
electrostatic repulsion between the NR4+ head groups. As these repulsive interactions
diminish, it is expected that more surfactant monomers will cluster together to form larger
micelles, enhancing the solubilization of PhB !, This micelle-rich environment results in an
increase in fluorescence intensity, accompanied by a significant bathochromic shift of 12 nm.

In the CTAC micellar system, when [CTAC] is greater than or equal to CMC, a prominent red
shift of 10 nm is observed, but there is no significant increase in the corresponding fluorescence
intensity. Since CTAC is anionic, the incorporation of PhB-CTAC ion pairs occurs within the
Stern layer of the CTAC micelles at these concentrations.

In the C1,DmCB micellar system, it appears that the solubilization of PhB takes place more
efficiently. This efficiency creates a predominantly nonpolar microenvironment, which
significantly influences the behavior of polar PhB molecules. Within this environment, the PhB
can rearrange itself into a more relaxed, excited state that minimizes its free energy. As a result
of this reorganization, there is a noticeable increase in fluorescence intensity, indicating a
favorable interaction between the micellar system and the solubilized compound. Conversely,
the gradual addition of SDS to the aqueous solution of PhB results in a steady decrease in
fluorescence intensity, accompanied by no significant spectral shift. This phenomenon arises
from repulsive interactions between the similarly charged dye and surfactant, preventing PhB
from entering the micellar phase. However, hydrophobic interactions may still occur between
the non-polar regions of both the dye and surfactant, allowing PhB and SDS to approach each
other, which slightly quenches the fluorescence intensity (Fig. 3C). All the absorption and

emission spectral findings have been depicted in Table 2.
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Table 2: Various spectroscopic parameters and calculation of Stokes shift of PhB and PhB-

surfactants in their pre- and post-micellar concentration.

Concentration Ama**(nm) Absorbance Ama™(nm) Fluorescence Stokes shift

(mM) Intensity (Av, cm™)
(F.L)
PhB in water
107 538.75 0.175 557.69 266.73 630.37
PhB in C;,2DmCB
0.52 551.62 0.116 557.19 160.52 181.22
1.75 554.45 0.132 572.21 78.24 559.78
3.29 552.41 0.134 569.47 257.97 542.30
4.46 552.14 0.141 569.39 287.45 548.69
PhB in CTAC
0.29 552.13 0.137 571.29 29.89 607.43
0.98 552.41 0.139 570.52 93.99 574.62
1.83 552.13 0.132 568.70 139.21 527.71
2.49 551.62 0.129 568.34 147.39 533.32
PhB in SDS
2.43 538.75 0.247 558.65 290.41 661.18
8.12 539.00 0.239 558.73 285.13 655.14
15.25 539.79 0.220 559.01 272.47 636.95
18.95 539.79 0.216 559.64 265.80 657.10
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3.2.1 Determination of binding parameters of PhB with various surfactants

Varying the fluorescence intensity of PhB with the concentration of added surfactant reveals
important parameters, including the binding constant, binding site, and the nature of interaction
between the fluorophore and surfactant in their pre- and post-micellar microenvironments. In
the PhB-C12DmCB system, fluorescence intensity exhibits steady quenching (Fig. 4A) with

varying concentrations of C12DmCB, ranging from 0 mM to 1.27 mM. Therefore, the Stern-

Volmer equation 32 has been applied to the system.

F
F

—=1+ KSU[Q]
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Where Fo and F are the fluorescence intensities of the probe in the absence and in the presence
of quencher molecules, respectively, Ksy is the Stern-Volmer quenching constant, and [Q] is

the concentration of the quencher (surfactant).

% vs. [Q] has been plotted, and a graph showing a curved pattern with upward curvature (Fig.

5A). This leads to the inference of a simultaneous static and dynamic quenching > in the pre-
micellar concentration of C12DmCB, so instead of Ksv, the apparent quenching constant (Kapp)

has been introduced in the Stern-Volmer equation (Fig. 5A).

F()[F =1+ Kapp[Q] 1.0+
124
104 Static+Dynamic quenching
. 054
s =
1 =
& A -
5 '0.0-
= T =
Nt
o %
= .0.54
24
log(F - F)/F = logK+ nlog|[surfactant]
t—_— A——
-0.0002 0.0000 0.0002 0.0004 0.0006 0.0008 0.0010 0.0012 0.0014 36 -35 34 -33 -32 -31 -30 -29 -28
C,DmCBM log|C,,DmCB|/M

Figure S: Stern-Volmer plot (A) and modified Stern-Volmer plot(B) of the PhB-C1,DmCB

system.

Again, the modified Stern-Volmer equation ** has been introduced for the PhB-Ci;,DmCB

system to determine the binding constant and the binding site. The equation is as follows,

Fo—F

log( =

) = log K + nlog[surfactant] (3)

Where Fo and F are the fluorescence intensities in the absence and the presence of quencher,

respectively, K is the binding constant, and n stands for the binding site.
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However, plotting of log (g) vs. [surfactant], a straight line has been obtained (Fig. 5B)

with a slope of 1.97. The value of the binding constant and the binding site have been depicted

in Table 3.

In the case of the PhB-CTAC system, fluorescence intensity shows a steady increase with
varying concentrations of CTAC from 0.15 mM to 2.70 mM (Fig. 4B). Therefore, Beneshi
Hildebrand's equation >* has been introduced to determine the binding constant. The equation

1s as follows,

1 1 1
F—Fy  (Feo—Fy) Kp [Surfactant]® + (Foo—Fp) (4)

Where F, Fo, and F,, The fluorescence intensities are in the presence of surfactant, in the

absence of surfactant, and in the final addition of the surfactant, respectively. In this case,

[CTAC] = 0.15 mM has been assumed as Fo. However, plotting of = Lovs !

-Fy  [Surfactant]®
straight line has been obtained (Fig. 6A). Assuming a 1:1 interaction ratio between Phb and
CTAC, the linear pattern of the curve supports this ratio. The binding constant obtained from

this equation is also depicted in Table 3.

Table 3. The binding constants of different systems.

System Binding constant (M) Number of binding sites
(n)

PhB - C;2DmCB 4.1 x 107 2

PhB - CTAC 1x 107 1

PhB - SDS 05x10" e
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Figure 6: (A) Beneshi Hildebrand plot of PhB-CTAC system and (B) Stern Volmer plot of

PhB-SDS system (6B inset shows Stern Volmer plot by lifetime data of PhB-SDS system).

Moreover, in the case of the PhB SDS system, fluorescence intensity shows a steady decrease
with varying concentrations of SDS from 0 mM to 20.70 mM (Fig. 4C); therefore, the Stern-
Volmer equation (equation 2) has also been introduced here. Here, the plotting of % vs. [Q]

gives rise to a linear fitting curve indicating either solo dynamic or solo static quenching. To
determine whether the quenching is static or dynamic, the Stern-Volmer equation has been

applied to fluorescence lifetime data as,
2 = 1+K, (0] )

Where, 1, and T The fluorescence lifetime in the absence and in the presence of quencher,

respectively, Ksv is the Stern-Volmer quenching constant, and [Q] is the concentration of SDS.

However, plotting of %0 vs. [Q] gives rise to a linear plot parallel to the x-axis (inset of Fig.

6B). So, it can be concluded that quenching of fluorescence intensity of PhB in the presence of
SDS is static in nature; there may be creation of a Van der Waals force of attraction between

the hydrophobic portion of PhB and SDS. In Figure 6B, the Stern-Volmer quenching constant
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is denoted as Ks, representing the static quenching constant, also known as the association
constant or binding constant >>. The values of binding constants obtained from Table 3 indicate
the highest binding affinity of C12DmCB with PhB. The zwitterionic nature of C12DmCB may
facilitate PhB by allowing for closer proximity, as it masks the repulsive interaction created by
polar head groups. This causes a greater intercalation of PhB into the micellar environment of
C12DmCB. Moreover, in the PhB-SDS system, a weak association has been created between

the hydrophobic portion of PhB and SDS, resulting in a low binding constant value.

3.2.2 Stokes shift

The Stokes shift is a key characteristic of a fluorophore that arises from the energy loss
occurring when excited-state electrons relax. This phenomenon can be quantitatively evaluated

using an equation that relates the emission and absorption spectra of the fluorophore.

Stokes " shift = 107 [ ;1. — — (6)

Aex lem

Where Aex and Aem indicate the peaks of excitation and emission, respectively, measured in
nanometers. The absorbance, fluorescence intensity, and Stokes shift are summarized in Table
2. In the PhB-C12DmCB and PhB-CTAC systems, the values of the Stokes shift decrease. This
observation can be attributed to a reduction in the polarity of the microenvironment
surrounding the fluorophore®. These decreased values also support the idea that PhB is
incorporated into the micellar interface of C12DmCB and CTAC. In contrast, for the PhB-SDS
system, a slight increase in Stokes shift values suggests an increase in solvent polarity,

indicating that PhB resides in the aqueous bulk phase within the SDS micellar environment.

3.3 Time-resolved fluorescence spectral analysis: The TCSPC experiment is the most
sophisticated technique for gaining advanced knowledge about the nature of the

microenvironment and the location of the fluorophore in both aqueous and micellar media >”
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58, In this work, lifetime measurement of PhB has been carried out in both aqueous and micellar
media in their respective pre- and post-micellar concentrations. An aqueous solution of PhB
exhibits a single exponential decay with Tayg = 1.16 ns (Table 4). The initial addition of
C12DmCB, i.e., [C12DmCB] << CMC, to the aqueous solution of PhB doesn’t provide any

noticeable change in the value of Tavg as well as in the decay pattern (Fig. 7A). So, it can be

concluded that in this concentration of the surfactant, PhB likes to stay in the aqueous bulk

phase. However, the premicellar concentration of C12DmCB results in a bi-exponential decay
curve and also a drastic decrease in the value of Tavg. This observation can certainly infer the

two different positions of PhB; Some portion of PhB is present in the aqueous bulk phase, and
some portion is with sub micellar aggregation of C12DmCB, in this concentration, electrostatic
force of attraction created between anionic PhB and NR4" group of C12DmCB results to exist
as PhB-C2DmCB mixed micelle or salt like ion pair. This observation resembles the quenching
in emission spectra. However, when [C12DmCB] > CMC, a three times incremented value of
Tavg compared to the tavg value of PhB in the aqueous bulk phase has been observed with a
single exponential decay (Table 4). This observation strongly suggests that at this specific
concentration of surfactant, 100% of PhB is completely incorporated within the Stern layer of
the Ci2DmCB micelle. This indicates that the total intercalation of PhB into the micellar
environment has been successfully achieved. In contrast, when examining the CTAC-PhB
system, we notice an initial decrease in the average relaxation time (Tavg) With increasing
micellar concentrations of CTAC (Fig. 7B). This decrease can be attributed to the electrostatic
attraction generated between the oppositely charged dyes and surfactants, highlighting the
interplay of their charges in this dynamic system. However, when [CTAC] > CMC, Tayg
becomes double that of an aqueous solution of PhB. This experimental observation once again
reinforces the concept that PhB is effectively integrated into the micellar structure of CTAC.

However, the bi-exponential decay curve suggests that, at the post-micellar concentration of
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CTAC, PhB does not occupy a fixed position within the micelle. This finding emphasizes the
intricate behavior of PhB, indicating that salt-like ion pairs of PhB and CTAC tend to intercalate
within the Stern layer of the CTAC micelle. Such dynamics suggest a more complex
interaction, where PhB exhibits a level of mobility rather than being confined to a singular
location. Notably, the average lifetime (tavg) of PhB in the post-micellar concentration of the
C12DmCB system exceeds that of the corresponding system utilizing CTAC. This difference
suggests that C;2DmCB creates a more favorable and protective microenvironment for PhB
compared to the traditional cationic surfactant CTAC. Within this enhanced environment, the
stability and interaction of PhB are likely improved, reflecting the unique properties of
C12DmCB in surfactant chemistry. In the case of the PhB-SDS system, when [SDS]< CMC, no
observable change in the value of Tayg has been observed (Fig. 7C). This fact can be attributed
to the lack of interaction between the same charged dye and surfactant. However, a slight

increment in the value of Tavg along with a biexponential decay curve is observed when [SDS]

> CMC. This observation again supports the hydrophobic interaction created between the
hydrophobic portion of the dye and the micellar core of SDS after micelle formation, as well
as the biexponential decay, which also explains the two locations of PhB. One position is in the

aqueous bulk phase, and another is weakly attached to the micellar core of the SDS micelle.
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concentration of (A) C12.DmCB, (B) CTAC, and (C) SDS
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Table 4: Time-resolved decay parameters of PhB in (a) water, (b) C12DmCB (pre- and post-

micellar), (¢) CTAC (pre- and post-micellar), and (d) SDS (pre- and post-micellar)

Concentration T1 (ns) a; T2 (ns) az Tavg (1S) x*
(mM)
PhB in water
107 1.16 1 -- -- 1.16 1.005
PhB in C;.DmCB
0.78 1.15 1 -- -- 1.15 0.99
1.27 0.21 0.53 1.12 0.47 0.34 0.96
3.69 3.39 1 -- -- 3.39 1.086
PhB in CTAC
0.43 0.47 1 -- -- 0.47 1.02
0.71 0.38 0.39 1.19 0.61 0.65 0.99
2.06 2.12 0.24 2.97 0.76 2.71 0.99
PhB in SDS
3.61 1.14 1 -- -- 1.14 0.97
591 1.17 1 -- -- 1.17 0.96
17.13 1.09 0.56 1.77 0.44 1.31 1.07

3.4 Steady-state anisotropy study of PhB with different surfactants:
Anisotropy measurement offers valuable insights into several important factors such as
rotational diffusion, molecular orientation, and the rigidity of the surrounding

microenvironment %

. By analyzing anisotropy, one can assess how molecules move and
orient themselves in space, which in turn reflects the structural characteristics and behavior of

their environment. The quantification of anisotropy can be accomplished through a specific

equation®! that details the relationship between these variables.

_ Iy—Gly
T Iy+26GIy )
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where I}, and I; The emission intensities to the electric vector of the plane-polarised excitation,
towards parallel and perpendicular directions, respectively, arise from the probe's vertically
polarised excitation.

Factor G is defined as

G=2 (6)

Iy
An aqueous solution of PhB exhibits a non-zero anisotropy due to its asymmetric structure and
hydrogen bonding with water molecules. This expected hydrogen bonding restricts the
rotational motion of the probe. However, when both C12DmCB and CTAC are added to the
aqueous solution of PhB, the anisotropy value decreases (Table 5). This phenomenon can be
explained by the electrostatic attraction between the polar probe and the oppositely charged
head groups of the surfactants. This attraction may disrupt existing hydrogen bonds, allowing
for a relatively free rotational motion of the probe and resulting in a decrease in anisotropy.

