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Abstract

The adoption of complex fluids for various industrial applications is becoming normal.
Complex fluids offer tunability, wide range solubility, and chemical and thermal
stability which are the factors that conventional polar and non-polar solvents often
lack. However, fundamental studies of these fluid systems are still lacking which is
limiting the appropriate use of these complex fluids in many applications. The goal
of this dissertation was to study and characterize complex fluids for application in
electrolytes for redox flow batteries. Chapter 3 and chapter 4 feature the study
of microemulsions and deep eutectic solvents (DES) by fluorescence techniques.
Fluorescence studies of microemulsions revealed that the interfacial layer in the
microemulsions, formed by the mix of surfactant and co-surfactant, can accommodate
various small molecules diverse in structure. The hydration of the surfactant layer
with the increase of water percentage beyond < 60% showed a sudden stiffening of
the interfacial layer, which was reflected in the rotational time of the polar and ionic
probes. The sudden stiffening of the surfactant region correlates to a morphological
change in the microemulsion from bicontinuous to droplets. The fluorescence studies
of DESs in chapter 4 revealed that the nonpolar probe molecule did not sense any
environmental change with the increase of phenol content in the DES composition.
The probe that senses the hydrogen bond network in their local environment revealed
the existence of the hydrogen bond and also showed the weakening of its interaction
at the higher phenol content in the DESs. Chapter 6 of this dissertation discusses

the application of second harmonic generation spectroscopy to study the adsorption

v



of molecules at the charged surface and shows that nonionic surfactants differed in
structure adsorb at the charged surface differently. The SHG tool can be leveraged

in the future to screen potential surfactant molecules for applications in electrolytes.
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Chapter 1

Introduction



1.1 Overview

In recent years, the adaptation towards green energy is increasing. Barth et al. (2022);
Soloveichik (2015a) In general, feasibility and reliability of power grids producing
electrical energy from solar and wind sources are limited by their energy storage
systems. Soloveichik (2015a) Energy storage systems are a vital part of power grids
because the renewable sources are intermittent which makes it difficult to ensure an
uninterrupted distribution of electricity. Denholm et al. (2012) Modern fuel cells
and lithium ion batteries are fulfilling a part of the demand, however, the high
maintenance cost and small life cycle of these batteries make them an expensive
solution to the existing problem. Zhao et al. (2015); Doughty et al. (2010) Redox
flow batteries (RFB), once patented by NASA in 1981, Bartolozzi (1989) for large
scale energy storage applications. Barth et al. (2022); Zhao et al. (2015); Soloveichik
(2015a) The advantages of RFBs over conventional batteries comes from their modular
design, durability and scalability properties, although low current density is limiting
the application of the RFBs. Zhao et al. (2015) To overcome this problem, new
classes of electroytes need to be developed which would have high current density
and conductivity. To explore suitable solvent system for designing new electrolytes,
microemulsions and deep eutectic solvents have been studied and the findings are

summarized and discussed in this dissertation. Barth et al. (2022); Li et al. (2016)

1.2 Flow Battery and Electrolytes

In general, a battery is a device that mediates the conversion of chemical energy
into electrical energy and vice-versa. Zhao et al. (2015) For large scale industrial
applications RFBs are an ideal choice because of their design. Figure 1.1 shows the

construction and working principle of RFB.
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Figure 1.1: A schematic representation of the flow battery. The electrolyte from
the tanks are pumped into the electrochemical cell.



This battery device consists of two parts: 1). the cell, where an ion exchange
membrane separates the electrodes (cathode and anode), and 2). the electrolyte
tanks, where electrolytes are stored. Weber et al. (2011) The basic difference between
conventional batteries and RFBs is the presence of the electrolyte tanks in the latter,
as in conventional batteries the electrolyte and the cell are not separated. In RFBs,
electrolytes from the tanks are pumped into the cell. The redox pair dissolved
in the electrolyte takes part in oxidation and reduction reactions at the electrode
site. The electro-active agent gets oxidized at the anode, and electrons from the
anode flow through an external circuit and reaches the cathode where the electro-
active agent takes up the electron and gets reduced, in this process the battery gets
discharged. The reverse process occurs when the battery is being charged. In the
charging cycle, the electro-active agents at the aforementioned cathode donate an
electron and get oxidized. The electron flows through the external circuit to the
aforementioned anode section where the electro-active agent takes up the electron
and gets reduced. Scalability of RFBs depends on the size of the tanks, as one
can increase the capacity of the battery by simply making the tanks larger. Zhao
et al. (2015) Although RFBs have many advantages over commercial energy storage
systems, the low current density of RFB electrolytes is hurting its applicability in
industries. Barth et al. (2022)

The RFB electrolytes are two types: 1) aqueous and 2) non-aqueous. Luo et al.
(2019b) Aqueous electrolytes pose higher conductivity and favourable solubility of
redox pairs which ensures higher energy and current density for RFBs. Luo et al.
(2019a) However, the water dissociation potential limits the use of various aqueous
redox pairs, limiting only to some metal ones. This is not the case for non-aqueous
electrolytes, but the overall conductivity is low in this electrolytes because of their
high viscosity. Luo et al. (2019b,b); Barth et al. (2022) Complex fluid systems,
for example, microemulsions and deep eutectic solvents are being explored for RFB
electrolyte applications. Imel et al. (2022); Barth et al. (2022); Mackay (1991) A

brief introductory discussion about these complex fluids will be given in the following



sections. The main reasons for exploring these complex fluid systems is that these
consist of aqueous and non aqueous domains which can facilitate the solubility of
redox pairs and ensure high conductivity to achieve maximum current and energy

density in electrolytes.

1.3 Microemulsions

Microemulsions are thermodynamically stable emulsions, consisting of water, oil,
surfactants, co-surfactants and salts.Schramm (1992) In 1980, the use of microemul-
sion had spanned from laundry detergents to oil recovery in mining and refinery
industries.McClements (2012) These days, their applications have expanded to
drug delivery system, water purification, nanomaterial synthesis and food produc-
tion.Israelachvili (1994); Rao and McClements (2011); McClements and Rao (2011)
In recent times they are also being explored for electrolyte application as these fluids
have the ability to solubilize polar and non-polar molecules.MacKay and Agarwal
(1978); Peng et al. (2020)

The microemulsion was first introduced in 1943 by Hoar and Schulman. They
reported a spontaneous formation of a transparent solution made from a turbid
emulsion of oil and water when a strong surface active agent was added. Hoar
and Schulman (1943) The study explained that the large emulsion drops divide into
smaller droplets due to the sudden change of interfacial tension and interfacial energy
at the interface of oil and water by the presence of the surfactant molecules, which
made the solution visually transparent. Hoar and Schulman (1943) In 1959 Schulman
coined the term “microemulsion” to name this system. Schulman et al. (1959) The
size of the dispersed phases ranges from 5-100 nm in length but at the time when it
was named, the smallest size imaginable was in the micron length scale. McClements
(2012) Depending on the composition the dispersed domains can form oil in water,

water in oil and bicontinous microemulsions.



Figure 1.2 shows a schematic of oil in water and bicontinuous microemulsions
where the light blue background represents water, the light green is oil, and dark
green molecules surrounding oil or forming the interface between oil and water are
the surfactant and co-surfactant.

The amphiphilic surfactant molecules are made up of two parts; the head or
hydrophilic region, and the tail or hydrophobic region, making them capable of
solubilizing both polar and non-polar molecules. The stability of microemulsion comes
from the presence of surfactant molecules forming the interface between oil and water.
[sraclachvili (1994) Microemulsion formation can be described using the Gibbs free

energy equation.

AG = AAy — TAS (1.1)

The term AS is configurational entropy change, which represents the entropy
change due to the subdivision of the dispersed phase into droplets. G. Overbeek
(1978) The term AA is the change in interfacial area arising from the formation of
the smaller droplets. - is the interfacial tension between the oil and water phases and
T is the temperature in Kelvin. For the spontaneous formation of a microemulsion,
the Gibbs free energy term AG needs to be negative and it can be achieved when A Ay
becomes relatively smaller than TAS. Kunieda and Shinoda (1980) The interfacial
area of microemulsions is large compare to emulsions because the nanosize droplets
have more surface area than the large emulsion droplets which makes the term AA
large. Now for the spontaneous formation of microemulsion, v needs to be small, and
it becomes small only when the interfacial tension between oil and water decreases
significantly. Israelachvili (1994) In general, the interfacial tension between oil and
water phases is about 50 mNm™'. McClements (2012) This interfacial tension can be
altered by adding surfactant molecules. For instance, incorporating a double chain,
ionic surfactant has proven to decrease the interfacial tension from a typical value of

50 mNm~! to a 1072,
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Figure 1.2: Different structures in microemulsion; droplets and bicontinuous



Alternatively, introducing a surfactant with a single non-ionic chain has been
shown to decrease this value to 107* mNm™!. TIsraelachvili (1994); McClements
and Rao (2011); Sjoblom et al. (1996) To achieve lower interfacial tension, high
concentrations of surfactant are often needed; however, this can lead to exceeding the
critical micellar concentration (CMC). The CMC is the concentration at which the
surfactant molecules do not adsorb at the interface between oil and water but rather
forms micelles in the solvent. Evans et al. (1984) To circumvent this from occurring,
medium chained alcohols, co-surfactants, are often used in addition to surfactants
to reduce the interfacial tension between water and oil phases while maintaining
a concentration of surfactant which is lower than its CMC. Evans et al. (1984);
McClements and Rao (2011); Sjoblom et al. (1996)

In chapter 4 a microemulsion system made of Tween 20, butanol, water and
toluene has been studied by using fluorescence techniques to observe small molecule
sorting and structural changes in the microemulsions which are influenced by the

variation of component loading.

1.4 Deep Eutectic Solvents

Deep eutectic solvents (DES) are formed from the eutectic mixtures of Lewis acids
and bases with range of anionic and cationic species. Hansen et al. (2021); Smith et al.
(2014) DESs were first introduced in 2001, in a study done by Abbott et al.Abbott
et al. (2003) where he mixed powdered choline chloride and crystalline urea at 1:2
mole ratio and observed that the mixture turned liquid at room temperature. This
was very significant because the melting point of the components of the mixture are
around 302°C (choline chloride) and 133°C (urea) and the mixture made by mixing
these solids turning into liquid was an unprecedented event. The sudden decrease of
the mixture’s melting point was believed to be caused by the formation of hydrogen
bonds between the halide ion of the choline chloride and the hydrogen-donor moiety of

urea.Abbott et al. (2003) The resulting liquid was coined as a deep eutectic mixture,



thus becoming the more common term, a DES. Abbott et al. (2003) DESs have
been used in many industrial applications including pharmaceuticals, nanomaterial
synthesis, metallurgy, gas separation, and catalysis.Abbott et al. (2006b,a); Hansen
et al. (2021); Smith et al. (2014)

The formation of DESs can be described by the phase diagram shown in the Figure
1.3. In the figure, the melting points of the individual components T,,,(A) and 7,,(B)
are labeled along the two y-axes. The opposites end of the x-axis represents the pure
components A and B, and any point in the x-axis represents the exact molar ratio
that develops a binary mixture. The lowest melting point found for a mixture in the
phase diagram is the deep eutectic solvent.

