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ABSTRACT

Nanomaterials derived from a group of uniform materials based on organic salts
(GUMBOS) have been introduced into the scientific literature through many analytical,
biological, and technological applications. These nanomaterials, referred to as
nanoGUMBOS, have been shown to display a number of interesting properties including
fluorescence, magnetism, tumor targeting, and optoelectronic properties. Herein, we
present major studies on nanoGUMBOS including synthesis and size-control, chiral
molecular imprinting in polymers, as well as investigation of optical properties and
guantum vyield of fluorescent semiconductor-based nanoGUMBOS. Various strategies
were introduced for production of well-defined nanoGUMBOS. Specifically, several
methods based on sonochemistry, microwave, cyclodextrin, and surfactant-assisted
syntheses of nanoGUMBOS are described while evaluating the efficiency of each
technique in controlling size, morphology, and uniformity of nanoparticles. The systematic
variations in experimental parameters such as concentration, cation-to-anion ratio, as well
as presence and type of templates introduced for the formation of nanoGUMBOS were
also investigated. Moreover, imidazolium-based ionic liquid crosslinkers were tested as
platforms for chiral imprinting under aqueous conditions. Using photoinitiated dispersion
polymerization, molecularly imprinted polymeric nanoGUMBOS were designed with
recognition properties for L-tryptophan. Rebinding studies were performed in batch mode
analysis using fluorescence spectroscopy. Strong interactions between GUMBOS and
L-tryptophan made imprinting possible in aqueous media. Various spacers between the
imidazolium rings of the cation afforded the presence of secondary interactions

responsible for distinctive enantiorecognition behavior of these polymeric nanopatrticles.
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In this regard, these vinylimidazolium ionic liquids were polymerized using gamma
irradiation, for potential application in drug loading. Furthermore, carbazole-based
nanoGUMBOS were investigated as fluorescent materials for potential applications in
blue organic light emitting devices. These nanoGUMBOS were synthesized using a
reprecipitation method in the absence or presence of 2-hydroxypropyl-B-cyclodextrin, in
order to tune the size and optical properties of the nanoparticles. The carbazoleimidazole-
based cation was coupled with different couteranions: iodide ([l]),
trifluoromethanesulfonate ([OTf]), and bis(pentafluoroethylsulfonyl)imide ([BETI]).
Absolute quantum yields were compared for each type of nanoGUMBOS synthesized
under different experimental conditions. Doping with the transition metal Cu?* was also
explored as an alternative strategy for tuning the quantum yield of nanoGUMBOS, which

was enhanced by optimizing the molar percentage of dopant to host.
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CHAPTER ONE
INTRODUCTION

1.1. Nanotechnology Concept

Nanotechnology is a term that describes production and applications of systems
at the nanometer scale, i.e., one billionth of a meter. The vast diversity in the
nanotechnology field is based on investigating unusual properties of nanoscale
materials.! Depending on the definition used, the nanometer regime can be categorized
as being “below 100 nm” or “between 0.1-100 nm”; 2 however, many scientists believe
that the size-dependent properties related to nanotechnology may also exist above
100 nm size.? Therefore, it is reasoned that, in defining nanotechnology, one should also
focus on the properties observed in nanotechnology-based systems rather than being
limited to the size definition.?

Production of natural materials and biological systems that function at small

scales are mimicked within the nanotechnology field (Figure 1.1).1 Most of the interactions
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Figure 1.1. Several biological and natural structures exist in nanometer and micrometer
regimes. Adapted from Reference 3.



in nature and biological systems that range from molecular assembly of viruses to the
molecular building blocks of enzymes and proteins are similar in concept to the self-
assembly mechanism exploited during the formation of nanostructures.*

1.2. Nanotechnology in Chemistry: Nanomaterials
1.2.1. Historical View

The concept of nanotechnology was first introduced by Richard Feynman in his
famous lecture “There’s Plenty of Room at the Bottom” in 1959, wherein he spoke on the
importance of manufacturing objects at the nanoscale level and the large number of
associated potential applications.® Although the nanotechnology theme did not arise until
that year, the concept of working with colloids dates back to many decades earlier. The
idea of preparing particles from assembled molecules was initiated by Francesco Selmi
(1845) and Michael Faraday (1857). Selmi and Faraday’s research involved silver
chloride and gold colloids, respectively. Michael Faraday’s studies led to the discovery
that optical properties of gold nanoparticles are dependent on the particle size, which was
a major breakthrough within the history of nanotechnology.® Thomas Graham, the father
of colloid chemistry, revealed the presence of colloids from the nanometer to micrometer
range, which present low diffusivity in comparison to molecules.” At the onset of the
twentieth century, Gustav Mie clarified the relationship between particle size and optical
properties in colloidal solution leading up to what is now known as Mie Theory.’ Later,
Richard Zsigmondy, a Nobel Laureate, studied more deeply the chemistry of colloids,
especially gold sols.®

Recently, various nanomaterials have been extensively reported in the scientific

literature.®1? For example, carbon nanotubes have become a popular form of



nanomaterials due to the light weight and high strength characteristics of such
materials.>'° Metal-based nanoparticles such as aluminum oxide nanopowders are of
great interest due to the measured high surface area to volume ratio. These materials,
with high chemical activity, have been successfully employed as chemical catalysts and
sorbents.® From the 1980s to present, qguantum dots (QDs) have remained the primary
example of inorganic semiconductors nanoparticles that have attracted substantial
attention from material scientists. The dependence of electronic and optical properties on
the spatial confinement of electrons in these nanostructures allow tunability of the
properties through size, shape, and composition.*!
1.2.2. Nanomaterials in the Service of Chemistry

The breakthrough of nanotechnology in the chemical sciences has greatly
benefited numerous analytical applications. Metallic nanoparticles have been used in
fluorescence techniques to enhance fluorescence lifetime and quantum yields.*? One
example of these types of nanopatrticles (i.e., gold nanoparticles) has been extensively
applied as biological and chemical sensors.'® Carbon-based nanomaterials such as
single walled and multiple walled nanotubes have been employed in applications such as
the sorption of heavy metals and organic molecules for preconcentration purposes and
subsequent detection.'? In addition, the use of nanoparticles has been highlighted in
organic synthesis for separation of product from reaction medium,'4 and performance of
catalytic reactions.*® In the field of chemistry, nanomaterials can be directly applied in a
raw state or alternatively functionalized to enhance a desired function. The formation of

nanomaterials is based on chemical routes that have been studied and discussed in a



large number of publications.'®17 In addition, several chemical analysis methods have
been designated for study of the size, shape, surface, structure, and chemical
composition of nanomaterials.81°
1.2.3. Dimensionality of Nanomaterials

Nanomaterials are low-dimensional materials presenting at least one dimension at
the nanoscale level. Various types of nanomaterials are distinguished by classifying the

geometries according to OD, 1D, 2D, or 3D dimensionality (Figure 1.2). Zero-dimensional

0D nanostructures (nanoparticles) 1D nanostructures (nanorods)

2D nanostructure (nanofilm) 3D nanostructure (nanocrystalline material)

Figure 1.2. Nanostructures are low-dimensional materials with at least one dimension at
nanoscale.

nanostructures have all three dimensions at nanoscale, and this category includes
spherical nanoparticles, quantum dots, and hollow nanospheres.?® The zero-
dimensionality offers flexibility in the design, which permits the application of

nanomaterials in a variety of research areas. More specifically, engineering



functionalized/surface-modified  zero-dimensional  nanoparticles makes these
nanostructures popular for medical imaging and drug delivery.?! In contrast, the one-
dimensional (1D) nanostructures such as nanotubes and nanorods, with one dimension
at the nanoscale, have been widely used in optoelectronic devices. Two-dimensional (2D)
nanostructures like nanosheets and nanowalls, emerged as potential substrates for
sensors, photocatalysts, and nanoreactors.?® Lastly, the three-dimensional (3D)
nanostructures including nanoballs and nanoreactors, show unique properties compared
to the bulk counterparts due to quantum effects.?°

1.2.4. Synthesis Strategies of Nanomaterials: Top-down and Bottom-up
Approaches

Fabrication of nhanomaterials can be achieved using two approaches: bottom-up
and top-down (Figure 1.3). The bottom-up technique starts at the molecular level, where
the molecule interacts with surrounding molecules to aggregate and form the final particle
size. Methods such as crystallization and polymerization belong to this type of
nanoparticle fabrication. Furthermore, nucleation and growth mechanisms are the
fundamental processes in the bottom-up approach.??

The top-down technique is based on several processes which reduce a bulk
material to result in the colloidal structures formation. Top-down techniques are mainly
for industrial purpose because the materials are massively produced and tend to be non-
spherical as opposed to the bottom-up approaches.?? Milling and grinding are two
examples of top-down techniques lacking control of particle size and shape. However,
other techniques such as hard-template synthesis, microfluidics-based methods, and

photolithography are employed to deliver shape-specific nanoparticles.?? The procedures



detailed in following sections are classified as bottom-up approaches where the

manufacturing processes occur at atomic and molecular levels.
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Figure 1.3. The top-down and bottom-up approaches used for synthesis of nanomaterials.
Adapted from Reference 23.

1.3. Zero-Dimensional Nanomaterials (Nanoparticles)
1.3.1. Synthesis and Size-Control of Nanoparticles

The ability to control the size and polydispersity of nanoparticles is necessary to
improve the performance of these nanomaterials in a specific application. Monodisperse
nanomaterials are useful for a wide variety of applications including biological,
technological, and analytical areas.?* The size of nanoparticles in a system alters the
characteristics and efficiency of the materials which are mainly employed in applications

such as drug delivery and cells targeting.?®> Moreover, optical and electrical properties are



often size-dependent in nanomaterials and are affected by variations in size or change in
the intramolecular arrangement.?® Several limiting factors such as the reactants
concentration and the type of solvent, determine the final size and polydispersity of
nanoparticles by influencing the nucleation and growth of these nanostructures.?’ The
classical nucleation theory is the most common model used to clarify the nucleation and
growth mechanisms. LaMer and Dinegar explained the classical nucleation theory which
is based on a model that describes the formation of monodisperse sulfur hydrosols

(Figure 1.4).28
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Figure 1.4. The classical nucleation theory as explained by LaMer. Adapted from
Reference 28.

LaMer described in his diagram that at stage |, the concentration of the solute in
the medium increases and nucleation initiates when this concentration attains a critical
value (Cmin). An equilibrium between the supply rate, and nucleation as well as growth

rates of the formed cluster occurs when the concentration reaches a maximum value



(Cmax). The cluster grow to a stable shape causing a decrease in solute concentration to
Cmin. The formation of stable nuclei is considered the end of nucleation. At this point, each
critical nucleus has a radius r and appropriate energy level which is the combination of
free energy per unit volume (negative value) and interfacial energy per unit area (positive
value). In case of homogeneous nucleation, the cluster free energy (in Joules, J) can be
calculated using Equation 1.2°

AG = —%nr3|AGv|+4nr2y Q)
In Equation 1, r is the radius of the cluster or nucleus (in meters), AGy is the change in
bulk free energy per volume (J-m3), and vy is the surface free energy per unit area
(J-m2).

After nucleation, adsorption of species onto the nuclei occurs during the growth
stage causing a subsequent decrease in solute concentration to its original level (stage
111).3° LaMer demonstrated the importance of tuning the experimental conditions to cause
a rapid nucleation of sulfur and subsequent formation of monodisperse hydrosols. Three
variables determine the final growth size of the sulfur particles: the number of nuclei
present, the amount of diffusible species, and the diffusion coefficient of sulfur in the
medium.?® Two systems having the same concentration of species but different number
of nuclei result in a dissimilar size of nanopatrticles (Figure 1.5). The final size is related
to the availability of species that can be adsorbed onto the surface.®! The amount of
diffusible species may also increase the rate of supersaturation during the nucleation
stage, controlling the size and dispersity of the nanopatrticles.?” 20 In addition, the rate of
supersaturation is related to the pH and temperature of the medium, affecting the final

size of nanoparticles.
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Figure 1.5. The number of nuclei affects the final size of nanopatrticles in two systems
with equal concentration of solute. The presence of larger number of nuclei causes the
formation of smaller size nanoparticles as a result of fewer available species which adsorb
onto the nuclei.

1.3.2. Synthesis of Organic Nanoparticles

Research related to organic nanomaterials has expanded in the past few years
considering the applicability of these materials in electronic, optoelectronic, photonic, and
sensing domains.®?> The reprecipitation method, also called a solvent displacement
method, is the most commonly used technique for the synthesis of organic nanopatrticles.
This facile technique introduced by Nakanishi et al., is based on adding a small amount
of an organic compound, dissolved in a good solvent, to an excess of a poor solvent.33
The reprecipitation method usually produces a broad size distribution of nanopatrticles,
which gave rise to the development of other organic nanoparticles syntheses such as
laser ablation® and sol-gel methods.?® These methods either require expensive
instrumentation or tedious work to free the nanomaterials from the template. Therefore,
current research focuses on the investigation of new techniques for simple, rapid, and

efficient nanoparticles syntheses.