Furthermore, the gradual addition of the surfactants leads to the formation of dye-surfactant
salt-like ion pairs at submicellar concentrations of the surfactants. However, when
[surfactant]>CMC, a gradual increase in the value of anisotropy leads (Table 5) to the
incorporation of PhB into the micellar environment of C1,DmCB and CTAC, respectively. In
a stern layer of the micellar system or within a dehydrated micellar environment, PhB exhibits
restricted rotational motion, which leads to an increase in its anisotropy value 2. Notably, in
the case of the C12DmCB micellar system, the anisotropy value increases threefold compared
to that in the PhB aqueous system (Fig. 8A). In contrast, within the CTAC/water binary system
(Fig. 8B), the anisotropy value doubles compared to the value observed in the aqueous system
of PhB. These findings suggest that, in the C;12DmCB/water binary system, PhB experiences
greater constraints on its rotational motion than in the CTAB/water binary system. This
restriction is attributed to a higher degree of intercalation into the Stern layer of the micellar

t63

microenvironment °°. Conversely, when SDS is added to the aqueous solution of PhB, there is
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no significant change in the anisotropy value within the sub-micellar region of the SDS system.
However, with an increase in concentration of SDS, i.e., [SDS] > CMC, a slight increase in the
value of anisotropy is observed (Fig. 8C) due to the Van der Waals force of attraction created
between the hydrophobic portion of PhB and SDS. This hydrophobic stacking imposes a minor

restriction on the rotational motion of PhB.
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3.5 Dynamic light scattering and measurement of zeta potential: Dynamic light scattering
(DLS) offers important insights into the particle size within the microenvironment ®, allowing
predictions about aggregation characteristics in aqueous or water/surfactant binary systems.
DLS measurements were conducted using an aqueous solution of PhB combined with various
surfactants at their respective pre- and post-micellar concentrations. In this study, 10 uL of the
stock solution of PhB was added to 2 mL of water in the cuvette, and each surfactant was
introduced separately and gradually into the aqueous PhB solution to assess the hydrodynamic
radius (Ru) at both pre- and post-micellar concentrations. An aqueous solution of PhB exhibits
two types of aggregates (Fig. 9A), one in a size range of 44 < Ry < 68 nm, which corresponds
to the monomeric form of PhB, and another size range is 396 < Ry < 712 nm, which
corresponds to the aggregated form of dye molecules (Table 5). The aggregated form of PhB
arises due to m-n stacking of the dye molecules or due to hydrogen bonding with water, which
makes a larger hydrodynamic radius %. Addition of a small amount of C;,DmCB, i.e.,
[C12DmCB] << CMC, coexisting with two different aggregates (Fig. 9B), has also been
observed, one in a size range 164 < Ry <220 nm and the other in a size range 396 <Ry <712
nm. This observation can infer the initial formation of salt-like ion pairs between the
monomeric form of PhB and the positively charged binding site of zwitterionic C12DmCB. This
binding results in an increment in the size of the aggregate that corresponds to the monomeric
form of PhB . Furthermore, the aggregated form of PhB doesn’t show any effect at this
concentration range of C;2DmCB. However, when [C12DmCB] > CMC, the formation of one
type of aggregates with hydrodynamic radius 122 < Ry < 141 has been observed (Fig. 9C, 9D).
This observation satisfactorily concludes the formation of micelles and the absolute
intercalation of PhB into the Stern layer of the micellar system of C;2DmCB. The incorporation
of PhB into the micellar system results in a decrease in the hydrodynamic radius of the

aggregates, and further addition of C12DmCB leads to the formation of larger micelles (220 <
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Ru < 255); consequently, an increase in aggregation has also been observed. CTAC, being a
cationic surfactant, addition of CTAC to its submicellar concentration results in a decrease in
aggregate size due to the prominent electrostatic force of attraction created between PhB and
the oppositely charged polar head group of the surfactant (Fig. 9E). This CTAC-PhB mixed
micelle prevents PhB from forming self-aggregation and also reduces the tendency of PhB to
be exposed in water, thereby facilitating the formation of hydrogen bonds. As a result, there is
a considerable decrease in hydrodynamic radius (255< Ry <342 nm) in the microenvironment
(Table 5). Furthermore, when [CTAC] > CMC, the formation of one type of aggregate, i.e., Ru
=190 nm, indicates a good agreement that the encampment of PhB into the micellar stern layer
of CTAC %7 and the microenvironment surrounding PhB has shifted from a more polar to a less
polar environment (Fig. 9F, 9G). These observations are very well commensurate with the
absorption and emission spectra of PhB with C1,DmCB and CTAC. Moreover, as the PhB-
C12DmCB system exhibits a bigger aggregate size compared to the PhB-CTAC system, it can
be evidently concluded that C1,DmCB forms a bigger micelle due to the reduction of mutual
force of repulsion by the COO-group of the polar NH4+ group, which is also the potential

binding site of PhB.
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Figure 9. The size distribution of (A) PhB, (B) PhB in Cio.DmCB (0.78 mM), (C) PhB in
C12DmCB (1.27 mM), (D) PhB in C12DmCB (3.69 mM), (E) PhB in CTAC (0.43 mM), (F)
PhB in CTAC (0.71 mM), (G) PhB in CTAC (2.06 mM), (H) PhB in SDS (3.61mM), (I) PhB

in SDS (5.91 mM), (J) PhB in SDS (17.13 mM).

On the other hand, the addition of SDS to its submicellar concentration (Fig. 9H) results in a
decrease in aggregate size, i.e., 220 < Ry < 300. This observation can be attributed to the
hydrophobic interaction between the non-polar part of PhB and SDS. Moreover, when [SDS]
> CMC, there is also an increment in particle size due to the formation of SDS micelles and

the stacking of PhB into the hydrophobic part of the SDS micelle (Fig. 91, 9J).
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3.5.1 Measurement of Zeta potential: Zeta potential measures the surface charge of a
colloidal system and can predict its stability. In this experiment, the zeta potential of an aqueous
solution of PhB was measured alongside various surfactants, both at their pre-micellar and
post-micellar concentrations. We began by adding 10 puL of the PhB stock solution to a 2 mL
cuvette, followed by the addition of different surfactants separately. The results of the various
surfactant concentrations are summarized in Table 4. The zeta potential of the aqueous PhB
was found to be -15.3 mV. Notably, the addition of C1,DmCB resulted in an increase in zeta
potential values (Table 5), indicating improved stability of the microenvironment . Moreover,
[C12DmCB]> CMC, the observed zeta potential becomes -32.1 mV. The enhancement of zeta
potential values can be attributed to the incorporation of PhB into the micellar system of
C12DmCB. As PhB also consists of negatively charged polar groups, it will never reside in the
hydrophobic part of the micellar system; rather, it will prefer to reside at the Stern layer of the
micellar microenvironment, where it can effectively bind with the NR4" group of zwitterionic
Ci2DmCB. As a result, the COO group of the surfactant is expected to be exposed in the
aqueous phase and cause a negative zeta potential. The addition of CTAC results in an
enhancement of zeta potential values. CTAC, being a cationic surfactant, will form a very stable
colloidal system ® with PhB, resulting in more enhanced positive zeta potential values when
[CTAC] > CMC; zeta potential values were found to be +48.7 mV. This value indicates
encampment of PhB into the stern layer of the micellar CTAC, resulting in a very stable
colloidal system. Furthermore, as zeta

potential values in post-micellar concentration of CTAC are found to be more than that of
C12DmCB, it can be inferred that the PhB-CTAC micellar system is more stable. As a large
number of C;12DmCB monomers are being associated to form micelles due to the reduction of
repulsive interaction of polar NR4+ head group by polar COO- group, it has a lesser stability

than CTAC micelle, which is smaller in size. SDS also forms a very stable micellar system,
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and when [SDS] > CMC, the zeta potential value is found to be highest (-55.5 mV). This
observation clearly indicates the repulsive interaction between PhB and SDS, which causes a

highly stable colloidal system.

Table 5: Aggregate size, zeta potential, and anisotropy values of aqueous PhB and PhB-

surfactants in their respective premicellar and post-micellar concentrations.

Concentration Aggregate size Zeta potential (mV) Anisotropy
(mM) (nm)
PhB in water
10° 458-615 -15.3 0.040
PhB in C;2DmCB
0.78 458-712 -22.5 0.049
1.27 122-141 -31.2 0.032
3.69 220-255 -32.1 0.129
PhB in CTAC
0.43 164-190 +37.6 0.017
0.71 255-342 +48.7 0.018
2.06 190.1 +44.3 0.053
PhB in SDS
3.61 220-295 -10.9 0.040
591 220-300 -35.3 0.040
17.13 295-531 -55.5 0.050

3.6 Density functional theory calculations: To enhance our understanding of interactions at
the 1:1 molecular level, we conducted Density Functional Theory (DFT) calculations °.
Utilizing the B3LYP functional along with the 6-31G(d,p) basis set, we carried out both DFT
and Time-Dependent DFT (TDDFT) calculations. Our findings reveal that the PhB-C;,DmCB
system exhibits the lowest optimized energy, suggesting it is the most stable configuration

among those evaluated 7'. The optimized energies for PhB, PhB-C12DmCB, PhB-CTAC, and

PhB-SDS are summarized in Table 5, and the optimized structures are illustrated in Figure 10.
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Interestingly, the dipole moment of the PhB-C12DmCB system is the lowest, a consequence of
the zwitterionic nature of C12DmCB. To further dissect the system, we carried out TDDFT
calculations to explore the structure and characteristics of the frontier molecular orbitals
(FMOs) 7, specifically the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO), as well as their related energies. The energy gap
between the FMOs is crucial, as it contributes significantly to the spectroscopic behavior,
optical polarizability, and kinetic stability of these systems. Our analysis indicates that the
FMOs are primarily localized on PhB (Fig. 11), which eliminates the likelithood of charge
transfer from the surfactants' polar head group. As a polar probe, PhB is capable of transitioning
to a more relaxed, lower-energy excited state through structural reorganization or by entering
the micellar microenvironment 73, where the energy gap between the m and m* orbitals
decreases. In the presence of C12DmCB, we observed that the energy gap between the HOMO
and LUMO of PhB is minimized, highlighting the effectiveness of C12DmCB in solubilizing
PhB compared to other micellar or aqueous media. Furthermore, CTAC, as a cationic
surfactant, also demonstrates effective solubilization of PhB. However, the least solubilization
occurs with SDS, an anionic surfactant, which results in the largest energy gap between the
FMOs in the PhB-SDS system (Table 6). These findings are well-aligned with the observed
spectral behavior of PhB when interacting with these surfactants, paving the way for future

studies to investigate further and optimize these interactions.
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Figure 10. B3LYP/621G- optimised structure of (a) PhB, (b) PhB-C12DmCB, (c) PhB-CTAC,
(d) PhB-SDS. Colour code for atoms: red, oxygen; dark grey, carbon; light grey, hydrogen;

yellow, sulphur; blue, nitrogen; green, chlorine; brown, bromine.
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Figure 11: HOMO-LUMO diagram of PhB with various surfactants.
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Table 6: Optimized energy, energy of HOMO and LUMO, band gap, and dipole moments of

(a) PhB, (b) PhB-C12DmCB, (c¢) PhB-CTAC, and (d) PhB-SDS systems.

System Eorrt (a.u) Energy of Energy of AE (E;- Dipole
HOMO (E)) LUMO (E») E1) (ev) moment
(ev) (ev) (Debye)
PhB -13591.76 -0.11470 0.01075 0.125 19.20
PhB- -14101.23 -0.02792 0.07345 0.10137 9.99
C12DmCB
PhB- -14071.40 -0.20094 -0.09573 0.10521 21.09
CTAC
PhB- SDS | -14861.01 0.24705 -0.13060 0.11015 10.43

4. Conclusions:

In this experiment, we explored the interactive behavior of anionic PhB with three different
types of surfactants: zwitterionic, cationic, and anionic, through a combination of spectroscopic
and theoretical methods. Our findings indicate that by changing the polarity of the
microenvironment, we can effectively enhance the solubility of PhB. This insight could prove
valuable for further research and applications involving PhB in various settings. C1.DmCB, a
zwitterionic surfactant, demonstrates superior effectiveness in solubilizing PhB compared to
the cationic surfactant CTAC. This superiority is evidenced by the observed bathochromic
shifts in both absorption and emission spectra, along with an increase in average lifetime
(ravg). Furthermore, comparisons of anisotropy values and the enhanced particle sizes
observed in the post-micellar concentration of Ci12DmCB, as measured by dynamic light
scattering (DLS), further reinforce this conclusion. In time-correlated single photon counting

(TCSPC) experiments, when the concentration of C12DmCB exceeds the critical micelle
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concentration (CMC), a single exponential decay indicates that PhB occupies a distinct position
within the Stern layer of the micellar interface. The observed increase in anisotropy values
when [C12DmCB] surpasses CMC can be explained by the enhanced intercalation of PhB into
this Stern layer. Moreover, the PhB-C12DmCB complex exists at an optimized energy state,
characterized by a minimized energy gap between frontier molecular orbitals (FMOs) as
indicated by density functional theory (DFT) calculations. In the case of the surfactant
C12DmCB, there is a noteworthy reduction in electrostatic repulsion between the positively
charged NR4+ group and the negatively charged COO- group adjacent to it. This reduction in
repulsive forces facilitates the incorporation of a greater number of monomers into the micellar
structure. Consequently, C12DmCB is able to form larger micelles compared to traditional
cationic surfactants such as cetyltrimethylammonium chloride (CTAC). The ability to create
larger micelles is significant because it enhances the intercalation of PhB into the micellar
environment. This means that PhB can be more effectively integrated within the micelles
formed by Ci;2DmCB, potentially improving its solubility and bioavailability in various
applications. Thus, the unique interactions within the micellar structure of C12DmCB play a
crucial role in optimizing the delivery of PhB in comparison to other surfactants. SDS, an
anionic surfactant, is established as the least interactive with PhB. The spectral behavior
observed is convincingly attributed to hydrophobic interactions and n-n stacking. Notably, SDS
demonstrates the highest zeta potential value in its post-micellar aggregation with PhB, due to
the strong electrostatic force of repulsion that ensures a stable colloidal microenvironment.
Furthermore, there are no significant spectral shifts or notable increases in tavg observed. PhB
is a highly valuable dye known for its versatile applications. This study is groundbreaking as it
is the first to report on the solubilization of PhB within a micellar environment that features
different charge characteristics. Utilizing various micellar systems can enhance the stability

and effectiveness of the dye in different settings. We believe that the results of our research will
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have significant implications in several industries, including food, pharmaceuticals, and
cosmetics. Furthermore, the findings may also contribute to advancements in other related
fields such as dye recovery processes, the solubilization techniques for pharmaceuticals, the
enhancement of medicinal photosensitization, improved drug delivery systems, and innovative
approaches to wastewater treatment. By exploring the potential of PhB in these areas, we aim

to open new avenues for research and practical applications.
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CHAPTER IV

Spectroscopic and theoretical analysis of
methylene blue with amphiphiles of identical

charge: the impact of counterion binding.
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Spectroscopic and theoretical analysis of methylene blue with

amphiphiles of identical charge: the impact of counterion binding.