DESs are divided into five categories defined by the type of the HBA and HBD
molecules that make the final product. Hansen et al. (2021) Among those five
categories, only the type III DES is explored as a sample of this research work. Type
IIT DESs are made from the mixture of choline chloride and various HBD species that
are organic molecules including alcohols, amides and carboxylic acids. Smith et al.
(2014); Hansen et al. (2021) The range of HBD molecules that are available for the
type IIT DESs, makes them versatile to implement in various applications including
but not limited to biodiesel, metal processing, and cellulose derivatives synthesis.
P. Abbott et al. (2007); Abbott et al. (2006a) Type III DESs can solvate a wide
range of transitional metal ions, which is a very attractive characteristic for their
application as electrolytes. Smith et al. (2014) Also these liquids are biodegradable,
economical to synthesize, and unreactive to water. P. Abbott et al. (2007) Overall
the ease of synthesis and favourable properties make Type III DESs ideal candidates

to be considered while designing new classes of electrolytes. Hansen et al. (2021)
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Figure 1.3: Phase diagram of DES formation, the melting point of the deep eutectic
mixture is lower than the meting point of the neat components.
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2.1 Light-Matter Interactions

This dissertation is based on the simple observations of the responses of matter to their
interaction with light. When light interacts with a medium it induces a polarization

P, Boyd (2020) which is defined by the following equation;

P=c(xXVE+XxPE> + x®E3 + ) (2.1)

Here € is the permittivity of free space, x, ¥, and x® are the first, second
and third order susceptibility tensor elements of the material, respectively, and F
is the electric field of the incident light. The overall induced polarization of the
material depends on the numbers of photons interacting with the material. The first
term in equation 2.1 describes linear optical processes resulting from a single electric
field interacting with the matter. Examples of linear optical processes are absorption,
fluorescence and phosphorescence. The subsequent terms in equation 2.1 describe the
nonlinear optical processes, and can occur when more than one electric fields interact
with the matter simultaneously. Boyd (2020)

Nonlinear optical processes include sum frequency generation, two-photon fluo-
rescence, and third harmonic generation. When photons interact with matter, both
linear and nonlinear processes can occur and the induced polarization of the matter
is the sum of all the terms in equation 2.1. The terms in equation 2.1 mainly consists
of two parts; 1) susceptibility tensors and 2) the electric field of incident light. The
susceptibility tensors of higher terms are weaker than the lower terms (Y > (2
> x®) Boyd (2020), and because of that, the induced polarization of matter often
dominated by the linear term. That is why for nonlinear optical process to occur, the
incident electric field’s strength needs to be very high. The interaction of incident
electric fields of light with matter, and the resulting induced polarization change is
a probabilistic process. As such, it is very rare for multi-photon events to occur
in matter under standard conditions. Ultrashort laser pulses can provide the high

photon densities necessary to increases the probability of multi-photon interaction

12



events occurring in matter. Material conditions are also required for nonlinear optical
processes to occur. For example, second harmonic generation only occurs in non-
centrosymmetric material because the second order susceptibility tensor is zero in

symmetric material. Boyd (2020)

2.2 Linear Optical Processes

2.2.1 Fluorescence

Fluorescence is the emission of light from a molecule when it descends from the
electronic excited state to its ground state without any change of its spin state.
lak (2006a) The Jablonski diagram shown in Figure 2.1 schematically represents
the processes of absorption and fluorescence by molecule upon its interaction with
light. In the diagram thicker lines labeled Sy and S; are electronic ground state
and excited state of a molecule, respectively. The thinner lines above the electronic
states represents the vibrational energy states. When molecules in the ground state
Sp interacts with photons of frequency wy, they can absorb the light and transition to
the higher electronic excited state, S;. A molecule promoted to the S; state transfers
its energy by internal conversion and relaxes down to the lowest vibrational energy
level of S; before it relaxes back to the Sy state by emitting a photon of frequency
wy. This linear optical process of conversion of a photon of frequency w; to a photon
of frequency ws is called fluorescence. The time a molecule spends at the excited
state is called its fluorescence lifetime which typically ranges from sub-nanoseconds
to 10 ns (107%). The figure also reveals that the energy of fluorescence is of lower
energy compared to the absorbed photon because part of the absorbed energy is
dissipated through internal conversion via vibrational relaxation. The process by
which molecules at the excited state dissipate energy other than fluorescence is known
as nonradiative energy loss. Nonradiative energy loss includes internal conversion,

thermalization, solvent interactions, energy transfer and quenching.

13
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Figure 2.1: A Jablonski diagram showing the process of fluorescence
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Fluorescence measurements are classified into two types: steady-state measure-
ments and time-resolved measurements. Depending on the measurement type,
information about fluorophore’s (distinct organic molecules that have the capability
to undergo fluorescence processes) size, solvent interaction, energy transfer and local
environment microviscosity can be gathered. In chapter 3 and 4 the steady-state and
time-resolved fluorescence measurements of fluorophores dissolved in microemulsions

and deep eutectic solvents will be discussed.

2.2.2 Steady-State Fluorescence

In steady-state fluorescence measurements, samples are excited with a continuous-
wave light source and fluorescence from the samples are recorded continuously
as excitation/emission wavelengths are scanned. The results from steady-state
fluorescence measurements show the average response of the bulk sample. Because
of that, much of the sample information get buried through the averaging process.
The steady-state fluorescence measurements include excitation and emission scans,
steady-state fluorescence anisotropy, and Férster resonance energy transfer (FRET)
of fluorophores. As the steady-state measurement are the average of multiple
single events, the signal of steady-state fluorescence depends on the concentration

of fluorophore, the power of excitation and the sensitivity of the detectors.

2.2.3 Fluorescence Anisotropy

The fluorescence anisotropy, r, is defined by the ratio of the difference between
polarized emission intensity and total emission intensity:
(I —11)

r= —<Ill o0)) (2.2)

where I, is the intensity of fluorescence of parallel polarized to the excitation
polarization and, I, is the intensity of fluorescence of perpendicular polarized to

the excitation polarization. Fluorescence anisotropy measurements are done by
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selectively exciting the ground state molecules whose absorption transition moments
align with the vertically polarized incident excitation light. The emission from the
selectively oriented excited state population will also be polarized. Some of the
molecules will emit polarized fluorescence; however, some of the molecules will get
depolarized by rotational diffusion and emit randomly polarized light. The polarized
emissions can be selectively collected through a polarizer which is aligned parallel or
perpendicular with respect to the polarization of the excitation light. Inserting the
parallel I and perpendicular I, polarized fluorescence intensity in the equation 2.2
the anisotropy value of the fluorophore in a sample is calculated. The theoretical
anisotropy value should be free of depolarization but fluorophores get depolarized
by rotational diffusion, solvent interaction and energy transfer. The fluorescence
anisotropy value can be measured by steady-state fluorescence measurements, but to
measure the rotational diffusion of fluorophores in a sample, time-resolved fluorescence
anisotropy is required. Time resolved fluorescence anisotropy is defined by the
following equations
r(t) = roae T (2.3)
Here r( is the initial anisotropy, free of depolarization, and ¢ is the correlation
time, which corresponds to the rate of rotational diffusion of the fluorophore and ()

is the anisotropy decay which is defined by,

_ 4y(t) = GIL(2)
= e

(2.4)

Iy(t) and I,(t) in equation 2.4 are the parallel and perpendicular polarized
fluorescence lifetime decays. G is called the G factor and is defined as the ratio
of the sensitivity of the detection system for vertical and horizontal polarized light.
Time-resolved fluorescence anisotropy measurements require a pulsed excitation light

source, fast photo detectors, and a single photon counting device. lak (2006b)
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2.2.4 Instrumentation

In this thesis work, all the time-resolved fluorescence measurements were carried
out on a home-built instrument. Figure 2.2 shows the schematic diagram of the
instrument. Briefly, an Nd:YAG pumped Ti:Sapphire oscillator yielding <100 fs laser
pulses at 800 nm was used as the excitation light source. The repetition rate of
80 MHz was modulated to 13.33 MHz with an electro-optic modulator. Light was
focused into a S-barium borate (BBO) crystal for frequency doubling. The resulting
400 nm light was used to excite coumarin 153 (c153), 9,10- diphenylanthracence
(DPA), and 4-aminophthalimide (4AP). Alternatively the light source was passed
through a supercontinuum fiber (Newport FW800-0854) in place of the [-barium
borate (BBO) crystal, the output from the fiber was filtered by a 530/55 nm bandpass
filter to isolate 530 nm light which was used to excite rthodamine 6G (r6g). Before
the light is focused on the the sample it is passed through a waveplate and a Glan-
Taylor polarizer (excitation polarizer) to control the intensity and polarization of
the excitation light. Vertical polarized light from the polarizer was focused onto the
sample cuvette. The fluorescence from the sample was collected by a series of lens
and passed through a second Glan-Taylor polarizer (emission polarizer) and bandpass
emission filter (530/55 nm for ¢153, 475/25nm for DPA, 572/17 nm for r6g) before it
was focused on to an avalanche photodiode. The data was acquired from the TCSPC
by PicoHarp 300 software. The instrumental response was measured with an aqueous

solution of 100 pM DASPMI Li et al. (2016) and was found to be ~40 ps FWHM.

2.2.5 Calibration

Before beginning the anisotropy measurements of the microemulsion samples with
the home-built instrument, a couple of control experiments were performed with ¢153
in butanol and r6g in water. The measured anisotropy values were compared with

values that have been reported in the literature.
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Figure 2.2: Homebuilt time-resolved fluorescence spectroscopy
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The anisotropy value and the rotational time found from the control experiments
of ¢153 in butanol and r6g in water were 0.369 + 0.006 and 234.1 + 3.7 ps, and
0.389 £ 0.005 and 251 + 7.9 ps, respectively which was in agreement with the values
reported in the literature.Horng et al. (1995); Gumy and Vauthey (1996)

2.3 Nonlinear Optical Processes

In nonlinear optical processes, the induced polarization of the material arises from the
higher order terms in the equation 2.1. As discussed earlier, interaction of two or more
incident electric fields with the matter is required for nonlinear optical processes. In
this section, the basic principle and instrumentation of second harmonic generation

(SHG) spectroscopy will be discussed.

2.3.1 Second Harmonic Generation

The Jablonski diagram shown in the Figure 2.3 can be used to describe the SHG
process. When two photons of the same frequency, w;, interacts with ground state
molecules, the molecules are promoted to a virtual state. Boyd (2020) Virtual states
are not real electronic states but representations of one of the eigenstates of the
molecule. Upon relaxation from the virtual state, a molecule can convert those two
photons of frequency w; into one photon of double frequency of 2w;. The material
needs to be non-centrosymmetric for the second order nonlinear optical process to
occur because the susceptibility tensors term, x?, of symmetric molecules are zero.
Interfaces or surfaces fulfil the non-centrosymmetric requirement as they inherently
break the inversion symmetry of the bulk. Boyd (2020) This is why SHG spectroscopy
techniques are ideal for the study of surfaces or interfaces buried in bulk systems. In
chapter 5, SHG spectroscopy will be utilized to study the interaction of surfactants

and charged particle surfaces.
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Figure 2.3: Jablonski diagram of Second Harmonic Generation
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2.3.2 Instrumentation

To carry out the studies described in chapter 5, a home-built SHG spectroscopy
instrument was used. Figure 2.4 shows the schematic view of instrument. An Nd:YAG
pumped Ti:Sapphire oscillator (MaiTai from Spectra Physics) yielding <100 fs pulse
center at 800 nm with the repetition rate of 80 MHz was utilized as the fundamental
light for the SHG. The light was passed through a half- waveplate and a polarizer,
which in combination functioned as a power attenuater for the light. The light was
than passed through a 475 nm long pass filter to ensure that the light focusing on to
the sample cuvette is free of any second harmonic light generated from the preceding
optics. Coherent SHG scatter from the sample was collected by a series of lenses
and focused onto an optical fiber. A 725 nm shortpass fiter was placed before the
optical fiber to filter out the remaining fundamental light from the SHG signal. At
the other end of the fiber, a detection setup consisting of a 400/10 nm bandpass filter
and a photon counting PMT detector was placed. Home-built LabVIEW software
was used to acquire data. Calibration of the setup was carried out by measuring the
SHG signal arising from a sample containing SHG resonant malachite green (MG)
dye molecules adsorbed to the polystyrene beads. The SHG signal from the sample
was collected at different laser power and the signal was plotted as function of the
output power of the fundamental light. Obtaining a square exponent after fitting the

data with the SHG power law fit equation ensured proper performance.
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Figure 2.4: Diagram of Home-built SHG instrument

22



Chapter 3

Small molecule sorting:
Fluorescence study of

microemulsions

23



A version of this chapter has been reprinted from the Journal of Physical Chemistry
B from:

Muhammad Redwan Hassan, Brandon A. Colon, James Russell, and Tessa R.
Calhoun, “Small Molecule Sorting: A Fluorescence Study of Microemulsions,” The
Journal of Physical Chemistry B, 2022, 126, 26, 4990-4998 .

