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Synopsis of the Thesis

Abstract

The thesis represents the application of excited-state proton transfer (ESPT) of a
photoacid  8-hydroxypyrene-1,3,6-trisulfonate  (HPTS) to explore structural
reorganization and hydration changes that occurs during the interaction of a triblock
copolymer or a polyelectrolyte with different surfactants. The emission property of the
fluorophore is susceptible to minute changes in the local hydration, enabling the detection
of delicate changes in the polymer-surfactant or polyelectrolyte-surfactant assembly due
to variations of chain length or headgroup charges of the surfactants. The investigations
can also predict the most compact assembly, which can be important for various
applications such as drug delivery systems and nanostructure templates. The content of

the thesis is divided into seven chapters.

Chapter 1 briefly reviews the recent experimental investigations and molecular dynamics
in mixed aggregate formulations of the triblock copolymer, polyelectrolyte molecules,
and various short-chain ionic, zwitterionic surfactants. Chapter 2 describes the chemicals
used in the experiments, measurement techniques, data analysis and interpretation
methods. Chapter 3 deals with the interaction pattern of cationic surfactant dodecyl
trimethylammonium bromide (DTAB) with pluronic triblock copolymer F127 (poly-
(ethylene oxide)io1 (EOa1o1)—poly(propylene oxide)ss (PPOsg)—PEO101). Anomalous
ESPT dynamics variation was observed with the composition of the assembly. Chapter
4 describes the effect of chain length variation of cationic surfactants and initial
concentrations (premicellar or post micellar) of F127 on interaction pattern,
subsequently, application of these micelles to anisotropic gold nanostructure synthesis.
Chapter 5 describes how surfactant headgroup charge impacts the interaction between
homolog surfactants and pluronic F127. Chapter 6 includes the effect of salt on the
variation of the ESPT dynamics pattern of zwitterionic surfactant-pluronic F127. In
Chapter 7, we explored the ESPT dynamics at the interface of polyelectrolyte-surfactant
assembly. By observing the TRANES isoemissive point shift, transfer of the probe
between micelle and polyelectrolyte was proposed.
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Chapter 1: Introduction:

Molecular fluorescent probes play a vital role as an experimental tool for
exploring biological, chemical, and material science in various aspects.! Photoacids are
molecular probes with widely different pKa values in the ground and excited states.® 8-
Hydroxypyrene-1,3,6-trisulfonate (HPTS or pyranine) is a very popular photoacid with a
pKa of 7.2-7.7 and a quite low pKa" of 0.5-1.5.” Pyranine shows distinct emission maxima
at 440 nm and 510 nm for the protonated (ROH) and deprotonated (RO) forms,
respectively. The emission intensity ratio (ROH/RO) is very sensitive to local hydration
and structural reorganization.2*! Broadly, ESPT may occur in three steps: initial proton
transfer, recombination of the geminate ion pair and followed by dissociation of the
geminate ion pair into solvated ions. Another model is possible where geminate
recombination is absent and direct proton transfer occurs.'? For the last few decades,
different kinetic models emerged to explain the ESPT.”8 131% The ESPT of the molecular
probe HPTS has been extensively investigated in various micelles, reverse micelles,
membranes, binary solvent mixtures, biomolecular interface and correlation was drawn
between dynamics and structure.?2® More importantly, very few reports exist where
ESPT of HPTS has been employed to investigate Pluronic triblock copolymers -

surfactant mixed micelles or polyelectrolyte assembly.?*

In brief, Pluronic triblock copolymers are composed of hydrophilic poly(ethylene
oxide) (EO) and hydrophobic poly(propylene oxide) (PO) blocks, having the general
formula (EO)n-(PO)m-(EO)n.?°> Pluronic micelles have a core-shell structure; the
hydrophobic PO blocks at the core are surrounded by the hydrophilic EO blocks forming
the corona region.?® Polyelectrolyte molecules are composed of ionic molecular units in
polymeric form. These polymeric copolymers and polyelectrolytes received intense
research interest over the last few decades for unique solution behavior, ability to form
mixed assemblies with short-chain surfactants and extensive applications.?’?° Self-
assemblies of triblock copolymers are useful in drug delivery systems,3-3! for
sequestration of drugs,® and in synthesizing shape-controlled nanomaterials.®® Still, the
self-assembly of the solely pluronic molecule or polyelectrolyte cannot fulfill the purpose
well; instead, the presence of a minute amount of ionic, zwitterionic surfactants in those

assemblies can increase their efficacy a lot.3*
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So, to gain molecular level insight, compactness, and hydration properties of
mixed micellar, polyelectrolyte aggregates, ESPT dynamics of HPTS is the most suitable
pathway. Hence, we have explored the interaction pattern of pluronic triblock copolymer
F127 and cationic polyelectrolyte PDADMAC with different cationic (DTAB, TTAB,
CTAB), anionic (SDS) and zwitterionic (SB12) surfactants at various compositions
employing mainly steady-state and time-resolved fluorescence of HPTS as a tool.
Further, we explored how ionic strength modulates the ESPT dynamics in a mixed
micellar interface. Finally, the correlation between dynamics and structure leads us to

consider these mixed assemblies for application purposes.
Chapter 2: Experimental and Analytical Methods:

This chapter includes the purity, sources of all the chemicals used and sample
preparation procedures. Further, we have added the specifications of the instruments used
like all spectrophotometers, including UV Visible spectrophotometer, Steady-state
fluorimeter, time-correlated single photon counting (TCSPC) setup, dynamic light
scattering (DLS), Isothermal titration calorimetry (ITC), FETEM setup etc. The data
analysis methods, models and software are also discussed. To interpret the time-resolved
area normalized spectra (TRANES), we have incorporated a recently developed
TRANES intensity ratio fitting equation to gain the exact deprotonation time value.® %
The fluorescence anisotropy decay data were analyzed applying the “Wobbling in cone

model" .36

Chapter 3: Anomalous Variation of Excited-State Proton Transfer
Dynamics inside a Triblock Copolymer—Cationic Surfactant Mixed
Micelle.?’

In this chapter, we investigated the excited state proton transfer (ESPT) dynamics of
photoacid probe 8-hydroxypyrene-1,3,6-trisulfonate (HPTS) in mixed micelle of a
triblock copolymer F127 (EO101—POse—EO101) and a cationic surfactant dodecyl
trimethylammonium bromide (DTAB) at various compositions and elucidated the
micellar structure. The emission spectrum and intensity ratio (ROH/RO) of HPTS
modulate anomalously with the variation of DTAB concentration, i.e., the ratio should
be increased regularly with DTAB concentration, but here first it increased, then again

decreased and finally got a steady value.
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Time-resolved measurements also support that ESPT dynamics varies unusually with the
concentration of DTAB in the mixed micelle; substantial ESPT retardation is observed
up to ~12 mM of DTAB, but after that, the dynamics become somewhat faster upon
further addition. Moreover, dynamic light scattering (DLS) measurements exhibited that
the size of the mixed micelle decreases sharply in the low concentration region (<20 mM
DTAB) but decreases moderately at high concentration. Thus, the nature of the mixed
micelle is very different at low and high concentrations of DTAB. At low concentrations,
incorporating DTAB results in a more compact, less hydrated mixed micelle, whereas a
more hydrated, less organized assembly is formed at a high concentration of DTAB.

Intensity ratio ——

[IDTAB] ——

Figure 3.1. Schematic representation of ESPT dynamics in mixed micellar assemblies.

Chapter 4: Sub-Micellar Triblock Copolymer-Cationic Surfactant
Aggregate Assisted Gold Nanostructure Synthesis: A Photophysical
Investigation.®

This chapter describes the optimization of the size and interfacial packing of a
sub-micellar aggregate of a triblock copolymer F127 (poly-(ethylene oxide)io:
(EO101)—poly(propylene  oxide)ss  (PPOss)-PEQO101), and  cationic  alkyl
trimethylammonium surfactants of various chain lengths at minute concentrations using
an ultrasensitive photoacid 8-hydroxypyrene-1,3,6-trisulfonate (HPTS or Pyranine) and
demonstrated its feasibility in synthesizing gold nano-triangles. The emission intensity
(protonated/deprotonated) ratio of HPTS follows an intricate pattern against the
surfactant concentration displaying transition points of initial, maximum and end

portions.

iv
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Fluorescence anisotropy measurements revealed that the most organized state is
near the critical point at the maximum intensity ratio. Isothermal titration calorimetry
(ITC) showed maximum enthalpy change at the same composition confirming optimum
interaction. Finally, we show that the assemblies containing ultralow concentrations of

F127 and cationic surfactant can be a potent medium for synthesizing gold nano-triangles.

Figure 4.1. Schematic representation of mixed micellar formulation assisted gold

nanostructure synthesis.

Chapter 5: Differential Headgroup Charge Induced Differential
Interaction Patterns of Zwitterionic and Cationic Surfactants with a
Triblock Copolymer Micelle.®

In this chapter, we explored the ESPT dynamics of HPTS to investigate the
interaction pattern between a triblock copolymer F127 micelle and a zwitterionic
sulfobetaine surfactant N-dodecyl-N, N-dimethyl-3-ammoniopropane sulfonate (SB3-12
or SB12) and compared it with that of cationic surfactant DTAB.

Irrespective of charge differences, the two surfactants grossly follow the same
pattern, as manifested by the change in the intensity ratio of the protonated and
deprotonated emission bands. Interestingly, the ratio attains maximum for a post-micellar
(30-35 mM) concentration (~10 times higher than critical micellar concentration or
CMC) for SB12, whereas the maximum occurs at a sub-micellar (6-8 mM) concentration
(significantly lower than its CMC) for DTAB. Detailed analysis of the time-resolved
study reveals that ESPT dynamics is slower in the optimum F127-SB12 assembly than in
the case of the cationic surfactant. Thus, although SB12 requires a higher surfactant
concentration to acquire the optimum state, it results in a more organized and less

hydrated state than the cationic surfactant.
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F127

Figure 5.1. Schematic representation of differential interaction pattern of F127 micelle

with different surfactants

Chapter 6: Modulation of Excited-State Proton Transfer Dynamics in
Pluronic Triblock Copolymer-Zwitterionic Surfactant Mixed-Micellar
Interface in the Presence of Salt

In this chapter, we have explored the structural and hydration pattern variation of mixed
micelles formed of pluronic triblock copolymer F127 and zwitterionic surfactant SB12
in the absence and presence of salt at various compositions by exploring excited state
proton transfer dynamics of molecular probe-cum-photoacid pyranine (HPTS). In the
absence of salt, compact assemblies are formed in both the premicellar and post-micellar
concentration regimes of F127 with the variation of SB12 but at two different

concentrations.

It was determined with the help of the emission intensity ratio
(protonated/deprotonated) of steady-state emission spectra of HPTS, steady-state and
time-resolved anisotropy decay experiments. Adding salt into the particular most
compact mixed assemblies of F127-SB12 medium alters the ESPT dynamics. Mixed

micellar interfacial hydration variation and change in structural microheterogeneity are

vi
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mainly responsible for this dynamical modulation. Time-resolved study and Dynamic

Light Scattering study further established the phenomena.

Slower ESPT  Faster ESPT

Figure 6.1. The schematic representation of salt-induced hydration enhancement of

mixed micellar interface, leading to faster ESPT.

Chapter 7: Exploring Cationic Polyelectrolyte—Micelle Interaction via
Excited-State Proton Transfer. Signatures of Probe Transfer.%

In this chapter, we investigate the interaction of a cationic polyelectrolyte,
poly(diallyl dimethylammonium chloride) (PDADMAC), with micelles of differently
charged surfactants (anionic sodium dodecyl sulfate (SDS), cationic dodecyl
trimethylammonium bromide (DTAB), and zwitterionic N-dodecyl-N,N-dimethyl-3-
ammonio-1-propanesulfonate (SB12), possessing the same alkyl (dodecyl) chain using

8-hydroxypyrene-1,3,6-trisulfonic acid (HPTS) as an ESPT probe.

Probe

S

Polycationic
Micelle PDADMAC

Figure 7.1. Schematic representation of probe transfer between micelle and

polyelectrolyte interface.

The fluorescence of HPTS residing initially within the micellar medium
modulates differently in the presence of PDADMAC. For the anionic SDS and cationic
DTAB micelles, the emission spectrum of HPTS does not alter significantly upon adding

vii
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PDADMAC. However, for SB12 micelles, the emission spectrum undergoes a strong
modulation upon adding the polyelectrolyte. The TRANES suggests a gradual transfer of
the HPTS from the zwitterionic micelle to the PDADMAC assembly in a concentration-
dependent manner. At a low concentration of PDADMAC, HPTS mainly resides in the
SB12 micelle; at high concentration, it prefers to stay inside the PDADMAC assembly;
and in the intermediate region, HPTS distributes over both assemblies. The shuttling of
the molecular probe between the micellar assembly and the polycationic molecule

resembles a drug sequestration event.

viii
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Chapter 1

Chapter 1: Introduction
1.1. Self-Assembly of Amphiphilic Molecules

Natural or synthetic amphiphiles are structurally simple molecules with the propensity to
form self-assembly in suitable solvent systems. For several years, the self-assembly of
amphiphilic molecules (e.g., surfactants, block copolymers or lipids) has become a
central topic in colloid and polymer, and material science due to myriad applications in
medicinal, food, and cosmetic industry, and controlled synthesis of structured
nanomaterials.t* An amphiphilic molecule comprises both hydrophilic and hydrophobic
parts. The hydrophobic portion is generally made of a hydrocarbon chain like an n-alkyl
group. The hydrophilic part is called the headgroup, and the hydrophobic moiety is called
the tail. These hydrophilic polar groups may be ionic or nonionic. The ionic amphiphiles
are also of three types: anionic (negatively charged), cationic (positively charged) and
zwitterionic (both positive and negative charges present simultaneously). The nonionic
amphiphiles are generally polyether molecules with a hydroxyl group at the end (Scheme
1.1). Apart from that, natural steroid amphiphiles and bile salts are also there, which play
a crucial role in lipolysis. It contains concave hydrophilic o face consisting of hydroxyl

groups and convex hydrophobic p face.>®

Anionic Cationic

S
/\/\/\/\/\/\0303-i SAANNNN

OO i
HO/\/ 0\) i
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Scheme 1.1. Schematic representation of various amphiphilic surfactant molecules.
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Among these amphiphiles, the nonionic and zwitterionic surfactants being less
toxic, are getting priorities for their versatile applications in biomedical fields. Both the
cationic and anionic charges are in the headgroup of the zwitterionic amphiphiles,
separated by a small hydrocarbon tether part, hence acting as almost nonionic and having
antifouling properties. The cationic trimethyl ammonium, anionic carboxylate, or
sulfonate group may be present in the headgroup. In the sulfobetaine (SB) zwitterionic
surfactant, the sulfonate is present along with the cationic trimethyl ammonium moiety;
in the case of carbobetaine (CB), carboxylate is present as the anionic moiety along with
the cationic part. Due to the differential anionic moieties in the SB and CB, they have
distinct hydration, ionic interaction and self-association characteristics.” Another
nonionic amphiphile that has been getting massive recent attention is the pluronic block
copolymer having the polyoxyethylene and polypropylene groups in a block manner. We
have discussed pluronic in the next section in detail.

The amphiphilic nature of the molecules drives them to self-aggregations into various
structures of various morphologies (spheroid, ellipsoidal prolate, flexible rods or
wormlike micelles) in aqueous and nonagueous solvent systems.®® Amphiphilic
molecules in water rearrange themselves such that hydrophilic headgroups remain in
solution while the hydrophobic tail avoids direct contact with water. The facial

amphiphilicity drives the bile salts to form self-aggregation.®

Micelle is the most common type of self-assembly formed during this
spontaneous rearrangement of amphiphilic molecules in a polar solvent (e.g., water)
above a particular concentration, called the critical micelle concentration (CMC).1° The
micellar structure consists of two parts: an inner hydrophobic core formed of hydrophobic
tails shielded from water and another part called the corona, formed of the hydrophilic
headgroups. Micellization is generally an entropy-driven process, and the entropic
contribution is attributed to the breakage of water's local hydrogen bonding structure.!-
12 The CMC of these amphiphiles depends on both their hydrophobic tail length and the
hydrophilic headgroup charge character. lonic and zwitterionic surfactant amphiphiles
with the same alkyl tail length but different headgroup charge properties have different
CMC values. Such as, dodecyl trimethylammonium bromide (DTAB) and N-dodecyl-N,
N dimethyl-3-ammonio-1-propane sulphonate (SB12) both have the Cy. alkyl tail length,
but the former is cationic, and the latter is zwitterionic, and the CMC values are in the
order CMCprag (~16 mM) > CMCsg12 (~3.5 mM).23 At the same time, ionic surfactants
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with the same headgroup charge properties have different CMC values for their alkyl tail
lengths. The CMC value varies for cationic surfactant C,TAB series as
C2TAB>C14sTAB>C16TAB.

1.2. Pluronic Block Copolymer

Nonionic triblock copolymers contain hydrophobic chains of polypropylene oxide
(PPO) and hydrophilic chains of polyethylene oxide (PEO). Linear triblock copolymers
are also known as a poloxamer or their trade name, Pluronic. Ethylene oxide (EO) and
propylene oxide (PO) are arranged in a block manner (A-B-A) in those pluronic block
copolymers. Based on the arrangement of the units, they are categorized as pluronic and
reverse pluronic. The hydrophilic ethylene oxide (EO) and hydrophobic propylene oxide
(PO) moieties are organized as (EO)n-(PO)m-(EO)n, and it is called the pluronic (Scheme
1.2).3* In the case of reverse pluronic, the arrangement of the EO and PO units are
opposite, i.e., the central portion contains the hydrophilic PEO unit. In contrast, the
terminal portion is composed of the PPO units, (PO)n-(EO)m-(PO)n. Although both
pluronic have opposite structural patterns, they have numerous applications in diverse
fields. We are here mainly focused on normal pluronic. Depending on the ratio of EO and
PO units along with the room temperature physical form, the naming of pluronic is done
(Liquid, Flake or Paste, e.g., L61, F127, P123 etc.). Several pluronic are there; out of
these, F127 (JEO]101-[PO]s6-[EO]101) is the most sought in various fields because of its

non-toxicity, chemical and structural properties.'>

/\/\ Pluronic® triblock copolymer

M
V g \/W\ 4 8
Hydrophilic Hydrophobic Hydrophilic )

block block block

Folded Pluronic - - Folded Pluronic
H 8 (0] @ OH
X y X

Poly(ethylene oxide) Poly(propylene oxide) Poly(ethylene oxide)
(PEO) (PPO) (PEO)

Scheme 1.2. Schematic chemical structure of pluronic triblock copolymer.*” Reprinted
with permission from ref.17. Copyright 2023, Elsevier.
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The solubility of Pluronic depends on the composition, i.e., the length of hydrophilic
EO block and hydrophobic PO blocks.'® Temperature plays a crucial role in solubility; at
higher temperatures, dehydration occurs from propylene units followed by ethylene oxide
units. At a particular temperature (critical micelle temperature or CMT) and
concentration (critical micelle concentration or CMC) in aqueous media, it can form
micellar self-assembly.® The micelle formation is an entropy-driven process. The
hydrophobic polypropylene oxide (PPO) blocks form the core part, while the hydrophilic
polyethylene oxide (PEQO) blocks constitute the corona region. The dimension of the core
and corona region can be varied based on the PPO and PEO block lengths. The pluronic
copolymers can also form hydrogels at a relatively high concentration than its CMC.
Apart from that, another kind of block copolymer, known as tetronic star block copolymer
is also capable of gel formation, which have huge applications in medicinal and

pharmaceutical industries.?%-?

The triblock copolymers have many potential applications. The core of the pluronic
micelle helps in achieving the upconversion of organic molecules.?? Pluronic micelles act
as potential hydrophobic drug delivery vehicles by encapsulating the drugs in the core
part.® Binary mixtures of two different pluronic and the drug are often used as drug
formulations for cancer treatments. SP1049C is one of such formulations composed of
F127 and L61 with the anticancer drug doxorubicin, capable of crossing the blood-brain
barrier.?#?6  Apart from the biomedical field, pluronic play a crucial role in

nanotechnology, bioprocessing, emulsification, detergents, lubrication, cosmetics etc.?”
31

1.3. Polyelectrolytes

Polyelectrolytes (PEs) are one kind of polymer having repeating charged units. PEs are
often soluble in water. Unlike amphiphilic molecules, PEs are hydrophilic in nature due
to their charged interface. Oppositely charged PEs can interact and form insoluble
polyelectrolyte complexes (PECs) by liquid-liquid phase separation (LLPS).3>33
Polyelectrolyte molecules have widespread applications in thin-film coating,* biological
membrane fabrication,® food industry,® and wastewater treatment.®” Polyelectrolytes
form mixed aggregate, which functions as nanoconfinement for catalysis,® coacervate

entities,® and biomimicking moieties.*>* The interactions are driven by positive

6
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entropic enhancements due to the release of counterions and enthalpic components from
the electrostatic attractions among opposite charges.*% 4445 Small-chain ionic surfactants
form mixed aggregates with polyelectrolytes of different charge properties.*¢*” The
formation and disassembly of these aggregates are often applied as pattern generation in
biomolecular sensing,®* nanoreactors,”® and shape-charge controlled anisotropic
nanomaterial synthesis.**>! The investigation of the polyelectrolyte-micellar systems
may provide new insights regarding fundamental principles of coacervation.® Often,
oppositely charged probe dye molecules can interact with the PEs. The binding of probes
with the charged sites of PEs can give insightful information regarding drug/ligand
binding properties with polyionic biomolecules; hence it is one kind of biomimicking
activity.>® Also, the highly charged polyionic interface can alter the photoluminescence
properties of probe molecules which can be applicable to optoelectronic applications.>*

1.4. Mixed Micellar Assembly and Applications

Block copolymeric surfactant often forms a mixed micellar aggregate with ionic
surfactants. These mixed micelles are more compact and capable of drug delivery, drug
sequestration, bile salt sequestration, etc., which is very applicable in the medicinal and
pharmaceutical industries. The mix micellization process is also driven by the entropy,
.., the insertion of hydrophobic tails of ionic amphiphilic surfactant towards the core of
pluronic micelle breakdown the trapped water cage, hence increase the entropy of the

system. The process is often called synergism/synergistic effect.

Mixed Micell :
/ Ixed MIcell®  partially Refolded HSA

Scheme 1.3. Schematic representation of surfactant assembly induced unfolding and
refolding of globular protein HSA.* Reprinted with permission from ref.55. Copyright
2018, American Chemical Society.

These block copolymers in the mixed micelle cause drastic sensitization of multidrug-

resistant tumors to various anticancer agents,*® triggers and execute an increased rate of
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drug delivery across the blood, brain, and intestinal barriers, and augment the

transcriptional activation of gene expression.>’-8

Mukherjee and the group recently investigated a mixed micellar system composed of
pluronic block copolymer F127 and anionic SDS surfactant as a drug delivery vehicle
with cationic dye phenosafranin as a model drug. They suggested that the interaction of
the probe with the F127/SDS mixed micelles is stronger than the interaction with the
F127 micelles or SDS micelle alone, resulting in it being the most efficient one, i.e.,
F127-SDS.> Partition coefficient data established that ~58% of PSF becomes entrapped
in the F127 micellar matrix. Time-resolved study confirms that the fraction of the probe
bound to F127 micelles increases significantly upon adsorption of very low
concentrations of SDS below its CMC. ITC experiment confirms that the binding
constant of PSF with F127/SDS mixed micelles is higher than that of F127 alone.

Scheme 1.4. Schematic Representation of the Sequestration of Intercalated EB by
Polymer—Surfactant Supramolecular Assemblies.®® Reprinted with permission from
ref.60. Copyright 2016, American Chemical Society.