Abstract

This study investigates the interaction between Methylene Blue (MB) and two cationic
surfactants, cetyl trimethyl ammonium tosylate (CTAT) and cetyl trimethyl ammonium
bromide (CTAB), as well as a surface-active ionic liquid (SAIL) known as 1-butyl-3-methyl
imidazolium octyl sulfate (BMImOS). The methods employed include conductometric
titrations, UV absorption spectroscopy, steady-state fluorescence spectroscopy, zeta potential
measurements, and density functional theory (DFT) calculations. The binding constant of MB
with various amphiphiles was derived using both conductometric and steady-state fluorescence
methods. As a cationic dye, MB preferentially binds to the negatively charged counterions of
the cationic surfactants CTAT and CTAB. This binding causes MB to remain in the aqueous
bulk phase, which consequently delays micellization. Notably, the tosylate counterion of CTAT
exhibited a stronger binding affinity for MB than the bromide counterion of CTAB.
Additionally, BMImOS, being a SAIL, can form micelles due to the octyl sulfate anion. This
results in the encapsulation of MB in the Stern layer of the micelle, leading to a change in the
polarity of the microenvironment surrounding MB and promoting earlier micellization of
BMImOS, which shows the least binding affinity with MB. Furthermore, this study provides a
new perspective using DFT to examine the possibility of charge transfer from the highest
occupied molecular orbital (HOMO) of the counterions of various amphiphiles to the lowest

unoccupied molecular orbital (LUMO) of MB, as evidenced by the TDDFT diagrams.
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1. Introduction

Over the past few decades, there has been significant interest in the interaction between dyes
and various amphiphilic molecules that possess different charge characteristics. This
fascination stems from the wide range of applications these interactions have in several
industries. In the textile industry, for example, amphiphilic compounds are used to enhance dye
uptake and fixation[1, 2], resulting in more vibrant and durable colors on fabrics. Additionally,
these interactions play a crucial role in the cosmetics industry[3], where they help stabilize
colorants and enhance the overall performance of beauty products. In the food industry,
amphiphiles are used to ensure the even distribution of dyes[4], thereby maintaining consistent
color and appeal in products[5]. Furthermore, the combination of dyes and amphiphiles has
proven to be effective in wastewater treatment processes[6, 7], where they aid in the removal
of contaminants by facilitating the absorption and precipitation of dye pollutants. This diverse
array of applications highlights the importance of understanding how dyes interact with
amphiphiles in various contexts. In addition to its industrial applications, it is also beneficial in
various medicinal and analytical branches of chemistry, including metal ion detection[8, 9],
biological transport[10-12], drug delivery[13, 14], and photodynamic therapy[15]. Surfactants
and surface-active ionic liquids (SAILs) have the ability to solubilize dyes by altering the
polarity of the surrounding microenvironment[16]. Surfactants are unique amphiphiles
characterized by a polar head group and a long hydrophobic tail. They exhibit self-association
properties, forming micelles when their concentration reaches or exceeds the critical micellar
concentration (CMC)[17]. In recent years, ionic liquids have proven to be more advantageous
than surfactants, primarily due to their lower toxic environmental impact[18, 19], negligible
vapor pressure[20], high viscosity[21], and thermal stability[22]. SAILs are increasingly
recognized as green solvents[23] and find extensive applications across various fields of

chemistry, including nanoparticle synthesis[24, 25], polymerization[26, 27], advanced material
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fabrication[28], catalysis[29-31], drug delivery[32, 33], and separation and extraction
processes[34]. Dyes are unsaturated organic compounds that contain chromophores and
autochrome within their structure. Methylene blue (MB), a derivative of phenothiazine (PTZ),
is widely utilized in medicine for treating methemoglobinemia[35, 36], various urinary tract
infections[37], cytopathology[38], placebo effects[39], neurotoxicity from ifosfamide[40], and
cases of cyanide poisoning[41]. Additionally, it serves as a dye or stain in endoscopic
polypectomy and is employed in various biological applications, such as staining nerve fibers
in the body[42]. MB is also used as bone cement in several orthopedic procedures[43]. Notably,
previous studies have reported interactions between MB and various surfactants[44-48]. In this
study, a comprehensive interaction investigation was conducted utilizing the dye methylene
blue (MB) alongside two conventional cationic surfactants: cetyl trimethyl ammonium tosylate
(CTAT) and cetyl trimethyl ammonium bromide (CTAB), as well as a surfactant ionic liquid
(SAIL) known as 1-butyl-3-methyl imidazolium octyl sulfate (BMImOS). It is established that
dyes and surfactants with opposing charges tend to interact more favorably, leading to enhanced
solubilization of the dyes due to the formation of oppositely charged micelles[49, 50].
However, our investigation specifically targets the interactions between dyes and surfactants
that share similar charges. CTAT is distinctive in that it carries a bulky counterion, the tosylate
anion, while BMImOS possesses an octyl sulfate chain, which contributes to its unique
properties. In contrast, CTAB features a smaller counterion, the bromide ion. The primary aim
of this research is to investigate how the various characteristics of these counterions affect the
solubilization of the dye. To analyze these interactions in detail, various spectroscopic
techniques were employed, including UV-visible absorption spectroscopy, steady-state
emission spectra, zeta potential measurements, and anisotropy assessments. Furthermore, we
implemented constant conductometric titration to ascertain Gibbs free energy and binding

affinities related to the dye-surfactant interactions. In order to delve deeper into the molecular
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dynamics at play, density functional theory (DFT) calculations were performed. This allowed
us to identify the optimized structures and frontier molecular orbitals (FMOs) associated with
the surfactants and dye. Additionally, we examined the potential electrostatic forces of
attraction between the dye molecules and the counterions present in the amphiphiles, providing
insights into the underlying mechanisms of dye solubilization. This multifaceted approach aims
to yield a comprehensive understanding of the factors influencing dye-surfactant interactions

in the context of similar charge characteristics.

2. Experimental

2.1 Materials

Methylene blue (purity >99%), CTAT (purity >98%), CTAB (purity >96%), and BMImOS
(purity >95%) served as the main chemicals for all the experiments. All materials were obtained
from Sigma Aldrich (Table 1). No additional purification was performed on any of the
chemicals. All experimental solutions were prepared using double-distilled water. The

chemical structures for all substances are illustrated in Figure 1.
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Figure 1: Chemical Structures of (A) MB, (B) BMImOS, (C) CTAT, (D) CTAB.
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Table 1. Specifications of chemical compounds used in the Study

materials chemical formula CAS supplier | purity

Methylene Blue Ci6H1sCIN3S 61-73-4 Sigma >99%
Aldrich

Cetyl trimethyl CH3(CH2)1sN(CH3C6H4S03) | 138-32-9 | Sigma >98%

ammonium tosylate (CH3)3 Aldrich

Cetyl trimethyl CH3(CH2)15sN(Br)(CH3)s 200-311-3 | Sigma >96%

ammonium bromide Aldrich

1-butyl-3-methyl Ci6H32N204S 445473- Sigma >95%

imidazolium octyl 58-5 Aldrich

sulphate

2.2 Preparation of stock solution

A 1.0 mM stock solution of Methylene blue (MB) was created by dissolving a specific amount
of the compound in water. The target experimental concentration of the dye was obtained by
diluting the stock solution. The concentration of all amphiphiles in the aqueous solution was
held at roughly 15 times higher than their respective CMCs. All solutions underwent proper

sonication to ensure clarity.

2.3 Electrical conductivity measurements

In this study, measurements of electrical conductivity were taken using a conductivity meter
from Eutech (Singapore), which was set with a cell constant of 1 cm™. To guarantee precise
readings, the solution's temperature was kept constant at 298 K, using a water bath with an
accuracy of 0.1 K. A stock solution was created in an aqueous environment at roughly 15
times the critical micelle concentration (CMC) and was gradually added to a container with 6
mL of water, using a Hamilton microsyringe. After each addition of the stock solution, the
mixture was thoroughly stirred to ensure consistency before recording the specific conductance

(k). Each measurement was performed three times to guarantee dependability, and the average
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value was computed along with an error assessment of the standard deviations. The CMC
values were obtained by examining the breakpoints in the graphs of specific conductance (k)
plotted against the surfactant concentration, yielding important insights into the surfactant's

behavior in the solution.

2.4 UV visible spectral measurements

The absorbance was recorded using a UV-1601 Shimadzu spectrophotometer from Japan,
utilizing a quartz cuvette with a path length of 10 mm. Spectra were collected across a
wavelength range from 200 to 800 nm. To prepare the dye solution, 5 pL of the MB stock
solution was mixed with 2 mL of water in the cuvette, giving a concentration of 0.0025 mM.
This low concentration of MB was chosen to avoid self-aggregation of the dye molecules and
to minimize the van der Waals attractive forces between adjacent hydrophobic regions of the
molecules. Gradual additions of BMImOS, CTAT, and CTAB were introduced to the aqueous
MB solution to investigate the premicellar and post-micellar characteristics of the
microenvironment. The temperature was precisely maintained at a consistent 25 = 0.1 °C using

a water bath. Each experiment was conducted in duplicate to reduce any possible errors.

2.5 Steady-state fluorescence and steady-state anisotropy study

The Perkin Elmer LS 55 fluorescence spectrophotometer, featuring a Peltier system, was
utilized to assess the fluorescence spectra, emission intensity, and anisotropy of different
surfactant-dye mixtures at a stable temperature of 298.15 K, with an accuracy of £0.02 K. All
measurements were conducted using a quartz cuvette with a path length of 10 mm. For
recording the fluorescence spectra, a 10 pL stock solution of MB was added to 2 mL of water
within the cuvette, achieving an MB concentration of about 0.0025 mM. Fluorometric titrations
were performed by incrementally adding BMImMOS (ranging from 0 to 102 mM), CTAT (from
0 to 0.80 mM), and CTAB (from 0 to 3 mM) to each sample, while keeping the EY

concentration constant. Emission spectra were collected within the wavelength range of 620
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nm to 750 nm, with the excitation and emission slit widths fixed at 2.5 nm and 12 nm,
respectively. The scan speed was set to 250 nm/min. Anisotropy measurements were conducted
using an excitation wavelength of 610 nm and an emission wavelength of 687 nm for MB. The
average anisotropy value was calculated from six consecutive readings. All anisotropy
measurements were taken over an integration duration of 20 seconds. The temperature was
reliably maintained at 298.15 K with the help of the Peltier system and circulating water, and
the sample temperature was stabilized at 298 K prior to each measurement. Each experiment

was repeated twice to reduce the likelihood of errors.

2.6 Zeta potential measurement

Zeta potential measurements were conducted using the Nano ZS Zetasizer from Malvern, UK,
which was set to an observation angle of 90° and illuminated by a He-Ne laser for enhanced
accuracy. Throughout the entire experimental procedure, the temperature was rigorously
maintained at a stable 25°C to ensure consistent results. The experiments involved a series of
different solution concentrations, allowing for a comprehensive evaluation of the zeta potential.
A specific dye solution was meticulously prepared as a base, to which varying amounts of
BMImOS, CTAT, and CTAB were introduced, both at premicellar and post-micellar
concentrations. To guarantee the reliability and reproducibility of the findings, each
measurement was repeated twice under identical conditions, and the resulting zeta potential
values were recorded in millivolts (mV). This careful approach aimed to provide an accurate

understanding of the interactions and stability within the solutions studied.

2.7 Density functional theory calculations

Recent developments in density functional theory calculations have greatly improved our
comprehension of both covalent and non-covalent interactions at the molecular scale. This
advancement is leading to fresh insights and applications across a variety of chemistry and

materials science domains. The structures of MB, BMImOS, CTAT, and CTAB were created
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using Avogadro software and then fine-tuned through an auto-optimization feature within the
same program. The auto-optimization applied the MMFF94S force field, conducting four steps
per update, and utilized the steepest descent algorithm to enhance accuracy. Additionally, to
assess the interaction energy between MB and several amphiphiles at a 1:1 ratio on a molecular
scale, energy optimization was carried out on these pre-optimized structures using Gaussian 09
software. All data were gathered using the B3LYP functional along with the 6-21G (d, p) basis
set to provide a balance of accuracy and computational efficiency. In order to study the
structures of the highest occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO), time-dependent density functional theory (TDDFT) calculations
were performed on those optimized structures, thereby clarifying the nature of the interactions

between the dye and various surfactants.

3. Result and discussion

3.1 Conductivity measurement of MB surfactants

The measurement of specific conductance has been conducted to investigate the binding
interaction between methylene blue (MB) and various surfactants, as well as to gain insights
regarding changes in the critical micelle concentrations (CMCs) of these surfactants in the
presence and absence of MB. The aggregation behavior of BMImOS, CTAC, and CTAB has

been monitored with and without MB, and the results are illustrated in Figure 2.

From Figure 2, it is clear that the addition of surfactants to the aqueous medium significantly
increases conductivity. Since all the surfactants are ionic, they readily dissociate into ions,
which enhances conductivity. As the specific concentration of each surfactant is reached, the
rate of conductivity increments decreases, leading to a reduction in the slope of the conductivity
plot. This results in a breakpoint in the conductivity graphs, termed the CMC for each
surfactant[51]. Figure 2B and 2C also indicate that both CTAC and CTAB exhibit delayed

micellization in the presence of MB. For CTAT, the CMC value changes from 0.23 mM to 0.29
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mM, and for CTAB, the CMC value changes from 0.92 mM to 0.97 mM in the presence of
MB. This can be explained by the formation of ion pairs between MB and the surfactants'
counterions. Typically, during micelle formation, the counterion of each surfactant helps reduce
the electrostatic repulsion between the polar head groups of surfactant monomers, allowing
them to group together and form a micelle. When MB is added to CTAC and CTAB solutions,
the negatively charged tosylate and bromide ions readily form ion pairs with the positively
charged MB. Consequently, the availability of the counterions in the stern layer of the micelle
is diminished, which delays micellization. In contrast, for BMImOS, the association is
primarily governed by the octyl sulfate counterion, which binds to MB, leading to earlier
micellization. For BMImOS, the CMC value changes from 40.69 mM to 32.48 mM. This
phenomenon stems from the ion pair formation between MB and octyl sulfate. The oppositely
charged octyl sulfate and MB foster a favorable association, prompting octyl sulfate monomers
to come together, thereby facilitating early micellization (Fig. 2A). From Figure 2, the degree

of dissociation () can be calculated by using the following equation[52],
— 32
p=3 ()
Where S; and S; are the post-micellar and pre-micellar slopes, respectively.
From equation (1), the Gibbs free energy (AG) can be determined by using the equation
AG = (2—-8)RTInCMC (2)

Where R and T are the universal gas constant and temperature in the Kelvin scale, from

equation 2, the binding constant (K) has been determined by using the following formula.
AG=-RTlhK €)

The binding constant values are presented in Table 2. From this table, it is evident that the

binding affinity of CTAC for MB is the highest, indicating a strong electrostatic attraction
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between MB and the tosylate counterion of CTAC. Additionally, the binding constant for the
MB-CTAB system is also significantly high; however, the bulky planar tosylate ion
demonstrates greater binding affinity than the bromide ion of CTAB. For BMImOS, micelle
formation occurs through the interaction between the octyl sulfate ion and MB, allowing MB
to intercalate into the stern layer of the micelle. This results in a softer incorporation of MB
within the BMImOS micelle, yielding the lowest binding affinity. The AG values presented in
Table 2 reveal essential insights into the stability of the various systems studied. Notably, the
MB-CTAT system demonstrates the highest level of stability among the tested configurations,
indicating its robust performance in terms of electrostatic force of attraction. In contrast, the
MB-BMImOS system exhibits the lowest stability, suggesting the soft incorporation of MB
into the Stern layer of the octyl sulphate micellar environment. These findings highlight the

significant differences in stability between the two systems.
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Figure 2: Plot of specific conductivity vs. concentration of (A) BMImOS, (B) CTAT, and (C)
CTAB in the presence and absence of MB.
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Table 2. CMC of surfactants, degree of dissociation, Gibbs free energy, and binding

constant in the presence of MB obtained from conductometric titrations

CMC (mol/L) Premicellar Post Degree of Gibbs free Binding
slope (S1) micellar dissociation energy(AG) constant (k)
slope (S2) B) KJ/mol dm?/mol
MB in BMImOS
0.032 43.21 27.52 0.637 -11.623 108.9
MB in CTAT
2-9x10* 46.04 20.15 0.438 -31.523 3.35x 10°
MB in CTAB
0.97x 107 80.36 39.29 0.489 -25.973 3.57 x 10*

3.2 UV visible spectral analysis

Absorption spectroscopy provides valuable insights into the interactions between a dye in
aqueous solutions and organized surfactant media in their ground state. An aqueous solution of
methylene blue (MB) exhibits a maximum absorption wavelength (Amax) at 665.69 nm, along
with a shoulder peak at 617.33 nm. These observations are consistent with those reported in
the literature[53]. The presence of the shoulder peak may result from the aggregation of MB in
the aqueous solution, which induces n-n stacking of the dye's hydrophobic portions[54]. When
various amphiphiles are added to the aqueous solution of MB, both before and after the critical
micelle concentration, a decrease in absorbance is observed. The addition of
cetyltrimethylammonium bromide (CTAB) and cetyltrimethylammonium tosylate (CTAT)
leads to a slight reduction in absorption intensity (Fig. 3B and 3C). This decrease can be
attributed to the significant electrostatic attraction between MB and the counterions of CTAT
and CTABJ[55]. As a result, MB preferentially remains in the aqueous bulk phase and shows

reduced interaction with the Stern layer of the micelles formed by these surfactants. Although
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the polar head groups of these micelles carry the same charge, the possibility of hydrophobic
interactions has been ruled out, as there is no significant spectral shift. It can thus be concluded
that the interaction leads to the formation of ion pairs between MB and the counterions of the
respective surfactants in the aqueous phase. The addition of BMImOS to the aqueous solution
of MB results in a significant decrease in absorbance (Fig. 3A). The octyl sulfate counterion,
with its long hydrophobic chain of eight carbon atoms, possesses surfactant properties.
Consequently, micelle formation occurs with the oppositely charged counterion, and the
incorporation of MB into the Stern layer of the micelle likely results in a considerable decrease
in absorbance. Moreover, since the imidazolium cation is known to act as a quencher[56], the
observed change in absorbance suggests the formation of a ground-state complex between MB

and the quencher, causing a steady decrease in absorbance.
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Figure 3. Absorbance of MB with varying concentration of (A) BMImOS, (B) CTAT, and (C)
CTAB, (Inset shows Absorbance vs corresponding [Amphiphile]).
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3.3 Emission spectral analysis