Copyright 2022 American Chemical Society

This chapter describes experimental design by myself and Tessa R. Calhoun.
A part of instrumental alignment was performed by B.A. Colon. I completed all
experiments, data, and figures. Data check software was designed by J. Russell.
Data analysis was performed by myself and Tessa R. Calhoun. The manuscript was

prepared by myself and Tessa R. Calhoun.

24



3.1 Abstract

The application of microemulsions to a wide range of industries relies on their
ability to solubilize small molecules with vastly different structures. Herein, we use
multiple fluorescence techniques to probe ionic (rhodamine 6g, r6g), polar (coumarin
153, ¢153), nonpolar (diphenylanthracene, DPA), and amphiphilic (laurdan) small
molecules in a nonionic, bicontinuous microemulsion of varying hydration. All
fluorophores investigated were found to associate with the surfactant region despite
their different structures and properties. The hydration of the surfactant layer was
found to increase linearly with water addition, but while this initially increases the
fluidity of the surfactant layer, fluorescence anisotropy of c153 and r6g indicates
a stiffening of the surfactant at water content >60%. This stiffening of the
surfactant layer at higher water content correlates with a morphological change in the
microemulsion from a bicontinuous structure to droplets. In contrast, the nonpolar
DPA shows a change in partitioning as hydration changes increasing its association
with the oil domain. Overall, these studies elucidate not only the capability of these
microemulsions to host a range of small molecules in the surfactant layer with tunable
position, but also the ability to probe the driving force of bulk structural changes in

these heterogeneous fluids.

3.2 Introduction

Microemulsions are complex, heterogenous fluids with emergent properties that
have enabled their use in a wide array of scientific and industrial applications,
including oil recovery and oil spill cleanup, Reed et al. (1999); Schramm (1992)
drug delivery systems, Sjoblom et al. (1996); Shakeel et al. (2010); Velikov and
Pelan (2008); Huang et al. (2010) water purification,Stumm and Morgan (1996)
emulsion polymerization,Chern (2006) nanomaterial synthesis, Ganguli et al. (2010);

Lépez-Quintela (2003) and bio-oil enhancement.Leng et al. (2018). In addition, their

25



ability to solubilize both aqueous and nonaqueous species has facilitated the use of
microemulsions in many electrochemical systems MacKay and Agarwal (1978); Shah
et al. (1997); Jha et al. (1995); Iwunze et al. (1990); Ying et al. (2009); Dayalan et al.
(2002); Mackay (1991); Mackay et al. (1996); Kunitake et al. (2016); Rusling (2007),
including flow batteries.Peng et al. (2020)

Microemulsions are water and oil suspensions stabilized by surfactants and cosur-
factants. In contrast to standard emulsions, microemulsions are thermodynamically
stable.Schulman et al. (1959) Depending on the identity and relative concentrations
of oil, water, and the surfactant system, the constituent water and oil domains
can range from droplets (oil-in-water dispersion or vice versa) to bicontinuous
structures where continuous, worm-like domains of water and oil are separated
by the surfactant monolayer.Strey (1994) Throughout this compositional tuning,
microemulsions maintain transparency due to the sub-100 nm length scale of these
domains.McClements (2012) Microemulsions can be made with ionic or nonionic
surfactants, with the former more commonly studied. Singha et al. (2018); Chen et al.
(1988); Shah et al. (1997); Lissi et al. (2000) The use of nonionic surfactants, however,
ensures that electrolytes added to the aqueous phase have minimal to no effects on the
behavior of the surfactant.Stevens (1957) This advantage of nonionic surfactants over
ionic ones is an important consideration for applications in electrochemical systems.

An underlying question, arising from the applications listed above, remains
regarding the location of different small molecules and their ability to move
within, and potentially between, the domains of the heterogenous microemulsion
environments. In this article, we focus on a microemulsion system composed of
the nonionic surfactant Tween 20, the cosurfactant butanol, water, and toluene
(TBWT). Previously, electrochemical reactivity in this TBWT microemulsion system
was studied with an eye to its potential application in flow batteries.Peng et al.
(2020) The rate of electron transfer observed was hypothesized to arise from the
partitioning of both ionic and electroactive species into the interfacial surfactant

region, as to be in close proximity. Extension of this work implicated the importance
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of the diffusion of the electroactive species within and between microenvironments
for its electrochemical performance.Shen et al. (2021) Herein, we explicitly test these
hypotheses by probing the locations and mobilities of multiple small fluorescent probe
molecules in different compositions of the TBWT microemulsion system with both
steady-state and dynamic fluorescence spectroscopy techniques.

The use of fluorescence to study structural transitions in microemulsions dates
back to 1988 when Chen et al. employed steady-state fluorescence anisotropy to
study the curvature and geometric constraints in a microemulsion composed of
didodecyldimethylammonium bromide surfactant, alkanes, and water.Chen et al.
(1988) Since then, a variety of fluorescence techniques have been used to study many
different aspects of microemulsions, including morphology /structural changes,Singha
et al. (2018); Oliveira et al. (2001) small molecule localization,Oliveira et al. (2001);
Lissi et al. (2000) surfactant hydration,Oliveira et al. (2001); Lissi et al. (2000)
domain sizes and distributions,Khan et al. (2016); Pal et al. (2011) and rotational
behavior of small molecules.Rao et al. (2012); Chakrabarty et al. (2005); Pramanik
et al. (2010); Seth et al. (2006); Laia and Costa (2002). Herein, we employ both
steady-state and time-resolved fluorescence spectroscopies to examine localization
and dynamics. First, as the water content of the microemulsion was observed to
significantly influence the electron transfer kinetics,Peng et al. (2020) we directly
monitor the surfactant hydration using the generalized polarization (GP) of the
amphiphilic probe, laurdan.Parasassi et al. (1994) Second, steady-state fluorescence
spectroscopy was also used to determine the partitioning of an nonpolar probe,
diphenylanthracene (DPA), a polar probe, coumarin 153 (¢153), and the ionic probe,
rhodamine 6g (r6g), as well as the relative proximity of the latter two. Finally, time-
resolved fluorescence lifetimes and anisotropies were collected for the probes to assess
their mobility. Overall, our results confirm that small molecules of different polarity
reside in close proximity in the surfactant region, and, in addition, their dynamics

can reflect larger structural changes in the microemulsions.
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3.3 Materials and Methods

3.3.1 Chemicals

Polysorbate-20 (Tween 20), anhydrous 1-butanol, anhydrous toluene, methyl viologen
and 9,10-diphenylanthracene were purchased from Fisher Scientific. Laurdan and
rhodamine 6g were purchased from Thermo Fisher Scientific, and coumarin 153 was

purchased from Exciton. All solvents and small molecule probes were used as received.

3.3.2 Microemulsion Preparation

Microemulsion samples were prepared according to the compositions given in Table
3.1. As can be seen in the ternary diagram in Figure 3.1, all compositions resulted
in single phase microemulsions. The surfactant mix was made by adding 17.5 wt
% butanol (cosurfactant) and 82.5 wt % polysorbate-20 (surfactant) to achieve the
hydrophilic-lipophilic balance (HLB) to maximize the toluene solubility.Peng et al.
(2020) The 1:10 oil to surfactant ratio was kept fixed for all samples. Deionized Milli-
QQ water was added as the final step in the preparation to achieve the desired water
loading percentage in the microemulsions. The samples were then vortexed for 30
seconds. Sample names in Table 3.1 report the water percentages in the individual
microemulsion samples. All of the measurements presented below were taken using
freshly-prepared samples.

All probe molecules were dissolved in neat solution components before the
microemulsions were formed. The amphiphilic chromophore laurdan was dissolved
in butanol first, then the required amount of butanol with laurdan was mixed with
Tween 20 to make the surfactant mix. The final concentration of laurdan was 5 M
in all microemulsion samples. C153 and DPA were dissolved in toluene, and r6g was
dissolved in water before those components were incorporated into the microemulsion

samples.
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Figure 3.1: Ternary diagram of the polysorbate-20 stabilized microemulsions. The
individual color symbols refer to the individual microemulsion compositions used in
the fluorescent studies. The solid black line denotes the single phase region.
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Table 3.1: Composition of microemulsion samples. Individual compositions are
listed according to wt % water while the oil:surfactant ratio for all samples is held
constant at 1:10.

Microemulsion sample Toluene wt% surfactant wt% water wt%

10 % 8.1 81.9 10
20 % 7.2 72.8 20
30 % 6.3 63.7 30
40 % 5.4 54.6 40
50 % 4.5 45.5 50
60 % 3.6 36.4 60
70 % 2.7 27.3 70
80 % 1.8 18.2 80
90 % 0.9 9.1 90
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The concentration of ¢153 and r6g was maintained at 100 uM for all steady-
state and time-resolved fluorescence experiments on single probe samples. The
concentration of DPA was 10 uM. For Forster (fluorescence) resonance energy transfer
(FRET) experiments, the concentration of c153 was kept at 100 pM while the
concentration of r6g was varied from 0 to 100 pM with increments of 20 uM for
each sample. For photoinduced electron transfer (PET) experiments, 15 uM of ¢153

and 75 uM of methyl viologen (MV?*) were added to the microemulsion samples.

3.3.3 Steady-State Fluorescence Spectroscopy

Steady-state fluorescence measurements were carried out on a Cary Eclipse Flu-
orescence Spectrophotometer by Agilent. The emission spectra were collected at
excitation wavelengths of 340 nm for laurdan, 400 nm for ¢153, 530 nm for r6g, and
390 nm for DPA.

The generalized polarization (GP) of laurdan is a steady-state fluorescence
measurement that was first introduced by Parasassi et al. to quantitatively measure
the phase transitions in model membranes.Parasassi et al. (1994) Specifically, a lower
or more negative GP value is indicative of the increased presence of water in the

interfacial environment in which laurdan is located. The GP function is defined as

(Is — Ir)

GP —
(s + Ir)

(3.1)

Ip and I are the fluorescence intensities at emission wavelengths of 440 nm and
490 nm, respectively, when the sample is excited at 340 nm. The partition coefficient

(log P) value of c153 was calculated using ChemDraw Pro 20.