The propensity of the copolymer to form a mixed aggregate with ionic surfactants
has been cleverly exploited in refolding SDS-induced denatured protein. The protein
gains back 87% of its folded structure by employing triblock copolymer P123, which
forms a mixed micellar aggregate with SDS (Scheme 1.3).>® In another study, Nath and
coworkers have shown that the mixed micellar aggregate of P123 and SDS can sequester
a DNA-intercalated drug (Scheme 1.4). The extent of sequestration can be finely tuned
by tuning the concentration of the surfactant in the triblock copolymer solution.®°

8
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Dennis and coworkers have presented that an oil-in-water microemulsion
composed of a Pluronic copolymer, sodium salt of fatty acid, and a biocompatible oil
(ethyl butyrate) can efficiently extract anesthetic drug bupivacaine from normal saline
(0.9% NaCl in water). The extraction efficiency was as high as 90% for the
microemulsion composed of F127, sodium caprylate, and ethyl butyrate. The extraction
process may be due to the facile adsorption of the drug at the microemulsion droplet
interface.®® Pluronic copolymers can also effectively sequester bile salt by forming mixed
aggregate, which can help treat hypercholesterolemia.®? The Schillén group has explored
the interaction pattern of pluronic P123 and bile salt, sodium glycodeoxycholate NaGDC.
Based on small angle X-ray scattering (SAXS) and differential scanning calorimetry
(DSC) investigations, they concluded that the aggregation pattern depends on the
NaGDC/P123 molar ratio.®®

1.5. How can we probe these assemblies?

Now the question arises of how to probe such micelles or mixed micelle
formation. Such systems have been investigated earlier by applying surface tension
measurements, viscometry, EPR probes, isothermal titration calorimetry etc.®4%® Several
solvatochromic probes were also applied to check the hydration properties of the
assemblies. Following the excitation of a fluorophore, the solvent reorients around the
excited-state dipole of the Franck-Condon state, which occurs with a solvent relaxation
called solvation dynamics. The solvation dynamics in bulk water and the water near
biomolecules, interfacial or restricted environments are different. A Suitable fluorescent
probe (provided no excited state reactions like proton transfer) has been incorporated to
monitor the solvation dynamics in various systems (micelle, reverse micelle,
biomolecular aggregates).®’8
A fluorophore exhibiting excited stated proton transfer (ESPT) is also helpful in probing
the hydration of these systems. The availability and nature of water molecules (proton
acceptor) modulate an ESPT process; hence hydration properties can be ascertained.
Since the probe may exhibit two excited state moieties, the ratiometric estimation of the
relative emission contribution of the two states provides more clarity to estimating the
exact hydration nature. Hence, ESPT can be another appropriate method to gain detailed
insight into the hydration pattern variation during synergistic interactions among different

surfactant moieties.5°
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1.6. Photoacids

Photoacids are a kind of molecular fluorophores with a massive difference in their pKa
values in the ground and electronically excited states, implying an enormous
enhancement of their acidity upon photoexcitation. 8-hydroxypyrene-1,3,6-trisulfonic
acid (HPTS or pyranine) is a well-known photoacid with a massive difference in pKa
value between the ground (pKa ~7.5) and excited state (pKa*~0.5). Forster pointed out
that the Photoacidity of these probes can be thermodynamically explained and proposed
the Forster cycle (Scheme 1.5).7%"* The excited-state pKa value (pKa*) can be obtained
from the proton-transfer equilibria of the photoacid for the electronic ground and the

excited state, applying the equation (1.1)

AGexci (RO_)_AGexci (ROH) (1 1)

pKa® = pKa + RT In(10)

Where AGex:i(ROH) and AGex:i(RO™) are the excitation Gibbs free energies of the two
species protonated ROH and deprotonated RO-, R is the gas constant, and T is the

absolute temperature.

G ROH"

51 ‘ \RO_Q +_H+ I AGéiss

AG i (ROT)
AG i (ROH) =

RO~ + H?
SO AGdiss
—— e

ROH

Scheme 1.5. Schematic representation of Forster cycle of a photoacid.”? Reprinted with

permission from ref.72. Copyright 2022, American Chemical Society

1.7. HPTS and Its Utilities

Pyranine (HPTS) is an arylsulfonate photoacid containing hydroxyl group (—OH). It can

stay protonated or deprotonated in the ground state or the excited state in the aqueous
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media, depending on the pH of the medium. The characteristic absorption spectra of

HPTS shows an absorbance maximum at 403 nm when the medium pH is below its pKa

(~7.5).
(a)Pyranine fluorescent probe (b) Forster cycle
, = e , = BRI S p e B eees e -~ X
' \ s Ho= 3
I 11 i - -
1 (| _ROH 3 AG I
I I l s I
| I hvgo- |
I 11 :
: : : hvgay — |
1 (I RO~ :
I I AG i
\ !
. \ ROH X
(c) Photoprotolytic cycle
o TTTTEEEEEEETTT =« Excited
. I’ . ky" . +‘| state
PK,'=0.4|  ROH'+H,0 RO™"+H;0* ! 1 ation
: :indicator
DA || A A || A=
: 400nm| | 445nm  460nm| | 510nm Ground
| | state
l : kq I pH
PK,=7.4 ROH +H,0 ——— RO"+H,0* , '
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) I ~
’ pH requirements e
i
Function pH Range

Ground state pH indicator  5.5-8.5
ESPT indicator ~1-7.5

Excited state properties

— o
N U PR S R |

Environment ESPT rates and lifetimes

In aqueous solution Kpr =9 s (1,,=110 ps)

Next to bio-surfaces 9<kpr'<0.3 ns?t (0.1<7,7<3.3 ns)
\\In aprotic solution No ESPT, =54 ns /I

o e e e

Figure 1.1. (@) Chemical structure (b) Forster cycle (c) photoprotolytic cycle of HPTS
and (d) excited state properties.”® Reprinted from ref.73. Licensed under CC BY.

The deprotonated HPTS has an absorption maximum of ~450 nm. Thus the presence of
an absorption band at 450 nm along with 403 nm indicates ground-state proton transfer

in the system. The emission spectra of HPTS in aqueous media have a strong peak at 510

11
TH-3106_176122025



Chapter 1

nm and a feeble peak at 440 nm, characteristics of the deprotonated and protonated

moieties, respectively.

The difference in the Gibbs free energy level in the ground and the excited state of HPTS
is responsible for a significant Stokes shift. Due to this large Stokes shift, ApKa value is
also large ~7 (pKa 7.5, pKa*~0.5) (Figure 1.1). Based on the ApKa value and
photoprotolytic cycle, it can be employed as a pH sensor of the surrounding medium. The
significant Stokes shift, visible range absorption emission, highly water solubility help
the scientific community to apply it as a fluorescent probe for many purposes. The pKa
value of HPTS is also close to physiological pH, and it cannot cross the cell membrane,

so it can be used for intracellular probing.

The excited state proton transfer of HPTS requires proton acceptor moieties, and water
generally plays that role. So, its ESPT directly indicates the medium's hydration nature

in the vicinity.

1.8. Excited State Proton Transfer (ESPT) and Associated Kinetic Models

One of the most ubiquitous reactions in many chemical and biological processes is
proton transfer. In the last few decades, the proton transfer reactions in the excited state
have been extensively investigated experimentally and theoretically and exhibited
insightful ~concepts about acid-base reactions and hydration patterns of
microheterogeneous systems. By irradiating short LASER pulses, the proton transfer can
be initiated in the protic solvent solutions of photoacid (ROH) probes. The excited-state
photoacid instantly releases its proton to nearby protic solvents like water.

Several ESPT kinetic models emerged in the last few decades. The photoacid HPTS
often follows the Eigen-Weller scheme (Scheme 1.6) of proton transfer dynamics.’
According to the scheme, the excited photoacid dissociates to form an intimate ion pair
composed of a proton and deprotonated anion at a rate constant kq. The contact ion pair
have two possibilities, to regenerate the photoacid by geminate recombination at a rate
constant of kr or fully dissociate into a proton and deprotonated moiety at a rate constant
of kait. The ESPT may also occur in an irreversible pathway without forming an intimate
ion pair (Scheme 1.7). The geminate recombination model was also rigorously explored
by N. Agmon and coworkers. They have applied the Debye Smoluchowski model and

incorporated a probabilistic approach to explain the proton diffusion process considering
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the initial protonated species as a reaction sphere; they explained the ESPT mechanism
finely.”>"® A simplified version of it considering system dimensionality as an essential

parameter has been introduced recently by Stuchebrukhov et al.”

ROH'<==[RO"..H"] — RO + H”

r

Scheme 1.6. Eigen-Weller scheme of proton transfer dynamics.

ROH—% —» RO™ + H*

Scheme 1.7. Single-step irreversible proton transfer dynamics scheme,

1.9. ESPT of HPTS in several systems

Now, where can we incorporate the probe HPTS to investigate and obtain real-
time information regarding the nature of the system? The scientific community has
explored the ESPT dynamics starting from simple protic solvent water to binary mixtures
of different solvents to extract information like the nature of the proton hopping
mechanism and exact dynamical pathway. Apart from that, ESPT studies in confined
assemblies like micelle, reverse micelle, vesicle, and cage-like supramolecular systems
have been performed earlier to gain insights regarding the interfacial hydration nature
along with perturbation arises in ESPT due to confinement. ESPT dynamics in the
biomolecular interfaces like membranes, bilayers, protein, polynucleic acid etc., have
also been investigated to explore structural evolution or degradation, charge transfer
processes along interfaces etc. In the later sections, we will briefly revisit those findings

and finally arrive at our objectives for this Thesis.

1.9.1. ESPT of HPTS in water

Water is a suitable receptive solvent and an excellent conductor of protons. It can act as
a leveling solvent for many acid-base reactions. A relatively weak photoacid (e.g.,
pyranine, 2-naphthol) can transfer its proton to water in the 100 ps scale but not to
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alcohols. Some stronger photoacids can transfer a proton to alcohols and nonaqueous
solvents.®82 The proton transfer process of photoacid HPTS goes in an adiabatic way
leaving an excited anion. The quadruply anionic moieties of deprotonated HPTS may
attract the nascent proton. So instead of diffusing away, the newly generated proton may

stay in the vicinity of the excited anion (RO™).

Further, it may generate the initial protonated form of excited HPTS (ROH*) moiety. This
phenomenon is called geminate recombination. This recombination is evidenced in neat
water in the emission decay of ROH* as a non-exponential long-time tail. So, the
recombination process indicates a probability of finding the protonated form of HPTS at
a longer time. The bound probability, B(t), i.e., proton and photoacid anion exist as a pair,
or bound state follows a t=3/2 power law. The diffusion-assisted recombination is

explained by the Debye-Smoluchowski equation.83-8°

The ESPT of HPTS has also been investigated in femtosecond time resolution.
The associated time components 0.3 ps, 2.5 ps and 90 ps reveal the solvation dynamics,
locally excited charge transfer transition and proton transfer, respectively.®” Later, the
fast components (0.3 ps and 2.5 ps) have been interpreted as the hydrogen bond

rearrangements around the probe molecule.®

Further, to explain the ESPT of HPTS in bulk water Huppert group has proposed
the extended reversible diffusion-influenced two-step model.®® According to this model,
the excited protonated photoacid can generate a contact ion pair in the close attachment
of the deprotonated anion and a protonated hydronium ion. The emission properties are
the same for both contact ion pairs, RO~ --- H;0" and the separated solvated ion, RO~.
The proton acceptor water molecule plays a significant role as a bridging component for
proton transfer from a donor to an acceptor molecule. Eigen and Zundel have proposed
two structural motifs to explain the proton transfer through water. According to Eigen,
the proton is associated with a single water molecule, and further, it is solvated by three
water molecules resulting H;0%(H,0)5 , called Eigen cation.®®°! In contrast, as per
Huggins and Zundel, the proton is equally shared by two water molecules, called Zundel
cation, i.e. Hs0F .9 Theoretical and femtosecond spectroscopic experimental studies
suggest interconversion (E-Z-E) between these two cations helps to transfer the proton.®
A recent theoretical study reveals that the proton transfer events from excited HPTS may

happen through water wire, a robust hydrogen-bonded water network.*®
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1.9.2. ESPT of HPTS in binary solvent mixtures

Excited state proton transfer is very sensitive to the nature of water molecules and the
microenvironment surrounding them. So, it can serve as an indicator of water structure
and dynamics. In neat water, the photoacid probe HPTS exhibits proton transfer in the
excited state in ~ 100 ps time scale. But in alcohol or organic solvent, the ESPT is
hindered. The scientific community is interested in a binary mixture of water and non-
protic solvent and whether there will be any ESPT. Recently Awasthi et al. have
performed the ESPT dynamics investigation of pyranine in the water-DMSO mixture in
various mole fractions.? In the presence of DMSO in neat water, the ESPT is hindered,
and a particular mole fraction regime (Xpmso = 0.41-0.51) shows maximum suppression
to deprotonation. Based on earlier detailed MD simulation reports, steady-state and time-
resolved studies, they observed that at that DMSO/water composition, slow solvation
dynamics, non-availability of free water molecules (required to solvate the nascent proton
) and different dimensionality of proton diffusion compared to neat individual solvents

are prominent, contributing to hindered deprotonation dynamics.%¢-%
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Figure 1.2. Variation of the deprotonation time constant (tq) of HPTS in water-methanol

mixture with the mole fraction of methanol. Inset shows the same plot in log-linear

scales.®® The data of Agmon et al. has been added (open circle) in the inset for

comparison.t® Reprinted with permission from ref.99. Copyright 2019, Elsevier.

In another study, our group revisited the ESPT dynamics investigation of HPTS in a

water-methanol binary mixture.!®® With the increase in methanol mole fraction in neat
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water, the ESPT becomes suppressed on a significant scale. The detailed time-resolved
experiment established an exponential correlation between deprotonation times and mole
fraction of methanol in neat water (Figure 1.2). The contributing factor is the higher
activation energy with a greater fraction of methanol.®® Apart from that, disruption of the
hydrogen bonding network, decrease in dielectric constant, and slower spectral diffusion
also hamper the ESPT dynamics of pyranine in the presence of a non-protic, organic

solvent in water,101-103

1.9.3. Effect of lonic Strength on ESPT Dynamics of HPTS

ESPT dynamics is sensitive to the water microstructure surrounding the probe. Now there
is a possibility of alteration of rate of ESPT in the presence of additives like salts,
electrolytes etc. The scientific community has a long-standing quest to understand how
water and ions impact the proton transfer rate and pathway. %1% Huppert and teams have
explored the modulation of the rate of proton transfer from HPTS to water in the presence
of electrolytes (NaCl and MgCl,).1% According to them, the number of free water
molecules close to the probe affects the rate of proton transfer to the water. The presence
of salt in the aqueous media reorients the water molecules to the ions by electrostatic or
hydrogen bonding interaction. But in a salt-free condition, the probe molecule transfers
the proton to a water cluster of more than ten water molecules.'®® Basically, high salt
concentration breaks those protons conducting water cluster, which leads to drastic
retardation of ESPT rate and increased geminate recombination in the system.%

In a seminal work, Bhattacharya and coworkers investigated the effect of salt NaCl on
the ESPT rate in water and Niosome.'%” In brief, Niosome is osmotically active, one kind
of nonionic surfactant vesicle and structurally similar to liposomes.'® Along with
surfactant, Cholesterol/ polyethylene glycol (PEG) is part of the bilayer structure of the
niosome, and it has a water pool at the core.'®® So, it consists of a hydrophobic bilayer
part and a hydrophilic water pool.**® Detail fluorescence correlation spectroscopy and
femtosecond upconversion measurement indicate the HPTS molecules are fully
encapsulated inside the niosome. Due to confinement, the initial proton transfer (tpr, 40
ps) in niosome is ~ 8 times slower than that in bulk water (5 ps). Also, the time constants
of recombination(trec) and dissociation (tdiss) IN Niosome are ~4 times and ~1.5 times
slower, respectively. This is due to the slower solvation, diffusion of RO", lower dielectric

constant and higher friction inside the niosome than bulk. The ESPT rate is significantly
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retarded in free water and niosome upon adding NaCl. In the presence of 1 M and 4 M
NaCl, et slows down to 80 ps and 225 ps, respectively, in the niosome.*®” The further
slowing down of ESPT rate inside the niosome in the presence of NaCl is attributed to
the factors like reduction in the number of water molecules required for solvation of

proton, deprotonated moieties led to slower diffusion (Scheme 1.8).
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Scheme 1.8. Schematic representation of ESPT rate modulation in niosome and water in
the presence of varying NaCl concentrations.?” Reprinted with permission from ref.107.
Copyright 2012, American Chemical Society

The ESPT rate of HPTS also depends on the number of bridged water molecules between
the probe and the proton acceptor. In a report, based on femtosecond transient electronic
and vibrational spectroscopy, Bakker and team established that the addition of salt does
not affect the rate of proton transfer to acetate in case of HPTS are bridged to acetate by
more than two water molecules.!'? In other findings, Nibbering and coworkers using mid-
IR femtosecond pulses have shown that the ESPT rate is faster between HPTS with a
direct hydrogen-bonded acetate ion compared to the case where HPTS and acetate ions
are separated by one or more water molecules.**?*** So the perturbation of the hydrogen
bonding network, electrolytic screening, which affects the coulombic attraction between
ion pairs and electrostriction caused by the strong electric field of the salt ions markedly
alters the ESPT rate of HPTS in various systems, 83 114-118

17
TH-3106_176122025



Chapter 1

1.9.4. Proton Transfer in the Biomolecular Systems

Proton transfer is one of the fundamental processes of nature. Proton pump activity in
proton translocating membrane protein bacteriorhodopsin in halobacteria is associated
with proton transfer.1%-120 Translocation of a proton between bulk water and membrane-
bound protein interface plays a crucial role in bioenergetics.’?t Well-established
examples of long-range proton transfer are vivid in many crucial biological parts like the
photosynthetic reaction center 22 transmembrane channel.*?® Biologically vital enzymes

124 carbonic anhydrases,'?>1%6 alcohol dehydrogenase!?’

like cytochrome c oxidase, are
also associated with proton transfer while properly functioning in the living body. ATP
synthesis proceeds with the help of proton translocation in the inner membrane of
mitochondria, chloroplast catalyzed by adenosine triphosphate synthase complex.28-1%
Latteral proton transfer across the biological membrane in the interface of water and
phospholipid alters surface potential, which helps the membrane to act in many signal
transduction.’®! So Investigation of the proton transfer mechanism using a photoacid
probe in a biological interface like in membrane, protein, or vesicles will provide
information like local environment, hydration patterns, charge transfer mechanism,
structure or folding pattern, bioenergetics and fundamentals of proton or ion gated

channels etc.1®

1.9.4.1. ESPT of HPTS in membranes and bilayers

Researchers have been investigating the membranes, vesicles, and bilayer for the last few
decades to track the proton transfer mechanism and the local environmental information
like hydration layer properties incorporating several prototropic photoacid probes and
various methods.****3 Gutman and coworkers have explored the proton diffusion nature
in the phospholipid membrane by incorporating the HPTS probe in the hydration layer of
the egg phosphatidylcholine membrane. The proton diffusion rate is slower than the bulk
medium. The thickness of the hydration layer and the proton diffusion rate is inversely
proportional. The slower diffusion is attributed to the inhomogeneity of the aqueous
matrix, geometrical restriction, distorted electric field and proton reactivity at the
surface.’®® The generated proton from the membrane-trapped HPTS exhibits more
significant geminate recombination than bulk.'*° Recently, the scientific community has
not been limiting themselves by applying the mere probe molecule but instead
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incorporating chemically modified tethered probes.!** Long alkyl chains have been
attached to the HPTS probe and tethered to the biological membranes to gain insight
regarding proton diffusion from the excited probe on the membrane surface, membrane
surface to the bulk or bulk to the surface (Figure 1.3).1%? It has been established that the
lipid headgroup strongly influences the fluorescence transient. It has been shown that the
nature of phospholipids in the membrane modulates proton diffusion. Protons diffuse
latterally mainly in the zwitterionic lipid surface in the membrane, while in negatively
charged lipid surface, proton can migrate to bulk and vice versa.

@ o o Deer o T e
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Figure 1.3. (a) Molecular scheme of the C12-HPTS photoacid. The OH-group that gets
deprotonated upon photoexcitation is marked in red. (b) The schematic integration of C1o-
HPTS to the membrane includes the different excited state proton transfer (ESPT) and
geminate recombination processes. (¢) Schematic of the differences between the two
models.'*® Reprinted with permission from ref.143. Copyright 2022, American Chemical
Society

In the case of the cationic lipid surface, the proton transfer is relatively slow.}*? They

have used the proton dissociation kinetics and geminate recombination model to explain
the proton migration in various directions on the membrane surface and generate a new

simplified model to explain those findings. They have arbitrarily taken the photoacid

19
TH-3106_176122025



Chapter 1

probe system's dimension and varied it to fit and explain the slow desorption rate of

proton migration in the membrane surface.*

1.9.4.2. ESPT of HPTS in protein binding sites

Proton transfer assisted by proteins is an integral part of many biological systems for
carrying out different functions.}*+14> Some well-known vital biochemical processes
associated with proton transfer are photosynthetic water oxidation, light-activated proton
pumping in rhodopsin, and polypeptide cleavage in proteases.**¢1*® Proteins spanned
across the membrane surface act as proton-specific ion channels. The relay of protons by
buried water molecules called "water wires" are mediated by several channels and

signaling trans-membrane proteins.'*° Also, the folding and unfolding structural patterns

can be assessed by the ESPT of probes.™ So, investigating excited state proton transfer
151

reactions in protein sites provides valuable information.

aminoacid

Scheme 1.9. Schematic representation of the location of HPTS in protein binding site
showing ESPT.? Reprinted with permission from ref.152. Copyright 2011, American
Chemical Society

In a report, Cohen et al. have shown the excited state intermolecular proton

transfer reaction of 8-hydroxypyrene-1,3,6-trisulfonate (pyranine) with the globular
human serum albumin (HSA) protein in the femtosecond to nanosecond time regimes.
The proton-transfer reactions in the formed HSA-HPTS complexes proceed from 150 fs

to ~1.2 ns in the extended time window. Direct H-bond breaking and making assisted by
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carboxylate groups of amino acids is evidenced from the ultrafast component in the robust
complexes. The slowest time component arises from the biological water's slow
dynamics. The caged photoacid gives the conjugated photobase by ESPT in "loose™ HSA-
HPTS complexes. The observed time components are (3 to 10 picoseconds), and 130 ps
and 1.2 ns arise due to the slow dynamics of the water molecules in the vicinity of the
probe and protein residue (Scheme 1.9).?

Though there are chances of forming robust complexes with definite ratios, the anisotropy
data indicate heterogeneity in the system. The probable reason is the differential
interaction patterns of the photoacid with the inner or outer parts of the protein residue.
They further proposed that the caging of HPTS by the HSA protein alters the electronic
redistribution in the formed deprotonated form in a different degree of mixing between

the L. and 'Ly states.'>?
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Figure 1.4. Time-resolved emission of pyranine in BSA fractions of (a) < 0.75% and (b)
> 0.75%. The insets show magnifications of the first nanoseconds. (c) Schematic of the
system.”® Reprinted from ref.73. Licensed under CC BY.