Emission spectra provide valuable information about the interaction between dyes and
amphiphiles, as well as the nature of the microenvironment in which the probe is located. An
aqueous solution of MB exhibits an emission wavelength (Aemission) 0f 687.37 nm, which aligns
with published literature[57]. However, the addition of various amphiphiles to this aqueous
solution at both pre- and post-micellar concentrations affects fluorescence intensity. Notably,
the changes in the emission spectra differ between ionic liquids and surfactants. When
BMImOS is added to the aqueous solution of MB, an initial decrease in fluorescence intensity
is observed (Fig. 4A) when the concentration of BMImOS is less than or equal to the critical
micelle concentration (CMC). This phenomenon can be attributed to the quenching effect of
the imidazolium ring, as the imidazolium cation acts as a quencher[58, 59], thereby reducing
the fluorescence intensity. Conversely, when the concentration of BMImOS exceeds the CMC,
a sharp increase in emission intensity occurs. This increase can be explained by the
intercalation of MB into the micellar region formed by the octyl sulfate anion. As the dye
incorporates into the stern layer of the micellar environment, the polarity of the surrounding
microenvironment shifts from more polar to less polar. Since the dye possesses a predominantly
hydrophobic structure, this reduction in polarity allows it to reorganize into a more stable form
and minimizes the energy gap between its highest occupied molecular orbitals (HOMOs) and
lowest unoccupied molecular orbitals (LUMOs)[60]. As a result, the emission intensity
increases. In the case of cationic surfactants, fluorescence intensity rises initially (Fig. 4B and
4C). However, when the concentration of the surfactant increases, fluorescence intensity
decreases rapidly. This decrease can be explained by the fact that when the surfactant
concentration is below the CMC, micelles do not form, allowing for expected hydrophobic
interactions between the hydrophobic parts of the surfactant monomers and the dye. This type
of hydrophobic stacking creates a less polar microenvironment for MB in water/surfactant

binary systems, leading to an increase in emission intensity. Yet, when the surfactant
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concentration exceeds the CMC, the intercalation of MB into the micellar environment
becomes unfavorable due to the like charges of the surfactant monomer's polar head groups.
As a result, when the surfactant concentration falls below the critical micelle concentration, the
MB molecule becomes more accessible to the surrounding water. In this aqueous environment,
MB can interact with the counterions present in the surfactant, creating a more polar
microenvironment around it. This interaction between MB and the counterions has the potential
to facilitate the formation of exciplexes, 1.e., excited-state complexes formed between the dye
and the counterions. This process can lead to a gradual reduction in emission intensity, as

dynamic shifts in the local environment influence the photophysical behavior of the dye.
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3.3.1 Determination of the binding constant of the various MB-amphiphile systems

The study examines the intricate relationship between the fluorescence intensity of methylene
blue (MB) and varying concentrations of different surfactants, ultimately determining a crucial
parameter known as the binding constant. This constant helps to elucidate the mechanistic

pathways and interaction patterns between MB and the surfactants.

In the systems involving MB with CTAT and CTAB, fluorescence intensity exhibited notable
enhancements when the surfactant concentration remained below the critical micelle
concentration (CMC). Specifically, for the MB-CTAT system, an increase in fluorescence was
observed up to a concentration of 0.11 mM CTAT. For the MB-CTAB system, a similar increase
was evident at 0.57 mM CTAB. To quantify these interactions, Beneshi-Hindelbrand's equation

[61] was employed to derive the binding constant, and the equation is as follows,

1 1 1
F-Fy  (Foo—Fp) Kp, [Surfactant]D + (Foo—Fyp) (4)

Where Fo, F and F, are the fluorescence intensities in the absence of surfactant, the

intermediate surfactant concentration, and the final surfactant concentration, respectively. Ky

1
" [Surfactant]®’

is the binding constant, and can be determined by plotting - 1F Vs
—To

The calculated binding constant values are summarized in Table 3, where a 1:1 molar ratio of
surfactant to MB was maintained to facilitate the generation of a linear relationship (Fig. 5B
and 5C). The binding constant data aligns well with the values obtained from conductometric
plots, reinforcing the reliability of the findings. In contrast, the dynamics of the MB-BMImOS
system revealed a consistent decline in fluorescence intensity as the concentration of BMImOS
increased from 0 mM to 36.86 mM. This trend prompted the application of the Stern-Volmer
equation[62] to evaluate the binding or association constant, represented by Ksv, and the

equation is as follows,
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0= 1+Ky[Q] (5)

Here, Fo and F are the fluorescence intensities of the probe in the presence and absence of
quencher molecules. Ky is the binding constant, also known as the Stern-Volmer constant, and

[Q] denotes the concentration of the quencher.

A direct plot of Fo/F against [Q] yielded a linear relationship, indicating the occurrence of
either static or dynamic quenching phenomena (Fig. 5A). The imidazolium cation's role as a
quencher likely contributes to the steady decrease in fluorescence intensity observed in this
system. However, once the concentration of BMImOS reached or exceeded the CMC, a marked
increase in fluorescence intensity was observed. This phenomenon can be attributed to the
formation of micelles, which facilitate the incorporation of MB into the Stern layer of the
micellar environment. The resulting alteration in the microenvironment's polarity leads to an
enhanced fluorescence intensity. Furthermore, the binding constant for the MB-BMImOS
system is notably low, which is consistent with the findings from conductometric
measurements. This lower binding constant value indicates a weaker association of MB within
the Stern layer of the BMImOS system, suggesting that the interaction between MB and

BMImOS is less robust compared to the interactions observed with the other surfactants.
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Figure 5: (A) Stern Volmer plot of MB BMImOS system, (B) and (C) are the Beneshi
Hildebrand plot of MB-CTAT and MB-CTAB systems respectively.

Table 3. The binding constants of different systems obtain from steady state fluorescence

spectra
System Binding constant (M) Number of binding sites
(n)
MB-BMImOS 30.21
MB-CTAT 1.5 x 10° 1
MB-CTAB 1.6 x 10* 1
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3.3.2 Stokes shift

The Stokes shift is a fundamental characteristic of a fluorophore, arising from the energy loss
associated with the relaxation of excited-state electrons[63]. This phenomenon can be
quantitatively assessed using the appropriate equation that relates the emission and absorption

spectra of the fluorophore.

Stokes " shift = 107 [ ;1. — (6)

Where Aex and Aem indicate the peaks of excitation and emission, respectively, measured in
nanometers. The absorbance, fluorescence intensity, and Stokes shift are summarized in Table
4. For the MB-CTAT and MB-CTAB systems, the values of the Stokes shift do not vary
significantly, as the microenvironment for methylene blue (MB) remains consistent in these
systems. Being a cationic dye, MB does not enter the micelles formed by the cationic
surfactants; instead, it tends to stay in the aqueous bulk phase, forming an ion pair with the
counterions of CTAT and CTAB. In contrast, in the case of the MB-BMImOS system, the
Stokes shift varies due to the solubilization of MB in the Stern layer of the micelles formed by
the octylsulfate counterion of BMImOS. This change results in a different polarity of the

microenvironment.
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Table 4. Various spectroscopic parameters along with the calculation of Stokes’ shift of

MB and MB-Amphiphiles in their pre- and post-micellar concentration.

Concentration Ama?*(nm)  Absorbance Amax™“(nm)  Fluorescence Stokes

(mM) Intensity shift (Av,
(F.L) cm™)

MB in water

10° 664.44 0.173 687.37 686.71 502.06

MB in BMImOS

9.7 665.40 0.156 688.54 656.23 505.06

36.86 667.24 0.138 687.70 606.89 445.88

68.66 663.81 0.139 686.72 842.70 502.57

89.79 663.81 0.137 684.28 863.17 450.65
MB in CTAT

0.076 664.81 0.178 688.37 664.39 514.82

0.25 664.81 0.175 687.84 663.31 503.62

0.47 664.75 0.167 687.86 649.30 506.04

0.64 664.69 0.160 687.62 632.11 501.69
MB in CTAB

0.29 664.24 0.155 687.35 670.16 506.34

0.97 664.39 0.151 687.74 664.03 511.02

1.83 664.39 0.146 687.43 650.15 504.12

2.48 664.39 0.139 687.89 621.69 514.19

3.4 Measurement of Anisotropy
The measurement of anisotropy provides valuable insights into the rigidity of the

microenvironment surrounding a probe within an amphiphile/water binary system.

Anisotropy can be measured by using the following equation[64],

Iy—GI
_ Iy=Gly (7)

T Iy+2Gly
Here, Iy and Iy are the intensities of excitation light towards parallel and perpendicular

directions, respectively, arising from the probe's vertically polarised excitation.
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Factor G defines

G=l (3)

Iy

In this context, the aqueous solution of methylene blue (MB) demonstrates a nonzero
anisotropy value. This can be attributed to its asymmetric molecular structure and its ability to
form hydrogen bonds with the surrounding water molecules, which influences its rotational
dynamics. Upon the introduction of the ionic liquid BMImOS, an increase in the measured
anisotropy is observed. This enhancement is corroborated by the spectral behavior of MB when
situated within the micellar system formed by BMImOS. The underlying mechanism can be
explained by the encapsulation of MB within the stern layer of the micelle, which is primarily
shaped by the octyl sulfate chain of BMImOS. Such intercalation effectively restricts the
rotational freedom of the MB molecules, resulting in a higher anisotropy value[64].
Conversely, when cationic surfactants such as cetyltrimethylammonium bromide (CTAB) or
cetyltrimethylammonium tosylate (CTAT) are added to the aqueous solution of MB, there are
no significant alterations in the anisotropy values. This finding suggests that MB does not
penetrate into the stern layer of the micelles formed by these cationic surfactants. Instead, MB
appears to preferentially associate with the counterions of the amphiphiles present in the bulk
aqueous phase. As a consequence of residing in the aqueous phase associated with the cationic
micelles, MB is not subjected to additional constraints on its rotational movement. Therefore,
the absence of substantial changes in the anisotropy value can be attributed to this unrestricted
rotational freedom, which highlights the interaction dynamics between MB and the cationic
surfactants, in contrast to the behavior observed with BMImOS. This detailed understanding
of the anisotropic behavior in these systems is crucial for elucidating the microenvironmental
properties and the interactions influencing the rigidities within amphiphile and water

systems[65].
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Figure 6: Variation of Anisotropy of MB with varying concentration of (A) BMImOS, (B)
CTAT, and (C) CTAB,

3.5 Measurement of Zeta potential

The measurement of zeta potential is crucial as it provides vital insights into the stability of
colloidal systems. A higher zeta potential typically indicates greater stability within these
systems[66]. For instance, an aqueous solution of methylene blue (MB) exhibits a zeta potential
of -13.3 mV. This negative value can be attributed to the hydrogen bonding that occurs between
the methylene blue molecules and the water, creating a stable colloidal environment. When
cationic surfactants are introduced into the aqueous MB solution, there is a noteworthy shift in
the zeta potential, with values becoming increasingly positive. This change suggests an

enhancement in colloidal stability, which can be explained by the electrostatic repulsion
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generated between the positively charged micelles formed by the cationic surfactants and the
methylene blue molecules that remain dispersed in the aqueous phase. On the other hand, the
addition of BMImOS to the aqueous MB solution presents a more complex scenario. As the
concentration of BMImOS surpasses the critical micelle concentration (CMC), the zeta

potential begins to decrease and shift back toward a more negative value. Interestingly, when

the concentration of BMImOS exceeds the CMC, there is a significant drop in zeta potential,
which suggests the onset of colloidal flocculation or instability[67]. This phenomenon occurs
because the methylene blue molecules become incorporated into the stern layer of the micellar
structure formed by the octyl sulfate chains of BMImOS. Consequently, as methylene blue
molecules penetrate the micellar surface due to electrostatic attractions, a dramatic reduction
in surface potential is observed, signifying a destabilization of the colloidal system. The Zeta

potential values and the anisotropy values of MB-amphiphiles are presented in Table 5.

Table 5. Zeta potential, and anisotropy values of aqueous MB and MB- MB-amphiphiles in

their respective premicellar and post-micellar concentrations.

Concentration(mM) Zeta potential (mV) Anisotropy
MB in water
107 -13.3 0.065
MB in CTAT
0.11 22.3 0.063
0.18 30.2 0.064
0.54 23.4 0.062
MB in BMImOS
14.49 -30.5 0.064
23.69 -32.2 0.075
68.67 -6.12 0.126
MB in CTAB
0.43 14.5 0.060
0.71 38.3 0.070
2.06 27.3 0.056
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3.6 Density functional theory calculations

Density function theory (DFT) is a theoretical framework used to predict the stability of a
system and the nature of the interactions between its components. In this study, DFT
calculations were conducted using a 1:1 molecular ratio to assess the stability of methyl blue
(MB) when interacting with various amphiphiles, as well as to identify the type of interaction
occurring between MB and the amphiphiles[68]. All the optimised structures of MB-
amphiphiles have been depicted in Figure 7. The energy optimization data (Eop) for the MB-
CTAT system indicates that it is the most stable configuration, as it has the lowest Eqp value.
The planar structure of the bulky tosylate anion facilitates effective binding with MB, resulting
in the highest binding ability among the systems studied. In contrast, since CTAB has a much
smaller counterion, it can be concluded that the binding efficiency of the tosylate anion is
greater than that of the bromide ion. This is evidenced by the less negative Eop for the MB-
CTAB system compared to the MB-CTAT system, suggesting that the MB-CTAT system is
more stable. On the other hand, in the case of BMImOS, the octyl sulfate anion is not planar,
leading to lower binding ability. Consequently, the Eop for the MB-BMImOS system is higher
than that of the other MB-surfactant systems. All the optimised energy values of MB-
amphiphiles have been presented in Table 6. Furthermore, the analysis of frontier molecular
orbitals (FMOs) provides additional insights into the types of interactions present[69]. For MB
alone, both the highest occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) are localized on the MB molecule (Fig. 8). However, in the MB-
amphiphile systems, all HOMOs are found in the counterion of the amphiphiles, while all
LUMOs are located on MB. This indicates the formation of exciplexes between MB and the
counterions of CTAT, CTAB, and the octyl sulfate anion of BMImOS, along with a potential
charge transfer from the HOMOs to the LUMOs in these systems|[70]. Notably, the energy gaps

between HOMOs and LUMOs for MB-CTAT and MB-BMImOS are quite similar, suggesting
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that binding with bulky counterions may enhance the stability of MB. This conclusion is further
supported by conductometric experiments, which indicate the highest binding ability for the
MB-CTAT system. In this theoretical examination, since only one molecule of BMImOS is
present, the Stern layer of the micellar system cannot be effectively determined. Nevertheless,
BMImOS demonstrates the least binding ability in conductometric experiments due to micelle
formation and the intercalation of MB into the stern layer of the micellar interface.
Additionally, the MB-CTAB system reveals a greater energy gap between its FMOs, with the
small counterion Br- exhibiting lower binding ability compared to the larger counterions in the

other MB-amphiphile systems.

Figure 7. B3LYP/6-21G (d, p) - optimised structure of (a) MB, (b) MB-BMImOS, (c) MB-
CTAT, (d) MB-CTAB. Colour code for atoms: red, oxygen; dark grey, carbon; light grey,

hydrogen; yellow, sulphur; blue, nitrogen; green, chlorine; brown, bromine.
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Table 6. Optimized energy, energy of HOMO and LUMO, band gap, and dipole moments of

(a) MB, (b) MB-BMImOS, (¢) MB-CTAT, and (d) MB- CTAB systems.