3.3.4 Time-Resolved Fluorescence Spectroscopy

Time-resolved fluorescence dynamics were measured on a home-built instrument

using a time-correlated single-photon counting (TCSPC) module (PicoHarp 300,
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PicoQuant). Briefly, an Nd:YAG pumped Ti:Sapphire oscillator yielding <100 fs laser
pulses at 800 nm was used as the excitation light source. The repetition rate of 80 MHz
was reduced to 13.33 MHz with an electro-optic modulator, and, for measurements
of ¢153 and DPA, the output was focused into a S-barium borate (BBO) crystal for
frequency doubling. The resulting 400 nm light was passed through a waveplate and a
Glan-Taylor polarizer (excitation polarizer) to control the intensity and polarization of
the excitation light before it was focused onto the sample cuvette. Fluorescence from
the sample was passed through a second Glan-Taylor polarizer (emission polarizer)
and bandpass emission filter (530/55 nm for ¢153 and 475/25nm for DPA) before
it was focused on an avalanche photodiode. The data was acquired by PicoHarp
300 software. The same setup was used for the fluorescence anisotropy measurement
of r6g by replacing the BBO crystal with a supercontinuum fiber (Newport FW800-
0854), the output of which was filtered with a 530/55 nm bandpass filter to isolate the
530 nm excitation light. Fluorescence emission of r6g was filtered with a 572/28 nm
bandpass filter. The instrumental response was measured with an aqueous solution of
100 M DASPMILI et al. (2016) and was found to be ~40 ps FWHM. Fluorescence
lifetime data was fit to a single exponential decay function for r6g while data from
c153 and DPA required biexponential functions for adequate fits.

Anisotropy measurements were collected by acquiring fluorescence emission at
parallel, magic angle (54.7°), and perpendicular polarizations relative to the excitation
polarization. The isotropic intensity was calculated from parallel and perpendicular

conditions according to
(£ (1) + 21, (1))

[iso(t) == 3

(3.2)

where [ and I, are the parallel and perpendicular fluorescence intensities,
respectively. Data were only accepted when the computed isotropic decay and the
magic angle decay agreed within £5%.Horng et al. (1997)

Anisotropy decays were calculated from re-convolution of the instrument response

with the accepted parallel and perpendicular measurements and the following
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equation
(£(t) — GI. (1)

o) = (L) +2G1L(1)) (3.3)

where the G-factor accounts for the polarization sensitivity of the detector and was
measured to be ~1.lak (2006a) Representative anisotropy measurements and decays
can be found in the appendix as Figures A.1 and A.2, respectively.

The rotational anisotropy decays of microemulsion samples containing r6g were
fit with monoexponential functions while samples containing ¢153 and DPA required

biexponential functions for adequate fits:
r(t) =r(0) <ale%1t +(1— al)e%> (3.4)

where 71 and 75 are the fast and slow relaxation times, respectively, and a; and a, =
(1 — ay) are their corresponding amplitudes. Given the well-known multiexponential
behavior for ¢153,Horng et al. (1997) only the weighted average of the rotational time

((7)) for this probe was considered in our analysis:
(1) =aim + (1 —a1)m (3.5)

All fittings were carried out with EasyTau 2.0 software (PicoQuant). These results
are presented in full in Table A.1 .

3.4 Results and Discussion

3.4.1 Laurdan Hydration

Laurdan is an amphiphilic fluorescent probe with a well-studied sensitivity to the
polarity of its environment. Parasassi et al. (1994) The emission spectra of laurdan

in TBWT microemulsions of increasing water content is shown in Figure 3.2(a).
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Figure 3.2: (a) Fluorescence emission spectra of laurdan in TBWT microemulsions
of increasing water content as indicated in the legend. The samples were excited at
340 nm. As the water percentage increases, the intensity of the high energy peak
decreases while the low energy peak shifts slightly to the red. (b) The GP values
calculated from the spectra in (a). A linear change is observed as water penetrates
into the surfactant layer. The colors of the individual traces and points in both plots
match the compositions given in Figure 3.1.
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A clear maximum is seen at ~470 nm that red shifts with the addition of water.
A shoulder at ~420 nm is also apparent and loses significant intensity as the water
content is increased. The position of these features is consistent with the spectra of
laurdan in the individual components of the microemulsion system (see Figure A.7)
and in agreement with a previous report of laurdan fluorescence emission in a different
microemulsion system.Lissi et al. (2000)

In order to quantify the impact of this spectral evolution, the GP value for
each composition was calculated and is plotted in Figure 3.2(b). For all laurdan
fluorescence spectra, the excitation wavelength used was 340 nm and the GP emission
was analyzed at 440 and 490 nm. These wavelengths were traditionally chosen for the
study of phospholipid membranesParasassi et al. (1991) but have also been previously
applied to the analysis of microemulsions.Lissi et al. (2000) The decreasing values of
GP in Figure 3.2(b) show that the water is intercalating into the surfactant layer.
While others have previously shown a more dramatic and exponential decrease in
the GP with microemulsion hydration,Lissi et al. (2000) our results reveal a more
modest, linear reduction. This difference arises from the broad compositional range
over which the TBWT microemulsions maintain a bicontinuous phase. Overall, our
laurdan results reflect a straightforward hydration of the surfactant domain as the
microemulsion composition moves from surfactant-rich to water-rich.

Moving beyond the amphiphilic laurdan, we also examined the partitioning of
ionic, polar and nonpolar chromophores within the microemulsion microenvironments.
Specifically, ¢153 and r6g were chosen as the polarHorng et al. (1995) and ionic
probes, respectively, due to their extensive use in fluorescence studies of complex
fluid systems, including microemulsions. Adhikari et al. (2007); Bera et al. (2021);
Chakrabarty et al. (2005) The steady-state fluorescence spectra of c153 in the 60%
water microemulsions as well as in the individual non-aqueous components is shown
in Figure 3.3(a). It is immediately apparent that the spectrum from c¢153 within the
60% water microemulsion is most similar to its emission in the surfactant components,

especially butanol.
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Figure 3.3: Fluorescence emission spectra of (a) ¢153 and (b) r6g in 60% water
TWBT microemulsion and individual components. The surfactant is a mixture of
butanol and Tween 20 as described in the text. The samples were excited at 400 nm
for ¢153 and 530 nm for r6g. The emission from both probes in the microemulsion

sample most closely resembles that observed from the surfactant.
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This is not surprising given that c153 has a logP (octanol: water partition
coefficient) value of 3.51 suggesting moderate lipophilicity.Duncan et al. (2020) For
context, a highly hydrophilic molecule would have a negative logP value and a highly
lipophilic molecule will have a positive logP value, typically around 5.Wang et al.
(2012) When the water content of the microemulsion is increased, a slight red shit of
the ¢153 emission is observed (Figure A.3). The solvatochromatic behavior of ¢153 is
well known with the red shift indicative of an increasingly polar environment.Jin et al.
(2007); Horng et al. (1997); Reynolds et al. (1996) This is consistent with the laurdan
results above showing water penetration into the surfactant layer for microemulsions
with higher water loading.

The fluorescence emission spectra of r6g in Figure 3.3 (b). also indicate that this
species associates with the surfactant layer. R6g is less lipophilic than ¢153 with a log
P value of 2.62,Wang et al. (2012) and the emission maxima of r6g in microemulsions

did not show any variance with the composition change of the samples (Figure A.4).

3.4.2 Energy and Electron Transfer of Polar and Ionic
Species

Given the presence of both ¢153 and r6g within the surfactant layer of the
microemulsion and their known compatibility as FRET pair,Sahu et al. (2006);
Ghatak et al. (2011) we collected a series of fluorescence spectra with both probes
present to assess their relative distance. Figure 3.4 shows the fluorescence emission
spectrum of the 90% water TWBT microemulsion sample containing 100 uM c¢153
with increasing amounts of r6g added. For all spectra, the c¢153 was excited at 400
nm. As the concentration of r6g increases in the sample, the ¢153 emission at ~530
nm decreases while emission from r6g at ~570 nm increases consistent with energy

transfer from c153 to r6g.
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Figure 3.4: FRET of ¢153 and r6g in the 90% water TWBT microemulsion. The
concentration of ¢153 in all samples is 100 uM and was excited at 400 nm. R6g
concentrations are varied from 0 to 100 uM as indicated in the legend. As the
concentration of r6g increases, the observed emission shifts from ¢153 to r6g indicating
energy transfer.
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Calculating the distance between the molecules from our measurements is difficult
because the relative orientation of the molecules to each other is not known but is
also not expected to be isotropically distributed given their association with the
surfactant molecules. Previous work has shown that FRET is significantly impacted
by the orientational arrangement of the molecules.Srinivas and Bagchi (2001)

In order to better assess how deep the ¢153 is buried within the surfactant layer,
assuming that the ionic species are closer to the water domain, we conducted a
complementary PET experiment. For this experiment, we replaced r6g with methyl
viologen (MV?") as the ionic species as it is known to have a suitable reduction
potential to facilitate energy transfer from c153.Porel et al. (2012) In comparison
to rg6, MV?* is a smaller molecule which may suggest deeper penetration into the
surfactant layer, but its 42 charge is expected to yield a higher water association. If
electron transfer to MV?" occurs after c153 excitation, the emission intensity from
c153 should decrease. As can be seen in Figure A.5 and A.6 , the fluorescence intensity
of ¢153 does not change in the presence of MV?T indicating no PET. FRET efficiency
is inversely proportional to the sixth power of the distance separation. In contrast,
the dependence of PET on distance is exponential and primarily only effective at
distances on the order of 10 A. As such we find that the distance between the polar
and ionic species is too far for electron transfer in our experiments but close enough

for energy transfer.

3.4.3 Time-Resolved Anisotropy of C153 and R6g

After determining their localization, we next consider the rotational diffusion of r6g
and c153 via dynamic fluorescence anisotropy measurements. Control experiments
conducted on the probe molecules in neat solvents before carrying out measurements
on microemulsion samples. Specifically, we measured the initial anisotropy and
rotational time of ¢153 in butanol and r6g in water. The initial anisotropy and

rotational time for ¢153 in butanol were measured to be 0.369 4+ 0.006 and 234.1 +
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3.7 ps, respectively, while for r6g in water measurement values were 0.389 £ 0.005
and 251 + 7.9 ps, respectively. These values are consistent with previous reports
in the literature.Maroncelli and Fleming (1987); Horng et al. (1997); Gumy and
Vauthey (1996); Philips et al. (1985) Figure 3.5 (a) and (b) shows the rotational
times of ¢153 and r6g in the hydration series of TBWT microemulsions, respectively.
It is immediately apparent that both probes display a similar trend consistent with
their close proximity in the polar region of the surfactant layer. From 10-60% water
loading, the rotational times of both probe species decrease as the increased hydration
in the surfactant region reduces the local viscosity permitting faster rotational
diffusion. Despite the continued increase in the hydration of the surfactant layer
over the entire compositional range tested, however, the rotational rates of both
probes show a minimum at 60% followed by increasingly hindered rotation at higher
water percentages. As mentioned previously, the anisotropy decay of c153 was
fitted with a biexponential function, whereas r6g was fitted with a monoexponential
function. Previous work has shown that c153 exhibits multiexponential decays in
its fluorescence lifetime in a wide range of neat solvents.Horng et al. (1997) As
such, we do not associate the different decay components of c153 to heterogenous
microenvironments and instead consider only the average rotational time, weighted
according to the amplitudes of the individual components. It is worth mentioning
that the initial anisotropy we measured in microemulsions is lower than that in
neat solvents (butanol and water), which is consistent with previous reports in the
literature for complex fluids.Funston et al. (2007); Carnero Ruiz et al. (2017); Adhikari
et al. (2007); Bain et al. (2000); Oliveira et al. (2001); Blackburn et al. (1996) The
similarity in the trends of rotational times observed for both of the probes supports
the FRET results above that ¢153 and r6g reside in relatively close proximity in the
surfactant microenvironment and sense similar local changes in the microemulsions.
While the laurdan results described previously indicate that water is still penetrating
in increasing amounts into the surfactant layer at these water percentages above 60%,