The photoacid probe pyranine can sense the water accessibility or hydration in the
medium. The structural change in a protein may alter the binding site conformation, and
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accordingly, its accessibility to bulk hydration or confinement may change. So, the probe
HPTS can be utilized to probe any structural change in protein binding sites. The probe
binding to the protein binding site resulted in poor ESPT efficiency. It indicates that the
probe is in a hydrophobic environment surrounded by restricted slower water molecules.
In seminal work, Amdursky and their team have explored the ESPT dynamics of HPTS
in the binding sites of a globular protein, bovine serum albumin (BSA).**® At low pH
values, the BSA undergoes structural changes as a function of concentration. So, the
extent of exposedness of the binding site to the bulk solution will markedly influence the
ESPT efficiency of the bound pyranine. As the bound probe gets exposed to bulk, the
ESPT rate is enhanced (Figure 1.4). The figure shows the concentration-dependent
change in the ROH* transient upon binding to the protein. Which resulted in slower ESPT
up to 0.75% of BSA, i.e., the point of the structural change (from ket* = 5 ns* before
binding to 0.4 ns! after binding), after that concentration, the ESPT becomes faster
(increasing to ket* = 1 ns1).1%° The additional proton acceptor, specifically glutamic and
aspartic acid residues, may also enhance the ESPT from exposure to bulk hydration in
such sites.!® So, probing concentration-induced structural transition of proteins can also

help to explore the amyloidogenesis process.*>*

Excited State Proton Transfer \
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Scheme 1.10. Schematic representation of environment-dependent ESPT process of
HPTS in protein Lysozyme.'* Reprinted with permission from ref.155. Copyright
2016, American Chemical Society
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Another study by Halder and coworkers showed that HPTS forms a 1:1 complex with the
protein lysozyme in the ground state (binding constant, Kgn ~1.4 x 10* M™2). Inside the
protein binding site, despite the preference for the deprotonated form of HPTS, the
restricted "slow" biological water retards the excited state proton transfer process. But
high ionic strength accelerates the ESPT dynamics in lysozyme-bound pyranine by
dislodging the fluorophore from the active site of the protein to the bulk again (Scheme
1.10).1%

So as of now, we have seen due to binding of the probe in the protein binding site retards
the ESPT rate due to confinement or slow biological water. In contrast, HPTS exhibits a
faster ESPT than bulk in the presence of a therapeutic protein, Protamine. The detailed
study shows that the binding sites comprise cationic arginine residues, mainly responsible
for ESPT enhancement.'® So, confinement, as well as the nature of the binding site, will
determine the ESPT rate of the probe along with the structural conformation of the

protein.

1.9.4.3. ESPT of HPTS in macroscopic biostructures

There are abundant biological macrostructures besides the biological systems like
proteins, lipid surfaces or membranes. Several studies have been reported regarding the
ESPT dynamics of HPTS on those macromolecular surfaces such as hydrogels, mats,
films, fibrils or polysaccharides. The probe pyranine adsorbed to the surface of this bio-
structure. So, based on the ESPT nature and proton diffusion on these bio macro surfaces,
detailed hydration patterns and structural heterogeneity can be accessed.

The hydrogels are generally prepared from polymer molecules, proteins, fibroins, keratin
etc.’® These hydrogel systems are quite useful for controlled drug release.'®
Physisorption and passive release are the most common drug loading and release
procedures. The environment and hydration of gels are quite different than the monomers
of it. For instance, the hydrogel can be prepared by thermal induction of BSA above a
certain concentration.®1%® By incorporating the ESPT probe, HPTS, it has been
observed that the protein's surface becomes hydrophobic. The significantly slower ESPT
rate after gelation (ket*~3.5 — 0.9 ns™?) resulted in an insight into the mechanism of gel

formation.®®
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Proteins-based materials are good candidates for the formation of proton-
conducting materials. The hydrogen bonding network in the abundant water molecules
inside the protein structure and the presence of charged amino acids play a vital role in
long-range proton conduction in those materials. Proton conductivity across collagen,
keratin, and lysozyme layers has been explored.%%-162 Amdursky et al. investigated ESPT
and proton diffusion properties in BSA protein mat.'®® These protein mats are composed
of electrospun fibrillar BSA, and they absorb large quantities of water. The proton
transfer rate and diffusion dimensionality are less on the mat than in bulk. The ESPT rate
from HPTS to charged amino acid is faster and independent of hydration. The binding
mode of the probe also dictates the ESPT rate. Chemisorption increased ESPT, whereas
physisorption to the same protein mat decreased ESPT.1%* ESPT is relatively slower on
the surface of another protein-based material, the amyloid fibril, than bulk water. Which
indicates the poor accessibility of water on that binding site.>!

Apart from protein-based proton conducting materials, polysaccharide derivatives
have recently been proposed for protonic devices.!® Polysaccharides, irrespective of
linear and branched (cellulose, chitosan, and starch), can be probed using pyranine in the
aqueous phase.’%%1%® The ESPT of pyranine within polysaccharides is hydration
dependent. More hydration will enhance the ESPT rate and vice versa. Exceptions are
also there; in the case of chitin (acetylated polysaccharide), the presence of the weakly
basic acetyl groups promotes the ESPT rate by serving as proton acceptors even at a very
low water content or in the presence of significant amounts of alcohols, methanol and

ethanol.168

1.9.5. ESPT of HPTS in micelles

In present, tremendous interest has emerged in exploring nanoconfined species.1%9-173
These investigations will provide great help in understanding the intimate features of
relevant biomimicking interfaces. We can also correlate naturally occurring reactions
with the nanoscopic confinement-induced chemical pathways.’41"® Micelles are one of
these organized assemblies. Various experimental and computational studies are being
carried out and undergoing to explore the dynamics and thermodynamics of water
molecules in micellar confinement.!’”1"® Micelles are formed above a critical

concentration (critical micellar concentration or CMC) of surfactant or constituent
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molecules. External factors like temperature and additives can alter CMC value and
properties.’®® These micelles can solubilize many potential drugs (poorly soluble in
aqueous media) molecules, serve as drug delivery vehicles and can interact with various
biological moieties like lipids, bile salts, membranes etc.'8118 Micelles are generally
composed of ionic, nonionic, zwitterionic, polymeric surfactant molecules. The micellar
CMC and surface potential of the micelles depend upon the headgroup charge of the
surfactant and the chain length.184

Excited state proton transfer (ESPT) dynamics of HPTS can give important
insights into the nature and dynamics of the water, and the structural pattern of these
micellar assemblies.'®-18 The photoacid probe HPTS localizes itself in the interface of
the micelle, and its emission property is very sensitive to local hydration inside
micelles.’8”18 HPTS has been incorporated to investigate cationic and zwitterionic
micelles to explore various properties like the electrostatic nature and ion exchange
behavior etc.%%192 Bhattacharyya and team have shown slower ESPT dynamics of HPTS
inside the cationic CTAB micelles.'®’

Our group investigated the compactness and hydration properties of zwitterionic
micelles compared with cationic micelles.'® Both the ESPT and rotational dynamics are
slower inside micelles having the same alkyl tail chain length. From detailed steady-state
and time-resolved studies, it has been established that in between zwitterionic and
cationic surfactant micelle, the latter is densely packed and less hydrated. So, the slower
ESPT dynamics may arise due to the strong hydrogen bonding network in the zwitterionic
micellar interface, with almost immobile water molecules. The interfacial ESPT
dynamics and fluorescence anisotropy decay also counter ion dependent.®®
1.9.6. ESPT of HPTS in reverse micelle

Reverse micelles (RMs) are aggregated surfactant molecules with an encapsulated water
pool at the core within a hydrophobic organic media.l’® 19419 This assembly offers a
simple and easily accessible experimental container for exploring confined aqueous
environments. Considerable attention has been raised to studying the structure, interfacial
properties, and dynamics of the reverse micelle.?%1% |t has widespread applications as
nanoreactors to enhance chemical and enzymatic reactions, for nanoparticle synthesis and
also as a model water—membrane interface.'%%-2% Surfactants of different ionic properties

(e.g., neutral, cationic, anionic, zwitterionic) spontaneously form RMs of different shapes
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(spherical, ellipsoidal or rod aggregates) in nonaqueous phase with encapsulation of a
central water pool or polar solvents.?%® The surfactants are oriented in the reverse micelle
so that the ionic headgroup or hydrophilic part stays toward the water pool core, and the
hydrophobic tail part stays outside, i.e., directing to the nonpolar solvent.

ESPT dynamic investigation of the dissolved probe in the interior of reverse micelles can
provide information regarding the proton transfer, orientational dynamics of the probe,
and other properties of water. The nature of the interface, especially the charge
specificity, impacts a lot in the ESPT dynamics. Several investigations have been
performed applying ultrafast, visible and infrared (IR) spectroscopy and NMR to gain
insight into the influence of charged versus nonionic surfactant—water interfaces on the
dynamics of dissolved probes and water molecules.

A recent study by Fayer and coworkers have shown that the proton-transfer dynamics of
HPTS are quite the opposite in nonionic Igepal RMs compared to that in anionic AOT
RMs.® In AOT reverse micelle having an anionic interface, the anionic probe stays at the
center of the water pool away from the interface; bulk-like ESPT dynamics have been
observed (Figure 1.5). In nonionic Igepal RMs, the probe prefers to stay in the interface
with two different orientations. One set of HPTS hydroxyl groups stays buried in the
RM's organic wall, and the other has the hydroxyl group exposed to the water.
Biexponential decay of excited state population, differential deprotonation and
recombination times support this phenomenon.® Apart from the interface pattern, water

nanopool size modulates the ESPT dynamics.®®2%
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Figure 1.5. Steady-state emission spectra of HPTS in bulk water (green), wo =25 AOT
RMs (black), and wo = 20 Igepal RMs (red). The AOT and Igepal RMs have the same
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size water nanopools, r = 4.2 nm.® Reprinted with permission from ref.86. Copyright
2015, American Chemical Society

In another seminal work, Sedgwick et al. compared the ESPT dynamics of HPTS in two
different RMs, the cationic CTAB and anionic AOT. Based on ultrafast spectroscopic
measurements and 2D NMR studies, they have established that the ESPT dynamics go as
usual while staying at the center of the water pool, but in the CTAB RMs, there is no
deprotonation occurred.?%® The HPTS stays buried in the cationic interface with the probe
hydroxyl group in the hydrophobic regions. So the interfacial environment dampens the

deprotonation kinetics and the rotational dynamics (Scheme 1.11).208-210
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Scheme 1.11. Cartoon suggesting a possible orientation of HPTS embedded in the
CTAB/1-octanol RM interface that would lead to the observed time-resolved
spectroscopy and NOESY results.?® Reprinted with permission from ref.208. Copyright
2012, American Chemical Society

Our group also explored the RMs in detail with the help of ESPT dynamics of HPTS and

various physicochemical methods. The water nanopool size and interfacial hydration can
alter the shape of the reverse micelle from spherical to rod in DDAB/water/cyclohexane
composition.?® The highly immiscible alcohol can be solubilized significantly in the
water pool of RMs confinement depending on the core size and water amount. In
AOT/water/n-heptane RMs confinement, Phukon et al. established that.?!

1.9.7. ESPT of HPTS in mixed micelle

Surfactant molecules can form mixed micelles apart from their self-assembly.?? Many
instances are there in the literature that the mixed micellar assembly can have better

efficacy compared to its self-assemblies. So, investigating these mixed micelles of
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different compositions, like short-chain ionic and nonionic surfactants with polymeric
surfactants, is essential. Ghosh et al. have done such an investigation on the polymer-
surfactant aggregate composed of a pluronic triblock copolymer P123, (PEO)20-(PPO)70-
(PEO)2 and a cationic surfactant, cetyltrimethylammonium chloride (CTAC).?® The
polymer interacts with the surfactants above a particular concentration, called the critical
aggregation (CAC) constant, which is lower than its CMC.?'?2* The CAC of CTAC
here is ~ 0.25 mM?'2 which is relatively lower compared to its CMC of 1.3 mM.?"® Detail
steady-state and time-resolved studies indicate that proton transfer in P123-CTAC mixed
aggregate is much slower than in their self-assembly or bulk water. The steady-state
emission intensity ratio (ROH/RO") in P123-CTAC aggregate (2.2) is 2, 12 and 50 times
higher than that in CTAC micelle, P123 micelle, and water. ESPT retardation is also
reflected in the increase in the rise time of the RO~ emission of HPTS. In P123- CTAC
mixed aggregate, RO has three rise times: 30, 250, and 2400 ps. These rise times are
longer than those in CTAC micelle, P123 micelle, and bulk water. The corresponding
rate constants of proton transfer, recombination, and dissociation of the ion pair are also
slower. The slower rates manifest the lower polarity and unfavorable geometry in the
nanoconfined compact systems. They concluded that the P123-CTAC mixed aggregate
has different confinement and microenvironmental properties compared to their self-
assembly.?

In a study, Mondal et al. have shown a similar mixed micellar assembly composed of
Pluronic P123 and room temperature ionic liquid (RTIL) via femtosecond up-conversion
investigation of ESPT of HPTS. In RTIL-P123 mixed micelles, slightly faster solvation
dynamics have been observed than in P123 micelles.*® In another seminal work, Halder
and team have explored the ESPT dynamics of HPTS in the mixed assembly of pluronic
block copolymer F127 micelle, F127 - anionic surfactant SDS mixed assembly and F127-
cationic surfactant CTAC mixed assembly.?'® Detail steady-state and time-resolved
investigations reveal that two different time constants (160 ps and 1.05 ns) of
deprotonation exist for both F127 micelle and F127-SDS mixed micelles. The faster one,
160 ps, arises due to the probe's location in the micellar periphery or the bulk water.

However, the probe in the corona region generates the slower 1.05 ns component.
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Scheme 1.12. The schematic representation of probe locations and ESPT rate in different
micelles.?!® Reprinted with permission from ref.216. Copyright 2018, John Wiley and
Sons.

The addition of SDS in F127 micelles enhances water penetration in the corona region

and increases the ESPT rate (time constant changes to 140 ps, 640 ps) due to increased
hydration. But the ESPT in mixed F127- anionic SDS micelle is opposite to that of mixed
F127- cationic CTAC micelle (250 ps, 2.4 ns). The cationic-charged CTAC and probe
location near the core (far away from corona hydration) attributed to the slower ESPT in
F127-CTAC mixed assembly (Scheme 1.12). So depending on the probe location in the
mixed micelles, the headgroup charge property of ionic surfactants and hydration
surrounding the probe modulates the ESPT dynamics.?

1.10. The objective of the Thesis

ESPT dynamics of HPTS is susceptible to local hydration, and this phenomenon has been
utilized to track the reorganization of the mixed micelle at various compositions of
copolymer and surfactant molecules. During the formation and further modification of
these assemblies, the entrapped HPTS probe exhibited its ESPT properties. We have
analyzed it based on the overlap-corrected time-resolved data method and obtained the
kinetic parameters. The correlation of the dynamics and mixed micelle formation
ascertain us to apply the assembly to various purposes. Differential interaction pattern of

surfactant assemblies with polyelectrolytes has also been explored in this Thesis.
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Chapter 2: Experimental and Analytical Methods

This chapter specifies the details of the instruments used in the thesis works, namely,
UV-Vis spectrophotometer, steady-state fluorimeter, time-correlated single photon
counting (TCSPC) setup, dynamic light scattering (DLS), isothermal titration calorimetry
(ITC), and field-emission transmission electron microscope (FE-TEM). The data analysis
methods, models and software are also included. The purity, sources of all the chemicals

used and sample preparation procedures are added.

2.1.  Steady-state spectroscopic measurements

Absorption spectroscopy is one of the most important spectroscopic techniques.
Absorbance is associated with the electronic transition of the molecule upon irradiation
of proper wavelength light. It provides crucial information about the transition
wavelength and molar extinction coefficient (e) at that particular wavelength of the
molecule under investigation. In our experiment, we used the Perkin Elmer lambda 750
instruments to record the UV-visible spectra of the samples. The instrument consists of
deuterium, tungsten and halogen lamps as a light source, double holographic grating

monochromators and high sensitivity photomultiplier tube detector (Scheme 2.1)
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Scheme. 2.1. Schematic representation of UV-Visible spectrophotometer.

Steady-state emission spectra are useful for determining the molecules' nature in the
excited state. The samples' emission spectra were recorded on the Jobin Yvon fluoromax4
spectrofluorometer. The instrument is equipped with a xenon arc lamp as the light source.
The emitted light from the sample is collected right angle to the incident excitation beam.
The detector R928P is used as a photomultiplier tube detector in the device (Scheme 2.2).
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The quartz cuvettes of path length 1 cm have been used in all the steady-state absorption

and emission.
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Scheme 2.2. Schematic representation of a spectrofluorometer.

2.2.  Time-Correlated Single Photon Counting (TCSPC)

Time-correlated single photon counting (TCSPC) is an advantageous method for
measuring emission decay and obtaining the lifetime of fluorescent molecules in the time
range of picoseconds to nanoseconds. We have used the TCSPC instrument provided by
HORIBA scientific instrument for time resolve emission decay measurements, and the
time resolution and measurement time window depend on the light source, assembled

electronic components, and sample characteristics.
2.2.1. Principle

TCSPC operates on a unique principle.?!’ In the TCSPC instrument, typically, 1% of the
photon is detected for 100 excitation pulses. The y-axis represents the number of photons
detected for the time difference (represents the x-axis) between excitation pulses and
observed photons. Currently, all TCSPC measurements are performed in the “reverse
mode,"” i.e., the emission pulse is used to start the time-to-amplitude converter (TAC),
and the excitation pulse is used to stop the TAC (Scheme 2.3).2Y" A channel detects the
pulse from the single detected photon originating from the pulse excitation of the sample.
The arrival time of the signal is accurately determined by a CFD (constant fraction
discriminator), which sends a signal to a TAC, which generates a voltage ramp that is a

voltage that increases linearly with time. The next excitation pulse sends a signal to the
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electronics to stop this voltage ramp. The TAC now contains a voltage proportional to
the time delay (At) between the emission and excitation signals. A histogram of detected
photons, i.e., the decay, is measured by repeating this process numerous times with a
pulsed-light source and analyzed in a multi-channel analyzer (MCA).2" Finally, the
instrument-obtained data is analyzed and fitted with appropriate models and software.
The instrument response function (IRF) and full-width half maxima (FWHM) of the IRF
for the light source LASER diode 375 nm have been measured using liquid scatter in the
cuvette. The IRF of the instrument for the LASER diode 375 nm light source was ~ 90
ps. All intensity decays were measured keeping the emission polarizer at magic angle of
54.7° with respect to vertical excitation polarizer to avoid any rotational contribution to

the life time data.
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Scheme 2.3. Schematic representation of TCSPC instrument.
2.2.2. Data Analysis

The TCSPC data analysis is not straightforward because the excitation pulse is not a &
function. It has finite width. So, The observed decay is the convoluted form of intensity
decay I(t) and instrument response function (IRF), represented as L(t). To analyze the

decay, we have to deconvolute the raw data, and the convolution integral is expressed as

N = [1 LI - tdt 2.1)

Where t represents the variable time delay, the available software (like DAS6, FAST)

generally uses the iterative nonlinear least square fitting method. First, an excitation pulse

35
TH-3106_176122025



Chapter 2

profile is recorded. The deconvolution starts with mixing the excitation pulse and the
projected decay to form a new reconvoluted set. This data is compared with
experimentally obtained data, and the difference is summed, generating the 2 functions
for fitting. The 2 is expressed as

n N 12
2 = Z [N(tl) Nc(tl)] (2.2)
=1

O

Where N (t;) is the measured data, N.(t;) is the calculated decay, N is the total no of data
points and o; is the standard deviation of the ith data point. The deconvolution proceeds
through a series of iterations until an insignificant change in 2 occurs between two
successive iterations. However, 2 is not considered the best choice for a large number

of data points; instead, a quantity called reduced le? is calculated. It is defined as

A=L 2.3)

n-p
Where n is the number of data points, and p is the number of parameters. The value of

Zﬁ is estimated with different choices of fitting parameters, multiexponential model, i.e.,

t

I(t) =X;a;exp & (2.4)
The quality of fit is generally assessed by the Zfz value ~1, the plot of the weighted

residuals and the autocorrelation function of the residuals.

2.3. Time-Resolved Emission Spectra (TRES) and Time-Resolved Area
Normalized Emission Spectra (TRANES) for the Interpretation of ESPT Dynamics

The fluorescence emission decay for protonated and deprotonated species for two
particular fixed wavelengths provides only a qualitative idea about the ESPT dynamics.
The significant overlaps between the two bands and dynamic Stokes shifts may give an
erroneous interpretation. So, to avoid such complications, time-resolved emission spectra
have been constructed. Following the methods provided in the literature, we first
constructed the time-resolved emission spectra (TRES) and then obtained the time-
resolved area-normalized emission spectra (TRANES) following area normalization.?*”
221 The fluorescence decays of HPTS were monitored at the wavelengths with an interval
of 5-10 nm spanning the entire emission spectrum. The fluorescence decays were fitted

by applying the multiexponential model,
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1,0 = 31 a(Dexpl—t/5(A)] (25)

TRES was constructed by the procedure provided by Maroncelli and Flemming.?*® For
that, we have to compute the normalized intensity decays so that the time-integrated
intensity at each wavelength equals the Steady-state intensity at that wavelength. For F

() to be the steady-state emission spectrum, we have to calculate a set of H (A) values

using
_ _F®
H (D= I 1 (Atat (2.6)
Which for multiexponential analysis becomes
__FW
g 2 2i (D7D 27)

The term H (A) multiplied by time-integrated intensity equals the Steady-state intensity

at that wavelength.

So, to calculate the TRES, the normalized intensity functions are given by

I'(4t) = HDI(A,0) = ¥ o' (Dexp[—t/ ()] (2.8)
Where a'(X) = H (M)ai (L) (2.9)

The values of I'(A,t) give the intensity at any wavelength and at any time, providing the
TRES.

The concept of TRANES, provided by the Periasamy group, was also applied here.?29-221
Since the TRANES were constructed by normalizing the area of the TRES, the total
population remains constant over time. Thus, visualization of any kinetically coupled
species becomes prominent. The TRANES may intersect at a particular wavelength
depicting a clear isoemissive point. The isoemissive point in the TRANES helps us
ascertain the number of species involved in the excited state dynamics or whether the
probe is partitioned in two different locations in the system. Each TRANES can be fitted
with a bi-lognormal function to get emission maxima and intensity at maxima (Figure
2.1).

2.3.1. Decomposition of the Emission Spectrum of HPTS into the Protonated and

Deprotonated Bands: The steady-state emission spectrum or the time-resolved area
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normalized emission spectrum (TRANES) of HPTS consists of two bands, protonated

and deprotonated.

These emission spectra can be fitted with the following bi-lognormal functions.

2 2

2by(2-7) 2b(2-43)

1n<1+ a; ) 1n<1+ a5 )
I(V) = 1& exp —1n(2) b—1 + Ig exp —ln(2) b—2

(2.10)

When both M <-1 andw <11

1 2

Else, I(1) =0

Here, lo, Ap, A, b represent the maximum peak intensity, wavelength maximum,
asymmetry factor and width parameter of each of the bands. The label (1,2) in the
subscript or superscript denotes the protonated and deprotonated bands' parameters,

respectively.
The ratio of emission intensities, R, can be calculated as

1

R=2 (2.11)
I
140 — O experimental
— fit combined
120 — deprotonated
protonated
mo 100 |
e
= 80 -
&
2
= 60 -
=
8
= 404
20
0 —
T T | | | |
400 450 500 550 600 650

Wavelength (nm)

Figure 2.1. An example of splitting the fluorescence emission spectrum of HPTS into the

protonated and deprotonated bands.
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2.4. Ratiometric Method

Based on the ESPT kinetic schemes (Schemes 1.4 and 1.5), the time dependence
of the excited protonated form and the total deprotonated form (including both the contact

ion-pair and the dissociated deprotonated species) can be represented as®®

— Be—ka ,—pit | ka=PB1 ,—p,t
ROH(t) T + o (2.12)
- — 1 _P2ka gt _ka—F1 ,-p,¢
ROpra(t) =1 —2"—"e e (2.13)
Where

1

2
Bo1 = 5{(’% + kr + kaiff) £ J(kd +ky + kaipr) — 4kdkdiff} (2.14)

AISO, ,81 + ,82 = kd + kr s kdiff (215)
B1 X Bz = kq X kgifr (2.16)
The time-dependent emission ratio (either of the band area or the peak intensity) can be

represented as®®

aje"t/Ti4qye~t/T2

R(t) — 1_ale—t/‘rl_aze—t/rz (217)
Where,

p1 =17t (2.18)
B =13" (2.19)
a1 _ P2—ka

o = ke (2.20)

However, in the case where ESPT is almost irreversible, the ratio may correspond

to a more straightforward form,2??

e—t/‘l.'d
1_e—t/‘[d

R(t) = (2.21)

The fitted TRANES intensity ratio provides the time components; further analyzing

those, we can calculate the deprotonation, diffusion, and geminate recombination times.