1.4. Synthesis of Nanoparticles Derived From GUMBOS (NanoGUMBOS) Using
lonic Liquid Chemistry

1.4.1. lonic Liquids, Polymeric lonic Liquids, and GUMBOS

The diversity in potential applications offered by organic nanomaterials was a
major reason to direct the research to organic materials such as ionic liquids (ILs). ILs, or
molten salts, are organic materials that are composed of large varieties of ions and
possess a melting point below 100 °C.3¢ The inefficient packing between the large organic
cation and the small anion causes the low melting point of ILs, reaching as low as -96
°C.37-%8 |Ls can exist in the liquid phase (i.e., room temperature ionic liquids), or in the
solid state like frozen ionic liquids. The former, glorified as “designer solvents”, have a
melting point below 25 °C and can dissolve a wide range of organic as well as inorganic
materials due to the particular combination of weakly coordinating ions.3® The latter are
solid organic salts having a melting point range between 25 °C and 100 °C.

The first reported observation of ILs was encountered in the 19" century when a
red oil was formed during a Friedel-Crafts reaction.*® The history of ILs was crafted in
1914 when Paul Walden studied the properties of the compound ethylammonium nitrate
[EtNH3][NO3].4* Between the 1960s and 1970s, research on chloroaluminates molten
salts had its breakthrough and was sponsored by the US Air Force Academy.
ILs popularity increased with scientists like John S. Wilkes who worked on series of
dialkylimidazolium based ionic liquids obtained as a result of the metathesis reaction.#243
Currently, the era of ILs is governed by names like Thomas Welton, Peter Wasserscheid,
and Kenneth R. Seddon.**

In general, ILs can exhibit unique properties such as low volatility, non-

flammability, high ionic conductivity, thermal stability, and tunability.*®> However, these
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properties are not universal to all ionic liquids. For example, it has been shown that some
ionic liquids have a measurable vapor pressure, or exhibit slow decomposition reactions
at temperature below 100 °C.%¢ The tunable combination of anion and cation in an IL
theoretically allows for a million formulations of binary ionic liquids.3® The most common
cations in ILs are made of imidazolium, pyrrolidium, tetraalkylammonium, and
phosphonium, while the most common anions are halides, tetrafluoroborate ([BFa4]) and
hexafluorophosphate ([PFs]) (Figure 1.6).4” Nevertheless, ILs can also be composed of
more complex anionic  structures including perfluorated anions like
bis(trifluoromethanesulfonyl)amide ([NTf2]).%¢ The variability of the ionic structure allows
for the chemical and physical properties of these compounds to be easily tailored,
depending on the type of anions and cations employed.3’ Previous reports show that
physical properties such as vapor pressure, thermal stability, viscosity, hydrophobicity,
and miscibility are dependent on the nature of anion/cation combinations.*® The
incorporation of functional groups into these ions can result in exhibition of unique
chemical properties, permitting the use of ILs in specific applications.*® Davis et al. were
the first to present the concept of task-specific ILs;*° in addition to being used as unique
solvents, ILs can be used as catalysts, supports for synthesis, gas absorbents, stationary
phases in chromatography, electrolytes in batteries, and many other functions.*° For
example, the alkyl in imidazolium-based cations of an IL can been functionalized with
thioether, thiourea, or urea functional groups for extractions of heavy metals.>* Along with
becoming more popular in industrial applications,>? ILs can be employed in several
physical science areas including organic chemistry, separation science, and

nanotechnology.3®
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Figure 1.6. The most common cations and anions which constitute ionic liquids. The
combination of these ions can result in the formation of immeasurable number of ILs
structures. Adapted from Reference 47.

Many reports highlight the applications of ILs as solvent media in polymer science
or for the preparation of polymer materials.>® However, a major part of polymer science
deals with polymeric ionic liquids (PILs) which are polyelectrolytes with the backbone
structure comprising of an ionic liquid as a repeating unit. PILs usually result from
polymerization of the alkene (i.e., vinyl) or acrylate substituent group attached to the
imidazolium or quartenary ammonium structure in the IL monomer.>* These polymeric
materials feature the properties of ionic liquids, as well as the chemical and physical
stability of polymers depending on the choice of anion and cation.> PILs were used in a
wide range of applications such as stationary phases in chromatography,® replacement

for electrolytes in lithium-batteries,>” and dye-synthesized solar cells.>® Recently, PILs

have been explored in molecular imprinting field where these polymers have been used
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as sorbent for solid-phase extraction®® and multi-phase dispersive extraction.®® Polymeric
nanostructures such as self-assembled liquid crystalline hydrogels®! and polymer films
with oriented nanochannels®? were reported for sensing application and anisotropic ion
conduction, respectively. For example, nanostructured PILs matrices have experienced
a structure conversion upon swelling in the presence of alcohol and a change in the
optical properties of the encapsulated gold nanoparticles.®3

In 2008, the Warner Research Group introduced a group of uniform materials
based on organic salts (GUMBOS) to designate organic salts with a melting point ranging
from 25 °C to 250 °C. The concept of GUMBOS initiates from the incentive to drive the
chemistry of ionic liquids into solid materials.®* The novelty of GUMBOS stems from the
concept of ionic liquids tunable properties allowing these advanced solid-phase materials
to be used in a wide range of applications. Several studies support the significance of
GUMBOS by affording the organic salts for anticancer®® and antimicrobial targeting,®
sensing applications,®” and energy harvesting.®® Nanopatrticles derived from GUMBOS or
nanoGUMBOS have also been investigated by the Warner Research Group.®®72 The
following document focuses on new procedures investigated for efficient production of
nanoGUMBOS, the application of these nanomaterials in polymer and analytical
chemistry, as well as possible applications in optoelectronic devices.
1.4.2. Size-Control of NanoGUMBOS

The significance of efficiently engineering nanoGUMBOS pertains to the fact that
these nanomaterials present the unique properties of ionic liquids, mostly enhanced at

the nanoscale. NanoGUMBOS can also be designed for scientific applications which
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require solid state materials at small physical dimensions. The areas include biological
studies mainly involving cellular uptake and technologies such as nanoparticle-integrated
light emitting devices.

Melt-emulsion-quench was the technique reported by Tesfai et al. for the synthesis
of nanoparticles composed of frozen ionic liquids.” In this procedure, [bmz2Im][PFe], an IL
with a melting point of 42 °C, was melted at a high temperature and then quenched in an
ice bath in presence of an emulsifier Brij 35. The use of a homogenizer or a probe
sonicator was adopted prior to the rapid temperature quenching. Solvent evaporation
from the oil-in-water emulsions causes the formation of nanoparticles with a uniform
average size of 45 =+ 7 nm. Some of the generated nanoparticles presented a less
spherical shape compared to the spherical nanoparticles obtained from the same method
in absence of a surfactant.”® Tesfai et al. also reported the synthesis of magnetic
nanoGUMBOS using organized systems where the formation of nanoparticles occurs
inside the water pools of water-in-oil microemulsions, created by arranged surfactant
monomeric units.”? This procedure was used to generate [bm2lm][FeCls] nanoparticles
in the presence of the surfactant sodium (bis 2-ethylhexyl)sulfosuccinate (AOT).
Transmission electron micrographs displayed spherical nanoparticles with an average
size below 100 nm that can be tunable upon changing the reagent concentration. Despite
the simplicity and efficiency of this technique, a certain level of aggregation was still
observed in the nanopatrticles suspensions.

The choice of a suitable synthetic route for nanostructures such as nanoGUMBOS
is critical considering the impact of the procedure on resulting physical properties

exhibited by these structures.” Synthetic approaches are usually distinguished by the
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presence or absence of a template, defined as any substrate onto which the species are
deposited and grow into structures with specific morphologies and size.” In absence of
a template, organization of nuclei into structures occurs based on self-assembly which
results from molecular interactions.’”® Herein, a short background will be given for each
technique (templated and non-templated) which was used and investigated to control the
size and polydispersity of the synthesized nanoGUMBOS.

1.4.3. Free Template Syntheses of NanoGUMBOS
1.4.3.1. Ultrasonication-Assisted Synthesis

Ultrasonic irradiation is a form of energy used to monitor reaction conditions for
nanomaterials formation.” 76 Ultrasound-assisted synthesis of nanoparticles is based on
the formation and growth of nuclei around an acoustic cavitation (i.e., bubble) created by
the high intensity ultrasound. When ultrasound interacts with a liquid medium, it causes
the formation of bubbles that grow and subsequently collapse to release accumulated
ultrasonic energy. This phenomenon secures the optimal and favorable experimental
conditions (high temperature and pressure) to promote formation of nuclei as shown in
Figure 1.7."4 The experimental setup (Figures 1.8a and 1.8b) for synthesis
of nanoGUMBOS was designed using two different sources of ultrasound, which include
the ultrasonication bath and ultrasonication probe. Both ultrasonication systems
are based on the same acoustic theory;’” however, the probe system delivers higher
ultrasonication intensity compared to the bath system.”® As shown in Figure 1.8, the
formation of nanoparticles occurs via ion association (anion exchange between reactant

1 and 2) and subsequent precipitation of nanoGUMBOS in presence of ultrasonication.
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Figure 1.7. The presence of ultrasound forms acoustic cavitation. Adapted from
Reference 74.

This method is simple and rapid, creating micro/nanoparticles depending on the
concentration of reactants and the conditions of ultrasonication (e.g., time of sonication,

power of probe sonicator, and reaction temperature).
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Figure 1.8. Two procedures based on ultrasonication: (a) bath and (b) probe are used
for synthesis and size-control of nanoGUMBOS.
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1.4.3.2. Microwave-Assisted Synthesis

Microwave heating is based on the use of microwaves with frequencies between
0.3 and 300 GHz, for a highly efficient method of heating.”? Common industrial and
domestic microwaves typically employ a frequency of 2.45 GHz. Microwave heating
became popular in organic chemistry due to the short reaction time and compatibility of
this pressurized system with a wide range of solvents that are used at temperatures above
conventional boiling points.”® Microwave irradiation targets individual molecules and
provides homogeneous heating, which makes this technique useful for synthesis and
enhancement of the nanoparticles polydispersity.®° This type of heating offers more
advantages in comparison to conventional heating devices such as oil baths, sand baths,
and heating jackets. The microwaves in this technique target directly the reactants and
the solvent, not the vessel or sample holder. The heating is uniformly produced inside the
reactor as shown in Figure 1.9; therefore, fewer side reactions occur.”®
Microwave heating or dielectric heating, results from two mechanisms - dipolar
polarization and ionic conduction. This technique has been previously employed for
assisting the conventional reprecipitation method for synthesis of organic nanopatrticles.
The microwave-assisted reprecipitation delivered nearly monodisperse 1,1,4,4-
tetraphenyl-1,3-butadiene (TPB) nanocrystals as reported by Baba et al.8* Similarly,
nanoGUMBOS were synthesized using the free-template ultrasonication bath method
and then treated with microwave heating to achieve a decrease in size upon

reorganization of the molecular assembly (Chapter Two).
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Figure 1.9. Microwave heating is homogeneous and uniformly produced inside the
reactor. Adapted from Reference 82.

1.4.4. Templated Syntheses of NanoGUMBOS

1.4.4.1. Cyclodextrin-Directed Synthesis in the Presence of Ultrasonication
Cyclodextrins are cyclic oligosaccharides of which we distinguish parental
cyclodextrins with six, seven, and eight glucose units known as a-, (-, and
y-cyclodextrins.®® Cyclodextrins are considered successful complexation agents with
hydrophobic molecules, as a result of the hydrophobicity of the interior cavity.
The compound 2-hydroxypropyl-p-cyclodextrin (2HP-B-CD) is a highly water soluble
cyclodextrin derivative which has been widely used in inclusion complexation (Figure
1.10).84 Many recent papers show the use of cyclodextrins derivatives, especially 2HP-3-
CD for the formation of nanopatrticles such as C60 nanoparticles,®® silver nanopatrticles,2¢
and copper sulfide CuS nanoparticles.8” The molecule 2HP-B-CD takes part as a
template in the synthesis of nanomaterials, which is essential to control the nanostructure

dimensionality and provide monodisperse nanopatrticles.?®
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Figure 1.10. The (a) experimental procedure for synthesis of nanoGUMBOS under
ultrasonication in assistance with (b) 2HP-3-CD.