this increase in water does not yield a more fluid environment.
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Figure 3.5: Rotational times of ¢153 (a) and r6g (b) in the TWBT microemulsions.
The concentration of both of the probes was 100 pM. TWBT microemulsions with
c153 were excited at 400 nm and emission was collected at 530 nm. R6g was excited at
530 nm and emission was collected at 572 nm. The decrease and subsequent increase
of the rotational time correlates first to an increased surfactant layer fluidity due to
water penetration and then to a stiffening and structural change in the microemulsions
from bicontinuous to droplet.
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Instead a stiffening of the surfactant layer is observed according to the rotational
times of ¢153 and r6g. An important correlation to these results is that previous
work has indicated that electron transfer in this 60% water microemulsions is most
facile near this composition where we observe the most rapid rotational motion and
hence the most fluid surfactant layer.Peng et al. (2020) In addition, the gradual
transition from a bicontinuous structure to droplets in this microemulsion system has
also been postulated to begin near this amount of water loading.Peng et al. (2020)
Recent studies of these microemulsion samples by small angle neutron scattering show
that the bending modulus, the energy needed to change the surfactant curvature
at the interface, increases up to 60% water loading in the microemulsion samples
and then decreases gradually as water loading increases beyond this point. The
gradual decrease of bending modulus at higher water content was associated with
the transition from bicontinuous to oil-in-water structure microemulsions.Imel et al.
(2022) In this context, our results can then provide explanations for this observation
as the increased water and resulting stiffening of the surfactant layer drives the larger

structural change to droplets in this complex fluid.

3.4.4 Localization and Dynamics of Nonpolar Chromophore

The introduction of the nonpolar chromophore, DPA, reveals different behavior in
contrast to the polar and ionic species. Figure 3.6 presents the fluorescence emission
spectra of DPA in the surfactant mix, toluene, and TWBT microemulsions of varying
water percentage. A red shoulder on the emission spectra is indicative of association
with the surfactant environment but decreases with increased water loading until the
DPA spectrum in the 90% water microemulsion matches that of DPA in toluene.
Unlike the previous probes, this indicates a movement in the localization of the
nonpolar species out of the surfactant layer as the microemulsion composition changes.
This behavior of the nonpolar DPA is further confirmed by examining its rotational

diffusion trends at 475 nm emission.
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Figure 3.6: Fluorescence emission spectra of DPA in toluene, surfactant and TWBT
microemulsions with 10 and 90% water. At lower water content, there is more
association of the DPA with the surfactant layer. All samples contained 10 uM
of DPA and were excited at 390 nm.
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The anisotropy decay of DPA was fitted with a biexponential function. Unlike ¢153
and r6g, DPA does not show a minimum in rotational time at 60% water loading but
instead a change in partitioning reflecting the microemulsion compositional change.
Figure 3.7(a) and (b) shows both the rotational times and amplitudes for the fast
and slow components of DPA in the microemulsion samples, respectively. The fast
rotational component is constantly ~600 ps for all microemulsion compositions, but
the amplitude shows a maximum at 60% water loading consistent with a majority
of the molecules partitioning into this environment when the surfactant layer is
most fluid. The slow rotational component reveals a linear decrease as the water
percentage increases in the system. The amplitude of the slow component mirrors
that of the fast component with a minimum of the DPA molecules in this, more
rigid, microenvironment at the 60% water composition. This increase in rotational
time is expected to arise from a movement of this DPA microenvironment toward
the oil domain as the water penetration in the surfactant layer increases. While the
steady state emission spectra of DPA in 90% microemulsion and toluene resembles
each other, the rotational time of DPA in the all of the microemulsion samples is

much slower than in neat solvents.Ben-Amotz and Scott (1987)

3.5 Conclusions

Microemulsions are complex fluids, and their ability to solvate a diverse range of small
molecules in different domains is important to their many applications. In this series
of fluorescence measurements, we find that all small molecule probes studied, despite
their structural differences, show partitioning into the surfactant layer of the nonionic
TWBT microemulsion system. In fact, the ionic and polar species are close enough
to permit energy transfer between them. As the water content increases beyond 60%,
the rotational dynamics of ¢153 and r6g report on a stiffening of the surfactant layer
that correlates with a larger structural change in the microemulsion from bicontinous

to droplets.
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Figure 3.7: DPA fluorescence anisotropy in in TWBT microemulsions. (a) Fast
rotational time components and amplitudes as a function of water percentage. The
amplitude increases as water increase until 60% and decreases with further increase
of water while the rotational times remains relatively constant. (b) Slow rotational
time components and amplitudes. The time component decreases with the increase
in water content while the amplitude decreases until 60% water loading and then
increases with water addition. Overall, DPA shows changes in partitioning as a
function water content in the microemulsion.
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In contrast, the nonpolar DPA associates more with the surfactant tails and oil
domain as water increasingly penetrates the surfactant layer (Figure 3.8). Overall, our
results support the hypothesis that the microemulsion surfactant layer can mediate
the partitioning of a range of different small molecules and act overall as a tunable

environment.
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Figure 3.8: A graphical representation of microemulsion’s microenvironment,
showing possible sorting of different probe molecules around the Tween 20 structure
at different water percentage.
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Chapter 4

Exploring the Heterogeneity in
ChCl:Phenol Deep Eutectic
Solvents by Fluorescence

Techniques
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4.1 Introduction

Deep eutectic solvents (DESs) are tunable complex fluids that have numerous
applications in industrial and scientific fields including, metal processing and
metallurgy Abbott et al. (2007), batteriesSoldner et al. (2019), solar cells Pal et al.
(2014), gas separation Kadyan et al. (2016); Garcia et al. (2015), nanomaterial
synthesis Wagle et al. (2014), pharmaceuticals, Mano et al. (2017) biocatalysis,
Durand et al. (2013) biomaterial manufacturing, Loow et al. (2018) and genomics
Dominguez de Maria and Maugeri (2011). DESs are eutectic binary mixtures
containing a hydrogen bond acceptor (HBA) and a hydrogen bond donor (HBD)
species whose melting temperature is lower than that of the individual constituents.
These fluid systems were first formulated by Abbot et al.Abbott et al. (2003), when
powdered choline chloride and crystalline urea were mixed at 1:2 mole ratio, it was
observed that the mixture turned liquid at room temperature. The decrease of the
mixture’s melting point is a result of the formation of hydrogen bonds between the
halide ions and hydrogen-donor moieties. Since that discovery, many DESs of various
binary mixtures of hydrogen bond acceptor (HBA) and HBD have been formulated
and studied till date and, many more (10®) binary mixtures have been theorized.
Hansen et al. (2021)

DESs are often acknowledged as a class of ionic liquids (IL) Smith et al. (2014),
another complex fluid made of distinct ions, because of their similar physical
properties including thermal stability, low volatility, non-flammability, low vapor
pressure, and tunability. Hansen et al. (2021); Smith et al. (2014) However, DESs
and ILs have many important differences. ILs are made from limited types of discrete
anions and cations and are liquid at < 100°C temperature, whereas DESs are made
from various eutectic mixtures of HBA and HBD species and are liquid at room
temperature. Smith et al. (2014) DESs are easy and economically more feasible to
synthesize compared to ILs. Like ILs though, DESs have the potential to become
an alternative to aqueous electrolytes. Subba et al. (2020); Dhingra et al. (2019);
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Wang et al. (2012) Current DESs are however limited by high viscosity which is
not favorable for electrolyte application. Thus, fundamental understanding of the
molecular arrangement of DESs components is required for tailoring appropriate DESs
with lower viscosity and higher solubility properties.

There are many experimental techniques available to characterize DESs including,
nuclear magnetic resonance, fourier-transform infrared spectroscopy, broadband
dielectric spectroscopy, neutron scattering, dynamic light scattering, and fluorescence
spectroscopy.Hansen et al. (2021); Pandey et al. (2013); Das and Biswas (2015);
Pandey et al. (2017); Sakuragi et al. (2018); Soldner et al. (2019) In this research
work, fluorescence techniques including steady-state fluorescence and time-resolved
fluorescence anisotropy were employed to characterize DESs made of choline chloride
and phenol. This sample was chosen because recently it has been seen that electrical
conductivity of choline chloride:phenol DESs is comparable to the conductivity of
ionic liquids. Generally ionic liquids have higher electrical conductivity than DESs.
To the best of our knowledge, the DES samples that are studied here have not been
previously characterized using fluorescence techniques.

Fluorescence techniques have been employed to investigate various properties
of DESs including solvation dynamics, rotational diffusion, translational diffusion,
polarity, spatial, and temporal heterogeneity of DESs. Subba et al. (2020); Hossain
et al. (2020); Kadyan et al. (2019); Turner and Kim (2018); Hossain et al. (2019);
Pandey et al. (2017); Guchhait et al. (2010); Das et al. (2015) Here in this work, we
employed two dipolar probes, c153 and 4-aminophthalimide (4AP), and a nonpolar
probe DPA, to investigate the microenvironments of the ChCl:Phenol DESs by
steady-state and time-resolved fluorescence techniques. The inherent properties
that these individual probes possess include the environment sensitivity of c153,
affinity for hydrogen bonding of 4AP and neutral interaction of DPA. Steady-state
fluorescence studies were employed to study the polarity and spatial heterogeneity of
the microenvironments of DESs. Time-resolved fluorescence anisotropy was used to

assess the mobility of the probes in these complex fluid systems.
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4.2 Materials and Methods

4.2.1 Chemicals

Choline chloride, anhydrous phenol, and DPA were purchased from Fisher Scientific.
4AP was purchased from Thermo Fisher Scientific, and c¢153 was purchased from

Exciton. All solvents and small molecule probes were used as received.

4.2.2 Deep Eutectic Solvent Preparation

Choline chloride and phenol were dried for 48 hrs prior to sample preparation.
Appropriate amounts of solid choline chloride and phenol were added in a vial. The
processes of weighing and mixing the components were carried out under a gentle
stream of nitrogen gas in a glove box. After adding the solids in a vial, the mixture
was mixed using a stir bar in presence of gentle heat around 55°C by placing the
vial on top of a hot plate. The mixture was stirred until a clear homogeneous liquid
appearance was achieved. After the samples were cooled down to room temperature
probe molecules were added to the samples for fluorescence experiments. Table 4.1
shows the molar ratio of the choline chloride and phenol in each samples that was
tested in this study. The number in the sample name reflects the mole ratio of HBD
(phenol) to choline chloride in each DESs. The higher number (6) indicates the
presence of higher phenol content (6:1) in the samples compared with lower number
labels. All the samples retained liquid form throughout the experiments and while

stored at room temperature.