2.5.  Time-Resolved Anisotropy Decay

The fluorescence anisotropy decay provides us with the system’s local rigidity, viscosity,
and rotational correlation time of the probe. In our experiments, we have incorporated
MPTS instead of HPTS to avoid a possible error due to the ESPT dynamics on the

fluorescence anisotropy (both Steady-state and time-resolved). It shows absorption
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maxima at 403 nm and emission maxima at 430 nm (Figure 2.2). The advantage of MPTS

is that it cannot undergo ESPT.

We recorded the parallel and perpendicular components of the fluorescence anisotropy
decay separately by rotating the analyzers at regular intervals to measure the anisotropy
decay. Here the sample has been excited from the pulsed LASER diode 375 nm source,
and the decay has been recorded at the fixed wavelength at 440 nm for the MPTS probe.
Anisotropy is defined as

_ Iyv(®)=Glyg(t)
r® = lyy () +2GIyy(8) (222)

The Ivw and vy are the parallel and perpendicular mode intensities with respect to
vertically polarized excitation. The G parameter is the correction factor of the detection
setup gratings. For our TCSPC setup, the G value was ~ 0.6. further, the anisotropy decay
was fitted by applying the biexponential function to obtain the anisotropy decay

parameters.
r(t) =r [ﬂ exp (— é) + (1 —p)exp (— i)] (2.23)

where T and ts are the fast and slow components of the time constants; B is the

contribution of the slow component, and rg is the initial anisotropy.

= Absorption
e Emission

0.10+

0.05+

Absorbance
Intensity (a.u.)

0.00 - : - . :
300 400 500 600
Wavelength (nm)

Figure 2.2. Chemical structure and absorption, emission spectra of MPTS in water.
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2.5.1. Wobbling in Cone Model (WIC) Analysis of Fluorescence Anisotropy Decay

The bi-exponential behavior of the rotational anisotropy may arise from the "Wobbling-
in-cone" motion frequently observed inside micelles or reverse micelle.??-224 According
to the model, the fluorescence anisotropy of a fluorophore may be affected by three
independent motions: wobbling of the fluorophore (time constant tw), translation
diffusion of the fluorophore along the surface of the micelle (time constant tp) and the
overall rotation of the micelle (time constant tm). Since the global motion of the micelle
(especially true for large micelles) is much slower than the other two time constants, the
contribution of this motion can be ignored. Since the observed anisotropy decay, r(t), may

arise from three independent motions, we can write

r(t) = 1w (O)rp ()1 (£) (2.24)

According to biexponential data fitting, r(t) can be expressed as

r(t) =n [,8 exp (— T—ts) + (1 —-pB)exp (— é)] (2.25)

r(t) may also be represented in terms of order parameter S

r(t) =1, [SZ +(1—-5%)exp (— i)] exp (—t (i + i)) (2.26)

9)) ™
S is related to semicone angle 0 as
S = %cos (1 + cos @) (2.27)

The time constant (tm) Of the overall motion of the micelle is given by
Ty = 4mnrd /3kgT (2.28)

Where 1 = viscosity of the solution and rn is the hydrodynamic radius of the micelle, here,
we ignore the tv since the overall motion of the micelle is much slower than the other

two motions. Comparing equations (2.21) and (2.22), we obtained

B =S? (2.29)
1.1 (2.30)
Tf Tw Tp

1 1

e (2.31)
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2.6.  Dynamic Light Scattering Measurements

The dynamic light scattering method is instrumental in measuring the particle size in the
solution phase. We have performed the dynamic light scattering measurement in the
Malvern Nano ZS90 instrument to measure micellar and mixed micellar assembly size.
The instrument is equipped with He-Ne LASER (= 632.8 nm) as the light source. The
scattering was collected at a fixed angle of 90° with respect to the source light direction.
Before all experiments, the solutions were filtered with PTFE syringe filters (pore size

0.2 um). The temperature was fixed at 298K for all experiments.

2.7.  lIsothermal Titration Calorimetry

Isothermal titration calorimetry (ITC) is an essential procedure for measuring minute heat
change due to interaction between molecules like ligand-protein and surfactant-polymers.
From ITC, the change in enthalpy (AH), entropy (AS), Gibb's free energy (AG), and
binding constant can be obtained. A Nano-ITC instrument (Microcal) was used for
isothermal titration calorimetry to determine mixed assembly formation thermodynamic
parameters. The temperature was fixed at 298 K during the titration. All the solutions
were filtered using PTFE syringe filters of 0.2 um before titration. Thirty-nine aliquots
of solution (1 ul for each injection) were injected from a syringe (rotating 200 rpm),
keeping an interval of 120s into the ITC sample chamber. The data were fitted to a curve
by a sequential binding model using software provided by Microcal. We also conduct
control experiments to eliminate the heat of dilution.

2.8.  Field Emission Transmission Electron Microscope (FETEM)

Field-emission transmission electron microscope (FETEM) is one of the best microscopic
imaging techniques to measure and characterize particles of nm sizes in the dried
condition. The FETEM images were done by JEOL JEM 2100 with an operating voltage
of 200 kV. Samples were prepared by drop-casting on a carbon-coated copper grid (300
mesh Cu grid with thick carbon coating) and dried in a desiccator.

2.9. Materials Used
8 hydroxypyrene-1,3,6-trisulfonic acid trisodium salt (HPTS), 8-methoxypyrene-1,3,6

trisulfonate (MPTS), Pluronic triblock copolymer F127, dodecyl trimethylammonium
bromide (DTAB, 98%), tetradecyltrimethylammonium bromide (TTAB, 98%),
cetyltrimethylammonium bromide (CTAB, 98%), N-dodecyl-N, N dimethyl-3-
ammonio-1 propane sulphonate (SB12, 99%), sodium dodecyl sulfate (SDS, 99%),
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poly(diallyl dimethylammonium chloride) solution (PDADMAC, 35%, molecular
weight~100000), L- ascorbic acid, gold (I1l) chloride hydrate (HAUCl4, xH20), silver
nitrate (AgNO3,99.99%). sodium chloride (NaCl, > 99%), calcium chloride (CaCl> >
93%), and aluminum chloride (AICl3, 99%) were purchased from Sigma Aldrich
Chemicals. Sodium borohydride (NaBHa4, > 95%) and hydrochloric acid (HCI) were

purchased from Merck Chemicals.

All chemicals were used as received without further purification. Ultrapure Milli-Q water

(resistivity 18.2 MQ cm) was used to prepare all solutions.

2.10. Sample Preparation Procedure

All the surfactants and copolymers are fully soluble in water, and a clear homogeneous
solution was prepared within the concentration range in our experiments. F127 solutions
at different concentrations were prepared by adding the requisite amount of copolymer
to water. The surfactants (DTAB, TTAB, CTAB, SB12, SDS, PDADMAC) solutions
were also prepared by weighing the exact amount and mixing them with water. The
copolymer and surfactant solutions were allowed to equilibrate for ~4 hours to ensure

proper dissolution before any measurement.

The concentration of HPTS and MPTS in the solutions was at ~ 4 M. We selectively
chose low dye concentration to avoid partitioning the probe among micelles and bulk

solvent.

A 50 mM stock solution of HAuUCIl4swas prepared and kept at 4 °C temperature for further
use. Silver nitrate, ascorbic acid, sodium borohydride, sodium chloride, calcium chloride,
and aluminum chloride solutions were prepared by weighing the exact amount to water

freshly.
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Chapter 3

Anomalous Variation of Excited-State Proton Transfer
Dynamics inside a Triblock Copolymer—Cationic
Surfactant Mixed Micelle”
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*This work has been published in J. Phys. Chem. B 2019, 123, 40, 8559-8568.
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Chapter 3: Anomalous Variation of Excited-State Proton Transfer

Dynamics inside a Triblock Copolymer—Cationic Surfactant Mixed
Micelle®

3.1. Introduction

Pluronics are often used in combination with conventional ionic surfactants.??
These mixed surfactant assemblies can be more efficient than the individual copolymer
or surfactant micelle. It is crucial to elucidate the molecular models of these mixed
assemblies, which may help to improve their chemical applications. Various models have
already been proposed based on the scientific insights obtained from various
investigations.'> 226227 Nevertheless, molecular-level understanding of the organization

of surfactants in these mixed assemblies at various compositions remains inadequate.

HPTS has already been employed to investigate Pluronic-surfactant mixed
micelles.?*> 2% The location of the photoacid and corresponding ESPT dynamics inside
the mixed micelles depend markedly on the nature of the surfactant charge and hydration.
It was proposed that the alkyl chains of the surfactants prefer to stay within the
hydrophobic PPO core.?8 At the same time, ionic headgroups form a layer of respective
charges (positive or negative) at the interface of the core and corona. Thus, the anionic
HPTS may be pushed out of the core in the anionic surfactant-Pluronic mixed micelle to
a less hindered and more hydrated region conducive to ESPT; for the cationic one, it will

be the opposite.

F127-rich DTAB-rich
F127 micelle mixed micelle mixed micelle
=~ FI127 — "~ DTAB < HPTS

Scheme 3.1. Schematic representation of F127-DTAB aggregation modulated ESPT, a
correlation between structure and dynamics.
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Migration of polar fluorophore within a mixed Pluronic-ionic surfactant mixed

micelle has been reported for other fluorophores as well.22%2%

Those investigations, although quite informative, have not reported a total
composition variation of the Pluronic-surfactant assembly. Moreover, in those studies,
ESPT dynamics were extracted directly from single/double wavelength emission
transients, which is often complicated by the overlap of the protonated and deprotonated
emission bands. So based on ratiometric overlap-corrected time-resolved area-
normalized spectra (TRANES)?'232 method, this chapter presented a more quantitative
account of the ESPT dynamics of HPTS inside F127-DTAB mixed micelle over a wide
range of DTAB concentrations (Scheme 3.1).

3.2. Results and Discussion

3.2.1. Steady-State Spectroscopy. The absorption spectrum of HPTS remained almost
the same in water and inside the F127-DTAB surfactant assembly with the absorption
maxima (1225,) at 403 nm and 405 nm, respectively. In water, HPTS showed a strong
emission band centered at 510 nm, characteristic of the deprotonated form (RO"), and a
feeble emission band at 440 nm representing the protonated form (ROH). The intensity
ratio of the bands (ROH/RO") was only ~ 0.05. In an aqueous solution of 4.0 mM F127,
HPTS exhibited emission bands at the same position, but the ROH/RO" ratio significantly
increased to~ 0.15 (Figure 3.1). The higher ratio indicates that ESPT dynamics was
retarded to some extent inside the F127 micelle. Note that the concentration of F127 used
here was higher than the CMC (0.56 mM)?3+2% of F127 at 25 °C. Thus, the micellar

confinement of F127 has a significant role in slowing down the ESPT dynamics.

However, the addition of DTAB to 4.0 mM F127 solution strongly affects the emission
spectrum of HPTS depending on the concentration of DTAB. According to the nature of
variation, four different regimes were evident (Figure 3.1 and Figure 3.2). In the low
concentration range (0.1-6 mM), the protonated emission band gradually increased with
a concomitant decrease of the deprotonated band (Figure 3.1a).

Thus, the emission intensity ratio in this concentration range increased steadily with an
increase in the concentration of DTAB (Figure 3.2). However, at an intermediate
concentration range (6-16 mM), there was hardly any change in the emission intensity of

the two bands (Figure 3.1b), and thus, the ratio almost remained the same (Figure 3.2).
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Figure 3.1. Emission spectra of HPTS inside F127-DTAB mixed micelle at various
concentrations of DTAB. For convenience, the spectra are grouped into four regions (a)
0-6 mM, (b) 6-16 mM, (c)16-100 mM, and (d)100-400 mM.

Upon further increase of the DTAB concentration (16-100 mM), the emission
contribution of the protonated form instead decreased, and that of the deprotonated form
increased (Figure 3.1c). Thus, the ratio eventually decreased with increasing DTAB
concentration in this range (Figure 3.2). At very high concentrations (100-400 mM), there
was hardly any change in the emission spectra (Figure 3.1d) or emission intensity ratio
(Figure 3.2).

The most striking observation was that the intensity ratio of the two forms varied
unusually with the increase in cationic surfactant concentration in the mixed micelle.
Since the emission intensity ratio is linked to ESPT dynamics, it implied that the ESPT
dynamics might also be modulated in an unusual way, which will be confirmed through

time-resolved measurements.

In an aqueous solution of DTAB (in the absence of F127), the emission intensity
of HPTS was severely quenched at a low concentration of DTAB due to HPTS-DTAB
complex formation.?*® However, the HPTS-DTAB complex dissolved at higher DTAB
concentrations, and HPTS may partition into DTAB micelles. The emission intensity

ratio was low in the premicellar region but increased after CMC (16 mM) of DTAB. The
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protonated and deprotonated bands were almost equally intense in the post-micellar

region (Figure 3.2).2%

| ——FI127 (calculated)
—o—F127 (raw)
—o— Water (raw)

by
=

Fluorescence intensity ratio
[ — [ [
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Figure 3.2. Emission intensity ratio (ROH/RO) in the F127-DTAB mixed micelle
([F127] = 4 mM), water at different concentrations of DTAB.

Moreover, there was also a noticeable shift in the emission maxima (A0."),
particularly for the deprotonated band with the DTAB concentration variation. In the low
concentration range (0-6 mM), the shift was quite noticeable from 510 nm in pure F127
micelle to 520 nm in the presence of 6 mM DTAB. In the intermediate concentration (6-
16 mM), 20" also underwent shifting but much less steadily from 520 nm at 6 mM
DTAB to 525 nm at 16 mM DTAB. After that, the emission maximum showed only a
marginal shift with an increase in the DTAB concentration. At very high DTAB
concentration (400 mM), 402" was at 527 nm in the mixed micelle, which matched
precisely with A7%%* in neat DTAB micelle.%® The deprotonated emission band often
shows a significant red-shift when HPTS resides in a cationic environment, e.g., inside
cationic micelles 87231 and reverse micelles?®® 237-238  Although the origin of the red shift
is not precisely known, it is probably due to a cation-m interaction between the cationic
head group of surfactant and the aromatic ring of HPTS.?%® Thus, the extent of red-shift

could be proportional to the positive charge of the microenvironment sensed by HPTS.
3.2.2. Steady-State Anisotropy. We measured the steady-state anisotropy (rss) of

MPTS instead of HPTS to avoid a possible error due to the ESPT dynamics on the
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fluorescence anisotropy (Chapter 2). Interestingly, we also observed an unusual variation
of rss with the DTAB concentration in the F127-DTAB mixed micelle. rss increased
gradually with an increase in the DTAB concentration at the low concentration range (0-
2 mM), remained steady at an intermediate concentration range (2-12 mM), and
decreased steadily after that upon further increase of the DTAB concentration (12-100
mM) (Figure 3.3). Thus, the steady-state anisotropy almost followed the same unusual
trend as that of the emission intensity ratio of HPTS (Figure 3.2). Note that the emission
intensity ratio generally depicts the favorability of the ESPT process. In contrast, steady-
state anisotropy indicated the local rigidity or the confinement experienced by the probe.
Since both the parameters (intensity ratio and steady-state anisotropy) modulated
similarly with the DTAB concentration, we may conclude that the overall arrangement
of the mixed micelle and the rigidity vary unusually with the composition of the mixed

micelle.

0.20

0.15

0.10

Steady state Anisotropy

0.05

0.00 T T LI L | T T LI R L | T T LI B R L |
0.1 1 10 100

[DTAB] (mM)

Figure 3.3. Steady-state anisotropy of MPTS inside F127-DTAB mixed micelle at
varying DTAB concentration in the F127-DTAB mixed micelle (Aem = 440 nm). The
concentration of F127 was 4 mM.

3.2.3. Time-Resolved Fluorescence Anisotropy Decay. Fluorescence anisotropy
decay of MPTS exhibits a monoexponential decay with a rotational time of 150 ps in bulk
water (Table 3.1). In F127 micelle, the observed rotational relaxation time constants were
220 ps (62%) and 920 ps (38%) with an average time constant (<tr>) of 490 ps (Table
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3.1). The bi-exponential rotational anisotropy may arise from the "Wobbling-in-Cone™
(Chapter 2) motion frequently observed inside micelles or reverse micelle.?>%?* The

analyzed parameters are summarized in Table 3.1.

0.4

—0mM
—02mM

r(t)

—12mM

r(t)

Time (ns)

Figure 3.4. Time-resolved fluorescence anisotropy (Aem = 440 nm) of MPTS inside F127-
DTAB mixed micelle at different concentrations of DTAB.

Comparing surfactant concentration variation of the rss at sub-micellar (0.4 mM)
vs. post-micellar (4 mM) F127 concentrations is interesting. For the sub-micellar case,
the maximum value (0.14) of rss was much lower, and the peak was relatively sharper
compared to the micellar case.®® Thus, the mixed assemblies may be more labile and more
manageable to reorganize by surfactant variation at sub-micellar concentrations than the
post-micellar case.®® At a higher concentration of F127, since the initial micelle was quite
large, more surfactant may be needed to induce a structural reorganization in the F127-
surfactant assembly.
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In the F127-DTAB mixed micellar assembly, the fluorescence anisotropy decay
can also be ascribed by a biexponential decay (chapter 2, equation 2.23) at all
concentrations of DTAB (Figure 3.4), and the average rotational time varied in a similar
anomalous manner with the DTAB concentration, as mentioned earlier, for the emission
intensity ratio and steady-state anisotropy (Figure 3.4 and Table 3.1). The <t> first
increased gradually up to 12 mM DTAB and, then decreased with a further increase in
the DTAB concentration. A similar anomalous trend was also evident from the variation
of other rotational time constants to (= ts) and tw. All these trends indicated that the
rotational motion was gradually retarded up to an intermediate DTAB concentration (12
mM). After that, it became slightly faster with the addition of more DTAB. The semicone
angle (6°) decreased steadily from 44° in the F127 micelle up to 28° inside the mixed
micelle containing 12 mM DTAB, manifesting that the probe was in a compact
environment, unable to rotate freely. The semicone angle remained almost the same at
higher DTAB concentrations. Interestingly, the semicone angle inside the neat DTAB
micelle matched that of the mixed micelle at a high DTAB concentration, indicating a

similarity in assembly properties.

Table 3.1. Fluorescence anisotropy decay parameters of MPTS in different systems (Lex
= 375, Aem = 440 nm). Error in the data ~ +3%.

Tf Ts Tw <T>§ 0
System ro Jij

(ps) | (ps) | (ps) | (ps) | (deg)
Water 04 - 150 |- - - -
4 mM F127 0.34 0.38 | 220 [920 | 280 |490 44

4 mM F127 + 0.2 MM DTAB | 0.32 0.37 | 280 |2200 | 320 | 990 44
4 mM F127 + 0.4 mM DTAB | 0.30 0.52 | 340 |2390 | 390 | 1410 36
4 mM F127 + 10 mM DTAB 0.32 0.67 | 350 | 4280 | 400 | 3000 29
4 mM F127 + 12 mM DTAB 0.31 0.68 | 460 | 4500 | 520 | 3200 28
4 mM F127 + 20 mM DTAB 0.30 0.72 | 390 | 3390 | 440 | 2550 26
4 mM F127 + 140 mM DTAB | 0.35 0.72 | 200 |2680 | 220 | 1990 27
24 mM DTAB 0.37 0.7 260 | 2300 | 290 | 1690 27

8 <1> = Bxtst(1-B)rts

3.2.4. ESPT Dynamics in the F127-DTAB Mixed Micelles. The emission intensity
ratio obtained from the TRANES can be fitted nicely with the help of equation (2.17)
(Chapter 2) in F127 micelle and the presence of a low concentration of DTAB (< 0.5
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mM) (Figure 3.5 and Table 3.2). However, in the mixed micelle at a higher concentration
of DTAB or in the DTAB micelle alone, equation (2.21) (Chapter 2) was sufficient to
describe the ESPT dynamics. Thus, the ESPT scheme may be switching with a change in
the microenvironment around HPTS. Inside the F127 micelle and in the presence of low
DTAB concentration, the ESPT scheme follows the Eigen-Weller nature (Scheme 1.6,
Chapter 1). In contrast, the scheme shows irreversible behavior at higher concentrations
of DTAB or inside the DTAB micelle (Scheme 1.7, Chapter 1). Although we reported
this simple irreversible ESPT in cationic micelle earlier,?3! it was the first instance where
switching between the ESPT mechanisms occurred with the variation of composition in
a mixed micelle. We also noted that the deprotonation time varied anomalously with the

increased DTAB concentration in the mixed micelle (Table 3.2).

F127
F127 + [DTAB] ( 0.2 mM)
F127 + [DTAB] (0.5 mM)
F127 + [DTAB] (2 mM)
F127 + [DTAB] (12 mM)
F127 + [DTAB] (20 mM)
F127 + [DTAB] (150 mM)
[DTAB] (24 mM)

N
1 1
D 97
4
0000 OGOOO

TRANES intensity ratio

I I I I
2 4 6 8

Time (ns)

Figure 3.5. TRANES intensity ratio of HPTS inside F127 (4 mM)-DTAB mixed micelle
at different DTAB concentrations and inside neat DTAB (24 mM).

The deprotonation time was moderately slower inside the F127 micelle (tq = 0.41 ns)
compared to that in water (tq = 0.15 ns). The moderately favorable ESPT implied a
significant hydration level inside the F127 micelle. On the other hand, the emission
spectrum of HPTS was strongly modulated inside the DTAB micelle, and the

deprotonation time (tq = 5.5 ns) was much slower compared to the F127 micelle (tq4 =
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0.41 ns). Thus, one might expect that adding DTAB could slow down the ESPT dynamics
in the mixed micelle. However, the variation was not gradual but anomalous. The
deprotonation time became gradually slower with an increase in the DTAB concentration
and reached a maximum of 8-12 mM DTAB. After that, the deprotonation time decreased
with increased DTAB concentration. The deprotonation time (t¢ = 12.7 ns) inside the
mixed micelle at this optimum concentration was more than two times slower compared
to tq (5.5 ns) inside the DTAB micelle. The most restricted ESPT dynamics at the
intermediate DTAB concentration (8-12 mM) implied that the assembly was least
hydrated at this composition. Another notable observation was that the deprotonation
time at a very high concentration of DTAB (150 mM) was significantly slower than the
deprotonation time in the DTAB micelle (Table 3.2). The rate constants of respective
excited state processes are directly correlated to the time constants, i.e., the larger
deprotonation time indicates the slower deprotonation kinetics and vice versa. The reason
for slower deprotonation Kkinetics in crowdedness is the non-labile water structure or

hydrogen bonding in the respective micellar aggregates.

Table 3.2. Different time constants of ESPT of HPTS inside F127 micelle (4 mM F127),
F127-DTAB mixed micelles (4 mM F127 and different concentrations of DTAB) and
DTAB micelle (24 mM DTAB). Error in the data ~ + 3%.

System a1 a 11(NS) 72(NS) ta(ns) | ©(ns) | Tairr(NS)
F127 micelle 058 |042 |[0.26 2.40 0.41 1.51 0.85
F127+0.2mM DTAB | 0.46 |0.54 |0.31 4.90 0.63 2.40 0.70
F127+0.5mM DTAB | 0.18 |0.82 |0.40 8.30 1.83 1.81 0.66
F127 + 2 mM DTAB 1.00 - 10.45 - 1045 | - -

F127 +12mM DTAB | 1.00 J 12.70 3 12.70 | - -

F127 +20 MM DTAB | 1.00 |- 12.20 - 1220 | - -

F127 + 150 mM DTAB | 1.00 | - 8.40 - 8.40 - -
DTAB micelle 1.00 - 5.50 - 5.50 - -

3.2.5. Dynamic Light Scattering (DLS). The hydrodynamic diameter of the F127
micelle and the F127-DTAB mixed micelles was measured at different concentrations of
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DTAB. In 4.0 mM of F127, a strong peak appeared in the intensity distribution centered
at 37 nm, accompanied by a small 4-5 nm peak.®® The more substantial peak was
characteristic of the F127 micelle. As reported earlier, the tiny peak may be due to the
monomeric copolymer or small aggregates formed by the association of a few F127
units.®® The diameter of the mixed micelle decreased with the increase in DTAB
concentration, but the variation was biphasic (Figure 3.6). At the low DTAB
concentration range, the size of the mixed micelle decreased steeply, but after ~20 mM,
the decrease was minimal (Figure 3.6). The low and high-concentration ranges underwent
a linear fit with very different slopes (Figure 3.6). Thus, the mixed micelle may exist in
two different types at the low and high DTAB contents. The hydrodynamic diameter
variation indicated DTAB insertion to the F127 micelle and expulsion of F127 occur in
a gradual manner. Although the sizes of the mixed assembly containing very high DTAB
and the neat DTAB micelle were almost the same, the hydration levels experienced by

HPTS in the two systems were quite different.
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Figure 3.6. Hydrodynamic diameters of the F127-DTAB mixed micelles at different
concentrations of DTAB. The blue and red lines represent linear fits at the low and high
DTAB concentration regions.