System Eorr (a.u) | Energy of | Energy of | AE (E:- | Dipole
HOMO (E.) LUMO (E») E1) (eV) moment
(ev) (ev) (Debye)

MB -1634.68 -0.22291 -0.12756 0.09535 20.13

MB- -3064.51 -0.187 -0.10297 0.08403 15.45

BMImOS

MB-CTAT | -3324.42 -0.187 -0.10297 0.0843 19.32

MB-CTAB | -3196.26 0.19260 0.09920 0.0934 18.993

0.084 ev

LUMO of MB-CTAT

HOMO of MB-CTAT

Figure 8. HOMO-LUMO diagrams of MB with various amphiphiles
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4. Conclusion

This work examines the interaction of a cationic dye known as methylene blue (MB) with two
cationic surfactants: cetyl trimethyl ammonium tosylate (CTAT) and cetyl trimethyl
ammonium bromide (CTAB), along with a surface-active ionic liquid (SAIL) called 1-butyl-3-
methyl imidazolium octyl sulfate (BMImOS). The study primarily focuses on how the
counterions of the various surfactants affect the properties of the microenvironments. As a
cationic dye, MB does not enter the Stern layer of the micelles formed by CTAT and CTAB.
Instead, MB prefers to remain in the aqueous bulk phase, where it can electrostatically bind
with the anionic counterions of CTAT and CTAB. This binding results in delayed micellization
for both surfactants, and the critical micelle concentration (CMC) values were determined
using conductometric methods. There is no significant spectral shift observed in the UV-visible
and steady-state fluorescence spectra for these systems. In the case of the MB-BMImOS
system, the anionic counterion (octyl sulfate) can form micelles. Being oppositely charged, MB
can encapsulate within the stern layer of BMImOS, causing early micellization. Binding
constants were determined both conductometrically and through steady-state fluorescence
spectra, and the results from these different methods align very well. CTAT exhibits the highest
binding affinity for MB, which can be attributed to the planar structure of the tosylate anion.
Conversely, BMImOS shows the lowest binding ability with MB, likely due to the
encapsulation of MB in the stern layer of the octyl sulfate micelle. In the MB-CTAT and MB-
CTAB systems, ion pairs form between MB and the anionic counterions in the aqueous bulk
phase, resulting in a positive zeta potential for both pre- and post-micellar concentrations of
CTAT and CTAB. In the MB-BMImOS system, MB tends to reside in the stern layer of the
octyl sulfate micelle. This incorporation leads to a decrease in negative zeta potential values
and an increase in anisotropy. However, no significant changes in anisotropy are observed in

the MB-CTAT or MB-CTAB systems. Additionally, the energies of all systems were optimized
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using DFT calculations. The MB-CTAT system emerged as the most stable, exhibiting the
lowest energy optimization value. The TDDFT diagrams for MB-CTAT and MB-BMImOS
clearly show that the counterions of the surfactants and the SAIL occupy the highest occupied
molecular orbital (HOMO) position, while the lowest unoccupied molecular orbital (LUMO)
is positioned on MB. This observation suggests a possible charge transfer phenomenon from
the counterions of the surfactants and the SAIL to MB. Ultimately, this work serves as an
investigative initiative into the effects of counterions in aqueous/micelle binary systems and
may significantly contribute to various fields, including analytical chemistry, material
fabrication, medicinal photosensitization, drug delivery, wastewater treatment, and other

related areas.
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SUMMARY AND CONCLUSION

The collective research examines the intricate interplay between diverse dyes and amphiphilic
systems—encompassing both conventional surfactants and surface-active ionic liquids
(SAILs)—in aqueous environments. Across four systematically designed investigations, the
studies probe how variations in head group charge, hydrophobic tail architecture, counterion
size, and micellar polarity govern dye solubilization, aggregation dynamics, and spectroscopic
responses. The methodological framework is rooted in a multi-technique experimental
approach, including UV-visible absorption, steady-state and time-resolved fluorescence
spectroscopy, time-correlated single photon counting (TCSPC), dynamic light scattering
(DLS), zeta potential analysis, and conductometric titration, supplemented with Density
Functional Theory (DFT) and Time-Dependent DFT (TDDFT) calculations to yield molecular-
level insights. In the first chapter, Acridine Red (AR), a cationic azo dye, was studied with
anionic SDS, hydrophobic-tailed BMImOS, and hydrophobic-chain-free BMImBr. BMImOS
displayed superior solubilization efficiency even below the critical micelle concentration, an
effect attributed to reduced head-group repulsion and enhanced dye encapsulation through its
hydrophobic tail. In contrast, BMImBr, lacking a tail, formed only salt-like ion pairs with
negligible micellar solubilization. Spectral shifts, fluorescence lifetime enhancement, and
anisotropy measurements confirmed AR incorporation into BMImOS micelles, while
DFT/TDDTF analysis supported favorable HOMO-LUMO overlap and electrostatic charge
transfer, emphasizing the role of hydrophobic tailoring in SAIL design. In the second chapter,
Eosin Y (EY), an anionic xanthene dye, interacted with cationic CTAC, anionic SLAS and
NaDC, and the zwitterionic C12DmCB. The interaction efficiency followed the order C12DmCB
> CTAC >> SLAS = NaDC. C;2DmCB induced the most pronounced bathochromic shifts,
lifetime enhancement, and anisotropy increases, reflecting efficient EY stabilization without

the toxicity concerns typical of cationics. CTAC facilitated moderate binding through
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electrostatic attraction, while anionic systems showed poor solubilization due to repulsion.
DFT results confirmed superior thermodynamic stability for the EY—Ci2DmCB complex,
demonstrating the zwitterionic advantage in reducing repulsion while promoting strong
micelle-dye interactions. The third investigation with Phloxine B (PhB), an anionic xanthene
dye, further illuminated this advantage. C1,DmCB yielded the most significant solubilization
and stabilization, evidenced by marked spectral shifts, longer fluorescence lifetimes, increased
micellar size, and reduced zeta potential. SDS showed negligible binding due to like-charge
repulsion, while CTAC exhibited moderate affinity via electrostatic attraction. DFT analysis
revealed the lowest HOMO-LUMO gap for the PhB—C12DmCB system, indicating the highest
stability and confirming that balanced charge distribution in zwitterionic surfactants enhances
micellization and encapsulation efficiency. The fourth study explored Methylene Blue (MB)
with cationic CTAB, CTAT, and BMImOS, where counterion effects dominated interaction
behavior. CTAT, with bulky tosylate counterions, formed strong ion-pair interactions with MB,
delaying micellization but improving binding affinity and stability. CTAB, with smaller
bromide ions, showed weaker incorporation, while BMImOS permitted partial MB embedding
into its Stern layer via electrostatic interaction with the octyl sulfate tail. DFT revealed the
MB-CTAT complex as the most stable, with HOMO-LUMO localization patterns suggesting
charge transfer. Across all systems, zwitterionic surfactants and hydrophobically tailored
SAILs consistently outperformed conventional anionic or cationic surfactants when
electrostatic repulsion would otherwise hinder dye incorporation. The integrated findings
present a coherent framework for understanding and engineering dye-amphiphile interactions
at the molecular level. Opposite-charge dye—surfactant pairs benefit from strong electrostatic
attraction, but optimal solubilization often requires additional hydrophobic or steric
stabilization, while same-charge systems can still achieve effective binding via counterion-

mediated complexation or hydrophobic partitioning. Hydrophobic chains, as in BMImOS,
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reduce electrostatic repulsion, lower the CMC, and increase dye loading capacity, whereas their
absence, as in BMImBr, limits solubilization. Zwitterionic surfactants like C12DmCB balance
positive and negative charges within the same molecule, minimizing electrostatic barriers,
enhancing dye packing efficiency, and surpassing cationic systems in binding performance
without associated toxicity. Counterion engineering offers another powerful design lever, as
bulky, charge-delocalized counterions can form stabilizing ion pairs with like-charged dyes,
influencing micellization behavior and stability. The strong correlation between experimental
observables—such as spectral shifts, fluorescence lifetimes, anisotropy changes, and micellar
size—and DFT-predicted parameters like HOMO-LUMO gaps and charge distribution
validates mechanistic interpretations and enables predictive system design. These insights have
direct applications in drug delivery, photosensitization for photodynamic therapy and solar
energy harvesting, wastewater treatment, and bioimaging, with environmentally benign and
tunable systems like SAILs and zwitterionics offering sustainable solutions. Ultimately, this
body of work advances from isolated case studies toward a generalizable design philosophy
for micellar systems, advocating optimization of head group charge, strategic hydrophobic
integration, and counterion selection to control interaction strength and micellization
thermodynamics. The integration of high-resolution experimental data with first-principles
computational modeling not only confirms mechanistic pathways but also provides predictive
capacity for developing next-generation amphiphilic assemblies tailored for industrial,

biomedical, and environmental applications while minimizing ecological impact.
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Basic Data

Chapter I

1.1 Absorbance vs [SDS|/mM obtained 1.2 Absorbance vs [BMImOS]/mM obtained

from UV absorption spectra from UV absorption spectraat 298K
at 298K
[BMImOS|/mM | Absorbance
[SDS]/mM | Absorbance 5 (E))S Od 118841876
0 0.188 = '
0474 0197 6.85 0.18012
0.944 0201 10.85 0.17854
1.41 0208 16.31 0.17696
1.87 0208 23.63 0.17696
2.33 0207 30.72 0.17696
2.79 0207 37.61 0.17696
3.69 0.204 44.3 0.17222
4.58 0.203 50.8 0.15484
5.45 0.201 57.11 0.14852
6.31 0.1999 63.26 0.14536
7.16 0.194 69.23 0.14536
8 0.19 75.04 0.1422
8.82 0.184
9.63 0.182
10.83 0.18
12 0.179
13.14 0.177
14.26 0.176
15.72 0.175
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1.3 Absorbance vs [BMImBr]/mM obtained 1.4 Variation of Fluorescence Intensity
from UV absorption spectraat 298K

with varying concentrations of SDS

at 298K
[BMImBr]/mM | Absorbance
0 0.18576 [SDS]/mM F.IL.
0.98912 026961 9 159.04
ol
2.9098 027735 1.42012 135.89
3.84246 0.26445 1. 88605 132 42
475737 025155 2.34834 128.34
5.65504 024381 2.80702 123.49
6.53595 024252 3.26214 119.38
7.40056 022833 3.71373 114.44
9.08265 0.19866 4.60655  109.88
5.0478 123.47
9.90099 0.18576 548571 133.12
10.70473 0.17415 59203 137.29
11.49425 0.16512 6.35161 138.87
13.03215 0.14835 7.2045 139.1
14.51751 0.129 8.04469 138.52
15.95298 0.11094 8.87246 138.27
17.34104 0.09417
1.5 Variation of Fluorescence Intensity 1.6 Variation of Fluorescence Intensity
with varying concentrations of BMImOS with varying concentrations of BMImBr
at 298K at 298K
[BMImOS]/mM | F.I. [BMImBr]/mM | F.L
0 61.38 0.98 27.23
2.95 55.55 194 26.78
6.85 51.34 > 88 2647
10.68 48.33 38 26.26
50.8 33.8 852 22;'363
57.11 31.09 98 2412
63.26 29.75
69.23 28.86 1120.'167 ;gzg
75.04 28.44 13.7 23 09
80.7 27.87
86.2 27.43
92.9 26.99
99.36 26.44
111.71 25.72
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1.7 Steady state anisotropy measurement of the AR/SDS system 1.8 Steady state anisotropy measurement of AR/BMImOS system

with varying concentrations of SDS at 298K with varying concentrations of BMImOS
at 298K
[SDS]/mM | Anisotropy
0 0.0225 [BMImOS]/mM | Anisotropy

0.47809 0.022 0 0.022
095238 | 0.0196 2.95858 0.01954
142252 | 00218 oeos T ooms
1.88976 0.0228 1631478 0.02574
2.35294 | 0.02067 23.62949 0.02691
2.8125 0.02367 30.72626 0.02785
3.26848 0.0265 37.61468 0.02796
416988 | 002567 43038 | 0.03065
S0547 | 003367 w175 | oosses
093156 | 004083 63.25823 0.0688
679245 | 0.04967 69.23077 0.07137
7.64045 0.0655 75.04216 0.07254
847584 | 006867 80.69884 0.0743
9729889 0.0716 86.2069 0.07605
91.57212 0.08073
10.10989 0.0692 9.5 00702
10.90909 | 0.068 101.8957 0.07617
11.69675 0.07017 106.8643 0.07769
1247312 | 0.0704 111.7103 0.07675
116.4384 0.07886

Steady state anisotropy measurement of the AR/BMImBr system

with varying concentrations of BMImBr

at 298K
[BMImBr]/mM | Anisotropy

0 0.022
0.98 0.024
1.94 0.022
2.88 0.024
3.8 0.022
4.72 0.022
5.6 0.022
6.5 0.02
7.33 0.022
8.2 0.022
9 0.022
9.3 0.022
10.6 0.022
12.17 0.022
13.7 0.024
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1.10 Hydrodynamic diameter data vs. Mean Intensity of AR/SDS system when [SDS]

=598 mM at 298K

Size Mean Size Mean Size Mean Size Mean
Intensity d Intensity Intens Intensity
d (mnm) 2% (nm) %% d (mm) ity %% d (nm) 2%
0.4 0 5.615 0 78.82 0 1106 0
0.4632 0 6.503 0 91.28 0 1281 0
0.5365 0 7.531 0 105.7 0 1484 0
0.6213 0 8.721 0 122.4 0 1718 0
0.7195 0 10.1 0 141.8 0 1990 0
0.8332 0 11.7 0 164.2 0 2305 0
0.9649 0 13.54 0 190.1 0 2669 0
1.117 0 15.69 0 220.2 0 3091 0
1.294 0 18.17 0 255 0 3580 0
1.499 0 21.04 0 295.3 0 4145 0
1.736 0 24.36 0 342 0 4801 0
2.01 0 28.21 0 396.1 0 5560 0
2.328 0 32.67 0 458.7 0 6439 0
2.696 0 37.84 0 531.2 0 7456 0
3.122 0 43.82 15.9 615.1 0 8635 0
3.615 0 50.75 84.1 712.4 0 1.00E+04 0
4.187 0 58.77 0 825 0
4.849 0 68.06 0 955.4 0

1.11 Hydrodynamic diameter data vs. Mean Intensity of AR/SDS system when [SDS]

=10.17 mM at 298K

Size Mean Size Mean Size Mean Size Mean
Intensity d Intensity d Intensity Intensity
d (nm) % (nm) %% (nm) %% d (nm) %
0.4 0 5.615 0 78.82 0 1106 0
0.4632 0 6.503 0 91.28 1.9 1281 0
0.5365 0 7.531 0 105.7 7.7 1484 0
0.6213 0 8.721 0 122.4 15.4 1718 0
0.7195 0 10.1 0 141.8 21.1 1990 0
0.8332 0 11.7 0 164.2 21.6 2305 0
0.9649 0 13.54 0 190.1 16.1 2669 0
1.117 0 15.69 0 220.2 7.3 3091 0
1.294 0 18.17 0 255 0.5 3580 0
1.499 0 21.04 0.5 295.3 0 4145 0
1.736 0 24.36 2.8 342 0 4801 0
2.01 0 28.21 3.4 396.1 0 5560 0
2.328 0 32.67 1.6 458.7 0 6439 0
2.696 0 37.84 0 531.2 0 7456 0
3.122 0 43.82 0 615.1 0 8635 0
3.615 0 50.75 0 712.4 ] 1.00E+04 0
4.187 0 58.77 0 825 0
4.849 0 68.06 0 955.4 0
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1.12 Hydrodynamic diameter data vs. Mean Intensity of AR/BMImOS system when