4.2.3 Steady-State Fluorescence Spectroscopy

Steady-state fluorescence measurements were carried out on a Cary Eclipse Fluores-
cence Spectrophotometer by Agilent. Samples with ¢153 were excited at 365 nm, 390
nm, 400 nm and 420 nm. 4AP dissolved samples were excited at 365 nm, 390 nm,

400 nm and 420 nm and samples containing DPA were excited at 390 nm.
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Table 4.1: Composition of DES samples, in each sample HBD was varied

Sample Name ChCIl:Phenol mole ratio

DES_2 1:2
DES_3 1:3
DES 4 1:4
DES 6 1:6
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4.2.4 Time-Resolved Fluorescence Spectroscopy

The home-built instrument that was described in chapter 3 was used to collect the
time-resolved fluorescence measurements in this work. Briefly, The laser pulse of
< 100 fs at 800 nm from Nd:YAG pumped Ti:Sapphire oscillator (Mai Tai) was
passed through an electro-optic modulator to modulate the repetition rate of the
light to 13.33 MHz from 80 MHz. The modulated light was focused into a [-barium
borate (BBO) crystal to generate 400 nm light. The 400 nm light was used as the
fundamental light for the instrument. In the instrument, the 400 nm light passed
through a waveplate and a Glan-Taylor polarizer (excitation polarizer) to control the
intensity and select the polarization of the excitation light. The selected polarized
light (vertical polarization) was focused onto the sample cuvette. The fluorescence
from the sample was collected at a 90° angle with a series of lenses. The fluorescence
was then passed through a second Glan-Taylor polarizer (emission polarizer) to select
the parallel or perpendicular polarized fluorescence. Selected polarized fluorescence
was passed through the bandpass emission filters to filter out the fluorescence from
fundamental light. Subsequently, the fluorescence was focused on an avalanche
photodiode. To isolate fluorescence of ¢153 and 4AP from the respected samples, a
530/55 nm and a 525/20 nm bandpass filters, respectively were used. Fluorescence of
DPA was filtered by 475/25 nm bandpass. The avalanche photodiode sent the signal
to the time-correlated single photon counting module (PicoHarp 300, PicoQuant).
Using the Picoharp 300 software the data was acquired. The fitting was done using
Easy Tau 2 software. The instrumental response was measured with an aqueous
solution of 100 pM DASPMI Li et al. (2016) and was found to be ~40 ps FWHM.
Time-resolved fluorescence emission data were checked for quality by comparing
the calculated isotopic intensity decay with the magic angle intensity decay (fluores-
cence collected at a 54.7° with respect to the excitation polarization). When these
decays agreed within +5%, Horng et al. (1997) the parallel and perpendicular data

were considered for anisotropy calculations. The isotropic intensity was calculated by

23



computing the parallel intensity, I, and perpendicular intensity, /,, in the equation

4.1.

(4 (1) + 21, (1))

Iz'so (t) - 3

(4.1)

Anisotropy decays, r(t), were calculated by computing the parallel and perpen-

dicular intensity in the following equation,

(y(t) — GI.(1)

"0 = 10,0 1 261, (1)

(4.2)

The G factor is the factor that corresponds to the polarization bias of the detector
and was ~1. lak (2006a) The anisotropy decays were fitted with the following equation

by re-convolution of the instrument response.

r(t) =7(0)(are™) (4.3)

The anisotropy decays of c153 were fitted with biexponential function whereas
the anisotropy decays of 4AP and DPA required monoexponential fits. All the fitting
were done by employing Easy Tau 2 (PicoQuant) software.

4.3 Results and Discussions

4.3.1 Steady-State Fluorescence

Figure 4.1 shows representative fluorescence emission spectra of ¢153, DPA, and 4AP
dissolved in choline chloride:phenol DESs at room temperature. These probes are
commonly used in the fluorescence studies of DES. Hossain and Samanta (2018);
Hossain et al. (2019); Das and Biswas (2015); Subba et al. (2020) The non-polar probe
DPA showed very similar emission behavior in the DESs across all the composition.
The phenol content change in its surrounding environment did not influence any

emission behavior.
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Figure 4.1: (a) Emission spectra of ¢153 in choline chloride:phenol DESs. The
peak emission shifts to red with the increase of phenol content, (b) Fluorescence
of DPA in DESs showing no change in their fluorescence spectra with different mole
ratios of HBD, (c) emission spectra of 4AP showing continuous with increasing phenol
composition in the system.
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In chapter 3, DPA showed movement in microemulsions with the increase in water
loading. Here, unlike in microemulsions, DPA did not show any sign of movement
in the DESs. The emission spectra of ¢153 and 4AP display clear solvatochromic
shifts in the DESs. Hossain et al. (2019). Figure 4.1(a) shows a 9 nm red shift
of emission maxima of ¢153 with the increase of phenol from DES 2 to DES_3. The
further increase of phenol in DES_3 to DES_6, however, did not result in an additional
red shift of the c153 emission maxima. Previous studies of ¢153 have shown that this
probe’s emission spectra shift in response to the polarity of its environment suggesting
that the polarity of ¢153’s local environment in DES_3 to DES _6 is not changing. The
dipolar probe 4AP did show a red shift of its emission maxima with the increase of
phenol content across all the compositions of the DESs (Figure 4.1). 4AP can sense
polarity change in its local environment and is also prone to interact with hydrogen
bonds. Hossain and Samanta (2018) The emission spectra of 4AP in Figure 4.1
(c) shows a red shift with the increase of phenol content in the DES indicating its

interaction with the hydrogen bond network in its local environment.

4.3.2 Spatial Heterogeneity

The formation of DES systems through hydrogen bonding between HBAs and HBDs
can give rise to heterogeneity in the system. The study of spatial heterogeneity
in DESs employing excitation-dependent fluorescence technique is common in the
literature. Biswas and coworkers have studied this phenomenon in various DESs
including ChCl:urea Das and Biswas (2015), glucose:urea:water Tarif et al. (2019),
acetamide:calcium nitrate Subba et al. (2020), acetamide:urea Das et al. (2015), and
acetamide:polyethylene glycol Reuter et al. (2021). Samanta and coworkers have also
studied spatial heterogeneity in alcohol-based DESs including ChCl:1,2-ethanediol,
ChClI:1,3 propanediol, ChCl:1,4-butanediol, and ChCl:ethylene glycol Hossain and
Samanta (2018, 2017).
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As shown in Figure 4.2 if a dipolar molecule is surrounded by nonidentical microen-
vironments, probing that molecule at different excitation wavelengths will show a shift
in the corresponding emission maxima which will reflect the microheterogeneity of the
medium. We investigated the excitation-dependent fluorescence of ¢153 and 4AP in
our DES samples as shown in Figure 4.3. The results of ¢153 show no excitation-
dependent emission behavior, meaning there is no shift in emission maxima at the
different excitation wavelengths. However, we do see the emission maxima of 4AP
shift when the probe is excited at different wavelengths. The maximum shift of the
4AP emission peak is seen for DES_3, where the shift is about 20 nm. When 4AP
in DES_3 is excited at 375 nm the emission peak is observed at 516 nm but when
excited at 420 nm the emission peak is observed at 536 nm. In the literature, it is not
common to see excitation-dependent fluorescence in 4AP but not in ¢153. Hossain
and Samanta (2017, 2018) Given the different behavior of ¢153 and 4AP, we interpret
the excitation-dependent behavior of 4AP as likely arising from its interaction with
the hydrogen bond network, which ¢153 is less sensitive to, than spatial heterogeneity.
To confirm the lack of 4AP population in two different local environments, we can
look further at our time-resolved fluorescence data. The spatial heterogeneity can be
investigated by better fluorescence techniques, for example, fluorescence correlation

spectroscopy (FCS). Subba et al. (2020); Hossain et al. (2019)

4.3.3 Time-Resolved Anisotropy

After observing the steady-state fluorescence in these DESs, we evaluate the influence
of local environment on the rotation of the probe molecules by measuring the time-
resolved fluorescence anisotropy. Figure 4.4 shows the rotational times derived from

anisotropy measurements of probes c¢153, 4AP, and DPA in the DES samples.
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Figure 4.2: A schematic representation of possible sorting of 4AP in the
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The 2 4AP molecules that have lines drawn from them appear to be in the same local
environment.
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Figure 4.4: Rotational times of (a)c153, (b)DPA, and (¢)4AP in Phenol: ChCl DESs.
The rotational times of all the probes decreases with the increase of phenol in the
system.
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Despite being distinctly different from each other, the probes show a similar trend
of rotational rates. We observe a decrease in rotational times with an increase in
the molar ratio of phenol:ChCl for all the probes. The decrease in rotational time
indicates that the probe is rotating more freely in the solvent environment, feeling
less hindrance. This trend follows the viscosity trend of these same DESs studied
by Guo et al. Guo et al. (2013) where they observed the decrease of viscosity
with increasing phenol content. Our previous interpretation of the steady-state
fluorescence data suggested that the excitation-dependence of 4AP was not due to
the probe experiencing multiple local environments which is further supported our
time-resolved data here as the 4AP emission decay was fit with a single exponential
decay. If 4AP was distributed at different sites in the DES, the fluorescence would
be expected to decay in multi-exponential form with different dynamics arising from
the different populations. It is also possible that we were not able to probe 4AP that
were sorted in the different local environments as time-resolved fluorescence signals
were isolated using a single, narrow bandpass, emission filter.

The rotational rate of the probe molecule is directly influenced by the local
viscosity. If we see the rotational time of ¢153, DPA, and 4AP in DES_6 we observe
that they are reporting a similar rotational time of ~ 1700 ps. Although the size
of 4AP is the smallest of the probes studied, it rotates at similar rate as ¢153 and
DPA suggesting its rate is hindered. As it is the only one of the three molecules
expected to significantly interact with the hydrogen bond network, we postulate that
this interaction is reducing its rotation. To evaluate this hypothesis, we calculate
the theoretical time of 4AP and ¢153 in DESs using the Stoke-Einstein-Debye (SED)

hydrodynamic equation Fleming and Fleming (1986),

nV fC
KgT

(4.4)

Trot =

Here, 7., is the rotational time, V' is the van der Waals volume of the solute, f

is the shape factor of the solute, C' is the boundary case (either stick or slip), Kp
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is the Boltzmann constant and T is the temperature. For our analysis, we calculate
the theoretical rotational times of these probes in stick and slip boundary conditions.
Briefly, the slip and stick boundary conditions indicate the extent of solute-solvent
coupling. The values of hydrodynamic slip (Cy;,) and shape factor (f) for ¢153 were
0.24 and 1.71, respectively. Hydrodynamic slip and shape factor for 4AP were 0.11
and 1.60, respectively. The values of V., C', and f for c¢153 and 4AP were taken
from the literature Hossain and Samanta (2018). Figure 4.5 compares the rotational
times extracted from experimental data with the calculated stick and slip rotational
time as a function of the DES composition. Figure 4.5 (a) shows the experimental
rotational times of ¢153 in DESs lie in between the slip and stick model indicating
moderate interaction of ¢153 with the solvent. The semi slip and stick interaction
of ¢153 with solvents is well known in the literature. Hossain and Samanta (2018,
2017) On the other hand, the experimental rotational times of 4AP(Figure 4.5 (b)),
are higher than the rotational times from the stick model. The deviation of the
experimental rotational time of 4AP from the stick model time decreases with the
increase of the phenol content in the DESs. This shows the weakening of the hydrogen
bond interaction with 4AP. In literature, it has been shown that the strength of
the hydrogen bond between HBA and HBD relies on the substitution group of the
HBD. Zhu et al. (2017) The electron-withdrawing substituting group strengthens the
hydrogen bond, and the electron-donating substitution group weakens the hydrogen
bond between HBA and HBD. Zhu et al. (2017); Stefanovic et al. (2017) A weak
hydrogen bond network corresponds to a lower viscosity of DES. In our sample,
phenol has the electron-donating substitution group and with the increase of phenol
concentration in the DES decreases the strength of the hydrogen bond, hence lowering
the viscosity. Guo et al. (2013) This correlates with the trend we see in the decrease of
deviation of the experimental rotational time of 4AP from the stick model rotational

times of 4AP.
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hydrodynamic model for the same probe across all the composition of DESs.
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4.4 Conclusions