Here, the template 2HP-B3-CD was employed for the formation of nanoGUMBOS
in the presence of ultrasonication. Scientists hypothesized that these structures cross-
link under the effect of ultrasonication, which causes the formation of spherical
assemblies.8” Upon this crosslinking, nanoGUMBOS nuclei adsorb onto these
assemblies and subsequently grow on the surface.
1.4.4.2. Micelle-assisted Synthesis

Normal micelles are organized structures formed as a result of self-assembly of
surfactant monomeric units in a polar solvent.8 This self-assembly occurs at a surfactant
concentration beyond a critical value known as critical micellar concentration (CMC). In a
polar solvent, the hydrophobic part of the amphiphilic monomer orients itself away from
the solvent and the hydrophilic part is directed towards solvent molecules.® The opposite

orientation for the organized structure is formed in nonpolar solvent and is called inverse
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micelle.8 Normal micelles are mainly used as carriers for poorly soluble drugs in drug
delivery applications; however, inverse micelles are used for hydrophilic drugs.° Micelles,
in regular or inverted orientation, have been recently used as “nanoreactors” for the
formation of nanoparticles.?®® The size and shape of nanoparticles can be controlled by
micellar colloidal templates. In the presence of micelles, different sizes and shapes can
be produced depending on the type and concentration of surfactant, the volumes of oll
and water used, as well as the amount of reactants.®® For the normal micelle-assisted
synthesis of nanoGUMBOS, the development of nanoparticles occurs within the
hydrophobic core of normal micelles, which are important for steric stabilization and

reduction of the agglomeration level (Figure 1.11).
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Figure 1.11. Normal micelle-based synthesis forms nanoGUMBOS within the
hydrophobic interior of a micelle.
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1.4.5. Doping NanoGUMBOS

Doping is a technique based on incorporating impurities into a host matrix, which
can be at a bulk state or a nanoscale level. The purpose of doping is to introduce new
physical and optical properties into the host material.®* Generally, in case of doping, the
electronic states of the dopant lie between the valence and conduction bands of the host.
As a result of the free movement of the holes and electrons to the intermediate electronic
states, recombination occurs at this level and causes subsequent changes in light
emission properties.%:

Doping nanoparticles can occur during any of the three different formation stages:
(A) before nucleation, (B) during nucleation, or (C) during growth of nanoparticles.
Different types of nanoparticles have been previously doped with transition metals such
as Cu?* and Mn?*, as well as lanthanides such as Er3*. Semiconductors 1I-VI quantum
dots (QDs) are considered the best example for doping since a decrease in energy band
gap occurs upon doping these QDs and eventually reduces the effect of self-quenching.®?
Dye-doped organic nanoparticles were well reported in scientific literature; cyanine-based
fluorescent organic nanoparticles (FONs) have been previously doped with an ethidinium
dye to cause the emission of white light.®? Ultimately, pyrazoline-based nanoparticles
were doped with a red light-emission material to provide a tunable emission.®® This
tunability in optical properties was also observed in organic binary nanowires composed
of a blue emitting material, 1,3,5,triphenyl-2-pyrazoline (TPP) and an orange dye,
rubrene. The binary nanostructures exhibited different emission colors (including white

light) depending on the doping or molar ratio of TPP/rubrene.®
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There are several applications associated with doping nanopatrticles. For instance,
lanthanide-doped nanocrystals with upconversion emission, have been widely used for
optical labeling in biological studies.® In regard to QDs, doping strategy allows for the
use of these nanostructures in sensing applications,® bioimaging,®’ and other analytical
applications such as mass spectrometry®® and electrochemistry.®® However, doping
organic nanoparticles promotes mainly the application of these nanostructures in
optoelectronic devices.1%°

1.5. NanoGUMBOS: Characterization Tools
1.5.1. Transmission Electron Microscopy

Transmission electron microscopy (TEM) is one of the most common techniques
where high-energy electron beams are employed for materials characterization.%!
This technique is based on the detection of signals produced from elastic interactions with

matter (Figure 1.12).1%2 TEM instrument was invented in 1931 by the German electrical

Backscattered \ Electron Beam / Characteristic
electrons X-rays

Specimen

Secondary /
electrons
Diffracted elastic

; electrons
Elastically scattered Tigngmitted electrons
electrons

Figure 1.12. Different types of 2° effects (secondary, backscattered, transmitted,
characteristic X-ray) occur upon interaction of an electron beam with a specimen.
Adapted from Reference 7.
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engineer Max Knoll and the German physicist Ernst Ruska.” In the operation principle of
a TEM instrument, electrons are produced and emitted from a field emission gun (FEG)
or a LaBs electron emitter. The trajectory of electrons is then deflected by the presence
of a magnetic field created by magnetic lenses.'% The condenser lenses then produce a
fine beam of electrons, which interacts with the specimen for imaging purposes. Finally,
the objective and projector lenses magnify the image that is analyzed on a CCD camera
(Figure 1.13).1%4 In a traditional way of generating an image in TEM, a bright-field image
is produced by detecting transmitted (non-scattered) electrons.

When imaging the specimen with TEM, the sample thickness needs to be less than

/ Electron gun \

[ ] Condenser lens
™ ) Analytical
sample
] Objective lens
] Projector lens

| | Phosphor screen

K CCD Camera /

Figure 1.13. A transmission electron microscope enables visualization of nanopatrticles.
Adapted from Reference 7.
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100 nm. Hence, procedures such as grinding and milling are performed for hard inorganic
samples. Furthermore, staining biological samples with heavy metals is a common
procedure for a better observation of samples with low atomic number. Occasionally,
preparation of samples is not required and materials suspended in volatile solvents can
be directly spotted on a carbon-coated TEM grid.” TEM has two primary drawbacks
including the artifacts, which are usually misinterpreted by the operator, and sample
damaging caused by electron beam to specimens such as organic materials, minerals,
and ceramics.1%!
1.5.2. Dynamic Light Scattering

Dynamic light scattering (DLS) is a common characterization technique which
provides information involving the hydrodynamic diameter of particles from the scale of
submicron to nanometer.% In this technique, a laser irradiating a nanoparticles
suspension is elastically scattered by the nanoparticles which are in Brownian motion

(Figure 1.14). This motion is caused by the collision of nanoparticles with surrounding

Backscattered
N, lightat 173 °

Figure 1.14. A DLS instrument detects the light scattering of nanoparticles suspension.
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molecules and contribute to the fluctuations in intensity of scattered light.1%¢ Small
nanoparticles that move quickly in the dispersing medium show a fast decay of scattered
light; however, larger nanoparticles with a slower movement have a long decay of
fluctuated light. Ultimately, the decay rates are correlated to the size of nanoparticles and
a size distribution of the system is obtained as a function of intensity, volume, or number
distributions.1°” The particle radius is calculated from the Stokes-Einstein equation

(Equation 2), which connects the size to the diffusion coefficient in the medium:

kT

r= 6nnD (2)

Where r is Van der Waals radius of the molecule (m)

Kg is the Boltzmann constant (1.388X102% J-K?)

T is the absolute temperature (K)

n is the viscosity (Pa-s™)

D is the self-diffusion coefficient (m?2-s1)

DLS is considered a non-destructive techniqgue where the sample can be
completely recovered after measurement. This technique is also rapid and can be
performed in any liquid medium, as long as the physical parameters such as viscosity
and density are taken into consideration. DLS is suitable and accurate for monodisperse
samples; however, in the case of polydisperse samples, the presence of large particles
can prevent the signal from the smaller particles to be discerned.'” In addition, DLS is
limited to spherical nanoparticles since the analysis and autocorrelation function are

based on the assumption of a spherical shape of particles.%8
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1.5.3. Zeta Potential

Zeta potential (¢) is the electrostatic surface potential which results from the net
charge at the slipping plane, an outer boundary of the electrical double layer surrounding
a nanoparticle.1%°-119 When a particle moves due to Brownian motion, some ions are
strongly attached to the particle and belong to the inner region known as the Stern layer.
Beyond this inner boundary, some ions are less attached to the particle and constitute
the electrical double layer or the diffuse layer. The boundary to these ions is the slipping
plane at which the voltage (zeta potential) is measured (Figure 1.15). Zeta potential can
be indirectly determined based on the electrophoretic mobility of the particle or the

acoustic and electroacoustic properties.*©
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Figure 1.15. Zeta potential measures the charge at the slipping plane of an electrical
double layer surrounding a charged nanopatrticle.
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Laser Doppler electrophoresis (LDE) or laser Doppler velocimetry (LDV) is the
process used to measure zeta potential of a particle by tracking its electrophoretic
mobility.111-112 The sample is analyzed in an electrophoresis cell where the charged
particles move from one electrode to another upon the application of a voltage. During
this phenomenon, a laser is illuminated on the particles in movement, causing a frequency
shift in the signal. As the laser wavelength and the scattering angle are known, the
electrophoretic mobility can be calculated. The Henry equation relates between the

electrophoretic mobility and zeta potential (Equation 3).

2ef(Ky
Up = 250 3)

Where Uk is the electrophoretic mobility (m?-V-1-s?), € is the electric permittivity of the
medium or dielectric constant (C?:N*-m2), n is the viscosity of the medium, f (ka) is the
Henry’s function, and C is the zeta potential (V).12 The Henry’s function is equal to 1.5 in
polar medium (Smoluchowski approximation) and 1.0 in non-polar medium (HUckel
approximation). Zeta potential is essential to acquire information about the stability of the
colloidal system, aggregation level, reactivity, and toxicology of nanoparticles.tC
Scientists generally consider the systems with zeta potential values between + 30 mV
and - 30 mV as unstable systems and the ones with values beyond these limits as stable
systems.14-115
1.5.4. Spectroscopic Studies

Spectroscopy is the science which deals with the interaction or emission of matter
to electromagnetic radiation.® Nanomaterials present optical properties that lie between
atomic and bulk properties.” Organic nanoparticles in particular, can show optical

properties different from the relative bulk system. The inter- and intra-molecular
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interactions of the aggregates govern the optical properties in these nanoparticles. For
example, J- and H- aggregates are the most common type of aggregation encountered
mainly in organic dyes-based nanomaterials. The parallel stacking of organic molecules
contributes to H-type of aggregates and the head-to-tail stacking to J-type of
aggregates.''’ Changes in absorbance and fluorescence spectra of nanomaterials can
be related to these types of aggregation, as well as other factors including the size and
morphology of nanoparticles.
1.5.4.1. Absorption Spectroscopy

When it interacts with matter, light can be absorbed (entirely or partially) and
energy will be transferred to the molecule in form of quanta or photon.*'® The energy of a

photon is expressed in Equation 4 as following:

E=hxv== 4)

Where E is the energy (J), h is Planck’s constant (6.62x103* J-s), c is the speed of light
in a vacuum (2.997x108 m-s?), A is the wavelength (m), and v is the frequency (s™).
Absorption spectroscopy measures the fraction of light absorbed by an analyte sample.'°
An absorption measurement is able to detect specific functional groups denoted as
chromophores. This type of spectroscopy is the most common and useful for quantitative
analysis.'?° The amount of light absorbed is related to the concentration via Beer's law

(Equation 5), which is applied for diluted solutions (< 0.01 M).
A=log?=EbC (5)
t

Where A is the absorbance (unitless), Po and P: are the initial and transmitted radiant

powers respectively (watts), € is the molar absorptivity (L-moles*-cm?), b is the
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path length (cm), and C is concentration of the analyte (moles-L?). There are several
parameters that affect absorption measurement such as the nature of the solvent
(polarity), pH and temperature of the solution.'?* The basic instrument components in
absorbance spectroscopy are presented in Figure 1.16. The spectrophotometer is
composed of a light source (e.g., xenon arc), a monochromator, reference and sample

cell holders, as well as a detector (e.g., photomultiplier tube).*°

Reference Cell

Light Source Monochromator S Detector

Sample Cell

Figure 1.16. A double-beam design is used in absorption spectroscopy.

1.5.4.2. Fluorescence Spectroscopy

An energy-level diagram is used to describe different energy and vibrational levels
in a molecule.'*® When light is absorbed (101> seconds), a molecule can move from a
ground energy level to a higher energy level (Figure 1.17). For some molecules, when a
higher excited state is attained, subsequent luminescence phenomenon might occur for
the molecule to return to the ground state. Fluorescence is observed when the photons
are emitted from a singlet excited state. In this case, the emitted light has a lower energy
than the light absorbed because the molecule loses some energy through radiationless

processes such as vibrational relaxations (1012 seconds); likewise, the solvent
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reorientation in the excited state or solvent effect contributes to this loss of energy.!'®
A transition from a singlet to a triplet state, a state when an electron shows unpaired
spins, occurs via an intersystem crossing. Molecules in a triplet state can return to ground
state and emit light by phosphorescence.!8 In fact, phosphorescence decay occurs at a

longer lifetime scale (102 seconds) than the lifetime of fluorescence (10 seconds).'??
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Figure 1.17. Jablonski diagram shows the radiative and non-radiative electron transitions.
Adapted from Reference 118.

The instrumental design of a fluorometer has the detector orthogonal relative to
the source. This configuration is adopted to decrease the problems caused by scattered
light (Figure 1.18). Fluorescence spectroscopy offers more advantages than absorbance
spectroscopy when an analyte is strongly fluorescent. This spectroscopy is more sensitive

and selective than absorbance, and the output is linear over a broader analyte
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concentration range as compared to absorbance. However, sample dilution may be
needed prior to fluorescence measurements as a consequence of the self-absorption

from a high analyte concentration.1?

pr——
I.‘ Il. / S
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Exit Monochromator

Detector

Figure 1.18. A fluorometer is designed with right angle detector.

1.6. Applications of NanoGUMBOS
1.6.1. Molecular Imprinting

Molecular imprinting is a technology that allows the creation of specific binding
sites to a template within a solid matrix. This technology is usually performed in cross-
linked polymers which allow to lock-in the template. An imprinted polymer acquires
selective recognition properties for the shape, size, and functionalities of a targeted

analyte.?® This acquisition stems from two basic procedures:

31



1) the organization of the monomer functional groups around the template to create

a monomer-template complex

2) the formation of a selective cavity to the template within the cross-linked

polymer.124

The interactions between the functional monomers and the print molecule can be formed
as a result of non-covalent (e.g., hydrogen bonds, ionic interactions) or covalent
interactions depending on the imprinting strategy. Non-covalent imprinting is more
common because it doesn’t require extensive steps to imprint or remove the template as
it is the case for covalent imprinting.1?* Several parameters such as the ratios of template
to monomer and cross-linker to monomer, the solvent, as well as the temperature of the
medium, control the formation of selective imprinted polymer.1?* Altogether, the success
of imprinting is governed by the organization of a pre-polymer complex between the
monomer and the template, which follows Le Chatelier's principle (Figure 1.19).
Experimental conditions such as the increase in monomer to template ratio or the
decrease in temperature may eventually favor the formation of the complex and increase
the number of binding sites.