3.2.6. Zeta (¢) Potential. ¢-potential measurements are often helpful to elucidate the

charge state of a supramolecular assembly. The ¢-potential of the F127 micelle was
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meager (0.01 mV), characteristics of a neutral micelle. The ¢-potential of DTAB micelle
was determined to be 57.5+2.5 mV. Adding DTAB surfactant to the F127 micelle led to
a gradual increase of the zeta potential, which supported the incorporation of DTAB
surfactant into the mixed assembly (Figure 3.7). The {-potential varied moderately at low
DTAB concentrations but more remarkably in the high-concentration region. Thus, -
potential variation also indicated that the nature of the mixed assembly could be distinctly
different at low and high DTAB concentrations. Another important observation was that
the ¢-potential of the mixed micelle, even at a very high concentration of DTAB, was
much lower than that of the DTAB micelle. A similar trend was also reported for the
P123-SDS mixed micelle, where the ¢-potential of the mixed assembly (-50 mV) at a
high SDS concentration was much lower in magnitude than the SDS micelle (-80 mV)
alone.??® The development of low {-potential in the mixed micelle was attributed to
negative charges deep inside the mixed assembly (away from the surface).?®® Note that
measurement of C-potential beyond 100 mM of DTAB was difficult due to oxidation of

bromide ion on the electrode creating colored (brownish pink) solution.?#
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Figure 3.7. Variation of ¢ potential with increasing DTAB concentration in F127(4 mM)
medium.
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3.3.  Summary and Conclusions

The chapter 3 revealed that the nature of F127-DTAB mixed micellar assembly was
distinctly different at low and high concentrations of DTAB. Both the structural
parameters (size and ¢-potential) and dynamical parameters (ESPT of HPTS and
rotational dynamics of MPTS) followed unusual trends. We proposed that there could be
a drastic change in the organization of the micelle at low and high concentrations. The
synergistic retardation of the dynamics at the intermediate concentration (~12 mM) may
imply that the mixed micelle at this composition can be a superior surfactant assembly to
their respective micelles. The mixed assembly may be helpful in drug delivery and

template for nanostructure synthesis.
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Chapter 4

Sub-Micellar Triblock Copolymer-Cationic Surfactant
Aggregate Assisted Gold Nanostructure Synthesis: A

Photophysical Investigation®

*This work has been published in Journal of Photochemistry and Photobiology 8 (2021)
100066.
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Chapter 4: Sub-Micellar Triblock Copolymer-Cationic Surfactant
Aggregate Assisted Gold Nanostructure Synthesis: A Photophysical

Investigation?84

4.1. Introduction

The tunability of surface plasmon resonance (SPR) of anisotropic gold/silver
nanomaterials over visible to the near-infrared (NIR) region has triggered many
applications, including surface-enhanced Raman scattering (SERS)?*1242, sensing®*?,

24 and drug delivery.?*® The plasmonic properties of these

photothermal therapy
anisotropic nanostructures significantly depend on their shapes, sizes, and morphologies.
Various synthesis methods have been prescribed, like biochemical,?® wet chemical,?*’
and photochemical synthesis.?*® In most synthetic procedures, surfactants are often used
at significantly high concentrations.?4%-?>0 Surfactant assemblies serve as shape-directing
templates, help in dispersing subsequent nanostructures in agueous media and prevent
unwanted aggregation.®* The size, shape, and charge of the surfactant assemblies are
crucial, especially for anisotropic nanostructure synthesis. For example, a high
concentration (orders of magnitude higher than the CMC) of the cationic surfactant
CTAB is used in gold nanorod synthesis.?>??>® The surfactant assembly may undergo
reorganization during the synthesis process and finally breaks down to a bilayer on the
surface of a mature nanostructure.** However, the use of excessive surfactants in these
assemblies is detrimental to biological and medical applications. Herein, we optimized
the size and interfacial packing of a sub-micellar aggregate of a triblock copolymer F127,
and several cationic alkyl trimethylammonium surfactants at low concentrations and

demonstrated the feasibility of the mixed assembly in synthesizing gold nano-triangles.

4.2. Results and Discussion

4.2.1. Steady-State Spectroscopy: As discussed in chapter 3, HPTS emission spectrum
has a very weak protonated (ROH) band at ~430 nm and a strong deprotonated band (RO
) at 510 nm, with the ROH/RO" band ratio of 0.05. In the presence of a sub-micellar (0.4
mM) concentration of F127 (cmc 0.056 mM), the protonated band emission intensity
increased slightly, and ROH/RO" ratio rose to~ 0.1. However, the protonated band's

increment was lesser in the sub-micellar solution than in the post-micellar (4 mM),
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indicating that the ESPT process may be retarded to some extent in the sub-micellar

concentration.
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Figure 4.1. Emission spectra of HPTS (Aex = 375 nm) in F127 (0.4 mM) with gradual
increasing of DTAB concentration - (a) 0-6 mM; (b) 6-8 mM;(c) 8-24 mM and (d) 24-50
mM. Fluorescence modulation is quite different at different concentration ranges.

The fluorescence spectrum of HPTS modulated significantly upon the addition of DTAB
to the sub-micellar (0.4 mM) F127 solution above a specific concentration (~0.15 mM).
The protonated emission intensity increased gradually with a concomitant decrease of the
deprotonated emission band up to ~6 mM DTAB (Figure 4.1a). At this concentration, the
intensity ratio (ROH/RQO") reached a maximum value of 1.86, 37 times higher than in
water. Since the emission intensity ratio manifested the ESPT retardation, we may infer
that the ESPT was slowest at this composition. The emission spectrum remained
unchanged within a slight DTAB concentration variation (6-8 mM, Figure 4.1b).
However, at higher DTAB concentrations (8-20 mM), the protonated band intensity
somewhat decreased with a concomitant increase of the deprotonated band, resulting in
a lower intensity ratio (Figure 4.1c). At a very high concentration (>20 mM), the emission
spectrum almost became invariant to the DTAB concentration (Figure 1d).
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We obtained three obvious transition points from the intensity ratio vs. DTAB
concentration plot (Figure 4.2a). The first transition point (T1) at ~0.15 mM DTAB
depicted the onset of the mixed assembly formation. The ratio reached a maximum
defining the second transition point (T2) at ~6 mM. Both these transition points were
significantly lower than the critical micellar concentration (CMC, 16 mM) of DTAB. The
ratio decreased upon further addition of DTAB up to ~20 mM (T3). The results indicated
that DTAB strongly interacts with the sub-micellar copolymer and forms self-assembly,
which continually reorganizes depending on the DTAB concentration. The transition
points indicating fluorescence modulation depend markedly on the initial concentration
of F127 (Figure 4.2b).
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Figure 4.2. The ratio of the protonated and deprotonated emission intensities of HPTS in
the presence of (a) a fixed sub-micellar (0.4 mM) concentration of F127 and (b) variable
initial concentrations of F127 (0 mM to 4 mM, F127) with increasing DTAB
concentration.

The emission maximum of the deprotonated band underwent a gradual red-shift
from 512 nm to 527 nm upon the addition of DTAB to an aqueous F127 solution.*8 Since
the deprotonated emission band of HPTS often displays a red shift in cationic assemblies
(e.g., micelle and reverse micelle), the shift may suggest a gradual increase of cationic
environment in the assembly (around the anionic probe HPTS). The total amount of
DTAB-induced emission shift was similar at different initial F127 concentrations.
However, the increment steepness and the minimum amount of DTAB needed to result
in a noticeable shift varied appreciably with the initial F127 concentration. In the case of

micellar (4mM) F127, DTAB-rich assembly forms only at high concentrations,®® but in
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the case of sub-micellar (0.4 mM) F127, DTAB interacts very strongly to form DTAB-
enriched assembly at a much lower concentration, and hence the shift saturates at a much

lower concentration in case of premicellar aggregate.'8

In addition to DTAB (C12), we also used the surfactants TTAB (C14) and CTAB
(C16), homologs with higher chain lengths. The fluorescence intensity ratio follows a
similar pattern, but the transition points vary from surfactant to surfactant. Longer chain
length surfactant shifts the transition points towards a lower concentration, implying a
more facile F127-surfactant interaction. The maximum intensity ratio was found at 1.0
mM and 0.5 mM for TTAB and CTAB, respectively. Interestingly, when we normalize
the surfactant concentrations with respective CMCs, the intensity ratio plots become
almost alike; Ty is at ~1/10, T2 is at ~1/3 of the CMC value, and T is close to the CMC.84

4.2.2. Steady-State Fluorescence Anisotropy. As in the previous chapter, we used
MPTS to measure fluorescence anisotropy. Anisotropy measurement could provide an

excellent opportunity to probe the reorganization of the assemblies.
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Figure 4.3. Steady-state fluorescence anisotropy of MPTS in the presence of 0.4 mM
F127 and varying concentrations of DTAB (Aem = 440 nm and Aex = 375 nm).

The steady-state anisotropy (rss) of MPTS was relatively low (0.01) in a sub-
micellar F127 (0.4 mM) solution, implying that the rotational restriction of the
fluorophore is very less. The rss increased significantly upon the gradual addition of
DTAB and reached a maximum (~0.14) at ~6 mM DTAB (Figure 4.3). Adding more
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DTAB somewhat decreased the rss up to ~20 mM and became almost constant at a
relatively high surfactant concentration. Thus, the nature of the rs variation against
DTAB concentration was quite similar to the intensity ratio, implying that the
confinement level and hydration level modulated proportionately when the copolymer-

surfactant assembly reorganized at different surfactant concentrations.

04

Time (ns)

Figure 4.4. Fluorescence anisotropy decays of MPTS in 0.4 mM F127 at different DTAB
concentrations at an emission wavelength of 440 nm with an excitation wavelength of
375 nm.

4.2.3. Fluorescence Anisotropy Decay. In sub-micellar (0.4 mM) F127, the fluorescence
anisotropy decay became slightly slower than in water (rotational time 150), with an
average rotational time of 280 ps (Table 4.1). The average rotational time increased
gradually with an increase in the DTAB concentration (Figure 4.4) and became the
slowest (2400 ps) at an intermediate (10 mM) DTAB concentration. Note that the DTAB
concentration corresponding to the slowest rotational dynamics was slightly higher than
the concentration corresponding to the maximum intensity ratio. The anisotropy decay
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became faster at higher DTAB concentrations in the mixture (Figure 4.4) and became
similar to that of the DTAB micelle at a very high surfactant concentration. The slowest
anisotropy decay at an intermediate concentration indicated that an optimum amount of
DTAB was necessary to get the most compact assembly. The gradually faster anisotropy
decay suggested that the mixed assembly may eject out some F127 molecules while
incorporating more DTAB molecules. At a very high DTAB concentration, the mixed
assembly effectively turned into a pure DTAB-micelle-type assembly. A bi-exponential
function (equation 2.23, Chapter 2) adequately fitted the anisotropy decays within the

mixed micellar assemblies at all surfactant concentrations.

Table 4.1. Fluorescence anisotropy decay (Aem = 440 nm) parameters of MPTS in
different systems in the presence and absence of F127. Error in the data ~ £ 3%.

System Fo B 1 (pS) | Ts(PS) | Tw(ps) | <t>(ps) | O (deg)
Water 0.40 - 150 - - - -

0.4 mM F127 0.34 [0.18 [150 |[870 180 280 57
F127-0.5 mM DTAB 028 [0.24 [160 |[830 190 320 52
F127-4 mM DTAB 032 [0.28 [100 |[1300 | 100 430 49
F127-6 mM DTAB 029 [054 [200 [2900 230 1700 36
F127-10 mM DTAB 0.32 |0.68 |[470 [3280 550 2400 29
F127-16 mM DTAB 0.32 [0.69 [500 |[3000 |620 2250 28
F127-24 mM DTAB 035 [0.74 [200 [2200 210 1700 25

24 mM DTAB 032 [0.74 [500 |[2500 | 470 1900 25

We invoked the “Wobbling-in-Cone” model (Chapter 2) to justify the biexponential
anisotropy decay??*??* and summarized the analyzed parameters in Table 4.1. The
wobbling time constant also follows the anomalous pattern, fast wobbling at the low and
high surfactant contents while slow wobbling at an intermediate concentration. Thus, the
assembly exerts the most increased rigidity at an intermediate surfactant concentration.
Note, however, that the semicone angle decreases gradually with an increase in the
concentration of DTAB. The positive charge level or the cationic surfactant in the
assembly may control the semicone angle by which the probe may undergo wobbling
motion. Another important observation is that the semicone angle of the F127-DTAB
assembly at high DTAB concentration matches precisely with that of the DTAB
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micelle.’® Thus, the mixed assembly formed at higher surfactant concentrations may

have attained a DTAB-micelle-type structure.

4.2.4. ESPT Dynamics in F127-DTAB Mixed Micelle. We calculated the intensity ratio
of protonated and deprotonated bands for TRANES and plotted against the corresponding
time (Figure 4.5). The emission intensity ratio obtained from TRANES can be fitted
adequately with equation (2.21) (Chapter 2) in the mixed assembly. Thus, the ESPT may
follow an irreversible behavior within the F127-DTAB surfactant assembly and inside
the DTAB micelle.

F127
F127 + 1 mM DTAB
F127 + 2 mM DTAB
F127 + 6 mM DTAB
F127 + 24 mM DTAB
24 mM DTAB

10

00000

peak intensity ratio, R

0.1

time (ns)

Figure 4.5. TRANES intensity ratio comparison of HPTS in the presence of sub-micellar
F127 (0.4 mM), sub-micellar F127 (0.4 mM) with increasing DTAB concentrations (0-
24 mM) and in pure DTAB micelle (24 mM).

We have already reported this simple irreversible ESPT in cationic micelle and triblock-

surfactant assembly at post-micellar concentrations.™

The deprotonation time varies anomalously with an increase in the DTAB concentration
in the mixture (Table 4.2). The deprotonation time first increased to 9.56 ns for a specific
concentration of DTAB (6 mM) and then decreased with further concentration
increments. The deprotonation time at a very high concentration resembles that of the
DTAB micelle. However, in that case, the deprotonation time at higher concentrations

was much slower than in the DTAB micelle.
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Table 4.2. ESPT time-constants of HPTS inside the copolymer-surfactant assemblies at
different compositions. The concentration of F127 was 0.4 mM in all the sets.

Systems 74 (NS)

F127 0.6 £ 0.003
F127 + 1 mM DTAB 1.93+0.09
F127 + 2mM DTAB 6.81 +0.12
F127 + 6 mM DTAB 9.56 + 0.12
F127 + 24 mM DTAB 6.15 + 0.03
24 mM DTAB 5.53x+0.04

4.2.5. Isothermal Titration Calorimetry. Isothermal titration calorimetry (ITC) was
applied to explore further the concentration-dependent interaction between sub-micellar
F127 and cationic surfactant (Figure 4.6). Interestingly, the titration curve resembled the
intensity ratio; the enthalpy change gradually increased with an increase in the DTAB

concentration and reached a maximum at ~6 mM.
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Figure 4.6. Isothermal calorimetric titration curve for adding DTAB to an aqueous 0.4
mM F127 at 25 °C.
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The enthalpy change decreased upon further increase of the DTAB concentration. Thus,
ITC measurements also revealed a robust interaction between F127 and DTAB when both

were in their sub-micellar concentrations.

4.2.6. Dynamic Light Scattering (DLS). DLS can provide valuable insights into the
variation of hydrodynamic sizes of the mixed copolymer-surfactant assembly at different
DTAB concentrations. Figure 4.7 shows that the distribution of the hydrodynamic
diameter of the initial sub-micellar (0.4 mM) F127 solution was quite broad, and the
average diameter was ~7 nm. Since the hydrodynamic diameter of F127 micelles is much
larger (~35 nm),% we may conclude that no micelle is present at this concentration, and
only some tiny less-structured sub-micellar aggregates may prevail.
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Figure 4.7. Dynamic light scattering intensity distribution of the solution containing 0.4
mM F127 and various DTAB concentrations. (Inset reflects nonexistence of larger
aggregates in the extended diameter regions up to 1000 nm).

Upon the addition of DTAB, larger aggregates appeared while the distribution became
narrow. The results imply that the sub-micellar aggregates uptake the cationic surfactants
forming well-defined aggregates. We detected the most massive aggregates (~12 nm in
diameter) at 6 mM DTAB that matched the surfactant concentration corresponding to the

maximum intensity ratio or fluorescence intensity. Thus, all the measurements
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corroborated that the assembly attained the optimized state against DTAB uptake. The
assembly became the largest, most compact, and least hydrated at ~ 6mM DTAB. Other
cationic surfactants of higher chain lengths (e.g., TTAB, CTAB) showed a similar trend.

4.3. Synthesis of Gold Nanoplates in Mixed Surfactant Assembly

We optimized the sub-micellar aggregate between copolymer F127 and several cationic
surfactants (DTAB, TTAB, and CTAB). We further wanted to test the efficiency of such
an aggregate as a medium for synthesizing an anisotropic gold nanostructure. For that,
we implemented a seed-mediated growth synthesis procedure usually used for nanorod
synthesis®>* and used the optimum condition (0.4 mM F127 + 0.5 mM CTAB) as a

medium.

From the steady-state spectral study, we showed a prominent similarity in the interaction
pattern of all the cationic surfactants with pluronic F127 irrespective of chain length and
rigorously studied F127-DTAB assemblies. However, we explicitly applied F127-CTAB
mixed assembly for nanomaterial synthesis. The reasons behind selecting CTAB (of
optimum concentration of 0.5 mM) over DTAB are (i) a significantly lower amount of
CTAB (0.5 mM compared to 6 mM of DTAB) was required; hence less toxicity of the
medium (ii) The effects of F127 and CTAB individually on the synthesis of gold

nanomaterials and their control on shapes are known.

4.3.1 Gold Seed within F127-CTAB Sub-Micellar Solution. Gold nano-seeds were
prepared by rapidly reducing HAuCls aqueous solution using NaBH4 in the aqueous
medium containing 0.4 mM F127 and 0.5 mM CTAB. We injected 25 pl of 50 mM
HAUCI4 into a 10 ml round bottom flask containing 4.7 ml of this stock solution and
stirred for 2 minutes at 400 rpm. Then 300 pl of 10 MM NaBH3 solution (freshly prepared
ice-cold) was rapidly added into the solution under vigorous stirring (1200 rpm) at room
temperature (25°C+1°C). A light brown color solution appeared initially, but it
transformed to a brownish-pink within 4-5 minutes. This seed solution was kept at room

temperature and used to synthesize anisotropic gold nanostructures.

4.3.2 Growth Solution Containing F127-CTAB Sub-Micellar Aggregate. In another
round-bottomed flask, we took 10 ml of the sub-micellar aggregate stock solution along
with 190 pl 1M HCIl and100 pl of 50 mM HAuUCI, solution. It became a yellowish-colored
after gentle shaking and slow stirring at 500 rpm for 5 minutes. We added 120 ul freshly
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prepared 10 mM AgNOs solution into this growth solution, followed by 150 pul freshly
prepared 100 mM ascorbic acid solution. The immediate reduction of Au(III) ions to
Au(I) by ascorbic acid resulted in a colorless solution (Au(I) being a d'° metal center, the
ligand to metal charge transfer band disappeared). We added 24 pl of the seed solution
to this colorless solution under vigorous shaking. Then we left the solution undisturbed
for two hours until a bluish-pink-colored solution appeared. We finally purified the
resultant solution by centrifugation (8000 rpm) followed by redispersing the precipitate
in the optimized sub-micellar aggregate solution (0.4 mM F127 + 0.5 mM CTAB). We

performed the whole synthesis at room temperature (25+1 °C).

4.3.3. Characterization. The seed showed an absorption maximum of 534 nm. The
characteristics LSPR band of gold nanoparticles occur in the 500 nm-550 nm region. So,
the 534 nm absorption maxima indicated the formation of seed gold nanoparticles. On
the other hand, the growth solution displays a strong peak at 715 nm. The anisotropic
gold structure (nanorods, nanoplates) usually shows absorption maxima from 700 nm to
the NIR region. So, in the present scenario, the 715 nm absorption maximum may be due
to the anisotropic nanostructures, and the TEM images further corroborated our findings
(Figure 4.8a). The FETEM images (Figure 4.8b) confirmed that triangular-shaped gold

nanoplates were present with edge lengths of ~300 nm without sharp tips.

4.3.4 Growth Mechanism of Anisotropic Gold Nanoplate. We can propose a
mechanism for the sub-micellar aggregate to support the anisotropic growth of the initial
spherical AuNP seeds. In this seeded growth method, we have applied ascorbic acid. This
weak reducing agent can partially reduce Au(ll1) to Au(l) but not entirely to Au(0), thus
avoiding secondary nucleation. The inserted Au seeds may act as a catalyst to reduce the
Au(l) to Au(0) on their surfaces.?®* Two mechanisms for this reduction may be possible.
The seeds may produce Au(0) and Au(lll) by catalyzing the disproportionation reaction
of Au(l) and simultaneous reduction of Au(lll) to Au(l) by the remaining reducing agent
in the medium.?>2% Another mechanism may be that the Au(0) surface catalyzes the
reduction of Au(l) in situ by accepting electrons from the reductant.>’-?*® Thus, we can
say that the selective adsorption of surfactant assemblies on Au seeds helps the
anisotropic growth rather than the solely templating effect of mixed surfactant
assembly.?® The oriented attachment of the sub-micellar aggregate on the seed surface
may trigger the anisotropic growth. However, further studies are needed to reveal
molecular-level information. There was no lyotropic phase at this significantly lower
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copolymer concentration to induce structural anisotropy.?®® Following earlier literature
reports, we suggested that the surfactant assembly selectively binds to the growing
nanostructures' less energetic facets (111 planes), enabling the other facets (110 planes)

to grow in a particular shape nanoplates.?*2%2
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Figure 4. 8. (a) UV-Vis-NIR absorption spectra of seed and growth solution;(b) FETEM
image of gold nanoplates.

4.4. Summary and Conclusions

The work demonstrated that even at a sub-micellar concentration, triblock copolymer and
cationic surfactant could interact actively to form a compact, organized assembly. The
assembly offers much better confinement to the solubilized fluorophore than individual
polymeric or surfactant micelles. These sub-micellar assemblies can be an effective
medium to produce shape-controlled nanoplates. Such an assembly could be beneficial
for shape-controlled nanomaterials synthesis and drug delivery systems with negligible

toxicity.
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Chapter 5

Differential Headgroup Charge Induced Differential
Interaction Patterns of Zwitterionic and Cationic

Surfactants with a Triblock Copolymer Micelle”

*This work has been published in Colloids and Surfaces A: Physicochemical and
Engineering Aspects 640 (2022) 128327.
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Chapter 5: Differential Headgroup Charge Induced Differential
Interaction Patterns of Zwitterionic and Cationic Surfactants with a
Triblock Copolymer Micellg?®

5.1. Introduction

How does the headgroup charge affect the self-assembly formation between the
triblock copolymers and surfactants? Recently, Vyas et al. used anionic SDS, cationic
DTAB, and zwitterionic SB12, all containing the same number of alkyl (C12) chains and
three different triblock copolymers (L81, P84, and F88) of varying hydrophobicity.?%
They found that anionic surfactant interacts most strongly, DTAB interacts moderately,
and SB12 interacts relatively weakly. A recent study by Nan and co-workers revealed
that differential water affinities of the headgroups and counterions of surfactants play a
significant role in micellar aggregate formation 2%°. The nature and propensity to form the
mixed assemblies also depend on both the steric condition and electrostatic behavior of
the respective headgroups and the length and nature of the hydrophobic tail.?®® A bulky
headgroup creates more shielding to the core of the mixed micellar assembly leading to
more hydrophobicity.?®” This investigation explored the interaction between a triblock
copolymer F127 micelle and a zwitterionic sulfobetaine surfactant SB12, primarily
utilizing ESPT dynamics of HPTS. We compared the obtained interaction pattern to that
of the cationic surfactant DTAB or C12TAB, with the same alkyl chains. SB12 requires a
higher surfactant concentration to acquire the optimum state; it results in a more

organized and less hydrated state than the cationic surfactant.
5.2. Results

5.2.1. Steady-state Emission Spectra. HPTS shows two characteristic emission bands
for the protonated (at 440 nm) and deprotonated (at 510 nm) forms. The relative intensity
of the two bands (protonated/deprotonated) is a convenient indicator of the feasibility of

ESPT. A low ratio indicates a facile ESPT, while a high ratio designates a retarded ESPT.