DESs are complex and versatile solvent systems that are capable of replacing volatile
organic solvents and aqueous electrolytes because of their tunable properties, ease
of formulation, and biodegradability. Here, we have studied a series of eutectic
mixtures of choline chloride and phenol by employing multiple fluorescence techniques.
While excitation-dependent fluorescence emission was observed for 4AP, the presence
of spatial heterogeneity was not supported by steady-state c153 measurements or
time-resolved studies. Instead, the 4AP steady-state results may arise from different
hydrogen-bonding interactions which are strong in this system as characterized by its
superstick behavior. Only small differences were noted in the behaviors of the probes
for different DES compositions, but the most notable was the reduction of hydrogen-
bonding interaction of 4AP with the relative increase of the phenol concentration.
Future studies to investigate how this trend extends to systems with even higher

phenol content may be warranted.
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Chapter 5

The Adsorption Dynamics of
Nonionic Surfactants at Charged
Surfaces probed by Second

Harmonic Generation Spectroscopy
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5.1 Introduction

Surfactants are amphiphilic molecules, soluble in both polar and non polar solvents by
leveraging their hydrophilic and hydrophobic parts. These molecules have numerous
industrial applications as surface-active agents, including detergents, microemulsions,
oil recovery, drug delivery systems, and cosmetics.Israelachvili (1994); McClements
and Rao (2011); Sjoblom et al. (1996); Soloveichik (2015b) Surfactants have the
unique properties of reducing surface tension and interfacial tension between phases.
Prince (1967) Another important property of surfactants is their adsorption at solid
surfaces. Wang et al. (2000) Surfactants are often used to modify the electrode surface
in electrochemical cells to improve reaction rates.Vittal et al. (2006) A recent study
on a microemulsion system’s potential application as an electrolyte revealed that the
surfactant layer in the microemulsion facilitates facile electron transfer rates at the
electrode.Peng et al. (2020)

For efficient electron transfer at the electrode, the electroactive agent must
donate/accept electrons at the surface of the electrode and transport itself into the
bulk. If surfactants at the electrode are adsorbed in a way that impacts the movement
of the electroactive species, the rate of electron transfer at the electrode will be altered.
To screen for this behavior, the adsorption of small molecules onto charged surfaces in
the presence of different surfactants can be characterized. If the surfactants hamper
the mass transport it would be beneficial to select a surfactant that would have
low adsorption affinity towards a charged surface or vice versa for cases where the
surfactant does facilitate the mass transport. The goal of this project is to use second
harmonic generation spectroscopy to characterize the surface adsorption of surfactants
and the role of surfactant on the adsorption of small molecules at the charged surface
to aid the selection of surfactants for future application in electrolytes.

Second harmonic generation spectroscopy is surface-specific that can report on the
events taking place at the surface of solid particles buried in a bulk material, as such,

this technique is often used for measuring the adsorption isotherms of small molecules
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on charged surfaces. SHG spectroscopy has previously been utilized to study the
dynamics of dye adsorption, polymer adsorption, micro-pollutant adsorption, and
thiol adsorption.Wang et al. (2000); Eisenthal (2006); Jen et al. (2009); Jen and
Dai (2006) One of the criteria to increase SHG signals from molecules adsorbed
at a surface dispersed in solution is that molecules have a resonant excited state
at the SHG frequency. Our subject surfactant molecules do not meet this criteria.
However, Wang et al. Wang et al. (2000) developed a method in which the adsorption
of nonresonant molecules at a surface is studied by observing the displacement of
adsorbed resonant molecules. SHG signal from the resonant molecules adsorbed at
the surface will decay when a nonresonant molecule replaces them. The SHG decay
of the resonant molecule can be fit with a competitive adsorption model to quantify
the parameters of adsorption of the nonresonant molecule, in our case the surfactant
molecules. We will be utilizing this method to study the adsorption isotherm of
two nonionic surfactant molecules, Tween 20 and BrijO20, at the negatively charged

surface (sulfate-functionalized polystyrene beads).

5.2 Experimental Section

5.2.1 Chemicals

Malachite green (MG) dye and the sulfate functionalized polystyrene beads (PS)
were purchased from Thermo Fisher Scientific. Polysorbate 20 (Tween 20), and
polyoxyethylene (20) oleyl ether (BrijO20) were purchased from Fisher Scientific.
MilliQ deionized water (Millipore Sigma, Burlington, MA) was used to prepare

samples. All the chemicals were used as received.

5.2.2 Instrumentation

The home-built SHG spectroscopy setup discussed in chapter 2 (Figure 2.4) was used
to collect the data shown in this chapter. Briefly, the 800 nm light with a pulse width
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of <100 fs at the repetition rate of 80 MHz from an Nd:YAG pumped Ti:Sapphire
oscillator was used as the fundamental light for SHG. The light passes through a
power attenuator consisting of a half- waveplate and a polarizer. Subsequently, it is
passed through a 475 nm long pass filter before focusing the light onto the sample
cuvette to ensure that the fundamental light is free of second harmonics which may
be generated from the optics. In order to stir the sample between measurements,
a magnetic stirrer was placed under the cuvette holder. SHG scattering from the
sample was collected by a series of lenses (collection lenses) and passed through a 725
nm shortpass fiter (to filter out the fundamental 800 nm light from the SHG) before
it was focused onto an optical fiber. The other end of the optical fiber was mounted
on a filter cube where a 400/10 nm bandpass filter was placed. The filter cube was
mounted on a Hamamatsu PMT counter head which collected the SHG signal. Using
homebuilt LabView software, the data were acquired from the PMT and analyzed

using MATLAB codes.

5.2.3 Sample Preparation

The samples were prepared by diluting a stock solution of PS beads in water to
maintain a particle density of 10% beads per ml. The solution pH was maintained
at 4.1 because the MG dye exists in its cationic form at pH 4.1.Wang et al. (2000)
The cationic form of the dye will ensure proper adsorption to the negatively charged
surface. The Cs, symmetry of MG exist at the cationic form, the SH light is resonance
with the Cy rotation axis. Eckenrode et al. (2005) Tween 20 and BrijO20 stock

solutions were made with pH 4.1 water.

5.2.4 Adsorption Isotherm and Competitive Adsorption Iso-

therm Experiments

As mentioned earlier we will be utilizing the competitive adsorption isotherm method

to study the adsorption isotherm of the surfactants. Before we can use this method,
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we need to study the adsorption isotherm of the resonant molecules at the same
negatively charged polystyrene beads because fitting parameters of the competitive
isotherm model require the input of the adsorption parameters of the resonant
molecules. Briefly, the adsorption isotherm experiment started with a sample
containing 10® polystyrene beads per ml dispersed in the aqueous solution of pH
4.1. An appropriate aliquot of MG stock solution was gradually added to the sample
between each measurement. The sample was stirred for 30 s using a magnetic stirrer
after the addition of MG solution to ensure proper mixing. After each addition of
MG, the SHG signal from the adsorbed MG molecules in the sample was collected
for 3 s at an integration time of 250 ms.

In competitive adsorption isotherm experiments, the starting sample contained 108
polystyrene beads per ml dispersed in a 10 M MG dye solution at pH 4.1. A small
aliquot of surfactant stock solution was added to gradually increase the surfactant
concentration in the sample. The amount of gradual increase varied between different
surfactants. For the Tween 20 competitive isotherm experiment, the gradual increase
of surfactant was kept at 0.25 uM. For BrijO20 the initial gradual increase was by
0.5 uM and after reaching the global concentration of 4 M, the gradual addition
was kept at 2 uM. The addition of surfactant to the sample was carried out until the
SHG signal reached a plateau. Wang et al. (2000); Jen et al. (2009); Eisenthal (2006);
Eckenrode and Dai (2004); Eckenrode et al. (2005); Cole et al. (2019)

Figure 5.1 shows a graphical representation of differences between two types of
isotherm experiments. Figure 5.1 (a) represents an adsorption isotherm experiment
where SHG intensity is plotted as a function of MG dye concentration. SHG signal
increases with the increase of MG dye concentration in the solution as the MG dye
get adsorbed at the bead surface. The signal reaches a plateau when the bead surface
sites are filled by the MG dye molecules. By fitting this data with the modified
Langmuir adsorption model, the adsorption energy and number of active sites can be

extracted. Wang et al. (2000)
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Figure 5.1: Schematic representation of (a) adsorption isotherm and (b) competitive
adsorption isotherm data plots. (a) Shows how SHG intensity increases with
increasing MG dye concentration. (b) Shows the decrease of the SHG signal with
the increase of the surfactant concentration as the surfactant displaces the absorbed

dye molecules
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Figure 5.1 (b) represents the data plot of a competitive adsorption isotherm exper-
iment where the SHG intensity is plotted as a function of surfactant concentration.
At zero concentration of surfactant, the sample contains bead surfaces saturated
with adsorbed MG dye molecule leading to a peak SHG signal. Gradual increase
of surfactant concentration in the sample solution decreases the SHG signal as the
surfactant molecules displace the adsorbed MG dye molecule from the surface. As
the surfactant molecules are nonresonant with the SHG frequency, the adsorbed
surfactant molecules will not produce a significant SHG signal compared with the
signal from the adsorbed resonant MG dye molecules. Cole et al. (2019); Eckenrode
et al. (2005) Fitting this decay of SHG signal with the competitive adsorption isotherm
model, the adsorption energy of the surfactant and the number of active sites at
which the surfactants are adsorbed can be extracted. Details of the calculation will

be discussed in the following sections.

5.3 Results and Discussions

Before discussing the results obtained from this study, it is worth mentioning that
the data analysis part is still ongoing. For this reason, the adsorption parameters of

the molecules are not included here.

5.4 SHG from MG in a Microemulsion

We first attempted an adsorption isotherm of MG onto the polystyrene beads in a
microemulsion environment. Our goal was to assess the ability of the small molecule
to reach the charged surface in the microemulsion sample in which the most facile
electron transfer was observed. Peng et al. (2020) In this experiment, 10® PS beads per
ml were dispersed a microemulsion made with toluene, Tween 20, butanol, and water
as done in chapter 3. The overall weight percentage of water in this microemulsion

was 60%. The pH of the water was 4.1.
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Figure 5.2 shows that no change in SHG signal was detected as the MG stock
solution was added to the sample. Our hypothesis is that the amount of surfactant
presents in the 60% microemulsion is completely coating the PS bead surface
preventing the MG from adsorpting in such a way that it can generate SHG. To
further assess the surfactant-surface interaction, competitive isotherm experiments

were conducted.

5.4.1 Adsorption Isotherm of MG in presence of Tween 20

As mentioned above, the parameters from adsorption isotherm experiments are
needed for the fitting model of competitive adsorption isotherm. We collected the
adsorption isotherms of MG with and without the presence of Tween 20 in the sample.
Figure 5.3 shows the SHG intensity data plotted as a function of MG concentration
for two sample scenarios. The black symbols represent the data points from the
sample containing only PS beads and the red symbols represent the data points from
the sample containing PS beads and 0.49 uM Tween 20. The figure shows that with
the increase of MG concentration, the SHG intensity increases and reaches a plateau,
but the intensity is not the same at which both the curves reach the plateau. The
SHG intensity is dependent on the number of MG dyes adsorbed at the surface. The
number of active sites at the bead surface is limited for MG dyes when Tween 20 is
present in the sample because a partial portion of the surface is already covered with

Tween 20.