Molecularly imprinted polymers (MIPs) are interesting given the fact that these
smart polymers can be used as sorbents for solid phase extraction,?>126 stationary
phases in liquid chromatography,’?” and as replacement for antibodies in binding
assays.'?8 Particularly, MIP nanoparticles present a higher surface area-to-volume ratio
and accessible cavities compared to bulk material, which is highly advantageous in the
case of surface imprinting.1?® These nanoparticles have been exploited in several

applications such as drug delivery'3° and sensing applications.13!
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Figure 1.19. Molecular imprinting process forms specific sites in polymers.
1.6.2. Organic Light Emitting Devices

Light emitting diodes (LEDs) are semiconductor devices that achieve solid state
lighting, which is more energy efficient than regular lighting.*3? Organic light emitting
diodes (OLEDSs), in particular, are interesting since these devices are made from non-
toxic and less expensive materials in comparison to LEDs. OLEDs are composed of a
combination of some or all of the following sandwiched layers: electrodes (anode and
cathode), hole injection layer (HIL), hole transport layer (HTL), electron transport layer
(ETL), and emissive layer (EML) (Figure 1.20). The recombination between electrons and
holes which occurs usually in EML, causes light emission in this device. In some cases,

one layer can procure several functions; therefore, different designs of OLEDs can be
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fabricated. In a single layer OLED, an organic layer which is placed between two
electrodes, functions as electrons and holes transport as well as emissive layer
simultaneously.*®? In a double layer geometry, OLED is made of separate electron and
hole transporting layers; under these circumstances, light emission occurs at the interface
between the two layers. A multi-layer system includes all types of layers which should
have specific characteristics such as high luminescence efficiency, good physical and

chemical stability, acceptable conductivity, as well as high color rendering index. Among

ITO

Electrode

Figure 1.20. A light emitting device can be fabricated from triple layers (HTL, EL, and
ETL).

the commercially available OLEDs, green and red OLEDs have been extensively
explored; however, blue OLEDs are still considered a challenge due to the short lifetime
of these devices.32 White OLEDs are of a particular interest since these devices offer a
full color display. The combination of materials emitting the primary colors (RGB) is one
method to produce white light in these devices. Current research focuses on improving

the efficiency and lifetime of white OLEDs.%? In this regard, the tendency to miniaturize
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light emitting devices has led to the integration of nanomaterials in these devices.3
Furthermore, the tunability in optical and physical properties with size and morphology of
nanoparticles make these materials highly significant for LEDs.*3®
1.7. Scope of this Dissertation

The primary focus of this dissertation is the syntheses of nanoparticles derived
from GUMBOS (i.e., nanoGUMBOS) and the applicability of these nanoparticles as
molecularly imprinted polymers for chiral recognition as well as emissive materials in
organic light emitting devices. In the second chapter of this dissertation, the fundamentals
of nanoGUMBOS synthesis, the procedures that can be used for efficient production of
nanoGUMBOS, and the factors that affect the mechanisms of nanoparticles formation are
described. The syntheses are developed to have a better control over the engineering of
nanoGUMBOS within a specific size and polydispersity. Chapter Three describes our
studies on the synthesis of polymeric nanoparticles derived from PILs using UV
illumination. Molecular imprinting procedure was used to generate polymeric
nanoGUMBOS with chiral recognition properties. Information on the polymerization of
GUMBOS at the nanoscale, molecular imprinting, and the recognition of L-tryptophan
through fluorescence measurements is discussed in this chapter. Moreover, the synthesis
of polymeric nanoGUMBOS using gamma irradiation is investigated in the next chapter.
The formation of the nanoparticles and the polymerization mechanism are analyzed;
preliminary studies on the potential application of these nanoparticles in drug
encapsulation are also presented. Chapter Five highlights the application of
semiconductive fluorescent nanoGUMBOS in OLEDs. The knowledge of nanoGUMBOS

synthesis was used to control the size and eventually, the optical properties of these
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nanoparticles. A doping procedure was also introduced in this chapter as a method to
tune the optical properties. Herein, the focus is on the quantum yield of nanoGUMBOS
and the factors that influence the light emission from these nanoparticles. The last section
of this dissertation highlights the importance of nanoGUMBOS, the significant results from
the studies, and the conclusions that can be drawn. Future work covers the possible
investigations that can be performed either on polymeric or semiconductor-based
nanoGUMBOS. This section includes other projects that involve the synthesis and the
surface modification of nanoGUMBOS, in addition to suggested experiments that may
improve the usefulness of these organic nanomaterials.
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CHAPTER TWO
STRATEGIES FOR CONTROLLED SYNTHESIS OF NANOPARTICLES
DERIVED FROM A GROUP OF UNIFORM MATERIALS BASED ON
ORGANIC SALTS

2.1. Introduction

Materials at the nanoscale level frequently manifest new and interesting
functionalities not shown in the corresponding bulk state. The dimensions and uniformity
of such particles are often important to tailoring these functionalities, and in turn, allow
expansion of the possible scope of applications. Thus, much of the current interest in
nanoparticles stems from interest in the improved physical, chemical, and electronic
properties of these colloidal systems.*? In this regard, non-conventional superconductive
and magnetic properties that are not present in the corresponding bulk state in
combination with quantum size effects have garnered considerable attention.?* Such
properties are highly dependent on the dimensions and stacking arrangements (e.g.,
assemblies of molecular aggregates) of these materials, which result in variable electronic
states confined within the nanoparticles.? 4 The significance of this size and stacking
dependence is embedded in the ability to improve physical properties such as the
strength and rigidity of solids and to control the electrical/optical properties of
nanoparticles.? 4 In particular, synthesis of nanoparticles with a desired size, narrow size
distribution, and minimal aggregation is necessary for reliable performance in many

applications.>®"

" This chapter previously appeared as Suzana Hamdan, Jonathan C. Dumke, Bilal
El-Zahab, Susmita Das, Dorin Boldor, Gary A. Baker, and Isiah M. Warner. Strategies for
controlled synthesis of nanopatrticles derived from a group of uniform materials based on
organic salts, Journal of Colloid and Interface Science, 2015, 446, 163-169. It is
reproduced by permission of Elsevier (Appendix F).
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Over the past several years, organic-based nanoparticles have been the subject
of much research as a result of the inherent physiological compatibility of these
nanomaterials. In addition, the poor water solubility of these compounds favors the
conversion of bulk into nanoscale materials within aqueous media.®> 7 Many organic
nanoparticles have also been shown to display size-dependent changes in electronic
transitions that are often attributed to the appearance of inter- and intra-molecular
overlapping structures at the nanoscale level.2 Changes in spectroscopic properties
resulting from size dependence of organic nanoparticles have been described as
“structural confinement” effects.® Therefore, tuning the size of organic nanoparticles is of
great interest to researchers because size-control of such materials can widen potential
applications for photonic crystals and various light-emitting materials.®?

In the recent realm of organic-based nanomaterials, nanoGUMBOS which are
derived from a group of uniform materials based on organic salts (GUMBOS), emerge as
solid-phase materials that possess many of the ionic liquids properties. By definition,
GUMBOS are organic salts with a defined melting point range of 25-250 °C and, as is
true for ionic liquids, have a broad tunability via manipulation of the cation or anion.%-11
NanoGUMBOS thus combine the versatility of GUMBOS with the enhanced properties
often obtained at the nanoscale, offering the flexible design of organic nanomaterials.
Within the last few years, nanoGUMBOS which possess fluorescent,?'* magnetic,*®
luminescent,® pH-sensitive,'” optoelectronic,'® and anticancer'® properties have been
described. Previous studies from our laboratory have demonstrated the wide tunability in
their spectral and physical properties, as well as the morphologies of hanoGUMBOS

through variation in the associated counter ion.* 18 20 Therefore, nanoGUMBOS have
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found application in various fields including analytical chemistry, biomedicine, and
electronics. So far, little work has been done to formulate reliable approaches for
generation of nanoGUMBOS of controlled size, uniformity, and sphericity. However,
improved synthetic control of nanoGUMBOS is essential for tailoring these materials for
target applications. In 2008, the Warner research group published the first report on the
synthesis of ionic liquid-derived nanoparticles using a melt-emulsion-quench method.??
Nevertheless, the size-control of melt-emulsion-quench-derived nanoparticles was still
considered a major challenge. In some of our more recent studies, a reprecipitation
approach commonly employed in the synthesis of organic nanoparticles???® was
extended to the preparation of nanoGUMBOS in an aqueous medium.1? 14.18-19 Although
this method can be used to produce nanoparticles with average sizes in the nanometer
regime, it is difficult to deliver nanoparticles smaller than 20 nm without using additives
such as surfactants or polymers.?* Furthermore, there are often limitations associated
with the selection of poor and good solvents suitable for organic compounds used for
reprecipitation.?®> Historically, nanoGUMBOS synthesis with size uniformity of 10%
standard deviation alongside size-control is not easily accomplished. Templated
approaches, such as reverse microemulsion®® and hydrogel-assisted synthesis,'® have
been successfully applied for the synthesis of nanoGUMBOS; however, both techniques
present some limitations. Reverse microemulsions are suitable to achieve smaller
nanoGUMBOS sizes, but frequently introduce unwanted agglomeration. In contrast,
hydrogel-assisted synthesis routes can achieve low dispersity, yet cannot easily produce

reduced-size nanoGUMBOS.

49



Here, we present our studies aimed at developing strategies for producing
nanoGUMBOS with controlled sizes and narrow size distributions. The GUMBOS used in
this study are derived from imidazolium ionic liquids, which have been widely used as
task-specific ionic liquids (TSILs) for metal extractions,?® for producing antimicrobial
activity,?” and as electrolytes for electrochemistry, gas separations, and lignocellulose
processing.?® This study focuses on efforts to produce refined nanoGUMBOS using i)
sonochemical, ii) microwave-assisted, iii) cyclodextrin-assisted, and iv) surfactant-
assisted procedures. Sonochemical synthesis in this study employs a non-templating
approach in the presence of ultrasonication acoustic waves (20 and 55 kHz), as well as
a templating approach which involves use of a soft template (i.e., 2-hydroxypropyl-p-
cyclodextrin (2HP-B-CD)). A microwave approach was employed with bath sonication in
the absence of a template. In addition, we consider a surfactant-assisted approach that
includes the use of Triton X-100 (TX-100) to form a normal micellar template. Overall, this
study contrasts non-templated and templated techniques for the formation of uniform
particles derived from GUMBOS, at the nanoscale level. Our goal of producing
nanoGUMBOS with relatively low polydispersity was primarily achieved through the use
of soft templating methods which yielded spherical and quasi-spherical nanoGUMBOS
between 12 and 99 nm in mean size with relatively low polydispersity of 2-13 nm.

2.2. Experimental Section
2.2.1. Materials

1-Hexyl-3-methylimidazolium chloride [Hmim][CI] (97%), 2-hydroxypropyl-B-
cyclodextrin (MS = 0.6 and 0.8), 2-hydroxypropyl-a-cyclodextrin, TX-100 were purchased
from Sigma Aldrich (St. Louis, MO) and used as received. Sodium tetraphenylborate
[Na][TPB] (99.5%) was purchased from TCl America (Portland, OR) and used as
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received. Ultrapure water (18.2 MQ cm) was obtained from an Elga model PURELAB
ultra water filtration system.
2.2.2. Melting Point and Thermogravimetric Measurements

Melting point and thermogravimetric measurements were both performed on bulk
[Hmim][TPB]. For acquisition of melting point data, a DigiMelt MPA 160 from SRS
(Sunnyvale, CA) was used and a Hi Res Modulated TGA 2950 thermogravimetric
analyzer from TA instruments (New Castle, DE) was employed for measurement of
thermal decomposition temperatures. In our experimental procedure, equal volumes of
equimolar aqueous solutions of [HmIm][CI] and [Na][TPB] reactants were mixed. This
mixture was magnetically stirred for a few hours and then centrifuged at a speed of 3800
rpm (3180 rcf) for 30 minutes. The white precipitate [Hmim][TPB] was washed twice with
water to remove the sodium chloride by-product and then lyophilized to eliminate water.
2.2.3. Transmission Electron Microscopy

Transmission electron microscopy (TEM) micrographs were obtained using a
JEOL JEM-1011 TEM (Munchen, Germany). A volume of 4 to 8 yL nanoGUMBOS
sample was drop-casted onto ultrathin carbon-coated 400-mesh Ted Pella, Inc TEM grids
(Redding, CA). Grids were washed with water to avoid any unwanted adsorption of by-
products resulting from the anion-exchange reaction.
2.2.4. Light Scattering and Zeta Potential Measurements

Dynamic light scattering (DLS) and zeta potential measurements were performed
on a Malvern Zetasizer Nano ZS from Malvern Instruments Ltd (Worcestershire,

England). DLS samples were prepared in a disposable sizing cuvet while zeta potential
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measurements were performed in a disposable capillary cell. The hydrodynamic diameter
of nanoGUMBOS obtained from DLS was displayed using intensity values.