[BMImOS] =24.93 mM at 298 K

Size Mean Size Mean Size Mean Size Mean
Intensity d Intensity d Intensity Intensity
d (nm) % (nm) %o (nm) % d (nm) %o
0.4 0 0.4 0 78.82 0 1106 0
0.4632 0 04632 0 91.28 0 1281 0
0.5365 0 0.5365 0 105.7 6.5 1484 0
0.6213 0 06213 0 122.4 19.4 1718 0
0.7195 0 0.7195 0 141.8 28.9 1990 0
0.8332 0 0.8332 0 164.2 27.2 2305 0
0.9649 0 0.9649 0 190.1 15.3 2669 0
1.117 0 1.117 0 220.2 2.8 3091 0
1.294 0 1.294 0 255 0 3580 0
1.499 0 1.499 0 2953 0 4145 0
1.736 0 1.736 0 342 0 4801 0
2.01 0 2.01 0 396.1 0 5560 0
2.328 0 2.328 0 458.7 0 6439 0
2.696 0 2.696 0 531.2 0 7456 0
3.122 0 3.122 0 615.1 0 8635 0
3.615 0 3.615 0 712.4 0 1.00E+04 0
4.187 0 4.187 0 825 0
4.849 0 4.849 0 9554 0

1.13 Hydrodynamic diameter data vs. Mean Intensity of AR/BMImOS system when

[BMImOS] = 54.86 mM at 298K

Size Mean Size Mean Size Mean Size Mean
Intensity d Intensity d Intensity Intensity
d (nm) % (nm) % (nm) % d (nm) %
0.4 0 5615 0 78.82 0 1106 0
0.4632 0 6.503 0 91.28 0 1281 0
0.5365 0 7.531 0 105.7 0 1484 0
0.6213 0 8.721 0 122.4 0 1718 0
0.7195 0 10.1 0 141.8 0 1990 0
0.8332 0 11.7 0 164.2 0 2305 0
0.9649 0 13.54 0 190.1 0 2669 0
1.117 0 15.69 0 220.2 18 3091 0
1.294 0 18.17 0 255 38.9 3580 0
1.499 0 21.04 0 2953 33.6 4145 0
1.736 0 24.36 0 342 95 4801 0
2.01 0 28.21 0 396.1 0 5560 0
2328 0 32.67 0 458.7 0 6439 0
2.696 0 37.84 0 531.2 0 7456 0
3.122 0 43.82 0 615.1 0 8635 0
3615 0 50.75 0 712.4 0 1.00E+04 0
4.187 0 58.77 0 825 0
4.849 0 68.06 0 955.4 0

215




1.14 Hydrodynamic diameter data vs. Mean Intensity of AR/BMImBr system when

[BMImBr] = 4.98 mM at 298 K

Size Mean Size Mean Size Mean Size Mean
Intensity d Intensity d Intensity Intensity
d (nm) % (nm) % (nm) % d (nm) %
0.4 0 5.615 0 78.82 0 1106 0
0.4632 0 6.503 0 91.28 0 1281 0
0.5365 0 7.531 0 105.7 0 1484 0
0.6213 0 8.721 0 122.4 0 1718 0
0.7195 0 10.1 0 141.8 0 1990 0
0.8332 0 11.7 0 164.2 0 2305 0
0.9649 0 13.54 0 150.1 0 2669 0
1.117 0 15.69 0 220.2 0 3091 0
1.294 0 18.17 0 255 0 3580 0
1.499 0 21.04 0 295.3 0 4145 0
1.736 0 24.36 0 342 0 4801 0
2.01 0 28.21 0 396.1 0 5560 0
2.328 0 32.67 100 458.7 0 6439 0
2.696 0 37.84 0 531.2 0 7456 0
3.122 0 43.82 0 615.1 0 8635 0
3.615 0 50.75 0 712.4 0 1.00E+04 0
4,187 0 58.77 0 825 0
4.849 0 68.06 0 955.4 0

1.15 Hydrodynamic diameter data vs. Mean Intensity of AR/BMImBr system when
[BMImBr] =10.97 mM at 298K

Size Mean Size Mean Size Mean Size Mean
Intensity | d Intensity | d Intensity Intensity
d (nm) | % (nm) | % (nm) | % d (nm) %o
0.4 0 5.615 0 78.82 0 1106 0
0.4632 0 6.503 0 91.28 0 1281 0
0.5365 0 7.531 0 105.7 0 1484 0
0.6213 0 8.721 0 122 .4 0 1718 0
0.7195 0 10.1 0 141.8 0 1990 0
0.8332 0 11.7 0 164.2 0 2305 0
0.9649 0 13.54 0 190.1 0 2669 0
1.117 0 15.69 0 220.2 0 3091 0
1.294 0 18.17 0 255 0 3580 0
1.499 0 21.04 0 295.3 0 4145 0
1.736 0 24.36 0 342 0 4801 0
2.01 0 28.21 0 396.1 0 5560 0
2.328 0 32.67 0 458.7 0 6439 0
2.696 0 37.84 0 531.2 0 7456 0
3.122 0 43.82 0 615.1 0 8635 0
3.615 0 50.75 0 712.4 0 1.00E+04 0
4.187 0 58.77 100 825 0
4.849 0 68.06 0 955.4 0
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Aggregation number data of AR/SDS, AR/BMImOS, AR/BMImBr systems

at 298K
[CPC] In (Io/T) In (TIo/T) In (To/T)
/mM AR/SDS System | AR/BMImOS System AR/BMImBr System

0 0 0 0
0.04902 0.01511 0.01574 0.01569
0.09709 0.02191 0.02548 0.01409
0.14423 0.03483 0.03604 0.02641
0.19048 0.04181 0.04369 0.03331
0.23585 0.05271 0.05014 0.03546
0.28037 0.05806 0.05735 0.04226
0.32407 0.0713 0.06267 0.04884
036697 0.07857 0.07247 0.0557
0.40909 0.08578 0.07976 0.06438
0.45045 0.08908 0.0837 0.0673
0.09311 0.07391
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Chapter 11

2.1 Specific conductivity (k) data of CDmCB and EY/CDmCB 2.2 Specific conductivity (k) of CTAC and EY/CTAC

at different concentrations of C12DmCB at 298K at different concentrations of CTAC at 298K

218

[C12DmCB] | Kkof CzDmCB | kof CuDmCB
/mM without EY with EY [CTAC] | kof CTAC | kol CTAC
0 25 49 mM | without EY | with EY

0.0892 99 122 0 ; 13

0.17781 183 202 101953 6 71

026384 26 27 009934 | 105 117
035329 3.1 364 014851 5 162
044016 8 al 019737 193 21

0.52647 521 532 02459 3.6 258
061221 60.2 616 020412 | 281 307
0.6974 682 10 034202 | 326 356
0.78204 76.6 i 038961 | 371 403
0.86613 8] 82 043689 | 414 449
0.94968 2 928 048387 | 458 497
1.03269 101 101 0.53055 503 547
111518 109.4 108.5 057692 | 547 591
119713 1167 1141 0.623 537 639
127857 1241 121 066879 | 632 635
135949 1315 1265 071420 | 676 722
1.4391 138.1 132.9 0.75949 71.8 76.2
1.51981 1454 1383 0.80442 75.8 80.4
1.59922 150.8 142.7 0.84906 80.1 84

1.67813 156.6 146.3 0.89342 82.9 87.7
175654 163.7 150 09375 86.2 926
1.83447 167.6 153.8 0.98131 291 96.1
1.91192 171.3 1572 1.02484 927 098
1.98889 175.2 160.8 1.06811 957 103.2
2.06538 1794 1643 L1011 | 996 1055
2.14141 1824 167.1 115385 102.9 108
221697 185 1711 119632 | 1057 110
2.29207 188 175.2 1.23853 107.6 1125
236672 191 179 128049 | 1099 1151
244091 194 1829 132219 | 1123 1178
258795 197 184.1 136364 | 1157 119.6
27333 207 192 144578 | 1207 1245
287679 210 199 152695 | 125.1 1291
3.01864 27 208 160714 | 130.1 1328
3.15882 pPR 213 1.68639 134 1355
309737 230 m 176471 | 13438 1402




at different concentrations of SLAS at 298K

2.3 Specific conductivity (k) of SLAS and EY/SLAS

[SLAS]/ | kof SLAS k of SLAS
mM without EY with EY
0 3 4.6
0.49834 324 32.7
0.99338 62.2 64.2
1.48515 91 90
1.97368 119.8 120.8
2.45902 147.8 150.5
2.94118 173.7 180.2
34202 201 207
3.8961 227 236
436893 252 261
4.83871 280 288
5.30547 306 3135
5.76923 330 341
6.23003 357 368
6.6879 379 397
7.14286 405 422
7.59494 431 447
8.04416 457 472
8.49057 479 497
8.93417 500 524
9375 526 546
9.81308 546 571
10.24845 564 596
10.68111 583 618
1111111 602 638
11.53846 618 662
11.96319 636 679
12.38532 658 700
12.80488 678 721
13.22188 697 738
13.63636 716 756
14.45783 750 792
15.26946 783 822
16.07143 812 853
16.86391 840 875
17.64706 870 904
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2.4 Specific conductivity (k) of NaDC and EY/NaDC

at different concentrations of NaDC at 298K

[NaDC]/ | kofNaDC | kof NaDC
mM | without EY with EY
0 25 35
0.19934 134 14.8
0.39735 23.7 25.9
0.59406 34.7 37.2
0.78947 455 49
0.98361 57.6 59.8
1.17647 068.3 70.5
1.36808 79.5 81
1.55844 90.5 91
1.74757 100.8 102.2
1.93548 111.9 1132
2.12219 1216 1237
2.30769 132.8 133.5
2.49201 144.1 143.9
2.67516 152.3 1534
2.85714 162.9 164
3.03797 174.5 174
3.21767 1832 1852
3.39623 1922 196.1
3.57367 198 207
3.75 205 218
3.92523 213 226
4.09938 220 233
4.27245 228 240
4 44444 235 247
4.61538 243 254
478528 250 260
495413 254 267
5.12195 260 274
5.28875 270 280
5.45455 274 288
5.78313 204 301
6.10778 304 314
6.42857 320 330
6.74556 333 346
7.05882 350 360




2.5 Absorbance vs [C12DmCB]/mM 2.6 Absorbance vs [CTAC]/mM
Obtained from the UV absorption spectra of

Obtained from the UV absorption spectra of EY/CTAC system at 208K

EY/C12DmCB system at 298K

[C12DmCB]/mM | Absorbance [CTAC]/mM | Absorbance
0 0.202 0 0.044
: 0.15 0.159
0.264 0.211 0.29 0.182
0.523 0.207 0.43 0.191
0.78 0.183 0.57 0.204
0.71 0.215
1.03 0.14 083 0223
1.27 0.116 0.98 0.232
1.51 0.101 1.1 0.239
1.75 0.097 133 0254
1.6 0.269
1.98 0.101 183 0283
2.43 0.112 2.06 0.29
2.86 0.121 2.28 0.297
2.49 0.299
3.28 0.132 > 60 0296
3.68 0.135 2 89 0.289
4.08 0.133

2.8 Absorbance vs [NaDC]/mM
Obtained from the UV absorption spectra of
EY/NaDC system at 298K

2.7 Absorbance vs [SLAS]/mM
Obtained from the UV absorption spectra of
EY/SLAS system at 298K

[SLAS]/mM | Absorbance [NaDC]/mM | Absorbance
0 0.025 0 011
1.48 0.162 0.59 0.156
2.93 0.198 1.17 0.164
4.34 0.234 1.74 0.171
5.74 0.279 2.3 0.174
71 0.347 2.84 0.177
8.45 0.365 3.38 0.179
9.76 0.381 3.9 0.182
11.05 0.39 442 0.189
13.57 0.404 2.43 0.189
= 0118 6.4 0.197

' 7.33 0.207
18.34 0.431 321 0.215
20.6 0.435 911 0201
22.78 0.437 996 0231
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2.9 Variation of Fluorescence Intensity 2.10 Variation of Fluorescence Intensity

with varying concentrations of C12DmCB with varying concentrations of CTAC
of the EY/C12DmCB system at 298K of the EY/CTAC system at 298K
[C12DmCB]/mM | F.I
o 586.60 [CTAC]/mM | F.L
0.26 6893 0 424.39
0.523 622.19 0.15 15.29
0.78 521.44 0.29 24.11
1.03 338.72 0.43 34.07
1.27 173.47 0.57 49.06
1.51 86.16 0.71 65.26
1.75 47.93 0.85 84.33
1.98 31.8 0.98 107.82
2.43 25.31 1.1 141.14
2.86 289 1.35 264.67
3.28 54.94 1.6 518.2
3.68 140.5 1.83 611.22
4.08 17434 2.06 670.77
4.45 193.52 2.28 724.63
4.82 203.79 2.49 739.53
5.18 2094 2 69 749 .53
5.52 211.45 2 89 753.49

2.11Variation of Fluorescence Intensity 2.12 Variation of Fluorescence Intensity

with varying concentrations of SLAS with varying concentrations of NaDC

of the EY/SLAS system at 298K of the EY/NaDC system at 298K

[SLAS]/mM | F.L [NaDC)/mM F.L
TN ETES s
148 | 601275 NE 08
2.93 728.225 74 670.77
4.34 774.1 2.3 666.16
5.74 813.35 2.84 666.39
3.38 663.26
7.1 834.125 30 6107
8.45 836.1 4.42 660.18
9.76 865.25 543 654.6
11.05 869.825 6.4 647.58
13.57 864.9 7.33 642.08
8.24 637.1
16 862.2 9.11 633.52
18.34 851.75 9.96 63006
20.6 842.9 10.78 630.3
2278 833.6
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113 Steady state anisotropy measurement of the EY/CyDmCB system .14 Steady stat anisofropy measurement o the EY/CTAC system
with varying concentraions of CuDmCB at 298K With vatying concentrations of CTAC at 298K

[CTAC)mM | Anisotropy
[CoDmCB)mM | Anitropy | 0
o 003 04T |00
06 | 00 096 | 000
0 |0 030008
08 | 00 05746 | 0003
1 0709 |00l
LT | 00 0 oo
LL | 00 TR
Ly | | ol
;ig 88;2 15 | 0%
TERRT 0
TR 1806 | 007
YRR 268 | 008
108 0,095 L7881 0001
TR G | 009
W] 2608 |00
8|0l 2005|0108
|0 R
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115 Steady state anisotropy measurement of the EY/SLAS system 2.16 Steady state anisotropy measurement of the EY/NaDC system

with varying concentrations of SLAS at 298K with varying concentrations of NaDC

SLAS]mM | Ansotropy [NaDCJimM | Anisotropy
0| o 0] B
L8 | o LIIL | 0%
10 | o LIS | 005
1308 |0 LOL | O
' ' 200665 | 0.4
ST6 | 008 s | o
MO | o 08 | 0039
AT | 0028 39068 | 0039
07674 | 0028 14239 0.04
[L0S9T | 0029 54008 | 0041
1357466 | 0009 64 | 0042
6 | 06 13364 | 008
1834061 | 003 8034 | 0044
06008 | 003 0132 | 0044
27881 | 003 995851 | 0045
24,8967 003 10.77531 0.046
2693878 003 11.56627 0.046
BIIS% | 0031 LM | OO

NHW |00
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2.17 Hydrodynamic diameter data vs. Mean Intensity of EY/H20 system

Mean Mean Mean Mean

Size Intensity Size Intensity Size Intensity Size Intensity
d.nm %o d.nm %o d.nm %% d.nm %%

0.4 0 5.615 0 78.82 0 1106 0
0.4632 0 6.503 0 91.28 0.8 1281 0
0.5365 0 7.531 0.9 105.7 14.5 1484 0
0.6213 0 8.721 4.4 1224 28.3 1718 0
0.7195 0 10.1 5.9 141.8 28.2 1990 0
0.8332 0 11.7 3.3 164.2 13.8 2305 0
0.9649 0 13.54 0 190.1 0 2669 0
1.117 0 15.69 0 220.2 0 3091 0
1.294 0 18.17 0 255 0 3580 0
1.499 0 21.04 0 2953 0 4145 0
1.736 0 2436 0 342 0 4801 0
2.01 0 28.21 0 396.1 0 5560 0
2.328 0 32.67 0 458.7 0 6439 0
2.696 0 37.84 0 531.2 0 7456 0
3.122 0 43 .82 0 615.1 0 8635 0
3.615 0 50.75 0 712.4 0 1.00E+04 0
4.187 0 58.77 0 825 0