Adding SB12 surfactants to the micellar F127 solution induces distinct changes in the
emission bands depending on the concentration. The change is minimal at low
concentrations (<3 mM), but as the surfactant concentration increases, the protonated
emission intensity increases with a concomitant decrease in the deprotonated emission
intensity (Figure 5.1a). The corresponding intensity ratio increases dramatically at a

moderate SB12 concentration range up to a critical concentration (35 mM) (Figure 5.2).
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Figure 5.1. Emission spectra of HPTS inside the F127-SB12 mixed assemblies with
increasing SB12 concentrations. The spectra are grouped into two regions (a) 0-35 mM,
(b) 35-150 mM. The concentration of F127 was fixed at 4 mM.

However, the trend reverses at a higher SB12 concentration; the intensity of the
protonated emission band decreases while the deprotonated emission intensity increases
(Figure 5.1b). Consequently, the emission intensity ratio decreases at a higher
concentration (35-125 mM) and becomes steady at a very high (>125 mM) SB12

concentration (Figure 5.2).

From Figure 5.2, it is apparent that the variation of emission intensity ratio with
SB12 concentration is quite distinct in water and F127 micellar medium. In water, the
ratio follows a clear trend; it sharply increases at ~3 mM, indicating the formation of the
micelle, and becomes steady at higher concentrations implying the formation of more
micelles without further structural reorganization.*! However, for the micellar F127
case, the ratio depicts three transitions (T1-3) points depending on the concentrations,
suggesting that the mixed assembly undergoes a continuous rearrangement depending on

the concentration of the surfactant.

The interaction of SB12 surfactant with F127 micelle starts at a ~ 3mM (T1)
surfactant concentration close to its CMC. There is almost no change in the emission ratio
in the premicellar SB12 concentration. Although the change in the intensity ratio starts at
the same concentration in both the presence and absence of F127 micelle, their slopes
afterward are very different. Thus, we may conclude that the F127 micelles prevent self-
aggregation of SB12 surfactants into neat micelle, instead uptake small clusters of SB12

surfactants to form a mixed micelle. However, the interaction starts well below the CMC
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for the DTAB case, implying that the F127 micelle has more propensity to uptake DTAB

monomers than SB12 monomers (Figure 5.2).

The intensity ratio rises to a maximum value of ~3.3 at ~35 mM SB12 (T-), which
is ~10 times higher than its CMC. Note that the maximum intensity ratio is much higher
than the (~1.1) ratio in the neat SB12 micelle. Thus, the ESPT dynamics become severely
retarded inside the mixed assembly at this composition. For the DTAB case, the
maximum intensity ratio was observed at a much lower (~10 mM) concentration, less
than the CMC (16 mM) of DTAB. However, the maximum value of the ratio (2.9) in the
DTAB case is less than the maximum ratio (3.3) in the case of SB12 surfactant. Thus,
although SB12 requires a higher concentration than DTAB to achieve the most retarded
state, the level of retardation is more in SB12 than in DTAB.
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Figure 5.2. Variation of the emission intensity ratio (ROH/RO) against SB12 surfactant
concentration in 4 mM F127 and water, respectively.

The peak position of the emission bands, especially the deprotonated emission
maximum, underwent a remarkable redshift from 510 nm to 527 nm upon the addition of
SB12 surfactant. A similar shift of emission band was also observed for the uptake of
DTAB by F127 micelle?® and other cationic interfaces.?%® 237 The redshift of the emission
maximum indicates the extent of the cationic environment surrounding HPTS and may
originate from cation-m interaction. While comparing this emission peak shift for these
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two surfactants, DTAB and SB12 looked notably different (Figure 5.3). The main
difference was in the onset point and the initial slope. In DTAB, the emission maximum
started to shift at a low concentration (~0.2 mM) and shifted gradually up to 527 nm at
~20 mM DTAB, which depicts constant insertion and reorganization of DTAB surfactant
chains into the F127 micelle. Whereas for SB12, the scenario was quite different; the
change in slope, in the beginning, was negligible up to 3 mM, and after that, a drastic
change occurred in slope (from 510 nm to 525 nm) up to 35 mM (Figure 5.3). Thus, we
may conclude that surfactant monomer insertion was unfavorable for SB12 at a low
concentration below its CMC (3.4 mM at 25 °C).?%° So, the cationic environment induces
a redshift of the deprotonated band in both cases but to a different extent, indicating that

the orientation of the surfactant in F127 or the fluorophore location is quite different.
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Figure 5.3. Variation of the emission maximum of the deprotonated form in the F127-
SB12 assembly at different surfactant concentrations.

5.2.2. Steady-State Anisotropy. The steady-state anisotropy also follows the same trend
against the SB12 concentration as the emission intensity ratio (Figure 5.4). The
fluorescence anisotropy increased after adding a particular SB12 concentration (~2 mM),
reaching the maximum value at ~20-30 mM. The fluorescence anisotropy decreases at
higher concentrations. The uptake of SB12 surfactant results in a denser packing up to a
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specific concentration, but local rigidity somewhat reduces after that. Thus, the nature of

the reorganization of the mixed micellar interface may be biphasic.

There was a striking similarity between the steady-state anisotropy (rss) variation
between the cationic and zwitterionic surfactants. However, the concentration
corresponding to the maximum anisotropy was much higher for the SB12 than the DTAB
surfactant. The maximum anisotropy value was slightly higher for the SB12 surfactant
than the DTAB case, implying that SB12 confers better confinement to the entrapped

fluorophore.
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Figure 5.4. Variation of steady-state anisotropy of MPTS in F127-surfactant assembly
with increasing concentration of concerned surfactants (SB12 or DTAB).

5.2.3. Fluorescence Anisotropy Decays. MPTS displays a monoexponential anisotropy
decay in water with a time constant of 150 ps. However, the anisotropy decays for the
F127-SB12 systems can be fitted best to a bi-exponential function. The semicone angle
(obtained from wobbling in cone model analysis, Chapter 2) gradually reduces with the
surfactant concentration, indicating that the space available for the rotation becomes
restricted (Table 5.1). The wobbling time constant (tw) also exhibits the same tendency,
I.e., it increases up to 35 mM SB12 concentration and decreases after that. Thus, the
maximum compactness and confinement occur at 30-35 mM of SB12 in the mixed
assembly. Up to this particular concentration (35 mM), the mixed assembly renders

maximum hindrance to the rotation of the probe. After that, some reorganization around
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the probe, relocation of the probe, or breakdown of assemblies may occur, which eases

the rotation restriction at higher concentrations (Figure 5.5).
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Figure 5.5. Fluorescence anisotropy decay of MPTS (Aem = 440 nm) in the F127-SB12
assembly at varying SB12 concentrations: (a) 0- 35 mM (b) 35 — 250 mM.

The same tendency was also observed in the DTAB-F127 system, but the optimum
DTAB concentration of 8-10 mM was below its CMC of 16 mM.?® The average
rotational time (<t>) in the F127-DTAB assembly was slightly faster than the F127-SB12

assembly, which is probably due to more compactness in the latter case.
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Table 5.1. Time-resolved anisotropy decay parameters of MPTS in 4 mM F127 with
increasing concentrations of SB12. Error in the data ~ + 3%.

System [SB12] | ro as 5 (PS) s (PS) w(ps) | <t> 0
(mM) (ps) (deg)

4mMF127 |0 0.34 1 0.38 [220+10 | 920+ 68 280 490 44
0.8 0.40 | 0.39 |205+10 | 1020 65 260 520 43
3.4 0.31 | 041 [315+15 |3190+290 | 350 1490 42
4 0.31 | 045 [385+35 | 3620240 |430 1840 40
7.5 0.32 | 055 [315+30 | 3860170 | 340 2260 35
20 0.30 | 0.67 [410+60 |5120+ 250 | 450 3570 29
30 0.32 | 0.68 |520+40 |5490+400 |570 3900 28
60 0.30 | 0.74 | 715+50 | 4990 +225 | 830 3880 25
250 0.35 | 0.74 | 308 +40 |4300+100 | 330 3260 25

5.2.4. ESPT Dynamics.

The intensity ratio best fits equation. 2.17 (Chapter 2) for HPTS in F127 micelle and at
low SB12 concentration (up to 7.5 mM), but at higher concentration and neat SB12
micelle, the dynamics follow equation. 2.21 (Chapter 2) (scheme 5.6). Similar swapping
of the ESPT schemes was also observed for the F127-DTAB case where the ESPT
scheme follows Eigen-Weller nature at low DTAB concentration but shows an
irreversible behavior at higher DTAB concentration.?® The probable reason for the
kinetic scheme switching may be sudden microenvironmental change arising from the
accumulation of positive charge and dehydration of the corona region, destabilizing the

geminate ion pair.

The deprotonation dynamics reflect the nature and availability of water near HPTS. In
bulk water, deprotonation occurs with a time constant of ~0.10 ns. The deprotonation
time slows down to 0.41 ns in the F127 and as slow as 15 ns in SB12 (35 mM) micelle
(Table 5.2). Thus, the HPTS residing on the corona of the F127 micelle experiences
significant hydration reflecting the hydrophilicity of the region. On the contrary, the
hydration level is much lower in the interfacial region of the zwitterionic SB12 micelle.
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The deprotonation dynamics of HPTS in F127 micelle become gradually slower with the
addition of SB12 up to 35 mM (Table 5.2).

Table 5.2. ESPT time constants of HPTS obtained from TRANES intensity ratio. Error
in the data ~ + 3%.

System [SB12] ai az t1(ns) |[12(ns) |td(ns) | tr(ns) | tditr (NS)
(mM)
4mM 0 058 |042 |026 |24 041 |151 |0.85
F127 3 047 | 053 |027 |498 |054 |247 |0.60
75 026 |074 |035 |994 |124 |280 |056
14 1.0 8.31 8.31
35 1.0 15.09 15.09
60 1.0 13.93 13.93
125 1.0 10.61 10.61
SB12 1.0 6.61 6.61
Micelle
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Figure 5.6. Decay of the TRANES intensity ratio of HPTS in different assemblies.

The dynamics become relatively faster with a further increase in the surfactant
concentration. Thus, the deprotonation times also follow a similar unusual trend as that
of the steady-state emission intensity ratio implying that the intensity ratio is a good

indicator of the retardation of ESPT dynamics.

5.2.5. Dynamic Light Scattering (DLS). DLS was employed to get insight into the
assembly size at different stages. Initially, the size of the F127 micelle is quite large, with
a hydrodynamic diameter of ~38 nm. The assembly size decreases biphasically with the
increase in the SB12 concentration. The assembly shrinks more steeply up to 30 - 35 mM
of SB12, producing assemblies with a diameter of 10-11 nm, and then decreases less
steeply at higher surfactant concentrations. Note that up to 3 mM concentration, the
assembly size does not change much, supporting that SB12 surfactant monomer insertion

to F127 is negligible.
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Figure 5.7. Variation of the hydrodynamic diameters of the F127-SB12 (black square)
and F127-DTAB (red circle) assemblies with increasing concentration of the
corresponding surfactants in the F127 micelle. Inset shows the same plot in the log scale.

This shrinkage of the assembly after CMC signifies the incorporation of SB12 surfactant
clusters into the F127 micelle and the formation of mixed aggregate. The insertion of
SB12 into the pluronic F127 micelle leads to dehydration of the initially hydrated swollen
assembly resulting in shrinkage into smaller hydrodynamic sizes. The higher
concentration regime forms such assembly where SB12 contributes more than F127. Note
that the size of the neat SB12 micelle was found to be 5 nm. The gradual shift of the
autocorrelation function to the lower delay time scale also supports our finding of a
concomitant decreasing trend of the mixed assembly size to a smaller hydrodynamic

diameter.263

There was a striking similarity between the hydrodynamic diameter pattern variation of
the F127 micelle upon interaction with DTAB vs. SB12 surfactants. Both showed two
regimes with different slopes at lower and higher concentration regions. Note that the
change in size was more pronounced for DTAB than for SB12 surfactant (Figure 5.7).
For DTAB, the slope was steeper than SB12. The reason may be that DTAB surfactant

monomers incorporated themselves into the F127 micelle at the initial stage. However,
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SB12 may only incorporate itself into the F127 micelle as clusters after reaching a
concentration close to its CMC. For both cases, it is evident that two different kinds of
assemblies are forming at the two extremes of the concentration variation from hydrated
to the less hydrated assembly through a more compact, less hydrated mixed assembly at

the transition point.
5.3. Discussion

Although the alkyl tail of the surfactant mainly drives the interaction, the nature of the
headgroup, like charges, steric properties, and water affinities, also decide the fate of the
mixed-assembly for a particular composition.?®® 267.270 Syrfactants with a tiny headgroup,
irrespective of charges can insert into the core of the copolymer micelle. In contrast, the
surfactant with a bulky headgroup may have a lesser tendency to go deep and stay in the
corona. The main difference in the observed ESPT dynamics or the fluorescence
anisotropy for the two surfactants, DTAB and SB12, may be attributed to this cause,
especially at low concentrations. The SB12, having a comparatively larger headgroup,

may not allow the alkyl tail insertion into the F127 micellar core due to steric hindrance.

Our results showed that the uptake of surfactant (DTAB or SB12) induced
remarkable dehydration and compactness of the corona region. At the optimum
organization, dehydration was most severe for SB12 due to the bulky headgroup's better
shielding of the micellar interface, which justifies the slowest deprotonation time (15 ns)
in the F127-SB12 assembly compared to the DTAB-F127 assembly (12 ns). Since the
dramatic retardation of the ESPT dynamics and the fluorescence anisotropy decays
continue up to ~35 mM of SB12 concentration, we may conclude that surfactant insertion
continues up to this concentration. The reorganization of the mixed assembly was also
evident from the shift of the emission maximum of the deprotonated emission band,
resulting from positive charge density around the photoacid. Since further addition of
SB12 surfactant did not change the deprotonated band position, we assumed that the
assembly was already saturated by the surfactant, hence no change in the positive charge

density around the probe.
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HPTS F127 SB12

Scheme 5.1. Schematic representation of surfactant reorganization leading to mixed
assembly formations.

It was essential to ascertain the characteristic differences in the interaction pattern
of the SB12 surfactant from the cationic surfactant DTAB containing the same number
of alkyl tails. We found the same type of variations of the emission intensity ratio,
deprotonation time, and rotational relaxation times with the surfactant concentration;
however, for the SB12 system, the most retardation of ESPT occurred at a post micellar
concentration of the surfactant. In comparison, for the cationic surfactant DTAB, we
obtained the slowest ESPT at a pre-micellar concentration (6 mM) below the CMC (CMC
15-16 mM).2"t Thus, DTAB preferred to form a mixed aggregate with F127 micelle at
low concentration instead of self-aggregate, which was precisely the opposite for the
SB12 surfactant in the F127 micellar medium. At very low SB12 concentration (below
CMC), the intensity ratio or the fluorescence anisotropy of HPTS did not change much
from that of the F127 micelle (Scheme 5.1). This implied that SB12 surfactant monomers
have less tendency to interact with the F127 micelle. Interestingly, the interaction of SB12
with F127 micelle became significant only after CMC. Thus, we may assume that SB12

surfactant forms small clusters or micelles and then interacts with F127.

5.4. Summary and Conclusions

In summary, we followed different stages of the copolymer-zwitterionic surfactant
assembly resulting from the uptake of SB12 surfactants by F127 micelle and compared
them to that of the cationic DTAB surfactant through the investigation of excited-state
proton transfer dynamics modulation of photoacid probe HPTS. Despite different
headgroup charges, both surfactants displayed some common characteristics and distinct
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differences. Both showed the same irregular pattern; the confinement and dehydration
levels increased to a specific surfactant concentration and decreased at higher
concentrations. The SB12 surfactant required a much higher surfactant than its CMC to
attain a compact assembly with F127, whereas DTAB surfactants needed much less (less
than its CMC) to result in the most compact state. We may conclude that the cationic
surfactant has much more propensity to form a mixed aggregate with F127 micelle than
the zwitterionic surfactant possessing the same alkyl tail due to differences in steric and
charge properties. However, despite the weaker interaction, SB12 surfactant creates the
most compact assembly with F127 micelle than DTAB. Thus, a milder surfactant may
lead to a hybrid formulation, which may not be achieved by a surfactant interacting even

strongly.
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Chapter 6

Modulation of Excited-State Proton Transfer
Dynamics in Pluronic Triblock Copolymer-
Zwitterionic Surfactant Mixed-Micellar Interface in
the Presence of Salt*

#This work has been communicated, 2023
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Chapter 6: Modulation of Excited-State Proton Transfer Dynamics in
Pluronic Triblock Copolymer-Zwitterionic Surfactant Mixed-Micellar

Interface in the Presence of Salt

6.1. Introduction

Whether and how salt affects the ESPT process in aqueous and confined media remains
a longstanding question. lons preferentially interact with ionic surfactants by localizing
themselves within the interface due to favorable surface potential, which may change
micellar properties.?’>?"® However, it is often believed that the effect of salt is nominal
on nonionic surfactants due to the absence of net charge on the surfactant headgroup or
lack of surface potential.?’* In a recent work, Shahidzadeh and coworkers reported a
drastic reduction of critical micellar concentration (CMC) of the cationic surfactant
CTAB at high salt (NaCl, 5.5 M) but no change for the nonionic surfactant Tween 80.27
Although the effect of salt on ionic, polyelectrolyte micelles has been studied in
details,2”® 278277 however, its effect on zwitterionic micelle or mixed Pluronic-

zwitterionic micelle had not been explored much.

Premicellar F127 <@
AW i\’\'\
SB12

Scheme 6.1. Schematic representation of mixed micelle formation of premicellar F127
and SB12.

Alteration of hydration level and the solvation dynamics in the palisade layer of
the micelle may occur due to salts.?’27° Common salts (e.g., NaCl) that exert a salting
out effect can change the solubility of the blocks of the copolymer, especially dehydration
of the propylene oxide or ethylene oxide (EO).?8%-282 The presence of salts in the micellar
medium affects the CMC, CMT and alters shape transformations in many cases.® 283-285
There is a possibility of change in headgroup orientations in the micellar assemblies and

91
TH-3106_176122025



Chapter 6

membrane in the presence of ions.?®® It may also impact the interfacial property and

biological or physiological properties of membranes.287-2%8

The interaction between the ions and the interface of micellar assemblies and
membranes is crucial as it plays a vital role in signal transduction in neuronal synapses
and membrane fusions.?®® In case the non-toxic mixed micelles are incorporated for
biomedical purposes, the micelle has to encounter various salts or ionic substances. Then,
will the micelle cope with this salt concentration, whether it disintegrates or becomes
more compact? To gain insight into this, we first investigated the interaction pattern of
pluronic F127 copolymer with zwitterionic surfactant SB12 in the absence of salt
(Scheme 6.1). Then we employed various salts (from monovalent to trivalent - NaCl,
CaCl; and AICls3) to vary the ionic strengths in these assemblies. The impact of the salt
was monitored by modulation of ESPT dynamics to elucidate the micellar interfacial

hydration patterns.
6.2. Results

6.2.1 Steady-state Spectra: We varied the SB12 concentration to a solution containing
a fixed F127 concentration without salt and followed the absorption and emission spectra
of HPTS. Two representative F127 concentrations (0.4 mM and 4.0 mM) were explicitly
chosen below and above the CMC (0.56 mM at 25°C)** 25, The absorption spectrum
shows a distinct maximum at 403-405 nm, which does not alter significantly with SB12

concentration.

The intensity ratios of protonated to deprotonated (ROH/RO™) emission bands
were 0.10 and 0.15 in the premicellar and post-micellar F127, respectively, marginally
higher than the ratio obtained in the water (0.05). The gradual addition of SB12 to the
F127 solution alters the intensity of the respective emission bands and the corresponding
emission intensity ratio for both premicellar and post-micellar cases (Figure 6.1).
However, the intensity ratio varies anomalously with the SB12 concentration. For the
pre-micellar F127, the intensity ratio initially increases to a maximum at 6.4 mM SB12,
but after that, the ratio decreases for up to 70 mM SB12 and finally remains unchanged
at higher concentrations (Figure 6.1). The trend is similar to that observed for the post-
micellar case, but the maximum ratio (3.3) was much higher than the pre-micellar case
(2.6), and the maximum ratio appeared at a much higher SB12 concentration (35 mM)
than in the premicellar case (6.4 mM).2% Note that such a maximum was absent for SB12
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addition in water; the ratio attains a steady value above CMC, suggesting micelle

formation.
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Figure 6.1. Variation of the emission intensity ratio (protonated/deprotonated) of HPTS
against SB12 concentrations in water and premicellar (0.4 mM) and post-micellar (4.0

mM) F127.

The intensity ratio determines the extent of retardation of ESPT, which is linked
to the local hydration and microenvironment of the photoacid. Thus, the highest intensity
ratios observed at the maxima for the premicellar pluronic-zwitterionic complex
(prePZC, 0.4 mM F127- 6.4 mM SB12) and post-micellar pluronic-zwitterionic complex
(postPZC, 4.0 mM F127 - 35 mM SB12) denote the most hindrance to the ESPT process
and may suggest most compact and least hydrated assemblies for the given F127

concentration.

In this work, our primary focus is to explore the effect of salt on the mixed
assembly. We first check the effect of NaCl on individual premicellar and micellar
assemblies of F127 and SB12. Interestingly, the salt has no significant effect on the
emission properties of HPTS within the SB12 micelle or inside the premicellar and
micellar F127 systems. The reason may be due to the neutral interface of SB12 micelle,
unassembled premicellar F127, and quite diffused hydrated corona segment of F127
micelle. However, NaCl remarkably affected the emission spectrum when added to the

prePZC or postPZC mixed assemblies. For both these assemblies, the emission intensity
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of the protonated band decreases, and that of the deprotonated band increases gradually
upon adding NaCl solution (Figures 6.2a and 6.2b). The corresponding intensity ratio
decreases for both systems but more drastically for the prePZC assembly than the
postPZC assembly (Figure 6.2c). The lowering of the intensity ratio emphasizes more

favorable ESPT in the systems in the presence of salt.
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Figure 6.2. Modulation of the emission spectra of HPTS in the mixed assembly of (a)
premicellar 0.4 mM F127- 6.4 mM SB12 and (b) post-micellar 4.0 mM F127- 35 mM
SB12 with increasing NaCl concentration. (c) The emission intensity ratio of HPTS in
the mixed assembly with increasing NaCl concentration.