2.2.5. Non-Templated Synthesis Methods
2.2.5.1. Synthesis of NanoGUMBOS by Use of an Ultrasonication Method

A procedure reported by Ou et al. was adopted for the synthesis of nanoGUMBOS
in the absence of a template.” This synthetic approach was performed using two different
ultrasonication modes to control the homogeneity of the colloidal system: an ultrasonic
bath (55 kHz) and a sonicator probe (ultrasonic processor) operated at 20 kHz. An
aqueous [Na][TPB] solution was added to an aqueous solution of [Hmim][CI] at the same
concentration while keeping the total volume constant at 10 mL under ultrasonication.
Three different concentrations of reactants were separately tested: 0.25, 0.1, and 0.05
mM of [Hmim][CI] and [Na][TPB]. This experiment was performed using two different
volumetric ratios of the cation to anion of 1:1 (i.e., 5 mL of each reactant) and 1:6 (i.e.,
1.43 mL of [Hmim][ClI] to 8.57 mL of [Na][TPB]). The ultrasonic processor, Model VC-750
from SONICS (Newton, CT) was set to provide continuous ultrasonication for 10 min at
25% amplitude in a 20 mL borosilicate reaction vial.
2.2.5.2. Microwave-Assisted Synthesis of NanoGUMBOS

In this approach, equal volumes of [Hmim][CI] and [Na][TPB] (0.05 mM) were first
allowed to react for 10 min using the ultrasonication bath. The resultant sample was
transferred to a borosilicate glass vial in an Anton Paar Monowave 300 instrument (Graz,
Austria) for microwave irradiation heating. Magnetic stirring at 600 rpm was conducted
during temperature-controlled microwave heating. The temperature of the reaction

mixture was monitored by use of a ruby thermometer for internal temperature
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measurement and an IR sensor for external temperature measurement of reaction vials.
The mixture was heated using microwave irradiation to a specified temperature (120, 150,
180 or 200°C) followed by cooling down to 30 °C. The total cycle time was fixed at 10-
11 min, including heating for 5 min. For a better understanding of the materials produced
under microwave reaction conditions, dielectric properties were measured using an open-
ended coaxial probe method with a slim-form probe?® and a properly calibrated vector
network analyzer (ENA 5071C, Agilent Tech, Santa Clara, CA).

2.2.6. Templated Synthesis Method
2.2.6.1. Synthesis of NanoGUMBOS using Ultrasonication and 2HP-B-CD

In this templated procedure, modified from Xu et al.*°, formation of nanoGUMBOS
occurs during ultrasonication in the presence of the template 2HP-B-CD. An aqueous
solution of 5 mL [Na][TPB] was mixed with a 5 mL volume of aqueous [Hmim][ClI]
containing 0.8 mg of 2HP-B—CD. The ultrasonication probe was operated at 25%
amplitude for a period of 10 min. In this approach, two different concentrations of the
aqueous solutions of [Hmim][CI] and [Na][TPB] were tested: 4 and 0.25 mM. Heat
generated during sonication was duly dissipated by jacketing the vial with ice-water during
the ultrasonication treatment.
2.2.6.2. Synthesis of NanoGUMBOS Using a Normal Micellar Template

The cation and anion precursors (100 yL of 12.5 mM aqueous solutions of
[Hmim][CI] and [Na][TPB]) were added separately to 5 mL aqueous surfactant solutions
of 20 mM TX-100. These solutions were magnetically stirred for 30 min in order to allow
the micellar system to stabilize. Ultimately, the aqueous surfactant solutions containing

the precursors were mixed for 24 h under continuous magnetic stirring (380 rpm). In this
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case, the self-assembled surfactant TX-100 phase was used to control the formation of
the nanoGUMBOS in the aqueous system through creation of a single phase of normal
micelles.

2.3. Results and Discussion

2.3.1. Metathesis Reaction

The GUMBOS studied in this work was composed of 1-hexyl-3-methylimidazolium
tetraphenylborate [Hmim][TPB] prepared by metathesis reaction between the initial
reactants  1-hexyl-3-methylimidazolium  chloride, [Hmim][CI], and  sodium
tetraphenylborate, [Na][TPB], in an aqueous medium (refer to Scheme 2.1). [Hmim][Cl],
a water-miscible ionic liquid, was chosen in particular because of the length of its alkyl
chain which imparts hydrophobicity to the final product. The anion of the room
temperature ionic liquid [Hmim][Cl] was exchanged with tetraphenylborate anion (TPB) to
form a hydrophobic solid phase compound. In this case, the formation of the nanoparticles

occurs  simultaneously with the exchange reaction in the medium.
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Scheme 2.1. Anion-exchange reaction between [Hmim][CI] and [Na][TPB].

The product of the reaction is insoluble in water, thus favoring the formation of
nanoparticles in aqueous medium under these experimental conditions. The melting point
of the product [Hmim][TPB] was determined to be 111.2 + 0.4 °C (clear point) which

classifies this product as a GUMBOS, but not a frozen ionic liquid. The decompaosition
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temperature of this compound was 308 °C as determined by use of thermogravimetric

analysis (TGA) (Figure 2.1).

120

15

| N
100+ I 307.78°J \\

/ | F1.0
\

{

/

\

80

60 \ 0.5

Weight (%)
\\\\
Deriv. Weight (%/°C)

40 / \

\\ 0.0

20 \

—— 105
0 100 200 300 400 500 600

Temperature (°C) Universal V4.2E TA Instruments

Figure 2.1. Weight percent loss of [Hmim][TPB] in function of temperature and its first

derivative variation. The measurements show a thermal decomposition temperature of
307.8 °C.

2.3.2. Size Studies

2.3.2.1. Template-Free Sonochemical Routes: Bath vs. Probe

The use of an ultrasonication bath resulted in the formation of zero-dimensional
particles with an average size of 785 + 199 nm as compared to the use of an
ultrasonication probe that delivered a fibrous network of aggregated particles (Figure
2.2b). In the absence of a template, the ultrasonication technique produced mesopatrticles
(or mesoGUMBOS) with high polydispersity. The particle formation is attributed to the

presence of free-energy driven molecular self-assemblies in the medium.3!
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Figure 2.2. Transmission electron micrographs of mesoGUMBOS obtained at 0.25 mM
concentration of reactants for 1:1 volume ratio of cation to anion when using (a) a low-
power ultrasonication bath (scale bar: 2 um) and (b) an ultrasonication probe (scale bar:
500 nm).

Self-assemblies are generally based on non-covalent interactions (van der Waals,
electrostatic, and hydrophobic forces, 1T-11 interactions, etc.) that spontaneously direct the
formation of materials toward formation of spherical aggregates without external
intervention; therefore, in this case, the defined structure of these nanoGUMBOS is
consistent with formation by a self-assembly mechanism.31-32 NanoGUMBOS synthesis
using an ultrasonication probe was investigated in order to study the variation of particles
size with the type and speed of acoustic agitation. The type of stirring employed during
nucleation and growth phases has been associated with the level of aggregation in the
colloidal system.32 In terms of synthesizing nanoGUMBOS at high ultrasonication power,
the nucleation and growth kinetics of the system changes the interactions between
GUMBOS and increases the level of aggregation (Figure 2.1b). Ultrasonication has been
widely used for the synthesis of nanoparticles because ultrasonic irradiation creates high
temperature and pressure around a collapsing vapor bubble or acoustic cavitation known

as a “hot spot” where intermolecular collisions are promoted.3+37
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Variation in the nanoGUMBOS hydrodynamic diameter was also achieved using
non-templating syntheses in the presence of ultrasonication (bath or probe) at different
reactant concentrations and volume ratios of cation [Hmim*] and anion [TPB] (Table 2.1).
Both sonochemical methods using a bath and probe ultrasonicator resulted in a decrease
in hydrodynamic diameter with a decrease in reactant concentration for a 1:1 ratio. The
Table 2.1. Effects of reactant concentration and volume ratio on hydrodynamic diameter

from ultrasonication bath and probe methods were studied by use of DLS measurements.
R symbolizes the ratio of anion to cation.

Concentration (mM)

Sonochemical syntheses

0.25

0.1

0.05

Hydrodynamic diameter
using sonication bath (nm)

725 + 40 (R=1)
428 + 66 (R=6)

622 + 13 (R=1)
427 + 27 (R=6)

511 + 4 (R=1)
240 + 21 (R=6)

Hydrodynamic diameter
using sonication probe (nm)

416 + 85 (R=1)
429 + 28 (R=6)

371 + 68 (R=1)
255 + 63 (R=6)

269 + 61 (R=1)
376 + 58 (R=6)

relationship between concentration and size of particles originates from dependence of
the latter on the growth kinetics of the process. The rate of diffusion, kp, is related to size
of zero-dimensional nanoGUMBOS according to equations 1 and 2:

r? =kpt + 1 (1)
kp = 2D(C — C5)Vy, (2)

where r is the radius of the nuclei, C is the bulk concentration, Cs is the concentration on

the surface of the solid particles, Vi is the molar volume of the nuclei, and D is the
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diffusion coefficient. These equations are used to explain how nanoGUMBOS size
increases with the availability of growth species to adsorb onto the surface of the nuclei.38
Examination of DLS measurements shows that smaller sizes of nanoGUMBOS were
obtained for the same concentration of reactants using the ultrasonication probe, as
compared to use of an ultrasonication bath. The decrease in size of particles can be
attributed to an increase in nucleation rate caused by high intensity ultrasonication probe
that creates more cavitation sites in the medium. Higher nucleation rates for a given
concentration of solute results in a larger number of smaller nuclei.® Furthermore, the
change in the cation:anion volume ratio from 1:1 to 1:6 produced an approximately 200
to 100 nm decrease in hydrodynamic diameter using bath ultrasonication. It is apparent
that the presence of excess anion leads to electrostatically-stable nanoparticles and thus
a decrease in particle size and aggregation level.” However, when using the
ultrasonication probe, the excess anion had a negligible effect on the size of nanopatrticles
because of the high level of aggregation.

Another use of ultrasonication was demonstrated for the precipitation of
nanoGUMBOS from a poor-good solvents mixture; the detailed procedure is explained in
Figure Al, Appendix A.
2.3.2.2. Template-Free Sonication Bath Plus Microwave Assistance

Zero-dimensional nanoGUMBOS with an average diameter of 133 nm (Figure 2.3)
were formed using an ultrasonication bath, followed by microwave irradiation to a
temperature higher than the melting point (> 111 °C) and lower than the decomposition
temperature (308 °C). The sample was subsequently cooled to 30 °C for reformation

of nanoGUMBOS. The decrease in size of particles (Figure 2.4), observed after
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microwave treatment, is attributed to promotion of collisions between species and new
assembly states of molecules.®*#° Polydispersity of the system is also improved as
compared to nanoGUMBOS before microwave irradiation because of the volumetric
absorption capacity of the medium when exposed to microwave radiation. Thus, heating
is more homogeneous and efficient than via regular conduction and convection heating,

subsequently affecting the rate of nanoparticle formation.*43
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Figure 2.3. Transmission electron micrograph of nanoGUMBOS (133 = 16 nm) obtained

at 0.05 mM concentration of reactants when using the ultrasonication bath followed by
microwave heating at 120 °C (scale bar: 500 nm).

Studies of the dielectric properties of water and nanoGUMBOS suspension
indicated quite different dissipation paths for microwave energy in the medium at low (30
°C) and high temperatures (95°C). The loss tangent (fan &) which is expressed as the

ratio of dielectric loss factor over dielectric constant, reflects the ability of a medium to
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convert microwave energy into heat.** This value is reported for the water medium and

the nanoGUMBOS suspension in water at different temperatures in Figure 2.5. At 30 °C,
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Figure 2.4. Variation of hydrodynamic diameter of nanoGUMBOS synthesized using the
ultrasonication bath before (average size: 437 nm) and after microwave treatment
(average size: 199 nm)

tan 6 of water (0.11 = 0.011) is much higher than that for the nanoGUMBOS suspension
(0.083 + 0.00019) due to the presence of a solvation shell around the nanopatrticles in the
latter case. The binding of water molecules to the nanoparticles causes a decrease in the
polarizability of water in the medium and a decrease in the mobility of the polar molecules
and ionic species. However, the effect of heating due to the absorption of microwave
energy by the nanoGUMBOS suspension is enhanced as compared to pure water at high

temperature (95 °C). At this temperature, nanoGUMBOS begin to partially melt and
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dissociate into free ions that dissipate microwave energy via ionic oscillations. The loss
tangent of a nanoGUMBOS suspension in water (0.052 £ 0.0013) is higher than water
(0.030 £ 0.0021) in this case. Itis expected that similar (or even more divergent) behavior
of nanoGUMBOS suspension regarding absorption of microwaves will be observed at
temperatures above 95 °C. This phenomenon showcases the efficiency of the process of
microwave heating and its effect on the formation of reduced-size nanoGUMBOS. This
method is similar in concept to a microwave-assisted reprecipitation method that has

been previously introduced by Baba et al. for synthesis of organic nanoparticles.3°
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Figure 2.5. Variation of tan é values of water medium and nanoGUMBOS suspended in
water at various temperatures (values obtained at 2.45 GHz).

The materials irradiated by use of microwave energy at various temperatures

resulted in similar nanoGUMBOS hydrodynamic diameter (Table 2.2). The negligible
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effect of the temperature increase on the hydrodynamic diameter is due to all
temperatures being above the GUMBOS melting point (111 °C).

Table 2.2. Increase in temperature during the microwave-assisted synthesis results in an
overall unchanged hydrodynamic diameter (measured by use of DLS).