4.849 0 68.06 0 9554 0

2.18 Hydrodynamic diameter data vs. Mean Intensity of EY/C12DmCB system when
[C12DmCB] =0.78 mM

Mean Mean Mean Mean

Size Intensity | Size | Intensity | Size | Intensity Size Intensity
d.nm % d.nm % d.nm % d.nm %

0.4 0 5.615 4.5 78.82 0 1106 0
0.4632 0 6.503 0.9 91.28 0 1281 0
0.5365 0 7.531 0 105.7 0 1484 0
0.6213 0 8.721 0 122.4 0 1718 0
0.7195 0 10.1 0 141.8 0 1990 0
0.8332 0 11.7 0 164.2 0 2305 0
0.9649 0 13.54 0 190.1 0 2669 0
1.117 0 15.69 0 220.2 0 3091 0
1.294 0 18.17 0 255 0 3580 0
1.499 0 21.04 0 295.3 0 4145 0
1.736 0 24.36 0 342 12.4 4801 0
2.01 0 28.21 0 396.1 33.9 5560 0
2.328 0 32.67 0 458.7 35 6439 0
2.696 0 37.84 0 531.2 13.4 7456 0
3.122 0 43.82 0 615.1 0 8635 0
3.615 0 50.75 0 712.4 0 1.00E+04 0
4.187 0 58.77 0 825 0

4.849 0 68.06 0 955.4 0
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2.19 Hydrodynamic diameter data vs. Mean Intensity of EY/C12DmCB system when
[C12DmCB] =3.68 mM

Size Mean Size Mean Size Mean Size Mean
Intensity Intensity Intensity Intensity
d.nm %% d.nm | % d.nm | % d.nm %%

0.4 0| 5.615 0| 78.82 0 1106 0
0.4632 0| 6.503 4.7 | 91.28 0 1281 0
0.5365 0| 7.531 24.6 | 105.7 0 1484 0
0.6213 0| 8721 091224 0 1718 0
0.7195 0 10.1 0]141.8 0 1990 0
0.8332 0 11.7 0| 164.2 0 2305 0
0.9649 0] 13.54 0] 190.1 0 2669 0

1.117 0] 1569 0] 220.2 0 3091 0
1.294 0| 18.17 0 255 0 3580 0
1.499 0]21.04 0]2953 7.7 4145 0
1.736 0| 2436 0 342 35.7 4801 0
2.01 0| 2821 0] 396.1 26.4 5560 0
2.328 0| 32.67 0 | 458.7 0 6439 0
2.696 03784 0| 531.2 0 7456 0
3.122 0] 43.82 0]615.1 0 8635 0
3.615 0| 5075 0]712.4 0 | 1.00E+04 0
4.187 0 | 58.77 0 825 0
4.849 0 | 68.06 0]9554 0
2.20 Hydrodynamic diameter data vs. Mean Intensity of EY/CTAC system when
[CTAC] =0.43 mM
Size Mean Size | Mean Size | Mean Size Mean
Intensity Intensity Intensity Intensity
d.nm % d.nm | % d.nm | % d.nm %o
0.4 0 5.615 0 78.82 0 1106 0
0.4632 0 6.503 0 91.28 0 1281 0
0.5365 0 7.531 0 105.7 0 1484 0
0.6213 0 8.721 0 122.4 0 1718 0
0.7195 0 10.1 0 141.8 0 1990 0
0.8332 0 11.7 0 164.2 0 2305 0
0.9649 0 13.54 0 190.1 0 2669 0
1.117 0 15.69 0 220.2 0 3091 0
1.294 0 18.17 0 255 13.9 3580 0
1.499 0 21.04 0 2953 32.1 4145 0
1.736 0 2436 0 342 35 4801 0
2.01 0 28.21 0 396.1 18.7 5560 0
2.328 0 32.67 0 458.7 0.3 6439 0
2.696 0 37.84 0 531.2 0 7456 0
3.122 0 43.82 0 615.1 0 8635 0
3.615 0 50.75 0 712.4 0 1.00E+04 0
4.187 0 58.77 0 825 0
4.849 0 68.06 0 955.4 0
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2.21 Hydrodynamic diameter data vs. Mean Intensity of EY/CTAC system when
[CTAC] =2.06 mM

Size Mean Size Mean Size Mean Size Mean
Intensity Intensity Intensity Intensity

d.nm %% d.nm %% d.nm %% d.nm %

0.4 0 5.615 0 78.82 0 1106 0
0.4632 0 6.503 0 91.28 0 1281 0
0.5365 0 7.531 0 105.7 0 1484 0
0.6213 0 8.721 0 122 .4 0 1718 0
0.7195 0 10.1 0 141.8 10.9 1990 0
0.8332 0 11.7 0 164.2 26.6 2305 0
0.9649 0 13.54 0 190.1 299 2669 0
1.117 0 15.69 0 220.2 16 3091 0
1.294 0 18.17 0 255 0 3580 0
1.499 0 21.04 0 295.3 0 4145 0
1.736 0 2436 1.2 342 0 4801 0
2.01 0 28.21 8 396.1 0 5560 0
2.328 0 32.67 7.1 458.7 0 6439 0
2.696 0 37.84 0.3 531.2 0 7456 0
3.122 0 43 82 0 615.1 0 8635 0
3.615 0 50.75 0 712.4 0 1.00E+04 0
4.187 0 58.77 0 825 0

4.849 0 68.06 0 9554 0

2.22 Hydrodynamic diameter data vs. Mean Intensity of EY/SLAS system when
[SLAS] =4.34 mM

Size Mean Size Mean Size Mean Size Mean
Intensity Intensity Intensity Intensity

d.nm % d.nm % dnm % d.nm %

0.4 0 5.615 0 78.82 0 1106 0
0.4632 0 6.503 0 9128 0 1281 0
0.5365 0 7.531 0 105.7 0 1484 0
0.6213 0 8.721 0 122 .4 0 1718 0
0.7195 0 10.1 0 141.8 0 1990 0
0.8332 0 11.7 0 1642 0 2305 0
0.9649 0 13.54 0 190.1 0 2669 0
1.117 0 15.69 0 220.2 0 3091 0
1.294 0 18.17 0 255 6.8 3580 0
1.499 0 21.04 0 295.3 23.6 4145 0
1.736 0 2436 0 342 33.1 4801 0
2.01 0 28.21 0 396.1 26.3 5560 0
2.328 0 3267 0 458.7 103 6439 0
2.696 0 37.84 0 531.2 0 7456 0
3.122 0 43 82 0 615.1 0 8635 0
3.615 0 50.75 0 712.4 0 1.00E+04 0
4 187 0 58.77 0 825 0

4.849 0 68.06 0 955.4 0
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2.23 Hydrodynamic diameter data vs. Mean Intensity of EY/SLLAS system when
[SLAS]=20.6 mM

Size Mean Size Mean Size Mean Size Mean
Intensity Intensity Intensity Intensity

d.nm %0 d.nm %0 d.nm %o d.nm %

04 0 5.615 0 78.82 0 1106 5.5
0.4632 0 6.503 0 91.28 0 1281 0
0.5365 0 7.531 0 105.7 0 1484 0
0.6213 0 8.721 0 122 4 0 1718 0
0.7195 0 10.1 0 141.8 0 1990 0
0.8332 0 11.7 0 164.2 0 2305 0
0.9649 0 13.54 0 190.1 0 2669 0
1.117 0 15.69 0 220.2 0 3091 0
1.294 0 18.17 0 255 0 3580 0
1.499 0 21.04 0 2953 0 4145 0
1.736 0 24.36 0 342 0 4801 0
2.01 0 2821 0 396.1 0 5560 0
2.328 0 32.67 0 458.7 1.3 6439 0
2.696 0 37.84 0 531.2 9.6 7456 0
3.122 0 43.82 0 615.1 19.9 8635 0
3.615 0 50.75 0 712.4 254 1.00E+04 0
4.187 0 58.77 0 825 233

4.849 0 68.06 0 9554 15

2.24 Hydrodynamic diameter data vs. Mean Intensity of EY/NaDC system when
[NaDC] =1.74mM

Size Mean Size Mean Size Mean Size Mean
Intensity Intensity Intensity Intensity
d.nm %% d.nm | % d.nm | % d.nm %%
04 0 5.615 0 78.82 0 1106 0
0.4632 ] 6.503 0 91.28 0 1281 0
0.5365 0 7.531 0 105.7 0 1484 0
0.6213 ] 8721 0 122 .4 0 1718 0
0.7195 0 10.1 0 141.8 0 1990 0
0.8332 0 11.7 0 164.2 0 2305 0
0.9649 0 13.54 0 190.1 0 2669 0
1.117 ] 15.69 0 220.2 0 3091 0
1.294 0 18.17 0 255 0 3580 0
1.499 ] 21.04 0 2953 0 4145 0
1.736 0 24.36 0 342 0 4801 0
2.01 0 2821 0 396.1 0 5560 0
2.328 0 32.67 0 458.7 0 6439 0
2.696 0 37.84 0 531.2 0 7456 0
3.122 0 43 82 0 615.1 66.1 8635 0
3.615 0 50.75 0 712.4 33.9 1.00E+04 0
4.187 0 58.77 0 825 0
4.849 0 68.06 0 9554 0
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2.25 Hydrodynamic diameter data vs. Mean Intensity of EY/NaDC system when
[NaDC] =8.24 mM

Mean Mean Mean Mean

Size Intensity Size Intensity Size Intensity Size Intensity
d.nm %% d.nm % d.nm % d.nm %

0.4 (8] 5.615 0 78.82 0 1106 1.5
0.4632 (0] 6.503 0 91.28 0 1281 2.1
0.5365 0 7.531 0 105.7 0 1484 3.4
0.6213 0 8.721 0 122.4 0 1718 4.8
0.7185 o 10.1 0 141.8 0 1990 5.7
0.8332 0 11.7 0 164.2 0 2305 5.7
0.9649 (0] 13.54 0 190.1 0 2669 5
1.117 0 15.69 0 220.2 0 3091 3.9
1.294 o] 18.17 0 255 0 3580 2.7
1.499 (8] 21.04 0 295.3 0 4145 1.9
1.736 o 24.36 0 342 2.9 4801 1.7

2.01 (o] 28.21 0 396.1 7.7 5560 2.1
2.328 0 32.67 0 458.7 11.4 6439 0
2.696 (0] 37.84 0 531.2 12.4 7456 0
3.122 0 43.82 0 615.1 10.8 8635 0
3.615 o) 50.75 0 712.4 7.6 1.00E+04 0
4.187 o 58.77 0 825 4.4
4.849 0 68.06 0 955.4 2.2
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Chapter 111

3.1 Absorbance vs [C12DmCB]/mM obtained 3.2 Absorbance vs [CTAB]/mM obtained
from UV absorption spectra of from the UV absorption spectra of
PhB/C12DmCB system at 298K PhB/CTAB system at 298K

[C12DmCB]/mM | Absorbance [CTAB]/mM Absorbance
0'?65 gli;i 0 0.1788
0:;25 6.09 0.15 0.09297
0.78 0.076 0.29 0.0912
103 0072 0.43 0.08972
127 0.071 0.57 0.08852
1.51 0.07 0.71 0.08774
1.75 0.0688 0.85 0.08595
1.98 0.0685 0.98 0.08499
2.43 0.071 1.1 0.08478
2.87 0.073 136 0.08417
iég gg;j 1.6 0.08298
408 0.078 1.83 0.08247
146 0078 2.06 0.08163
483 0.078 2.28 0.08234
518 0.079 249 0.08174

Absorbance vs [SDS]/mM obtained
from the UV absorption spectra of

PhB/SDS system at 298K

[SDS]/mM | Absorbance

0 0.20085
1.22 0.23778
243 0.24704
3.61 0.24669
4.77 0.24535
5.91 0.24527
7.03 0.24358
8.12 0.23991
9.2 0.23518
11.29 0.22881
13.3 0.22418
15.25 0.2198
17.13 0.21674
18.95 0.2155
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3.4 Variation of Fluorescence Intensity 3.5 Variation of Fluorescence Intensity

with varying concentrations of C12DmCB with varying concentrations of CTAC
of PhB/ C12DmCB system of the PhB/ CTAC system
at 298K at 298K
CraDmCBUmM FI [CTAC]/mM F.L
[€12DmCE]/m = 0 295.91
0 265.96 0.15 6.0
0.265 231.72 — :
0.29 16.57
0.525 160.55 043 23 85
0.78 64.56 i e
0.57 3243
1.03 27.03
0.71 39.35
1.27 21.08
0.85 46.72
1.51 25.4
0.98 55.44
1.75 33.09
1.1 62.56
1.98 41.72
1.36 69.92
2.43 62.01
1.6 81.26
2.87 115.33
1.83 95.17
3.29 147.49
3 69 15671 2.06 101.04
' — 2.28 102.06
4.08 166.08 2.49 103.59
4.46 169.98 2 . 104.‘81
4.83 172.14 : :

3.6 Variation of Fluorescence Intensity
with varying concentrations of SDS

of the PhB/ SDS system

at 298K
[SDS]/mM F.L
0 348.83
1.22 284.18
2.43 288.45
3.61 289.62
4.77 288.69
5.91 286.48
7.03 285.48
8.12 284.17
9.2 282.87
11.29 279.71
13.3 276.7
1525 273.96
17.13 270.63
18.95 268.79
20.7 265.23
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3.7 Steady state anisotropy measurement of the 3.8 Steady state anisotropy measurement of the

PhB/C12DmCB system PhB/CTAB system
with varying concentrations of C12DmCB with varying concentrations of CTAB
at 298K at 298K
[C1:DmCB])/mM | Anisotropy [CTAC)/mM | Anisotropy

0 0.04 0 0.035
0.265 0.053 0.15 0.005
0.525 0.061 0.29 0.012
0.78 0.049 0.43 0.017
1.03 0.039 0.57 0.017
1.27 0.032 0.71 0.018
1.51 0.026 0.85 0.019
1.75 0.025 0.98 0.023
1.98 0.023 1.1 0.025
2.43 0.028 1.36 0.032
2.87 0.08 1.6 0.04
3.29 0.112 1.83 0.047
3.69 0.129 2.06 0.053
4.08 0.134 2.28 0.054
4.46 0.137 2.49 0.057
4.83 0.139 2.7 0.067
5.18 0.14 2.9 0.07

3.9 Steady state anisotropy measurement of the
PhB/SDS system
with varying concentrations of SDS

at 298K

[SDS]/mM | Anisotropy

0 0.038
1.22 0.039
2.43 0.039
3.61 0.04
4.77 0.043
5.91 0.04
7.03 0.04
8.12 0.042
9.2 0.042
11.29 0.042
13.3 0.045
15.25 0.049
17.13 0.05
18.95 0.05
20.7 0.052
22.4 0.053
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3.10 Hydrodynamic diameter data vs. Mean Intensity of PhB/H>0 system at 298K

Mean Mean Mean Mean
Size Intensity Size Intensity Size Intensity Size Intensity
d.nm % d.nm %o d.nm %o d.nm %0
0.4 0 5.615 0 78.82 0 1106 0
0.4632 0 6.503 0 91.28 0 1281 0
0.5365 0 7.531 0 105.7 0 1484 0
0.6213 0 3.721 0 122.4 0 1718 0
0.7195 0 10.1 0 141.8 0 1990 0
0.8332 0 11.7 0 164.2 0 2305 0
0.9649 0 13.54 0 190.1 0 2669 0
1.117 0 15.69 0 220.2 0 3091 0
1.294 0 18.17 0 255 0 3580 0
1.499 0 21.04 0 2953 0 4145 0
1.736 0 24.36 0 342 1.6 4801 0
2.01 0 28.21 0 396.1 10.9 5560 0
2.328 0 32.67 0 458.7 21.9 6439 0
2.696 0 37.84 0 531.2 26.5 7456 0
3.122 0 43.82 0.8 615.1 21.2 8635 0
3.615 0 50.75 2.4 712.4 9.8 | 1.00E+04 0
4.187 0 58.77 2.7 825 0.8
4.849 0 68.06 1.3 955.4 0