The deprotonated emission band undergoes a remarkable blue shift with the
increase in NaCl concentration for both cases. For prePZC, the emission maximum shifts
from 523 nm to 515 nm, while in the case of postPZC, the maximum emission shifts from
523 nm to 516 nm (Figure 6.3b) at 1M NaCl. The emission maximum of the deprotonated
band was initially at ~510 nm in the F127 assembly. However, the addition of SB12
triggers a remarkable redshift of the emission band up to 523 nm. Thus, the effect of NaCl
is opposite to that of SB12 surfactant in terms of shifting the emission band position. The

SB12-induced redshift (from 510 nm to 523 nm) of the deprotonated band maximum was
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probably due to the m-cationic interaction between HPTS and the surfactant headgroup
inside the assembly (Figure 6.3a).*®” Thus, the blue shift suggests lesser interaction of the
aromatic ring with the cationic headgroup of the SB12 surfactant, indicating significant
rearrangement of the headgroups. The charge screening between the probe and surfactant

headgroup at high ionic strength may be responsible for a lesser w-cationic interaction.
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Figure 6.3. Variation of deprotonated emission band maxima of HPTS with (a) SB12
concentration in premicellar 0.4 mM and post micellar 4.0 mM F127 and (b) NaCl
concentration in the respective compact assemblies prePZC (0.4 mM F127 - 6.4 mM
SB12) and postPZC (4.0 mM F127 - 35 mM SB12).

Apart from NaCl (monovalent salt), we also applied other salts, calcium chloride
(divalent salt) and aluminum chloride (trivalent salt), on these two compact assemblies
and followed the emission spectra and intensity ratio (Figure 6.4). The intensity ratio
follows the same trend when plotted against ionic strength. The intensity ratio decreases
with increasing ionic strength, and after a particular ionic strength (~1 M), there is not

much change in the ratio for the salts, irrespective of their valency (Figure 6.4).
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Figure 6.4. Variation of emission intensity ratio (protonated/deprotonated) of HPTS in
premicellar 0.4 mM F127-6.4 mM SB12 and micellar 4.0 mM F127-35 mM SB12 with
ionic strength for different salts (NaCl, CaCl, and AICI5).

Further, we also varied SB12 concentration at a fixed NaCl concentration to check
whether the saline environment may alter mixed micelle formation and if there is any
change to the anomalous variation of the intensity ratio. The maximum intensity ratio
decreases in the NaCl medium, and the maximum appears at a relatively higher SB12
concentration than in the absence of salt for both the premicellar and post-micellar F127
cases. In the premicellar F127 case, in the presence of initially added 10 mM and 100
mM of NaCl, the maximum intensity ratio position shifted to the SB12 concentration
values of 12 mM and 15 mM, and the ratio value decreased to 2.2 and 1.38, respectively.
For 1000 mM NacCl concentration, we did not get any distinct maximum for the intensity
ratio. In all the above cases at higher SB12 concentrations (<100 mM), the intensity ratio
merges to ~ 1.2, which is closer to the intensity ratio obtained in the SB12 micelle of the

value ~1.

In the case of post micellar F127, the maximum peak intensity ratio position
shifted to 70 mM, 80 mM, and 125 mM of SB12, and the intensity ratio became 2.73,
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2.2, and 2.08 for the NaCl concentrations of 10 mM, 100 mM, and 1000 mM,

respectively.

6.2.2. Steady-State Anisotropy: The steady-state anisotropy of MPTS follows the same
trend as the emission intensity ratio of HPTS in those assemblies depicting maximum
rotational hindrance at a concentration range of 6 mM to 8 mM of SB12 in the premicellar
F127 which indicates the formation of compact mixed micellar assembly at this particular
concentration zone. While comparing the value of rss between post and premicellar
concentrations of F127, it has been observed that for the post micellar case, the rss is

higher due to its more compact nature.
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Figure 6.5. Variation of Steady-state anisotropy of MPTS with increasing NaCl
concentration in 0.4 mM F127- 6.4 mM SB12 (prePZC) and 4 mM F127- 35 mM SB12
(postPZC), respectively. Inset represents an enlarged view of anisotropy change.

There is not much change in Steady-state anisotropy value inside the compact assembly
of prePZC and postPZC due to NaCl variation, which contrasts with the observed
intensity ratio change in the same systems. For the prePZC case, there is a slight decrease
in steady-state anisotropy value compared to the postPZC, which is almost unchanged
throughout the NaCl concentration variation (Figure 6.5). The rigidity near the probe may

not alter much due to the presence of salt, but the proton transfer rate enhances.
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Apart from SB12 variation in the F127 solution, we added NaCl of different
concentrations (0 mM, 10 mM, 100 mM and 1000 mM) and then varied SB12 to check
the rss values. For the premicellar and post micellar F127, the Steady-state anisotropy

value varied in the same trend as the emission intensity ratio change.
6.2.3. Dynamic Light Scattering (DLYS)

The hydrodynamic diameter gradually varies with the addition of SB12 to premicellar
F127; the assembly size initially increases to 11.7 nm, and after that, the size decreases
and finally attains a size (6 nm) similar to the SB12 micelle. Thus, the premicellar F127
first formed a compact mixed micelle, and after that, some F127 molecules may leave the
assembly resulting in size reduction at a higher concentration of SB12. SB12 addition to
micellar F127 leads to a gradual decrease in the size of the assembly, which finally attains

a size similar to neat SB12 micelle at a high concentration.

We checked the impact of NaCl on the size of individual SB12 micelle,
premicellar, and micellar F127 assemblies. The diameter of the SB12 micelle does not
change by the variation of NaCl concentration. However, the diameter of the premicellar
F127 assembly increases from ~7 nm (in the absence of NaCl) to 26 nm at 1 M NacCl,
possibly due to the monomer to micelle transformation. In the case of micellar F127, the
increase in NaCl concentration causes a shrinking of the micelle size from 38 nm to 25
nm; the reason might be the salting out.?® Interestingly, the hydrodynamic diameter of
both the premicellar and post-micellar F127 ultimately reached a typical assembly size

of ~26 nm at a high NaCl concentration.

Our primary interest is to find the effect of the salt concentration on the most
compact assembly of premicellar F127-SB12 (prePZC) and post micellar F127- SB12
(postPZC). In the compact assemblies of premicellar and post micellar F127 with SB12,
the variation of NaCl does not affect the hydrodynamic diameter too much, a little
increase from its initial value. Other divalent CaCl> and trivalent AICIl3 also have no
significant effect on the hydrodynamic diameter of those compact assemblies (Figure
6.6).
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Figure 6.6. Hydrodynamic diameter variation of premicellar F127- 6.4 mM SB12 and
post micellar F127- 35 mM SB12 assemblies with ionic strength variation.

Another important observation is that there is no effect of ionic strengths of salts
(NaCl, CaCly, and AICI3) on SB12 micellar media; its size remains almost the same. Also,
the emission intensity ratio of HPTS remains unaffected during the ionic strength
variation. So, it indicates that the external salt ionic strength does not alter the zwitterionic

micellar structure or hydration.

We also want to know how the F127-SB12 mixed micelle grows at different SB12
concentrations in a fixed NaCl solution. The change in size due to the SB12 concentration
variation on the premicellar F127 in the presence of a lower concentration of NaCl (10
mM, 100 mM) follows the same trend as in the absence of NaCl, i.e., the diameter first
increases, then it gradually decreases and attains the diameter of SB12 micelle. However,
at high NaCl concentrations (1000 mM), the diameter regularly decreases with the
addition of SB12 and attains the value of SB12 micelle at high concentrations. Note that
at high NaCl concentrations, the premicellar assembly undergoes micellization even
before adding any SB12 surfactant. For micellar F127, the presence of NaCl follows the
same trend as in the absence of NaCl; the size decreases gradually and tends to attain the

diameter of SB12. Thus, the hydrodynamic diameter variations in the presence of initially
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added NaCl indicates that there is not much difference compared to that in the absence

of salt except for a higher concentration of NaCl (~1M).

6.2.4. Fluorescence Anisotropy Decay. Fluorescence anisotropy shows a biexponential
decay pattern with two rotational correlation times in the F127 micelle and F127-SB12
assembly. The anisotropy decays exhibit an anomalous trend with SB12 concentration
variation in premicellar F127; the decay becomes remarkably slower up to 6.4 mM, but
above this concentration, the decay becomes faster (Figure 6.7). The decay parameters
revealed that the slow rotational component becomes gradually even slower up to 6.4
mM SB12 but becomes faster after that, depicting the variation of compactness and

rigidness of the assemblies throughout the concentration of SB12 variation (Table 6.1).

0.4

"o 5 10 i@y S e 15

Figure 6.7. Fluorescence anisotropy decay of MPTS (Aex 375 nm, Aem 440 nm) of MPTS
in premicellar 0.4 mM F127 with increasing SB12 concentration (a) 0 mM to 6.4 mM;
(b) 6.4 mM to 70 mM.

The slowest wobbling time (690 ps) was obtained for the particular composition,
prePZC (premicellar 0.4 mM F127-6.4 mM SB12). The average rotational correlation
time for MPTS in prePZC is 5.1 ns which is faster compared to that of the postPZC (5.5
ns).?8% The concentration of NaCl was varied on the most compact mixed micellar
assemblies of 0.4 mM F127-6.4 mM SB12 (prePZC) and 4 mM F127- 35 mM SB12
(postPZC) systems.
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Table 6.1. Time-resolved anisotropy decay parameters of MPTS (Aex 375 nm, Aem 440
nm) in different F127-SB12 compositions. Error in the data ~ + 3%.

System [SB12] |ro | as 1 (PS) | Ts tw (ps) | <t> (ps) | 0 (deg)
(mM) (ps)
0.4 mM F127 0 0.37 | 0.17 | 150 870 180 270 58
1.6 0.37 | 0.18 | 170 1380 | 190 360 57
2.4 0.32 | 0.30 | 210 3020 | 230 1050 48
4.8 0.33 | 0.69 | 340 4350 | 370 3110 28
6.4 0.32 | 0.70 | 690 5190 | 690 3800 28
8 0.32 | 0.72 | 530 5030 | 640 3760 26
24 0.33 | 0.72 | 780 4770 | 600 3560 26
70 0.34 | 0.75 | 690 4020 | 540 3200 24

However, there was no change in anisotropy decay with the increase in salt

concentration in the postPZC system. In contrast, the anisotropy decay becomes slightly

faster upon adding NaCl in the prePZC (Figure 6.8). The slightly faster anisotropy decay

pattern for the prePZC might be due to comparatively less compactness.

Time (ns)

Figure 6.8. Fluorescence anisotropy decays of MPTS (Lex 375 nm, Aem 440 nm) with
increasing NaCl concentration in (a) premicellar 0.4 mM F127-6.4 mM SB12, (b) post

micellar 4.0 mM F127-35 mM SB12.
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6.2.5. ESPT Dynamics.

The TRANES intensity ratio and the deprotonation time vary with the
concentration of SB12. First, it increases up to 6.4 mM concentration of SB12 and then
decreases (Figure 6.9 and Table 6.2). The deprotonation time of HPTS for premicellar
F127-6.4 mM SB12 is 12.6 ns. In comparison, in micellar F127 — 35 mM SB12 assembly,
it is 15 ns. The reason might be the different hydration levels near the probe. In both
prePZC and postPZC, the deprotonation time decreases with an increase in NaCl
concentration (Table 6.3). The deprotonation time decreases comparatively faster for the

prePZC system with the variation of NaCl.
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Figure 6.9. Variation of the TRANES intensity ratio (protonated/deprotonated) of HPTS
in premicellar aggregates of F127 with varying SB12 concentration and in pure SB12
micelle.

The TRANES isoemissive point indicates whether there are two kinetically
coupled moieties or more than two. It also indicates location changes of these kinetically
coupled moieties due to composition changes.?2%-2%1:2%1 |n the absence and presence of 1
M NacCl, the respective TRANES of HPTS for the two systems, prePZC and postPZC,

have been constructed to identify the isoemissive point.

102

TH-3106_176122025



Chapter 6

Table 6.2: ESPT time constants of HPTS obtained from TRANES intensity ratio in
premicellar 0.4 mM F127- SB12 mixed assemblies and SB12 micelle. Error in the data ~

+ 3%.
System SB12 | a1 az t1(ns) | t2(ns) | ta(ns) | Tr(ns) | tdiff(NS)
(mM)
0 0.76 | 024 | 016 |1.85 |021 |144 |0.82
16 |08 |02 |029 |411 |036 |335 |1.73
04mMF127 /35 041|059 |0.198 |872 |047 |3.69 |0.36
64 |1 12.64 12.64
24 |1 7.9 7.9
70 1 6.45 6.45
Water 70 1 6 6

Table 6.3: ESPT time constants of HPTS obtained from TRANES intensity ratio in F127-
SB12 mixed assemblies with the variation of NaCl concentration.

System NaCl | tq(ns)
(mM)
0.4 mM F127- 6.4 mM SB12 |0 12.64
200 8.66
400 7.62
600 751
1000 |7.01
0 15.09
4.0 mM F127- 35 mM SB12 | 200 11.62
400 10.70
600 10.25
1000 9.22
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Figure 6.10. TRANES of HPTS in 0.4 mM F127 — 6.4 mM SB12 (a) in the absence of
NaCl, (b) in the presence of 1000 mM NaCl.

In the premicellar F127- 6.4 mM SB12 assembly case, there is almost no change in
isoemissive point location (~ 492 nm) in the TRANES in the absence and presence of 1

M NaCl (Figure 6.10).
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Figure 6.11. TRANES of HPTS in 4.0 mM F127 — 35 mM SB12 (a) in the absence of
NaCl, (b) in the presence of 1000 mM NaCl.

Similarly, in the case of micellar F127- 35 mM SB12, irrespective of the presence or
absence of NaCl, the isoemissive point (~ 492 nm) in the TRANES remains unaltered
(Figure 6.11). So, in both cases, the unchanged location of the isoemissive points
indicates that the Kkinetically coupled two moieties of HPTS (protonated and

deprotonated) do not migrate or change location due to the presence of NaCl.
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6.3. Discussion

The ESPT enhancement in the presence of higher salt concentrations indicates
many possibilities (i) the micellar disintegration or reduced compactness of the
assemblies which may expose the probe to the bulk media, (ii) water penetration may
occur towards the core from the palisade layer of the interface and the micellar structure
may swell, (iii) the migration of the probe may occur to the more hydrated regions of the
assembly or (iv) reorientation or interfacial reorganization of surfactant headgroups,

water molecules, changes in hydrogen bonding patterns due to the presence of salt.

In Steady-state anisotropy measurement, we have not observed much change in
the rss value, a slight decrease for the prePZC system, and remains almost unchanged for
postPZC. So, the steady-state anisotropy does not support the phenomena of mixed
micellar disintegration, which would cause a drastic change in the rss value. Further, we
have not observed any considerable changes in the hydrodynamic diameter in the DLS
experiments due to variation of salts in these two particular mixed assemblies, which
supports that the presence of salts does not disintegrate or break the compactness of the
mixed assemblies (Figure 6.6).

Another option is that probe HPTS may migrate to the more hydrated region.
Since there is no shift of isoemissive points in TRANES due to the addition of NaCl into
the system (Figures 6.10 and 6.11), the probe location or distribution is not changing here.

Thus, although the ESPT dynamics become faster with the increase in NaCl
concentrations, the micellar disintegration or size change does not occur. It becomes a
little intriguing or contradictory compared to earlier reports to explain our data directly.
Instead, a change in the interfacial hydration pattern and surfactant headgroup orientation
or charge screening among the headgroups due to salt ions in the medium may be
responsible for these observed changes.

Hence considering the drastic decrease in deprotonation times with increasing NaCl
concentration in those compact assemblies but almost consistent steady-state and time-
resolved anisotropy data, and assembly sizes, we can say that change in local interfacial

hydration may lead to specific enhancement of ESPT dynamics (Scheme 6.2).
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Scheme 6.2. Schematic representation of salt ionic strength induced hydration at the
mixed micellar interface leading to ESPT rate enhancement.

No ESPT rate enhancement in the case of SB12 micellar assembly in the presence
of salt may contradict our proposal. However, HPTS may experience a different location
in the mixed micelle and SB12 micelle. The probe may stay in a zwitterionic or nonionic
environment in the SB12 micellar interface. Thus, salt does not accumulate or perturb the
hydration pattern due to this neutral surface potential. However, in the case of a mixed
micellar interface, the two adjacent SB12 headgroups in the palisade layer of the mixed
micelle are separated by the PEO chain end of the F127. So, in this case, the local surface
potential may not be the same as the SB12 micelle interface, which triggers the salt to
alter the local hydration patterns in the interface of the mixed micelle palisade layer,

which may cause ESPT rate enhancement.

For other salts CaCl, and AICls, the emission spectra also vary in the same way as in
the case of NaCl, and the intensity ratio decreases even more strongly at a lower
concentration zone than in the case of NaCl. In DLS, we also find no size change in that
concentration regime (Figure 6.6). Regarding ionic strength, we get the same signature
of ESPT modulation in the mixed assembly for all the salts NaCl, CaCl,, and AlCls.
However, the ratio value is somewhat different for each salt, which indicates that the

hydration effect differs slightly (Figure 6.4).

The probable reason is that the pre-added salt in the F127 systems drains the
thermodynamically trapped water molecules from the corona regions.?®® So, when we
add the SB12 into it, there might be a lack of the positive entropic effect found in the
absence of salt in the system. Hence, the interaction started at a higher concentration of

SB12 than in salt-less conditions, or the interaction was not more favorable than earlier.

106
TH-3106_176122025



Chapter 6

6.4. Summary and Conclusions

In summary, zwitterionic SB12 surfactant can form a compact mixed assembly with the
triblock copolymer F127 at both premicellar and post-micellar concentrations. However,
the SB12 concentration required for mixed micelle formation was lower in the case of
premicellar F127, showing synergistic interaction. The situation differs for the post-
micellar concentration of F127, where the most compact assembly requires much more
SB12. Salting out can alter or transform the premicellar or micellar nonionic F127
structure. That is why initially added salt in the F127 assembly alters the interaction
pattern of SB12. However, salt has no effect on zwitterionic SB12 micelle or the ESPT
rate of HPTS in it.

Interestingly the presence of salt modulates the ESPT dynamics in the F127-SB12
mixed micellar interface by perturbing the hydration pattern in the palisade layer without
altering its structural integrity. From the position of the fixed TRANES isoemissive point,
both in the presence and absence of salt established that no probe migration occurs in the
presence of salt in those mixed micelles. Again, the ionic strength of salts matters most
compared to their nature of valency (NaCl, CaCly, or AICI3). Hence local hydration in the
mixed micellar interface is responsible for the dynamical enhancement of ESPT. In
summary, salt cannot change the overall size or compactness of the nonionic-zwitterionic
surfactant mixed assembly instead disrupts the water network in the interfacial part of the
system. So, we can say that this salt concentration regime can modulate an excited state
reaction inside a mixed micellar entrapment without altering or hampering the probe

location and host structure.
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Chapter 7

Exploring Cationic Polyelectrolyte—Micelle Interaction
via Excited-State Proton Transfer. Signatures of Probe
Transfer.”

Polycationic
Micelle PDADMAC

#This work has been published in Phys. Chem. Chem. Phys., 2023, 25, 2963-
2977
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Chapter 7: Exploring Cationic Polyelectrolyte—Micelle Interaction via
Excited-State Proton Transfer. Signatures of Probe Transfer

7.1. Introduction

The investigation of the polyelectrolyte-micellar systems may provide new
insights into the interaction among polyionic biomolecules and molecular drug delivery
vehicles.?%? Small chain ionic surfactants form mixed aggregates with polyelectrolytes of
different charge properties.*®* Positive entropic enhancements due to the release of
counterions or enthalpy components due to the electrostatic attractions among opposite
charges may drive the interactions.?®3?% The formation and disassembly of these
aggregates are often applied as pattern generation in biomolecular sensing,?%®
nanoreactors,®®’ and shape-charge controlled anisotropic nanomaterial synthesis
nanoconfinement for catalysis,?®® coacervate entities,?*® and biomimicking moieties.®> 4%
49, 51, 184, 295, 300 po|yelectrolyte-micelle interactions have been investigated extensively

302

based on thermodynamics,®®® tensiometry,3%? conductivity,®® zeta potential **®® small-

angle x-ray scattering (SAXS),** and neutron-reflectometry.3%

In this investigation, we exploit the ESPT process of HPTS to investigate the
interaction of a cationic polyelectrolyte, poly(diallyl dimethylammonium chloride)
(PDADMAC), with micelles of differently charged surfactants. We have selected three
surfactants: anionic SDS, cationic DTAB, and zwitterionic SB12, all owning the same
alkyl (dodecyl) chain but differential headgroup charges. HPTS was incorporated into
micellar assemblies, and emission modulation was followed upon adding the polycationic
PDADMAC.

7.2. Results

7.2.1. Steady-State Spectra: The absorption spectrum of HPTS displays a maximum at
403 nm, characteristics of the protonated form in slightly acidic water (pH ~6). However,
a gradual increase in PDADMAC concentration develops a prominent absorption band
at ~455 nm, corresponding to the deprotonated form in water and SB12 micellar media.
Interestingly, we found that the pH of the medium becomes more acidic in the presence
of PDADMAC. The pH of the medium was adjusted to 2.5 by adding HCI to suppress
the ground-state proton transfer completely. However, at low PDADMAC concentrations

(0.056 uM and 0.084 uM), a low but sustained absorbance was noticed in the region 440
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nm to 500 nm. A probable reason for this may be the formation of large aggregates
between the anionic HPTS and the cationic PDADMAC due to electrostatic attraction.>*
54, 306-307 Similar observations were also reported for the interaction between anionic
HPTS and cationic surfactant CTAB at sub-micellar concentrations. In cationic DTAB
micelles, the absorption spectra remain unaltered in the presence of PDADMALC.
However, turbidity arises with the addition of PDADMAC into anionic SDS micelles.>
Note that pH lowering was unnecessary for this micellar medium, indicating that
PDADMAC addition does not significantly perturb protonation equilibrium in these

micelles.

As discussed in chapter 3, HPTS shows a faint emission band at 440 nm and a
prominent emission band at 510 nm in water, representing the protonated and
deprotonated species. However, in cationic DTAB and zwitterionic SB12 micelles, HPTS
manifests severe suppression of the ESPT process.*® The protonated emission band is
comparable to the deprotonated emission band in these micelles. In contrast, the emission
spectrum in anionic SDS micelles is very similar to water, signifying an insignificant
effect of micelle on the ESPT.

In the present investigation, we studied the spectral modulation of HPTS in water,
zwitterionic micelle SB12, cationic micelle DTAB, and anionic micelle SDS at different
concentrations of PDADMAC. Variation of PDADMAC concentrations in water leads to
an anomalous modulation of the emission spectrum; the emission intensity first quenches
up to 0.084 uM. After that, emission recovery occurs gradually and almost regains its
initial spectral intensity at high PDADMAC concentration (Figure 7.1a and 7.1b). The
addition of PDADMAC to the SB12 micelle initially leads to the quenching of both the
emission bands up to an intermediate concentration, and further addition of PDADMAC
recovers the emission intensities of the two bands but not in an identical fashion; the
deprotonated band recovers its intensity much more effectively than the protonated one
(Figures 7.1c,7.1d and 7.2a).

The overall integrated intensity decreases gradually up to 0.084 uM, and after
that, increases up to 2.1 uM. The modulation of integrated intensity against PDADMAC
concentration was very similar in water and SB12 micelle, suggesting that the photoacid
may migrate from the SB12 micelle to the PDADMAC interface, experiencing an

identical environment.
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Figure 7.1. Emission spectra of HPTS in water (a and b) and PDADMAC solution-SB12
micellar interface (c and d) with increasing concentration of PDADMAC at 25°¢1 C. pH
of the medium is 2.5.

In the case of the DTAB micellar solution, the emission spectrum hardly changes
the intensities or intensity ratio. Thus, HPTS might stay confined in the micellar interface
at all PDADMAC concentrations. In the SDS micellar medium, the emission band of
HPTS remains very similar to the emission spectrum in water, indicating that HPTS

remains in water at all PDADMAC concentrations.