Temperature Size
(°C) (nm)
120 227 + 59
150 225 + 45
180 207 £ 15
200 214 + 37

2.3.2.3. Ultrasonication Using a Modified Cyclodextrin

Production of NanoGUMBOS was evaluated by employing 2HP-B-CD as a
template in concert with probe ultrasonication at two different reactant concentrations
(Figure 2.6). TEM micrographs revealed that these nanoGUMBOS were primarily
spherical in shape. The average diameter of these nanoGUMBOS was 19 + 2 nm and
12 £ 2 nm using 4 mM as well as 0.25 mM of reactant concentration, respectively. Thus,
2HP-B-CD template aided in control of the formation of nanoGUMBOS by significantly
decreasing the size and aggregation of the nanoGUMBOS observed for ultrasonication

in the absence of a template.
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In order to clarify the templating mechanism of 2HP-3-CD and confirm the role of
the hydroxyl groups in the procedure for formation of nanoparticles, we used a template

with a different molar substitution (MS) of hydroxypropyl groups (i.e., MS = 0.6 and 0.8).

100 nm 100 nm

Figure 2.6. Transmission electron micrographs of nanoGUMBOS (scale bars: 100 nm)
obtained using 2HP-B-CD (MS = 0.6) as template at (a) 4 mM concentration of reactants
and (b) 0.25 mM concentration of reactants.

The results were an increase in the size of nanoparticles from 19 + 2 nm to an average
of 73 £ 9 nm when the molar substitution of hydroxypropyl groups on 2HP-3-CD was
increased (Figure 2.7). It is hypothesized that the 2HP-B-CD template molecularly cross-
links in the presence of ultrasonication via hydrogen bonding between hydroxyl groups.°
This molecular cross-linking produces spherical assemblies forming complexes with
[Hmim*]. The [TPB~] anion then ionically binds with [Hmim*] to form the [Hmim][TPB]
compound. In the present study, it is also observed that hydroxyl groups of the template
2HP-B-CD, with the aid of probe ultrasonicator, lead to rapid nucleation of nanoGUMBOS

and subsequent formation of relatively uniform nanoGUMBOS. A similar observation has

been validated by Li et al. wherein the formation of beta-cyclodextrin (B-CD)
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self-assemblies in water has been explained and the application of 3-CD as a template

for TiO2 nanoparticles has been demonstrated.*®

Figure 2.7. Transmission electron micrographs of nanoGUMBOS obtained using
2HP-B-CD (MS = 0.8) as a template at 4 mM concentration of reactants (scale bar: 100
nm).

A similar experiment regarding the templated synthesis of nanoGUMBOS was
conducted with 2HP-a-CD; the TEM micrographs of these nanoGUMBOS are reported in
Figure A2, Appendix A.

2.3.2.4. TX-100 Micellar Template

The neutral surfactant TX-100 was chosen for studying the effect of another soft
template on the size of the nanoGUMBOS and avoidance of ionic interferences with
[Hmim][TPB]. The use of a TX-100 micellar template resulted in zero-dimensional
nanoGUMBOS with an average diameter of 87 £ 13 nm (Figure 2.8a). In this synthesis,

organized microemulsion systems formed by TX-100 normal micelles can be used as

reaction media for formation of nanoparticles where the surfactant functions as a capping
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agent to control the size and dispersity of nanoparticles at the nanoscale level.*6*” One
advantage of using microemulsion synthesis is the possibility of tailoring nanopatrticle size
by making simple changes in the synthetic conditions.*” However, decreasing reactant
concentration from 12.5 to 5 mM yielded very similar nanoGUMBOS sizes (Figure 2.8b).
This observation suggests a templating effect of the TX-100, which allows formation of

nanoGUMBOS within the hydrophobic pockets of the normal micelles.
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Figure 2.8. Transmission electron micrographs of monodisperse nanoGUMBOS obtained
using a TX-100 micellar template method at a concentration of (a) 12.5 mM reactants (87
+ 13 nm) and (b) 5 mM reactants (99 + 10 nm) (scale bar: 500 nm).

2.3.3. Stability Studies

To further investigate the relationship between size and surface charge of our
nanoparticles, the zeta potential was measured at different concentrations for the
template-free sonochemical route (Table 2.3). In this study, the net surface charge of the
nanoGUMBOS interfacial double layer and, subsequently, the stability of the colloidal
systems was determined. For a 1:1 cation:anion ratio, our nanoGUMBOS were negatively
charged, implying that the [TPB] anions preferably adsorb onto the particle surface. A

high negative zeta potential indicates a negligible tendency to electrostatically
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agglomerate at the concentrations studied. Previous studies have suggested that excess
anion increases the magnitude of the negative zeta potential of the particles, resulting in
increased electrostatic repulsion and thereby suppression of nanoparticle growth.”
However, in this study, the zeta potential values differ slightly between cation:anion molar
ratios of 1:1 and 1:6. Nevertheless, excess anion did correlate with a decreased

nanoGUMBOS size for ultrasonication bath synthesis, indicating that excess anions might

Table 2.3. The decrease in concentration of reactants and cation:anion molar ratio
resulted in lower zeta potential values (pH between 7.5 and 8.7).

NanoGUMBOS 0.25 mM 0.1 mM 0.05 mM
syntheses
—704+1.1mV —-66.4 £ 0.7 mV —-66.2+£1.4 mV
Ultrasonication (R=1) (R=1) (R=1)
Bath —64.3+x1.4 mV —-66.1 £ 3.6 mV -53.1+£5.8mV
(R=6) (R=6) (R=6)
777229 mV —72.6+£2.1mV -546+1.7mV
Ultrasonication (R=1) (R=1) (R=1)
Probe —75.8x1.7mV —-71.9+4.3 mV -58.8+£1.2mV
(R=6) (R=6) (R=6)
Ultrasonication | g/, 35my |_67.3+37mv  |-62.8+15mV
Probe with (R=1) (R=1) (R=1)
2HP-B-CD (MS=0.6) - B B

indeed be responsible for suppressing the growth of nanoGUMBOS. This observation
infers that an intentional excess of anions may increase the surface charge density,
resulting in formation of smaller nanoGUMBOS.” The 2HP-B-CD template method
resulted in similar zeta potential values as compared to template-free ultrasonication

methods. Zeta potential values were more negative (especially at high concentration)
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than values obtained from the assembled 2HP-B-CD alone (-57.3 + 2 mV; pH=8.4)
suggesting that the position of the nuclei is more likely on the surface of the template
rather than inside the cyclodextrin cavity. However, the surfactant-assisted synthesis
method resulted in a lower magnitude zeta potential of —=19.3 + 1.7 mV (pH between 5.9
and 7.7) than other nanoGUMBOS syntheses. This lower negative zeta potential likely
stems from the surface of nanoGUMBOS being partially covered by uncharged micelles
(possibly, hemi-micelles) of TX-100, shielding electrostatic interactions.
2.4. Conclusions

This study demonstrates strategies for the size, uniformity, and sphericity-control
of nanoGUMBOS, which have been deemed to be a new class of nanomaterials highly
beneficial for analytical, biological, and technological applications. Herein, facile and
reliable solution-based procedures were explored to achieve size tunability of
nanoGUMBOS. Throughout this investigation, different sizes and dispersities of the
meso/nanoGUMBOS were produced through variations in experimental factors such as
concentration of reactants, presence of template, and modes of formation. Large-size and
polydisperse mesoGUMBOS were obtained using a non-templated ultrasonication
method at high concentration of reactants. In that study, the size was controlled by
changing the concentration of reactants, the intensity of ultrasonication, as well as the
volume ratio of cation to anion. When using the ultrasonication bath, presence of excess
anion caused a decrease in the average particles size. The presence of hgh intensity
ultrasonication resulted in a similar effect on average size, however, in this case, the
nanomaterials presented a high level of aggregation. Microwave-assisted ultrasonication

synthesis produced size-reduced nanoGUMBOS to an average diameter of 133 nm, as
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compared to mesoGUMBOS synthesized by a single step ultrasonication. Moreover, the
size of these nanoGUMBOS approached a value lower than 100 nm and uniformity was
improved, when using the templates 2HP-3-CD and TX-100. As previously noted, this
study introduces facile and efficient strategies for synthesis and size-tuning of
nanoGUMBOS. This is an important task that allows control of the properties of these
systems and expands the applications of these versatile organic nanomaterials.
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CHAPTER THREE
POLYMERIC IMPRINTED NANOGUMBOS FOR CHIRAL RECOGNITION

3.1. Introduction

lonic liquids (ILs) are molten salts which possess a range of relatively low melting
points due to inefficient packing of bulky cations and small anions (or vice versa).? ILs
show interesting physical and chemical properties such as low volatility, chemical stability,
and high conductivity;! 2 and can be tailored by molecular design of either the anionic or
cationic component for task-specific functions.*®> An emerging class of solid phase
materials based on tunable ionic liquids collectively referred to as GUMBOS (group of
uniform materials based on organic salts) has been demonstrated as capable of forming
nanoparticles (nanoGUMBOS) with magnetic, fluorescent, pH sensitive, and anticancer
properties.®* To combine one or more of these properties into nanoparticle based
theranostic agents, incorporation of a molecular recognition element using the method of
molecular imprinting was investigated for formation of nanoGUMBOS molecularly
imprinted polymers (referred to as NGMIPs).1516

Scheme 3.1 outlines the methodology envisioned for molecular imprinting of
nanoGUMBOS which begins with formation of a pre-polymer complex of interactive
monomers with the target molecular compound. The complex is subsequently
polymerized to immobilize the positions of the interactive monomers within the
surrounding polymer matrix. Removal of the template leaves a shape selective binding
cavity lined with interactive functional groups in a complementary array within the cavity.’

An advantage of using polymerizable ionic liquids is the ability to carry out the molecular
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imprinting process in aqueous media, which has only shown a few successes to date?®
and even fewer examples of chiral recognition'®-?° (the most challenging test of molecular

recognition).
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Scheme 3.1. Outline of the molecular imprinting method using crosslinking ionic liquids.
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This study reports on the development of molecularly imprinted polymeric
nanoGUMBOS directed toward molecular recognition of chiral amino acids using ionic
liquid crosslinking monomers. A series of crosslinking ionic liquid monomers with different
molecular spacers was synthesized and molecularly imprinted with L-tryptophan (L-Trp)
as the target compound.?6-3° To date, the utility of crosslinking ionic liquids for molecular
imprinting has not been reported; however, imprinting with only a single crosslinking
monomer has been shown to improve molecularly imprinted polymer (MIP) performance
in other systems.3-33 The enantiomer discrimination of chiral imprinted nanoGUMBOS
synthesized with the different crosslinkers was compared and correlated with the
molecular structure of the crosslinkers.

3.2. Experimental Section
3.2.1. Materials

lonic liquids and GUMBOS used in this study were received from the laboratories
of Dr. Doug Gin and Dr. Richard D. Noble at the University of Colorado, Boulder.26-30
Triton X-100 (TX-100), sodium bis(2-ethylhexyl) sulfosuccinate (AOT), L-tryptophan
(L-Trp), D-tryptophan (D-Trp), as well as the initiator 2,2'-Azobis(2-methylpropionamidine)
dihydrochloride (AAPH) were purchased from Sigma Aldrich (St. Louis, MO) and used as
received. Ultrapure water (18.2 MQ cm) was obtained from an Elga model PURELAB
ultra water filtration system and an ARIES High Purity Water System.

3.2.2. Characterization Techniques

3.2.2.1. Nuclear Magnetic Resonance (NMR) Spectroscopy
H-NMR experiments were performed by dissolving the polymerizable monomers
in deuterated dimethylsulfoxide DMSO. The spectra were obtained using a Bruker AV-

400 liquid instrument (Billerica, MA) that operates at 400 MHZ (Figure B1 in Appendix B).
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For F-NMR, the studies on the monomers were performed on Bruker AVIII-400-
Nanobay (AVB 400) instrument (Billerica, MA).
3.2.2.2. Fourier Transform Infrared (FTIR) Spectroscopy

The polymerized NGMIPs in aqueous suspensions were lyophilized and the
formed pellet made of nanoparticles and surfactant was deposited on an ATR cell in a
Bruker Tensor 27 instrument (Billerica, MA). The background signal of the surfactant was
subtracted from the sample spectrum.
3.2.2.3. Transmission Electron Microscopy (TEM)

TEM micrographs were obtained using a JEOL JEM-1011 TEM (Minchen,
Germany). An 8 uL volume of sample was spotted onto ultrathin carbon coated 400-mesh
Ted Pella, Inc TEM grids (Redding, CA). The grids were mainly washed with water to
avoid any unwanted adsorption of unpolymerized monomers and surfactant.
3.2.2.4. Fluorescence Spectroscopy

Fluorescence measurements were performed using a Fluorolog-3 fluorometer
(HORIBA Scientific, Edison, NJ) at a right angle detection. The quartz sample cuvette
was purchased from Starna Cells (Atascadero, CA) and had a 0.4 cm path length.