3.11Hydrodynamic diameter data vs. Mean Intensity of PhB/C12DmCB system when
[C12DmCB] = 0.78mM at 298K

Mean Mean Mean Mean

Size Intensity Size Intensity Size Intensity Size Intensity
d.nm % d.nm %o d.nm % d.nm %

0.4 0 5.615 0 78.82 0 1106 0
0.4632 0 6.503 0 91.28 0 1281 0
0.5365 0 7.531 0 105.7 0 1484 0
0.6213 0 8.721 0 122 .4 0 1718 0
0.7195 0 10.1 0 141.8 0 1990 0
0.8332 0 11.7 0 164.2 3.7 2305 0
0.9649 0 13.54 0 190.1 6.4 2669 0
1.117 0 15.69 0 220.2 3.7 3091 0
1.294 0 18.17 0 255 0 3580 0
1.499 0 21.04 0 2953 0 4145 0
1.736 0 24.36 0 342 0 4801 0
2.01 0 2821 0 396.1 1.2 5560 0
2.328 0 32.67 0 458.7 14.7 6439 0
2.696 0 37.84 0 531.2 28.9 7456 0
3.122 0 43 .82 0 615.1 28.6 8635 0
3.615 0 50.75 0 712.4 12.9 1.00E+04 0
4.187 0 58.77 0 825 0

4.849 0 68.06 0 9554 0
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3.12 Hydrodynamic diameter data vs. Mean Intensity of PhB/C12DmCB system when

[C12DmCB] = 3.69 mM at 298K

Mean Mean Mean Mean

Size Intensity Size Intensity Size Intensity Size Intensity
d.nm %o d.nm %o d.nm 2o d.nm %o

0.4 0 5.615 0 78.82 0 1106 0
0.4632 0 6.503 0 91.28 0 1281 0
0.5365 0 7.531 0 105.7 0 1484 0
0.6213 0 8.721 0 122.4 0 1718 0
0.7195 0 10.1 0 141.8 0 1990 0
0.8332 0 11.7 0 164.2 0 2305 0
0.9649 0 13.54 0 190.1 14.8 2669 0
1.117 0 15.69 0 220.2 53.8 3091 0
1.294 0 18.17 0 255 31.4 3580 0
1.499 0 21.04 0 295.3 0 4145 0
1.736 0 24.36 0 342 0 4801 0
2.01 0 28.21 0 396.1 0 5560 0
2.328 0 32.67 0 458.7 0 6439 0
2.696 0 37.84 0 531.2 0 7456 0
3.122 0 43.82 0 615.1 0 8635 0
3.615 0 50.75 0 712.4 0 1.00E+04 0
4.187 0 58.77 0 825 0
4.849 0 68.06 0 955.4 0

3.13 Hydrodynamic diameter data vs. Mean Intensity of PhB/CTAC system when
[CTAC] =0.43 mM at 298K

Mean Mean Mean Mean

Size Intensity Size Intensity Size Intensity Size Intensity
d.nm % d.nm % d.nm % d.nm %o

04 0 5.615 0 78.82 0 1106 0
0.4632 0 6.503 0 91.28 0 1281 0
0.5365 0 7.531 0 105.7 0 1484 0
0.6213 0 8.721 0 122.4 0 1718 0
0.7195 0 10.1 0 141.8 0 1990 0
0.8332 0 11.7 0 164.2 35.3 2305 0
0.9649 0 13.54 0 190.1 64.7 2669 0
1.117 0 15.69 0 220.2 0 3091 0
1.294 0 18.17 0 255 0 3580 0
1.499 0 21.04 0 295.3 0 4145 0
1.736 0 24.36 0 342 0 4801 0
2.01 0 28.21 0 396.1 0 5560 0
2.328 0 32.67 0 458.7 0 6439 0
2.696 0 37.84 0 531.2 0 7456 0
3.122 0 43.82 0 615.1 0 8635 0
3.6015 0 50.75 0 712.4 0 1.00E+04 0
4.187 0 58.77 0 825 0

4.849 0 68.06 0 955.4 0
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3.14 Hydrodynamic diameter data vs. Mean Intensity of PhB/CTAC system when
[CTAC] =2.06 mM at 298K

Mean Mean Mean Mean
Size Intensity | Size Intensity | Size Intensity | Size Intensity
d.nm %o d.nm %o d.nm %o d.nm %
0.4 0 5615 0 78.82 0 1106 0
0.4632 0 6.503 0 91.28 0 1281 0
0.5365 0 7.531 0 105.7 0 1484 0
0.6213 0 8.721 0 122.4 0 1718 0
0.7195 0 10.1 0 141.8 0 1990 0
0.8332 0 11.7 0 164.2 0 2305 0
0.9649 0 13.54 0 190.1 100 2669 0
1.117 0 15.69 0 220.2 0 3091 0
1.294 0 18.17 0 255 0 3580 0
1.499 0 21.04 0 205.3 0 4145 0
1.736 0 24.36 0 342 0 4801 0
2.01 0 28.21 0 396.1 0 5560 0
2.328 0 32.67 0 458.7 0 6439 0
2.696 0 37.84 0 531.2 0 7456 0
3.122 0 43.82 0 615.1 0 8635 0
3615 0 50.75 0 712.4 0 1.00E+04 0
4.187 0 58.77 0 825 0
4.849 0 68.06 0 955.4 0

3.15 Hydrodynamic diameter data vs. Mean Intensity of PhB/SDS system when

[SDS] =3.61 mM at 298K

Mean Mean Mean Mean
Size Intensity | Size Intensity | Size Intensity Size Intensity
d.nm % d.nm %% d.nm %% d.nm %%
0.4 0 5.615 0 78.82 0 1106 0
0.4632 0 6.503 0 91.28 0 1281 0
0.5365 0 7.531 0 105.7 0 1484 0
0.6213 0 8.721 0 122.4 0 1718 0
0.7195 0 10.1 0 141.8 0 1990 0
0.8332 0 11.7 0 164.2 0 2305 0
0.9649 0 13.54 0 190.1 0 2669 0
1.117 0 15.69 0 220.2 26.2 3091 0
1.294 0 18.17 0 255 459 3580 0
1.499 0 21.04 0 2953 27.9 4145 0
1.736 0 24.36 0 342 0 4801 0
2.01 0 28.21 0 396.1 0 5560 0
2.328 0 32.67 0 458.7 0 6439 0
2.696 0 37.84 0 531.2 0 7456 0
3.122 0 413 82 0 615.1 0 8635 0
3.615 0 50.75 0 712.4 0 1.00E+04 0
4.187 0 58.77 0 825 0
4.849 0 68.06 0 955 .4 0
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3.16 Hydrodynamic diameter data vs. Mean Intensity of PhB/SDS system when

[SDS] =17.13 mM at 298K

Mean Mean Mean Mean

Size Intensity Size Intensity Size Intensity Size Intensity
d.nm %o d.nm %o d.nm %o d.nm %

0.4 0 5.615 0 78.82 0 1106 0
0.4632 0 6.503 0 91.28 0 1281 0
0.5365 0 7.531 0 105.7 0 1484 0
0.6213 0 8.721 0 122 .4 0 1718 0
0.7195 0 10.1 0 141.8 0 1990 0
0.8332 0 11.7 0 164.2 0 2305 0
0.9649 0 13.54 0 190.1 0 2669 0
1.117 0 15.69 0 220.2 0.5 3091 0
1.294 0 18.17 0 255 6.3 3580 0
1.499 0 21.04 0 295.3 14.8 4145 0
1.736 0 24.36 0 342 21.5 4801 0
2.01 0 28.21 0 396.1 23 5560 0
2.328 0 32.67 0 458.7 18.8 6439 0
2.696 0 37.84 0 531.2 11.2 7456 0
3.122 0 43.82 0 615.1 3.8 8635 0
3.615 0 50.75 0 712.4 0 1.00E+04 0
4.187 0 58.77 0 325 0
4.849 0 68.06 0 955.4 0
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Chapter IV

Specific conductivity (k) of BMImOS and MB/BMImOS at different concentrations of
4.1 BMImOS at 298K

[BMImOS]/mM K of pure BMImOS K of MB/BMImOS
0 4 4.2
0.83195 48.1 46.8
1.66113 102.1 88.6
2.48756 1432 130.2
331126 177 170.9
4.13223 225 212
4.9505 269 254
5.76606 306 294
6.57895 348 335
7.38916 388 380
8.19672 423 421
9.80392 495 490
11.40065 560 555
12.98701 638 620
14.56311 715 700
16.12903 783 775
17.68489 843 840
19.23077 910 905
20.76677 973 970
22.29299 1033 1035
23.80952 1083 1100
25.31646 1137 1165
26.81388 1195 1215
28.30189 1267 1280
29.78056 1335 1340
31.25 1410 1403
32.71028 1480 1468
34.16149 1550 1518
35.60372 1612 1548
37.03704 1669 1578
38.46154 1734 1608
39.8773 1799 1638
41.2844 1865 1668
42.68293 1926 1701
44.07295 1955 1734
45.45455 1993 1765
46.82779 2050 1795
48.19277 2080 1823
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Specific conductivity (k) of BMImOS and MB/BMImOS at different concentrations of
4.2 BMImOS at 298K

[BMImOS]/mM K of pure BMImOS K of MB/BMImOS
0 A 4.2
0.83195 48.1 46.8
1.66113 102.1 88.6
248756 143.2 130.2
331126 177 170.9
4.13223 225 212
4.9505 269 254
5.76606 306 294
6.57895 348 335
7.38916 388 380
8.19672 423 421
9.80392 495 490
11.40065 560 555
12.98701 638 620
14.56311 715 700
16.12903 783 775
17.68489 843 840
19.23077 910 905
20.76677 973 970
22.29299 1033 1035
23.80952 1083 1100
25.31646 1137 1165
26.81388 1195 1215
28.30189 1267 1280
29.78056 1335 1340
31.25 1410 1403
32.71028 1480 1468
34.16149 1550 1518
35.60372 1612 1548
37.03704 1669 1578
38.46154 1734 1608
39.8773 1799 1638
41.2844 1865 1668
42.68293 1926 1701
44.07295 1955 1734
45.45455 1993 1765
46.82779 2050 1795
48.19277 2080 1823
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Specific conductivity (k) of CTAB and MB/CTAB at different concentrations of CTAB at
4.3 298K

[CTAB]/mM | Kof pure CTAB Kof MB/CTAT
0 3.7 3.9
0.02496 22 215
0.04983 252 244
0.07463 26.8 254
0.12397 33.9 329
0.17298 40.1 37
0.27005 47.3 458
036585 542 51.1
046042 61.8 574
0.55377 69.7 68.5
0.64593 76.5 713
0.73693 85.1 74
0.82677 90.6 833
091549 95.7 924
1.00311 99.4 98
1.08964 105.8 102.1
1.17512 112.2 1054
125954 115 109.9
1.34294 116.8 114.2
142534 119 117.8
1.50675 121.7 118.7
1.58718 124 121.8
1.66667 126.7 1258
1.74521 129.6 129
1.82284 132.4 130.9
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4.4 Absorbance vs [BMImOS]/mM obtained 4.5 Absorbance vs [CTAT]/mM obtained

from the UV absorption spectra of from the UV absorption spectra of
MB/BMImOS system at 298K

MB/CTAT system at 298K
[BMImOS]/mM Absorbance [CTAT]/mM | Absorbance
0 0.1725 0 0.18158
4.92611 0.16057 0.03842 0.1815
Sis—ols
19.13876 0.14912 0.11304 0.18138
23.69668 0.14682 0.14928 0.17996
28.16901 0.14455 0.18483 0.17947
32.55814 0.14233 021972 0.17642
3686636 0.14026 025395 |  0.17583
45.24887 0.13684
5333333 013568 02875 |  0.17496
61.13537 0.13725 0.35294 0.17221
68.66953 0.13818 0.416 0.17014
;ggggiz gggzg 0.47686 0.16693
89.79592 0.13713 0.53562 0.16524
96.38554 0.13876 0.59241 0.16025
102.7668 0.13524 0.6473 0.15875

4.6 Absorbance vs [CTAB]/mM obtained
from the UV absorption spectra of

MB/CTAB system at 298K

[CTAB}/mM | Absorbance
0 0.1535
0.14778 0.15367
0.29268 0.15549
0.43478 0.15588
0.57416 0.15543
0.7109 0.15195
0.84507 0.15099
0.97674 0.15106
1.10599 0.15067
1.35747 0.14897
1.6 0.15025
1.83406 0.14621
2.06009 0.14549
2.27848 0.14331
2.48963 0.13948
2.69388 0.1394
2.89157 0.13835
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4.7 Variation of Fluorescence Intensity 4.8 Variation of Fluorescence Intensity

with varying concentrations of BMImOS with varying concentrations of CTAT
of MB/BMImOS system at 298K of MB/CTAT system at 298K

[BMImOS])/mM F.I [CTAT]/mM F.L
0 685.32 0] 608.61
4.92611 659.56 0.03842 | 645.54
9.7561 652.81 0.0761 | 664.37
14.49275 646.99 0.11304 | 671.43
19.13876 645.96 0.14928 | 663.9
23.69668 629.29 0.18483 | 662.23
28.16901 623.41 0.21972 | 663.42
32.55814 620 0.25395 | 660.99
36.86636 608.28 0.28756 | 660.4
45.24887 663.4 0.35294 | 649.36
53.33333 765.29 0.416 | 645.67
61.13537 822.19 0.47686 | 642.38
68.66953 841.72 0.53562 | 638.67
75.94937 861.89 0.59241 | 631.79
82.98755 873.73 0.6473 | 630.44
89.79592 855.71 0.70041 | 613.34
96.38554 864.63 0.75181 | 613.25
102.7668 847.25 0.80158 | 597.79

4.9 Variation of Fluorescence Intensity
with varying concentrations of CTAB

of MB/CTAB system at 298K

[CTAB/mM| FL
0 607.17
0.14778 | 661.8
0.29268 | 669.04
043478 | 674.01
0.57416 | 677.2
07100 | 65661
0.84507 | 654.03
0.97674 | 652.72
1.10599 | 64928
135747 | 646.04
1.6 647.11
1.83406 | 643.95
2.06009 | 637.51
227848 | 634.44
248963 | 621.98
2.69388 | 615.19
2.89157 | 61641
3.083 608.4
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4.10 Steady state anisotropy measurement 4.11 Steady state anisotropy measurement

of the MB/BMImOS system of the MB/CTAT system
with varying concentrations of BMImOS with varying concentrations of CTAT
at 298K at 298K

[BMImOS]/mM | Anisotropy
0 0.063 [CTAT]mM | Anisotropy
192611 0.067 0 0.065
9.7561 0.067 0.03842 0.068
14.49275 0.064 00'101736014 88;§
19.13876 0.071 0'14923 0'064
23.69668 0.075 ' '
0.18483 0.07
28.16901 0.079
0.21972 0.067
32.55814 0.083 0.25395 0.071
33.86636 0.085 028756 0.064
45.24887 0.089 035294 0.063
53.33333 0.103 0416 0.062
61.13537 0.114 047636 0.062
68.66953 0.126 0.53562 0.06
75.94937 0.126 0.59241 0.059
82.98755 0.127 0.6473 0.058
89.79592 0.128 0.70041 0.055
06.38554 0.13 0.75181 0.055
102.7668 0.13 0.80158 0.054

4.12 Steady state anisotropy measurement
of the MB/CTAB system
with varying concentrations of CTAB
at 298K

[CTABJmM | Anisotropy

0 0.063
0.14778 0.06
0.29268 0.064
0.43478 0.06
0.57416 0.063
0.7109 0.07
0.84507 0.06
0.97674 0.067
1.10599 0.068
1.35747 0.068

1.6 0.059
1.83406 0.054
2.06009 0.056
2.27848 0.056
2.48963 0.055
2.69388 0.057
2.89157 0.056
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