The emission intensity ratio of the protonated to deprotonated band indicates the
feasibility of ESPT; a low ratio suggests a fast or favorable ESPT, while a higher value
designates a slow or unfavorable ESPT (Chapter 1). The emission spectrum of HPTS
displays an emission intensity ratio of 1.18 in the SB12 (10 mM) micellar medium. The
addition of PDADMAC significantly affects the intensity ratio, decreasing it to ~ 0.07,
indicating that ESPT becomes highly favorable at high concentrations (Figure 7.2a).
Although the emission intensity ratio is very different in water and SB12 micelles without
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PDADMAC, the intensity ratio follows very similar values after adding the
polyelectrolyte (Figure 7.2a), reaffirming that HPTS may be sequestered from the micelle
by the polyelectrolyte. The intensity ratio remains at a high (1.08) value in the DTAB
micelle, even in the presence of PDADMAC. Also, there is no change in the emission

intensity ratio for SDS micellar case (Figure 7.2a).
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Figure 7.2. Variation of (a) intensity ratio (protonated/deprotonated) and (b)
deprotonated band wavelength maxima of HPTS in water, SB12, DTAB, and SDS
micellar media, respectively, at different PDADMAC concentrations.

The deprotonated emission maximum (Amax) Of HPTS is very sensitive to the
microenvironment. For example, Amax In Water is at 511 nm, while it shifts remarkably to
526 nm in the SB12 micelle, consistent with earlier observation.?®® However, after
adding PDADMAC to SB12 micelles, the deprotonated band undergoes a remarkable
blue shift to 508 nm, similar to Amax in the aqgueous PDADMAC solution (Figure 7.2b).
The observation supports our initial interpretation that the probe migrates to a different

microenvironment.

Additionally, the deprotonated emission maximum in DTAB and SDS micellar
environments remain at 526 nm and 510 nm, respectively, at all PDADMAC
concentrations, indicating that the probe does not migrate from its initial location (Figure
7.2h).

Thus it is evident from the above analysis that there is no specific effect of
PDADMAC on the emission properties of HPTS inside the DTAB and SDS micellar
media, but in the SB12 micellar case, the probe migrates from micelle to PDADMAC.

Thus, we have extended time-resolved studies rigorously for the SB12 micellar case only.
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7.2.2. Fluorescence Anisotropy Decay. The anisotropy decay is biexponential in nature
in PDADMAC medium (Figure 7.3c and Table 7.1). Note that low initial anisotropy (ro)
and somewhat irregular variation of the rotational time components at low PDADMAC
concentrations (< 0.084 uM) in water may arise from the homo-FRET or energy hopping
occurring within several closely-spaced MPTS molecules bound to cationic PDADMAC
molecules consistent with the fluorescence quenching observed at low concentrations
(Table 7.1).308

0.4

(a) In SB12 Micelle

——0.084 uM

Time (ns)

0.4
© —o0uM (D)
—0.028pM | __ 5 ¢ uM PDADMAC

— 0056 .M | GR12 micelle-2.8 uM PDADMAC
——0.084 uM

. —0.14 pM
= 021\ ——0.28 uM
S

Time (ns)

Figure 7.3. Fluorescence anisotropy decays of MPTS in (a and b) SB12 micelle (c) water
with increasing PDADMAC concentrations. (d) similar anisotropy decays of MPTS in
water and SB12 micelle in the presence of 2.8 uM PDADMAC. Excitation and emission
wavelengths are at 375 nm and 440 nm, respectively. The pH of the medium is 2.5.

The fast component may arise from the free probe in water or from the wobbling motion
of the probe in the PDADMAC assembly. However, the slow motion may arise
exclusively from the HPTS bound to the PDADMAC assembly. The variation of the

magnitude or contributions of the components was not very regular up to 0.084 uM

115
TH-3106_176122025



Chapter 7

PDADMAC due to the drastic reduction of MPTS lifetime at low concentrations. Above
this concentration, the contribution of the slow component increases gradually, indicating

more probe sequestration by the polyelectrolyte assemblies (Figure 7.3c and Table 7.1).

The fluorescence anisotropy decay is biexponential in SB12 micelle with
rotational components of 475 ps (28%) and 3300 ps (72%), possibly due to the
“Wobbling-in-Cone” motion (chapter 2). The anisotropy decay becomes faster at low
PDADMAC concentrations but slower at high concentrations of PDADMAC (Figures
7.3a and 7.3b). The contribution of the fast component (ay) first increases and then
decreases, while a reversed trend was observed for the slow component. The anomalous
trend emphasizes that the probe transfers to polyelectrolyte assembly from micellar

confinement (Table 7.1).

Table 7.1. Fluorescence anisotropy decay parameters of MPTS in water and SB12
micelle in the presence of different PDADMAC concentrations. Error in the data ~ + 3%.

System [PDADMAC] ro o 1t (pS) | as s (pS)
(LM)

Water 0 0.40 150
0.028 0.24 0.96 | 150 0.04 | 2520
0.056 0.14 |0.42 130 0.58 1050
0.084 0.38 | 0.69 80 0.31 1230
0.14 0.33 |0.60 |100 0.40 | 1260
0.28 0.37 |0.48 100 0.52 1410
0.70 0.37 |0.42 160 0.58 1800
2.80 0.35 | 0.30 | 200 0.70 | 1860

SB12 micelle 0 0.35 |0.28 475 0.72 3300
0.028 0.29 |0.49 90 0.51 3170
0.056 0.39 [0.78 |80 0.22 |2110
0.084 0.24 |0.68 170 0.32 1450
0.14 0.37 | 0.64 120 0.36 1830
0.28 036 |0.65 |115 0.35 | 1930
0.70 0.33 |0.40 170 0.60 2040
2.80 0.37 ]0.35 140 0.65 2045
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It is also interesting to note that at high PDADMAC concentrations (2.8 uM), the
anisotropy decays are precisely the same in water and SB12 micellar systems (Figure
7.3d), indicating that the probe resides in the same environment. Thus, PDADMAC
assembly at high concentrations can completely sequester the HPTS from water and
SB12 micelle.

7.2.3. Dynamic Light Scattering (DLS). The hydrodynamic size of the assemblies at
various PDADMAC concentrations was measured to determine the effect of the cationic
polyelectrolyte on different micelles. The diameter does not change much at various
PDADMAC concentrations in SB12 micelles (Figure 7.4), implying that the cationic
polymer may not perturb the micelle significantly. Also, for the cationic DTAB micelle,
the initial hydrodynamic size remains unchanged with the addition of PDADMAC.

304 —0uM 30
| ——0.028 um .
——0.084 uM
250 ——0.14 pM 20-
| —().42 MM 154
X 2004 ——0.70 uM
Z
Z
=
8 154
= : ‘ :
i 10 100 1000
10
S -
0

L
1 10

Diameter (nm)

Figure 7.4. The hydrodynamic diameter of SB12 micelle in the presence of increasing
PDADMAC concentration in the dynamic light scattering. The pH of the medium is 2.5
(Inset: Semilogarithmic plot of the DLS with full scale).

However, the result was very different in the anionic SDS micelle. The typical micellar
diameter was ~ 5 nm, but it increased to 250-300 nm with the addition of PDADMAC.

The giant assembly substantiates that the anionic SDS micelle strongly interacts with
polycationic PDADMAC.

117
TH-3106_176122025



Chapter 7

7.2.4. TRANES Analysis and ESPT Dynamics: The steady-state emission and
anisotropy decay indicate probe migration from SB12 micelle to polycationic
PDADMAC interface. Further evaluation of the ESPT dynamics can reinforce the probe
transfer phenomena. TRANES is an effective tool to confirm the distribution of the
fluorophore and ESPT dynamics. The occurrence of isoemissive points can provide
insight into the probe location,??! 3% while analyzing the intensity ratio of the protonated

to deprotonated bands in TRANES can provide accurate ESPT dynamics. 220222

The TRANES of HPTS in water shows a distinct isoemissive point at 485 nm.
The TRANES displays usual deprotonation kinetics, with the protonated band decreasing
and the deprotonated band increasing with time. The TRANES intensity ratio of the
protonated to deprotonated band follows equation (2.17) (Chapter 2). ESPT Kinetic
parameters of HPTS in water obtained from the fittings of the protonated to the
deprotonated band of TRANES intensities have the characteristics deprotonation time
(tg), recombination time (tr) and diffusion time (zqirf) of 180 ps, 1470 ps, and 2390 ps,
respectively (Table 7.2). The individual intensities of the protonated and deprotonated
forms in the TRANES band follow single exponential behavior consistent with earlier

reports.

The TRANES displays a distinct isoemissive point at 498 nm in SB12 micellar
medium. The ESPT dynamics is very slow (~6 ns) as extracted from the TRANES ratio

or individual protonated and deprotonated TRANES intensities.

In an aqueous medium with a lower PDADMAC concentration regime, the
isoemissive point appears at the same wavelength (485 nm) as in water. The ESPT
dynamics is also very similar to water, but at higher concentrations, the isoemissive point

shifts to a lower wavelength (480 nm).

A distinct isoemissive point suggests that a probe may exist in two emissive forms
in the excited state or distribute in two different regions.??>-??! Since the ESPT probe
exists in two forms (protonated and deprotonated) in the excited state, a single

isoemissive point implies that the probe must present in a uniform environment.

The knowledge of the TRANES pattern, the position of the isoemissive point, and
the ESPT dynamics of HPTS in water, in an aqueous PDADMAC solution, and inside
the SB12 micellar medium helps us to understand the complex TRANES pattern and
dynamics of HPTS in SB12 micelles at different PDADMAC concentrations.
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Three distinct PDADMAC concentrations were chosen to construct the
TRANES; these are at the point where quenching started (0.056 M), at the point where
quenching is highest (0.084 uM), and at a high concentration (2.1 uM) where intensity

recovers fully.

(i) Low PDADMAC Concentration (0.056 pM): For 0.056 uM PDADMAC in the
micellar SB12, the TRANES show an interesting pattern; the isoemissive point shifts
with time. For clarity, the TRANES was grouped into three-time regimes (0.01 - 0.15 ns,
0.20 - 1.0 ns, and 2 - 16 ns). In the initial time regime (0.01 to 0.15 ns), TRANES shows
an isoemissive point at 480 nm and while the long-time regime TRANES shows an
iIsoemissive point at 500 nm (Figure 7.5 and Table 7.2). In the intermediate times (0.20

ns to 1 ns), the TRANES do not show any particular isoemissive point.
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Figure 7.5. TRANES profile of HPTS in micellar SB12- 0.056 uM PDADMAC with
different time zone (a) 0.01 ns to 0.15 ns (b) 0.2 ns 1 ns (¢) 2 ns to 16 ns with two
isoemissive points and (d) TRANES intensity ratio. The pH of the medium is 2.5.

The isoemissive point at 480 nm observed in the early time window differs from
the isoemissive point in neat SB12 micelle or bulk water but is similar to the isoemissive
point observed for the agueous PDADMAC solution. The other isoemissive point at 500

nm observed in the late time regime (2-16 ns) resembles the neat SB12 micelle case. The
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intermediate time zone of 0.20 ns to 1 ns signifies that the probes may be distributed over

various regions.
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Figure 7.6. (a) The complete TRANES and (b) fitted time evolution of protonated and
deprotonated moieties obtained from TRANES of HPTS in micellar SB12-0.056 puM
PDADMAC media.

We also find two contrasting dynamics in the time evolution of the protonated
and deprotonated intensities of TRANES. The early time region (<1 ns) follows faster
dynamics for both the protonated and deprotonated species. In comparison, the time
evolution becomes slower in the longer time part (1 ns to 16 ns) (Figure 7.6). Thus, we
fit the TRANES intensity ratio separately in two different segments, the early and late
parts (Figure 7.5d). The deprotonation time constants are 500 ps and 6970 ps for the
respective segments, out of which the 6970 ps is similar to the deprotonation time in
SB12 micelle, and the 500 ps component might arise from the partially bound probe in
the PDADMAC interface (Table 7.2). Figure 7.6 displays the complete TRANES and the
time evolution of protonated and deprotonated moieties with segmental fittings. Hence,
based on this evidence, we can say that photoacid is partitioned between two distinct

locations in our system.

(i) Intermediate PDADMAC Concentration (0.084 pM). At the intermediate
concentration (0.084 uM) of PDADMAC, where quenching was maximum in SB12
micelle, the TRANES may be grouped into three different time regimes (0.10 — 0.18 ns,
0.20 -2 ns, and 3 — 10 ns), each showing a distinct isoemissive point at 478 nm, 482 nm,
and 488 nm, respectively (Figure 7.7 and Table 7.2).
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Figure 7.7. TRANES profile of HPTS in micellar SB12- 0.084 uM PDADMAC with
different time zone (a) 0.10 ns 0.18 ns (b) 0.2 ns to 2 ns (c) 3 ns to 10 ns with three
isoemissive points and (d) variation of TRANES emission intensity ratio of
protonated/deprotonated (ROH/RO) forms with time. The pH of the medium is 2.5.

The isoemissive points at 478 nm and 482 nm are different from the isoemissive point
characteristics of SB12 micelle and are similar to that in the aqgueous PDADMAC
medium. However, the 488 nm isoemissive point indicates that a fraction number of

probes remains in the micelle.

The TRANES intensity ratio cannot be fitted fully with conventional models;
instead, the segmental fitting was performed for the initial and the end portions (Figure
7.7d). The latter part of the TRANES ratio decay displays an SB12 micellar-like slow
deprotonation time component of 7500 ps. The initial part reveals a fast component of
240 ps (Table 7.2), possibly due to the ESPT within the PDADMAC assembly. The probe
is mainly exposed to the PDADMAC assembly at this concentration, whereas some may
still be in the SB12 micelle. So, the three isoemissive points at 478 nm, 482 nm, and 488
nm indicate that HPTS molecules are distributed over a vast region among the SB12
micelle and PDADMAC interface.
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(iii) High PDADMAC Concentration (2.1 uM): TRANES shows an isoemissive point
at 480 nm at high PDADMAC concentration in SB12 micellar medium (Figure 7.8a),
which is precisely the isoemissive point at the same wavelength in the absence of SB12
micelle. The TRANES intensity ratios are similar to the aqgueous PDADMAC medium
(Figure 7.8b). Table 7.2 supplies the fit parameters of the TRANES ratio decay. The
results show that HPTS experiences a similar environment at high PDADMAC
concentration in the absence and presence of SB12 micelle. Thus, HPTS may be
sequestered completely at high concentrations by the PDADMAC assembly.

We can fit the TRANES intensity ratio for this particular case with a reversible
two-step ESPT kinetic model (Scheme 1.6 in chapter 1, equation 2.17 in Chapter 2) and
obtain similar time components for deprotonation, recombination, and diffusion for both
the absence and presence of the SB12 micellar system (Table 7.2). Thus, no perturbation

to the ESPT Kkinetics was observed from the SB12 micelle.
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Figure 7.8. TRANES profile of HPTS in micellar SB12- 2.1 uM PDADMAC at different
times with a single isoemissive point at 480 nm and (b) The decay of TRANES emission
intensity ratio, protonated/deprotonated (ROH/RQ) with time. The pH of the medium was
2.5.

We have also constructed the TRANES for DTAB micelle in the absence and
presence of 1.4 uM PDADMAC. For both cases, we obtained the same isoemissive point
at 495 nm, with deprotonation time in the range of 5500 — 5600 ps (Figure 7.9, Table
7.2), which substantiates that there is no effect of PDADMAC on the micelle entrapped
photoacid.
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HPTS in DTAB micelle in absence of PDADMAC
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Figure 7.9. TRANES of HPTS in DTAB micelle at different times (a) in the absence (c)
in the presence of PDADMAC and the variation of TRANES intensity ratio of
protonated/deprotonated band of HPTS in DTAB micellar media with time (b) in the
absence (d) in the presence of PDADMAC. The pH of the medium was ~ 5.6.

Similarly, we also constructed TRANES in anionic SDS micelle in both the
absence and presence of PDADMAC. For both cases, the isoemissive point (485 nm) and
deprotonation time (200 ps) were alike (Figure 7.10 and Table 7.2), which supports that
the probe stays in bulk only rather than in the SDS micelle or the PDADMAC interface.
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HPTS in SDS micelle in absence of PDADMAC
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Figure 7.10. TRANES of HPTS in SDS micelle at different times () in the absence (c)
in the presence of PDADMAC and the variation of TRANES intensity ratio of
protonated/deprotonated band of HPTS in SDS micellar media with time (b) in the
absence (d) in the presence of PDADMAC. The pH of the medium was ~ 5.6.
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Table 7.2. Characteristics of TRANES and ESPT kinetic parameters (isoemissive points,
time window of isoemissive point, time components, deprotonation times, recombination
times, and diffusion times) in different systems. Error in the data ~ = 3%.

System [PDADMAC] | Isoemissive | Time T1 T2 Td Tr Tdiff
(M) Point window | (ps) | (ps) | (ps) | (ps) | (ps)
(nm) (ns)
Water 0 485 Full 170 | 1600 | 180 | 1470 | 2390
0.028 485 Full 180 180 | - -
2.1 480 full 100 | 2130 [ 100 | 1760 | 520
SB12 0 498 full 6600 6600 | - -
Micelle
0.056 480 0.01-0.15 | 500 500 |- ]
500 2-16 6970 6970 | - -
0.084 478 0.10-0.18 | 240 240 | - -
482 0.20-2 L :
488 3-10 7500 7500 | - -
2.1 480 full 100 | 2200 [ 100 | 1760 | 430
DTAB 0 495 full 5540 5540 | - -
Micelle 495 full 5600 5600 | - ;
SDS 0 485 full 190 190 |- -
Micelle =57 485 full 200 200 |- |-

7.3. Discussion

In this investigation, we observed the quenching of HPTS emission in the presence of
PDADMAC in water and various micelles. We have also shown earlier that HPTS
emission in water undergoes very strong quenching upon adding DTAB or CTAB
surfactants at a concentration well below the critical micellar concentration (CMC).3%
The quenching was attributed to the close association of several HPTS molecules within
the premicellar aggregate resulting in homo-FRET.3% Such fluorescence modulation was

also observed for the interaction of pyrenetetrasulfonate with cationic polyelectrolytes
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poly(allylamine hydrochloride) (PAH) and PDADMAC.> The electrostatically favorable
interaction between the oppositely charged groups of the anionic fluorophore and the
cationic polyelectrolytes assists proximity of the pyrene aromatic rings resulting in =-
stacking interaction.> The intramolecular stacking interaction was further supported by
the formation of excimer fluorescence and strong quenching of monomeric
fluorescence.> Although no excimer fluorescence was observed in our cases, the
fluorescence quenching may be mediated by n-stacking interaction considering the

similarity between the fluorophores HPTS and pyrene tetrasulfonate.

The strong quenching at low concentrations of PDADMAC can be explained by
the sequestration of HPTS by the polyelectrolyte, increasing the local concentration of
the probe molecules along the polymer chain. Also, physical crosslinking of the
negatively charged probe and polycationic PDADMAC might happen, leading to the
proximity of the probes in the polymeric thread. Whenever we excite the system at this
particular composition, radiative energy transfers from protonated form to the
instantaneously formed deprotonated moieties, as those are nearby. The process occurs
in an energy-hopping fashion. Due to this energy hopping, self-quenching might happen,
which results in a decrease in emission intensity.>® 3% As the polyelectrolyte
concentration further increases, the probe molecules can redistribute along the polymer

chain due to the adequate number of binding sites available in the polyelectrolyte

Recovered state

Fully quenched state

Scheme 7.1. Schematic representation of quenching and emission recovery of probe

HPTS with increasing PDADMAC concentration in water.

The HPTS concentration was very low (4 uM) to avoid the inner filter effect, and

no micelle contains more than one probe molecule to avoid ambiguous kinetics from
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location heterogeneity. As each polyelectrolyte contains many cationic sites for probe
binding, we definitely have to take polyelectrolyte concentration much lower than the

probe. Otherwise, we will not visualize the probe transfer process effectively.

The similarity in the emission intensity ratio of protonated/deprotonated bands of
HPTS in the presence and absence of SB12 micellar media with increasing PDADMAC
concentration depicts the migration and redistribution of HPTS from SB12 micelle or
aqueous media to PDADMAC polycationic thread interface. Moreover, the deprotonated
emission maximum of HPTS also shows a blue shift from 526 nm to 508 nm with
increasing PDADMAC concentration (Figure 7.2b). Both these observations denote the
movement of the probe from the SB12 micelle to the PDADMAC interface. For the
DTAB and SDS cases, the absence of any deprotonated emission maxima shift indicates
no such migration. The DLS measurement helps to ascertain the hydrodynamic diameters
of the micelles or any new assemblies formed after the addition of PDADMAC. There is
no change in the diameter of the SB12 micelle in the presence of PDADMAC, so the
micelle remains intact throughout the model drug-like probe HPTS sequestration process.
Thus, the model drug delivers successfully to the target bio-mimic polycationic
PDADMAC.

The TRANES observations of the isoemissive points, their shifts in different time
zones, and the similarity in deprotonation times in the respective systems further
cemented our proposed probe migration phenomena. The unique property of TRANES is
that the position of isoemissive points determines the probe location in a particular
system, and the TRANES intensity ratio provides the excited state dynamical nature in
terms of the rate constants or deprotonation times. So, correlating all these, we can locate

the probe and analyze its excited state dynamics finely.
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Scheme 7.2. Schematic presenting the location of HPTS after adding the polycationic
PDADMAC to various micelles.

This investigation shows that the electrostatic interaction becomes vital in the
presence of a cationic polyelectrolyte. The cationic micelle provides better protection to
the anionic probe and repels the cationic polyelectrolyte, which prevents the exchange of
the photoacid from the cationic micelle to the polyelectrolyte interface. However, the
zwitterionic micelle cannot compete with the cationic polyelectrolyte to keep HPTS

inside.

So far in the investigation, PDADMAC was applied to HPTS entrapped in
micelles. Now we check the reverse addition, that is, the addition of the surfactants to
PDADMAC in the presence of HPTS. In the case of SB12, there is no effect on the
emission spectrum of HPTS; it remained attached to PDADMAC. However, in the case
of DTAB addition to PDADMAC containing bound HPTS, the spectrum regained the
emission characteristic the same as in DTAB encapsulation, which reveals the migration
of the probe to the DTAB micelle. In the case of SDS, the quenching disappears upon
adding surfactants to the PDADMAC, which substantiates the preferential interaction of
SDS with PDADMAC. The probe is removed from the polyelectrolyte; hence becomes
free into the solution. So, the reverse addition procedure of PDADMAC and surfactants
also established our proposal of probe migration from the PDADMAC interface to the
DTAB micelle and probe expulsion from the PDADMAC interface to bulk due to SDS-
PDADMAC interaction. Interestingly, there is no effect of SB12 micelle on the probe
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already bound to the PDADMAC interface, revealing that SB12 micelles cannot compete

with PDADMAC assembly in terms of electrostatic interaction.

The micellar formulation often mimics many biological systems, and the
polyelectrolyte molecules resemble biomacromolecules like protein, DNA, and RNA. So,
an ionic probe that selectively migrates to its preferable location can be used as a model
drug in micellar, polycationic interfaces. In the present study, we intend to elucidate that
the probe in these systems is compelled to shuttle between the two assemblies depending
on the electrostatic force it experiences. Depending on the molecular environment, it can

be modeled as the drug being delivered or sequestered.

7.4. Summary and Conclusions

In summary, the polycationic molecule PDADMAC can sequester a model drug-cum-
fluorophore HPTS without hampering the structure of the host zwitterionic micelle. The
sequestration process was evident from the shift of the isoemissive point in TRANES.
On the contrary, cationic DTAB micelles do not interact with PDADMAC or allow the
PDADMAC to sequester the probe entrapped inside the micellar environment. Instead,
DTAB can sequester the fluorophore from the PDADMAC interface. The anionic SDS
micelles interact with PDADMAC leaving the fluorophore in bulk hence no modulation
of the ESPT dynamics. This study gives insight into the location-dependent dynamics of
ESPT and the migration of the probe, which is vivid from TRANES isoemissive points
and intensity ratio. It also opens a new challenge to elucidate the detailed dynamics when
multiple partitioning is possible. Thus, it gives an approach for applying micellar systems
as drug delivery/drug sequestration vehicles for biomimicking polyionic molecules. Also,
the polyelectrolyte molecules can act as an environmentally hazardous dye removal agent

for treating wastewater
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