3.2.3. Synthesis Procedures
3.2.3.1. Anion Exchange

The [NTf2] anion of polymerizable monomers was exchanged with chloride [CI]
anion using an ion exchange resin. In a separation column, Dowex 1x8 chloride form
(purchased from Sigma Aldrich) was packed and rinsed with 0.1 M aqueous solution of
sodium chloride. After flushing the column with distilled water, monomeric aqueous

solutions were loaded on the column and eluted with deionized water. The eluted samples

75



were spotted on a thin layer chromatography plate. Presence of the product was detected
by appearance of a dark spot upon illumination with ultraviolet light. Water was removed
by lyophilizing the samples. *°F-NMR of the final product showed the disappearance of
fluorine peak, which confirmed that ion exchange took place.
3.2.3.2. Synthesis of Polymeric NanoGUMBOS Using UV-Initiated Polymerization

For UV-initiated polymerization, 0.1 mL of monomeric aqueous solution (0.1 M)
and 5 mL of Triton X-100 (TX-100) aqueous surfactant solution (0.02 M) were mixed
under magnetic stirring. Ultimately, 0.2 mL of 0.005 M aqueous AAPH solution was added
to the mixture. After 30 minutes of magnetic stirring, the sample was purged with nitrogen
and then exposed to UV light for 8 hours.
3.2.3.3. Imprinting Procedure: Synthesis of the NGMIPs

To imprint the nanoGUMBOS with the chiral amino acid L-tryptophan, 0.26 mg of
L-tryptophan was added to the surfactant solution (described earlier) prior to UV- initiated
polymerization. After polymerization, 1 mL of the polymerized sample was centrifuged for
30 minutes at 14000 rpm speed (procedure performed in triplicate). To determine the
theoretical number of binding sites created in the NGMIPs, samples were obtained from
the supernatant and subsequent fluorescence measurement of supernatant gave the
amount of free L-tryptophan that was not encapsulated into the polymeric matrices. The
difference between the original tryptophan concentration and that found in the
supernatant is recorded as the amount of tryptophan bound to the NGMIP sample, and
represents the number of theoretical sites (maximum uptake) created inside the polymeric
matrix. To remove L-tryptophan from the cavities of synthesized nanoparticles, the

NGMIPs were suspended in 1 mL of fresh water and dialyzed against deionized water
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using a Float-A-Lyzer obtained from spectrum laboratories (Irving, TX). The release of
L-Trp was monitored by measuring the fluorescence of the retentate over time. The
dialysis medium was changed initially each 4 hours and then each day for a period of two
weeks.
3.2.3.4. Recognition Studies

After template removal, quantitative evaluation of tryptophan rebinding to the
NGMIPs was carried out by adding a solution of L- or D-tryptophan to the nanoGUMOS
particles resuspended in water. An amount of tryptophan equal to the maximum uptake
capacity was added to each aliquot of nanoGUMBOS suspensions (500 pL each). After
vortexing followed by incubation for 20 hr on a shaker platform, the particles were
removed by centrifugation and the supernatant analyzed by fluorescence to determine
the amount of L-tryptophan and D-tryptophan unbound. The measurements were
compared to controls of L- and D-tryptophan representing the initial amount added to the
nanoparticles. The amount of L-or D-tryptophan recognized is calculated by using the
difference between the integrated surface areas of fluorescence spectra.
3.3. Results and Discussion

Four different crosslinking ionic liquids distinguished by unique functional group
spacers between the vinylimidazolium groups were investigated (Figure 3.1).26%0 The
different crosslinkers are referred to by the chemical structures as follow:
benzene-based monomer (1), (PEG)-based monomer (2), alkane-based monomer (3),
and alkyne-based monomer (4). The [NTf2] counterions of the synthesized crosslinkers

were exchanged with CI- using an anion exchange column to render the compounds
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Appendix B. Before advancing to molecular imprinting,

o
Tt 1 @Nsz
N

\_/\ < > /\ /
o

NTf PR

/ \ / \/\O \ /

NTE @ @@Nsz

/\N/ N\/\/\/\N
\_/

NTE g 4 ONTY,

PAN
/\ v/ @
= N—N \\ /:N/\

Figure 3.1. Structures of polymerizable crosslinkers: (1) benzene-based monomer,
(2) (PEG)-based monomer, (3) alkane-based monomer, and (4) alkyne-based monomer.

hydrophilic for aqueous imprinting.®* Prior anion exchange, all the monomers coupled
with NTf2 counteranion presented a peak at -78.7 ppm in *°F-NMR spectra, the absence
of this peak confirmed that NTf2 anions were fully exchanged with CI- (Figure 3.2).

PF-NMR spectra of benzene, alkane, and alkyne monomers are available in Figure B2,

nanoGUMBOS (nanoGUMBOS non-imprinted polymers with the acronym NGNIP) in the
absence of template was carried out using the four different crosslinkers. The NGNIPs

were synthesized by dispersion polymerization of an aqueous solution using each of the
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four  crosslinkers in  the presence of  Triton-X100  surfactant and
2,2'-Azobis(2-methylpropionamidine) dihydrochloride (AAPH) initiator under UV

photoinitiation. TEM micrographs obtained after polymerization confirm the formation of
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Figure 3.2. 1°F-NMR for (PEG)-based monomer before and after anion exchange.

nanoGUMBOS particles for each of the different crosslinkers (Figure 3.3). As shown in
TEM micrographs, the (PEG)- and alkyne-based polymerized NGNIPs had smaller
average sizes of 87 + 10 nm and 44 + 5 nm, respectively (Figures 3.3A and 3.3C). The
two other polymerized NGNIPs had average sizes of 109 +16 nm for the alkane-based
NGNIP and 118 nm £ 23 nm for the benzene-based NGNIP. FTIR spectra were obtained
before and after UV exposure of the monomer solutions. The surfactant peak was

subtracted from the NGNIP spectra after the polymerization (Figure 3.4). The decrease
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Figure 3.3. Transmission electron micrographs of non-imprinted nanoGUMBOS
(NGNIPs) polymerized with the with the following crosslinker types (a) benzene,
(b) (PEG), (c) alkane, and (d) alkyne.

or disappearance of the vibration peak at 3080 cm (=CH: stretch vibration) compared to
the standard peak at 1559 cm™ confirms polymerization of the monomers.3®
Centrifugation of the polymerized samples gave a solid pellet as shown in Figure 3.5,

also confirming polymerization had taken place.
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Figure 3.4. FTIR spectra of (a) benzene-, (b) (PEG)-, (c) alkane-, and (d) alkyne-based
monomers and polymers (before and after irradiation respectively). The blue line
represents the signal of monomers and the red line represents the signal of polymeric
nanoparticles. The peak at 1559 cm™ is the standard peak to which the intensity of
vibration peak at 3080 cm is compared.

Having established good protocols for the polymerization of NGNIPs, the ability to
imprint in these materials with L-tryptophan was explored. It is known from the literature
that the mole ratio of template to monomer is critical for eliciting the imprinting effect.®
This is a result of balancing the number of binding sites arising from non-covalent pre-
polymer complexes that increase with increased template concentration (via

Le Chatelier's principle), versus the quality of binding sites that improves from a
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Figure 3.5. Photographs showing formation of a pellet made of alkane polymerized
nanoGUMBOS.

decrease of the template to monomer ratio. Preliminary studies on the NGMIPs using the
(PEG)-based monomer were performed using the same formulation as the NGNIPs to
compare template:monomer ratios of 1:6 and 1:8 (Figure 3.6). After polymerization and
centrifugation, analysis by fluorescence of the supernatant indicated that 29% of the
L-Trp remained in the NGMIP with the template:monomer ratio 1:8, while 24% of the
L-Trp remained in the particles formulated with a ratio 1:6. Thus, NGMIPs were
synthesized using the 1:8 template:monomer ratio for all further studies. The amount of
initiator and the time of photoinitiation were also optimized, arriving at a final procedure
using 10 mol % initiator and an 8 hour period of UV illumination with a Hanovia medium
pressure mercury arc lamp.

The optimized formulation and procedure were subsequently used to synthesize
NGMIPs using each of the four different crosslinking ionic liquids. TEM micrographs of

the NGMIPs provided in Figure 3.7 show that average sizes of imprinted particles
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Figure 3.6. Fluorescence measurements on (PEG)-NGMIPs formulated with 1:6 and 1:8
template to monomer ratios. The blue and green lines express the amount of free L-Trp
in the (PEG)-NGMIPs formulated using a template to monomer 1:8 and 1:6 mol ratios,
respectively. The difference between the amount of L-Trp added (red line) and amount of
L-Trp in supernatants (green and blue lines) designates the theoretical sites created in
the polymeric matrix.

increased significantly versus the non-imprinted particles (Figure 3.3) for the
benzene-based NGMIPs (294 nm + 46 nm), (PEG)-based NGMIPs (289 + 117 nm),
alkane-based NGMIPs (196 + 37 nm), and alkyne-based NGMIPs (205 = 71 nm) in
Figures 3.7a-d respectively. The increased sizes for the NGMIPs must be due to inclusion
of the tryptophan template, which may be a result of changes in the surface tension
characteristics from the equivalent polymers shown in Figure 3.3. After polymerization
and centrifugation, the supernatants of each of the NGMIPs were quantified by
fluorescence spectroscopy to determine the amount of L-Trp remained in each of the
particles, and estimate the maximum uptake capacity of the respective NGMIPs

(Figure 3.8).
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Figure 3.7. Transmission electron micrographs of imprinted nanoGUMBOS (NGMIPs)
polymerized with the with the following crosslinker types (a) benzene, (b) (PEG),
(c) alkane, and (d) alkyne.

Removal of the remaining L-Trp was carried out by dialysis over a two week period,
until the dialysate showed no change in fluorescence (Figure 3.9). TEM micrograph of
the (PEG)-based NGMIPs after dialysis displays a grainy structure that could result from

tryptophan removal (Figure 3.10). The greater aggregation of the dialyzed NGMIPs
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versus the non-dialyzed NGMIPs (Figure 3.4) is due to the removal of surfactant used in

the initial imprinting of the particles.
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Figure 3.8. Fluorescence spectra showing the theoretical sites of the NGMIPs. All
NGMIPs in this case were formulated with 1:8 template to monomer mol ratio. The
difference between the amount of L-Trp added (red line) and amount of L-Trp in
supernatant (blue line) represents the theoretical sites created in the polymeric matrices.
The maximum percent uptakes (theoretical sites) were 38% for benzene-NGMIP, 29%
for (PEG)-NGMIP, 39% for alkane-NGMIP, and 21% for alkyne-NGMIP.
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Figure 3.9. Dialysis profile of L-Trp released from benzene-NGMIP. Fluorescence
measurements were taken from the retentate to track the decrease in the signal upon
diffusion of L-Trp to the release medium (water).
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Figure 3.10. TEM of the NGMIP particles shown in Figure 3.7a after dialysis in deionized
water for 2 weeks.

Rebinding of both enantiomers of tryptophan was analyzed in batch rebinding

mode by adding to NGMIP patrticles, a solution of tryptophan with the concentration
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matching the maximum capacity determined for each type of NGMIP (Figure 3.8). After
incubation with L- or D-Trp, the particles were removed by centrifugation and the amount
of tryptophan remaining in the supernatant was measured by fluorescence (Figure 3.11).
The difference between the original solution concentration and the amount remaining in
the supernatant gives the amount of tryptophan bound to the polymer, which is reported
in Table 3.1 as the amount of tryptophan bound per gram of each NGMIP. The binding
capacities of the NGMIPs were found to be in the range of 13 ymoles/g — 87 ymoles/q,
which is approximately ten-fold higher in magnitude versus traditionally formed MIPs.36-37
Two factors that may be responsible for the high capacity of these materials is the strong
binding of the cationic imidazolium group to the tryptophan molecule, and the large
number of these interactions possible because two equivalents of imidazolium groups are
incorporated for each monomer. The higher uptake value of the benzene-based
nanomaterial (benzene-NGMIP) compared to the other nanomaterials may be due to the
pi-stacking and/or induced dipole interactions with the aromatic L-Trp that increases the
affinity to these materials. This may also be true to some degree for the alkyne-NGMIP;
however, the sizeable uptake by the alkyne-NGMIP is overshadowed by its poor
selectivity (vide infra). The uptake by the alkane-NGMIP is a little lower due to the lack of
pi-stacking interactions; and considerably lower for the (PEG)-NGMIP. The
(PEG)-NGMIP is unique in this group of materials in the fact that it has glycol units that
are hydrated by several water molecules per unit, which may disrupt some of the polar

interactions between tryptophan and the binding site functionality in the (PEG)-NGMIP.

87



@) Benzene-NGMIP (b) PEG-NGMIP

10 - 210 -
© =
o —
2 £
2
5 i
] 3]
E 2
Q Q
. 4 -
24 @
@ o
2 o
22 3 27
o /_\ TH
=
m 0 Ll L] L] L] 0 5 : 2 .
320 340 360 380 400 320 340 360 380 400
Wavelength (nm) Wavelength (nm)
©  Alkane-NGMIP (@ Alkyne-NGMIP
w 10 - 10 -
(=}
ST ©
10 =)
X 8 1 = 8 1
2 2
26 - 26 -
2 2
£ =
8 44 g 4 -
c c
Q Q
@ 2 - ? 2 -
u 2
o o
= =]
0 T T . o 0 T ¥ ' )
320 340 360 380 400 320 340 360 380 400
Wavelength (nm) Wavelength (nm)

Figure 3.11. Fluorescence spectra showing the relative amount of L-Trp (a-d) or D-Trp
(e-h) rebound to the polymeric matrices. The red lines represent the amount of Trp in the
incubation solution, and the blue line represents the amount of Trp left in the supernatant
after the polymer with adsorbed Trp was removed. The difference between both spectra
represents the amount of L-Trp rebound to the polymeric matrices, and the data reported
in Table 3.1 as an average over three trials.
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(Figure continued)
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While binding affinity measured via the uptake by the NGMIPs is important, the
greatest advantage of the NGMIPs, and all molecularly imprinted polymers as adsorbents
or sensor materials, is the high level of molecular recognition possible for rebinding the
template. Furthermore, the most challenging test of molecular recognition by any material

is differential binding of enantiomers which differ only in their three dimensional
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configuration. In fact, enantiorecognition has long been known as the best indicator for
testing the imprinting effect, because the specific binding in MIPs arises from
complementary three-dimensional binding interactions. Therefore, enantiorecognition
was evaluated for each of the NGMIPs by comparing the binding uptake of both L- and
D-Trp on the L-Trp imprinted particles (Table 3.1).