5.4.2 Competitive Adsorption Isotherm of Nonionic Surfac-

tants

Competitive adsorption isotherms collected via SHG have previously been reported in
the literature to quantify the interaction between macromolecules and charged bead

surfaces.
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Figure 5.2: No SHG signal was observed from MG interacting with the polystyrene

bead surface in the microemulsion

73



80004| ® MG Isotherm _
® MG Isotherm with Tween 20 (0.49uM)
1
5,6000- -
2 : ¢
£ o
£ 4000 }
O
% .
2000 - %
0 - 2
0 1 2 3 4 5

MG concentration (uM)
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the presence of Tween 20 (0.49 pM) in the sample
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In 2005, Eckenrode et al. employed employed SHG competitive adsorption
isotherm to study the interaction biopolymers with negatively charged polystyrene
beads. Eckenrode et al. (2005) In their experiment, they explored the adsorption
mechanism of two poly-l-lysine polymers of different chain lengths , PL 14 (14 amino
acid units) and PL 75 (75 amino acid units). Figure 5.4 shows the competitive
adsorption isotherm of PL 14 and PL 75 from their study. The decay of the SHG signal
from MG adsorbed at the bead surface shows that PL 75 requires less concentration
to cover the PS bead surface and displace MG compared with PL 14. These results
show how just a difference in the chain length of polymers can yield significantly
different adsorption affinities to a charged surface.

Figure 5.5 shows competitive adsorption isotherms we collected of nonionic
surfactants Tween 20 and BrijO20 at the negatively charged PS bead surface. In
the figure, it is seen that the SHG signal is decreasing with the increase of the
surfactant concentration. The surfactant molecules are displacing the adsorbed MG
dye molecules from the bead surface. The decrease in intensity is different if we
compare the SHG signal decays for both surfactants. Tween 20 causes a larger drop
in SHG signal intensity with lower concentration than BrijO20. Although both of
these surfactants are nonionic in nature, the structure of these surfactants differs,
Figure 5.5 shows the structures of these surfactants. The most significant difference
is in the polar region where Tween 20 has a larger, 3 chain headgroup while BrijO20’s
headgroup is a single chain. Regarding the nonpolar tails, BrijO20’s is slightly longer.
The faster decay of MG SHG signal observed for Tween 20 then likely arises from
interactions between the surface and the headgroup. One likely mechanism could be
hydrogen bonding with the increased number of OH groups in Tween. If we look
closely at the figure, we can see that the SHG intensity is overall reduced by around
40% vs 50% by the Tween 20 and BrijO20. This indicates that these surfactants
are adsorbed differently at the surface because after adsorption the number of sites

available for MG is different for each case. Eckenrode et al. (2005)
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If the intensity were reduced to the same percentage, the conclusion could have
been drawn that both of the surfactants have adsorbed in a similar fashion, like
what we have seen in the literature case study mentioned above. These results are
important because the way a surfactant adsorbs at the active site may induce different

mass transport rates.

5.4.3 Data Analysis For Future Studies

The SHG signal from the adsorbed resonant MG dye molecule can be defined by the

coverage of the dye molecules at the surface,

[SHG’ =B+ [b + a9D€i¢]2 (51)

where Ispyg is the SHG signal intensity, B is a constant representing the
background contribution from nonresonant sources, b is the bulk contribution of SHG
from the particle, a is a proportional constant contributing from the surface SHG,
fp is the surface coverage by the dye molecules and ¢ is the phase factor of the
signal interference from the surface and dye. The SHG signal is thus proportional
to the square of surface coverage by the dye molecules. The surface coverage term
of equation 5.1 depends on the total concentration of MG, Cp, and the maximum

density of the adsorbed MG molecules N

max*

The surface coverage can be further

defined by the following equation,

0p = [(Cp+NP, 4+555/Kp)—[(Cp+NE +555/Kp)*—4CpNP

max

1*)/2N 0 (5:2)

Here Kp is the equilibrium constant for the adsorption of MG molecules at the

surface and is defined as,

Kp =kp'/kp (5.3)
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k5! refers to the rate of MG desorption and kp refers to the rate of MG absorption
at the bead surface. By fitting the SHG signal of MG isotherm without Tween 20
shown in Figure 5.3 with equations 5.1 and 5.2, the maximum absorbed density of

MG, NP

max?

and the equilibrium constant, Kp, of MG dye can be extracted.

For competitive adsorption isotherm experiments, the sample contains adsorbed
MG molecules and surfactant molecules fighting for the active sites of the bead surface.
As such, two equilibria for the adsorption of MG and surfactant coexists. The surface

coverage term, fp, then becomes,

Op = 5.4
P +z+y (5.4)
where x and y are,
OD B Nrgaaz
T = KD(T) (5.5)
OS B Nriaa:

Here, Kg, C, and N2 _ are the equilibrium constant, total concentration and
maximum density of the absorbed surfactant molecules, respectively. Using the
extracted values from the MG adsorption isotherm experiment, the counterpart

surfactant term can be extracted. Wang et al. (2000)

5.5 Conclusions

The measurements in this chapter have been able to capture the impacts the
adsorption of two nonionic surfactants, Tween 20 and BrijO20 at a negatively charged
polystyrene particle surface with a home-built SHG spectroscopy instrument. Initial
observations indicate that Tween 20 has a stronger adsorption affinity towards the

charged surface compared with other nonionic surfactant, BrijO20. The adsorption
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mechanism was likely influenced by hydrogen bonding of the hydrophilic part of
these surfactant molecules. The results showed that such SHG measurements have
the potential to be applied for the screening of surfactant molecules considered for
electrolyte microemulsion formulation. After quantitative data analysis, the specific

adsorption parameters of the molecules can be extracted.
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Chapter 6

Conclusions and Future Outlook
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6.1 Conclusions

In this dissertation, a fluorescence spectroscopy instrument capable of measuring
time-resolved fluorescence events has been built. Employing this home-built instru-
ment, time-resolved fluorescence anisotropy measurements of ionic(c153 and 4AP),
polar(r6g), and non-polar(DPA) fluorophores dissolved in microemulsions and deep
eutectic solvents have been collected. The anisotropy measurements of the above
mentioned fluorophores in microemulsions captured the structural transition from
bicontinuous to droplet phase. Measurements of the fluorophores dissolved in deep
eutectic solvents suggested the hydrogen bonding network in this complex fluid is
driven by the HBD molecules.

Various experiments employing steady-state fluorescence techniques have also
being reported in this dissertation. Significant results from those experiment includes
the showcase of the partitioning capability of Tween 20 in microemulsions, sensing
the spatial heterogeneity in deep eutectic solvents, and the hydration of the surfactant
layer in the microemulsions.

A second harmonic generation spectroscopy instrument was also built and used

to study the adsorption of surfactants at a charged bead surface.

6.2 Future Outlook

The results of the rotational diffusion of the probe molecules in the microemulsion
and deep eutectic solvents showcased the need for the measurement of translational
diffusion of the probe molecules in those complex fluids. The translational diffusion
of the probe molecules can be carried out with fluorescence correlation spectroscopy
(FCS). Hossain and Samanta (2018); Das and Biswas (2015); Pal et al. (2011)
Combining both rotational and translation diffusion of the fluorophore probes

in these complex fluids will reveal the properties of the complex heterogeneous
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microenvironments that exist. Complete characterization of these microenvironments
will aid in designing new classes of electrolytes
The application of versatile fluorescence t e chniques canbe em ployed t o charac-
terize other classes of complex fluids s uch a s n anoparticle o rganic h ybrid solvents.
An immediate research application for SHG spectroscopy would be to study the
surfactant adsorption at various electrode surfaces. Bian et al. (2018); Bai et

al.(2020)
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Figure A.1: Parallel and perpendicular fluorescence decay of ¢153 in butanol
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Table A.1: Summary of Fit Parameters of Fluorescence Anisotropy. Microemulsions
are listed by water wt %.

Probe uE* T aj 71 (ps) Ty (ps) (1T)* (ps)

clb3 10% 028 0.54 3484 + 304 1834.6 £+ 12.3 1033.0 £+ 49.7
20% 027 0.62 332.8 £ 36.6 1598.8 &+ 55.1 814.4 4+ 55.5
30% 027 065 307.2 £ 76.5 1598.8 + 250.1 716.2 £ 1774
40% 026 0.69 279.8 +31.1 1598.8 + 107.8  610.5 &+ 55.9
50 % 026 0.68 232.1 + 18.0 1598.8 £+ 98.1 511.8 +41.1
60 % 026 0.68 221.8 &+ 26.0 1598.8 4+ 180.8 489.6 £+ 8.66
70% 026 0.71 233.0 &£ 19.8 1598.8 & 153.6  484.3 &+ 42.9
80 % 025 0.74 2336+ 17.1 1598.8 +194.1 514.3 £ 514
90% 026 0.70 273.8+ 354 1598.8 + 215.0 605.1 + 78.5

rog 10% 021 1 3824.0 £ 85.2 - 3824.0 £+ 85.3
20% 020 1 3149.7 £ 209.0 - 3149.7 £+ 209.0
30% 021 1 2592.7 £ 132.2 - 2592.7 £ 132.2
40 % 021 1 2111.0 £ 95.2 - 2111.0 £ 95.2
50% 020 1 1896.6 &+ 123.7 - 1896.6 £ 123.7
60 % 022 1 1965.5 + 1079 - 1965.5 £+ 108.0
0% 021 1 1982.3 £ 238.5 - 1982.3 £+ 238.5
0% 020 1 2316.7 £ 136.5 - 2316.7 £ 136.5
90 % 020 1 2688.7 £ 238.9 - 2688.7 £ 238.9

DPA 10% 0.29 041 629.8 £+ 455 4104.2 &£ 117.6  2689.8 &+ 78.6
20% 032 051 649.0 £ 654 3797.8 £ 208.7 2191.3 £ 96.2
30% 032 059 620.2 + 26.8 3594.2 £ 594 1842.5 £+ 80.2
40 % 033 0.66 586.2 £ 79.3 3411.5 £ 319.0 1541.5 £+ 163.7
50 % 0.32 0.68 601.0 £ 51.6 3324.0 £ 214.0 1466.2 £+ 106.2
60 % 031 0.69 563.0+£ 35.2 3112.9 £ 171.8 1352.9 £+ 80.3
70% 029 0.66 591.7 & 75.2 2819.2 4+ 229.8 1339.9 £ 36.2
80 % 0.26 0.57 573.8 & 30.0 2560.0 £ 188.0 1410.2 £ 47.1
90 % 023 049 521.7 4+ 26.9 2421.0 £ 184.2  1497.1 £ 122.7

*uE = Microemulsions

*a1 = 1—&2

1) = a1 + agm
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Figure A.2: Anisotropy decay of ¢153 in butanol fitted with biexponential decay
curve
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Figure A.3: Fluorescence of c153 in microemulsions, with the increase of water
percentage in microemulsion the fluorescence maxima red shifts slightly.
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Figure A.4: Fluorescence of r6g in microemulsions, the increase of water percentage
in microemulsion shows no effect on the fluorescence maxima.
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Figure A.5: Fluorescence of ¢153 in 10% microemulsion with and without the
presence of MV2+. No photoinduced electron transfer occured as both intesnsities

are sarne.
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Figure A.6: Fluorescence of ¢153 in 90% microemulsion with and without the
presence of MV2+. No photoinduced electron transfer occured as both intesnsities
are same.
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Figure A.7: Fluorescence of laurdan in 60 % microemulsions, toluene , surfactant
mix, and butanol. The polarity change of the solvent affects the fluorescence of
laurdan hence the redshift in maxima.
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