Table 3.1. Comparison of the uptake and enantiomer binding ratio of each NGMIP.*

OMNIMIP (PEG)-
Crosslinker Benzene-NGMIP NGMIP Alkane-NGMIP | Alkyne-NGMIP
L-Trp
Rebinding 0.087 0.013 + 0.042 0.081 +
Uptake 0.029 0.0038 0.027 0.0010
(mmol/gram)
D-Trp
Rebinding 0.0068 + 0.0019 £ 0.0069 + 0.016 +
Uptake 0.0054 0.0011 0.0007 0.0055
(mmol/gram)
Enantiomer , ) ) )
Binding Ratio 13:1 7:1 6:1 5:1

*Error is reported as the standard deviation of the mean

As shown in Table 3.1, all of the different NGMIP materials showed good
enantiomer differentiation, with the benzene-NGMIP exhibiting the highest
enantiorecognition seen by the ratio of 13:1 for binding L-Trp preferred over D-Trp. While
the primary interactions of the crosslinkers with template are inferred to occur with
imidazolium moiety, secondary interactions are postulated to exist between the aromatic

spacer and the L-Trp template. The increased affinity and/or number of template-
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crosslinker contacts would provide more complementary interactions that are specific to
the L-Trp template than the D enantiomer. This would account for the high chiral
discrimination found for the benzene-NGMIP where secondary interactions arise from pi-
stacking of the benzene spacer with the aromatic region of the L-Trp template.
Enantiorecognition values are virtually the same for the other three NGMIPs, indicating
that none of these spacer groups contribute significant interactions with the template (L-
Trp) beyond the imidazolium-template contacts.
3.4. Conclusions

Four crosslinking ionic liquids were employed in the synthesis of novel
nanomaterials that were successfully imprinted with the chiral template L-Trp under
aqueous conditions. The fact that imprinting was carried out in water is significant
because in spite of many reports of rebinding analyses by MIPs in agueous solutions,
most of these examples do not perform the actual molecular imprinting process under
aqueous conditions, but rather in organic solvents. The reason for this is that the non-
covalent molecular imprinting technique relies on formation of pre-polymer complexes
based on hydrogen-bonding and weak-to-moderate ionic interactions which are severely
disrupted in the presence of water.18 3%-42 However, many desirable templates, especially
those of biological origin, are only soluble in aqueous matrices and cannot be adapted to
organic soluble MIP methods. Thus, polymerizable ionic liquids are an important class of
monomers for imprinting these water-soluble targets. A few examples of molecularly
imprinted polymers using non-crosslinking IL monomers have been published;*3-48
however there have not been any reports of chiral recognition by imprinted ionic liquids.

Thus, a chiral template was imprinted for this purpose using crosslinking ILs developed
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by the groups of Gin and Noble that uniquely provide the necessary components to form
nanoGUMBOS and simultaneously provide the crosslinking required for the molecular
imprinting process. Four different crosslinking ionic liquids were available with different
functional groups as spacers between the vinylimidazolium groups, and the
corresponding NGMIPs from each of these was compared. All four NG-MIPs provided
the first examples of enantiorecognition by molecularly imprinted polymeric ILs, indicating
that multi-functional nanoGUMBOS with specific molecular recognition can be effectively
synthesized for theranostic applications toward a spectrum of aqueous-based templates.
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CHAPTER FOUR
SYNTHESIS OF POLYMERIC NANOGUMBOS VIA GAMMA RAYS
INDUCED POLYMERIZATION

4.1. Introduction

lonic liquids (ILs), defined as organic salts with melting points at or below 100 °C,
exhibit interesting physical and chemical properties such as low volatility, high thermal
stability, high ionic conductivity, and the ability to dissolve compounds with assorted
polarities.!®* ILs are dubbed “designer’ solvents as a result of the finely tuned
organization, which garner these materials.” 3 In this regard, polymeric ionic liquids (PILs)
emerge as an example of task-specific ionic liquids, which encompass the properties of
ILs as well as the mechanical stability, improved durability, dimensional control, and
processability of polymers.#> PILs are ionic liquids with the monomer anion or cation as
the recurring entity; these materials are usually formed by polymerization of either the
alkene (i.e., vinyl) or the acrylate functional group linked to imidazolium or ammonium
structure in the IL monomer.!! Recently, the potential applications of PILs as polymer
electrolytes,® CO:2 sorbents,”® and dispersing agents,® have garnered attention toward
preparing these polymers at the meso/nanoscale level.1%11

The group of uniform materials based on organic salts (GUMBOS) has been
introduced into scientific literature as an ensemble of organic salts which exhibit the
properties of ILs but show higher melting points ranging from 25 °C to 250 °C.'? The
flexible design of a GUMBOS promotes the production of polymeric nanopatrticles (i.e.,
polymeric nanoGUMBOS) for task-specific applications, depending on the choice of

cation and anion structures. Hence, polymeric nanoGUMBOS offer a potential use in drug
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cargo and delivery!® or as a binder in Li-ion battery electrodes,'* in view of the
dimensionality and physical stability of these materials.

Gamma irradiation has been widely used as a tool for polymers photo-
crosslinking.*>7 Inter- and intra-crosslinking were observed in polymers produced by this
method.*® Gamma irradiation is more advantageous than other irradiation techniques in
terms of the deep penetrability, the temperature independence, and the needless
presence of an initiator in the system.® Thus, this approach has been implemented for
the preparation of micro/nanogels,'®?! nanolatices,® and nanocomposites.?24

To the best of our knowledge, synthesis of polymeric nanoGUMBOS using gamma
irradiation has not been previously explored. In this study, four imidazolium-based ionic
liquids, were polymerized at the nanoscale level by means of the gamma-ray radiation.
The formed polymeric nanoparticles were then loaded with the fluorescein sodium salt to
study the potential of these materials as drug carriers. Transmission electron microscopy
(TEM) and fourier transform infrared (FTIR) spectroscopy were used to characterize the
polymeric nanoGUMBOS, while fluorescence microscopy was employed to evaluate the
loading capacity of the nanopatrticles.

4.2. Experimental Section
4.2.1. Materials

(PEG), alkane, and alkyne ionic liquids coupled with NTf2 counteranion, were
received from Dr. Doug Gin and Dr. Richard D. Noble laboratory at the University of
Colorado, Boulder. The anion in these ionic liquids was exchanged with Cl- using an anion
exchange column (detailed information are in Chapter Three). Heptane anhydrous (99%),
sodium bis(2-ethylhexyl) sulfosuccinate (NaAOT), as well as 2,2-Azobis(2-
methylpropionitrile) (AIBN) were purchased from Sigma Aldrich (St. Louis, MO) and used
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as received. Ultrapure water (18.2 MQ cm) was obtained from an Elga model PURELAB
ultra water filtration system.

4.2.2. Characterization Techniques

4.2.2.1. Melting Point Determination

To acquire the melting point data, a DigiMelt MPA 160 from SRS (Sunnyvale, CA)
was used. The clear point was reported as the samples melting point.
4.2.2.2. Fourier Transform Infrared (FTIR)

The organic solvent was first removed from the polymerized nanoGUMBOS
suspensions using a rotary evaporator. The formed pellet was then lyophilized and
deposited on an ATR cell in a Bruker Tensor 27 instrument (Billerica, MA). The
background signal of the surfactant was subtracted from the sample spectrum (signal of
polymeric nanoGUMBOS).

4.2.2.3. Transmission Electron Microscopy (TEM)

Transmission electron micrographs were obtained using a JEOL JEM-1011 TEM
(Minchen, Germany). An 8 uL volume of sample was spotted onto ultrathin carbon coated
400-mesh Ted Pella, Inc TEM grids (Redding, CA). The grids were washed with water
and heptane for nanoparticles synthesized in water-in-oil microemulsion to avoid any
unwanted adsorption of unpolymerized monomers and surfactant. However, the grids
were only washed with heptane when imaging the monomers.

4.2.3. Synthesis of Polymeric NanoGUMBOS

A monomeric aqueous solution (0.2 M) was dispersed, under magnetic stirring, in

a water-in-oil microemulsion in presence of the surfactant NaAOT (100 uL of water per 5

mL of heptane). The solution was then exposed to gamma irradiation, provided by a ¢°Co

99



source (Nuclear Science Department, LSU), for 1 to 5 days. The dose rate provided by
the gamma source was estimated around 500 cGy/min.
4.2.4. Encapsulation of Fluorescein Sodium Salt

Fluorescein sodium salt (3.5 mg) was dissolved in a 100 yL volume of aqueous
monomeric solution (0.2 M). This solution was then added to a 5 mL of heptane; the
mixture was magnetically stirred for 30 min and exposed to gamma irradiation for two
days. A few drops of the sample were then spotted on a glass slide which was rinsed with
deionized water to remove the excess of dye before imaging with a fluorescence
microscope (Leica DM RXA2, Germany).

4.3. Results and Discussion

The ILs, which are included in this study, present distinctive spacer groups,
incorporated between two vinylimidazoles (Figure 4.1). (PEG) monomer, a room
temperature ionic liquid (RTIL), is highly viscous; however, alkane and alkyne monomers
are solid salts, i.e., GUMBOS, with melting points of 46 °C and 51 °C respectively.

The dosage of gamma rays used for polymerization was optimized by fixing the
exposure time of water-in-oil monomer emulsions to irradiation. To monitor the effect of
radiation on the nanoparticles average size, TEM microscopy was employed. An analysis
of the system was conducted before and after irradiation to identify the mechanism of
polymerization taken place. TEM micrographs show a decrease in average size of the
materials when comparing prior to and following the irradiation of monomers (Figure 4.2).
After two days of exposure to gamma rays, the average size of the materials was reduced

from 682 to 283 nm, 766 to 239 nm, and 2287 to 346 nm for (PEG), alkane, and alkyne
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Figure 4.1. Structures of (1) (PEG), (2) alkane, and (3) alkyne ILs monomers.

monomers, respectively. These observations suggest that the nucleation of
nanoGUMBOS initiates externally to the monomers droplets and proceeds until the total
consumption of monomers.?® In this scenario, large monomer droplets which are
stabilized by the surfactant, and empty surfactant micelles are present in the medium
before irradiation. During the emulsion polymerization, the monomer species diffuse to
the micelle entity and promote the cross-linking and growth of nanoparticles (Scheme
4.1).26The average sizes of the polymeric nanoparticles formed after the first and second

day of irradiation, were not significantly different (Table C1 in Appendix C), which implies
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Figure 4.2. TEM micrographs for (a-c) (PEG), (d-f) alkane, and (g-i) alkyne monomers
before and after gamma irradiation.

that two days irradiation is totally sufficient for the synthesis of stable nanoparticles.
Further studies were also performed after five days irradiation to perceive any change in

size or morphology of the synthesized nanoparticles (Figure C1 in Appendix C).
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Scheme 4.1. Mechanism of emulsion polymerization: ILs monomers (a) prior and (b) post

polymerization.

Moreover, FTIR spectra were collected before and after irradiating for two days the

monomer solutions with gamma rays (Figure 4.3). The disappearance or reduction of the

peak at 900 cm (=C-H bending) and 3110 cm (=C-H stretching) confirms the conversion

of the carbon double bond into a single bond and the cross-linking of the monomers.?¢

Furthermore, the increase in peak intensity at a wavenumber slightly before 3000 cm™!

indicates the formation of a new single C-C bond. The intensities of the peaks are

compared to that of the standard peak at 1550 cm?, which is unaffected neither by the

polymerization process or the subtraction of the surfactant signal.
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Figure 4.3. FTIR spectra (absorbance mode) of (a) (PEG), (b) alkane, (c) alkyne IL
monomers (blue line) and polymeric nanoGUMBOS (red line).
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(Figure continued)
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Next, the capacity of the crosslinked polymeric nanoGUMBOS to embrace
hydrophilic dyes was evaluated and fluorescein sodium salt was solubilized in the
microemulsions prior to irradiation. Dye encapsulation in the quasi-spherical structures
was confirmed using fluorescence microscopy (Figure 4.4). The differential interference
contrast (DIC) images display the presence of spherical aggregates (i.e., the
nanoparticles), whereas fluorescence microscopy images depict the dye encapsulated
inside these structures. The three types of polymeric nanoparticles had distinct amounts
of encapsulated fluorescein dye, with alkyne nanoparticles showing the lowest level of
bound dye as designated by the high background fluorescence in Figure 4.4e.?’ Various
kinds of interactions with the dye (ionic, polar, non-polar) were exhibited by the ionic

liquids polymers, considering the tunable nature of these compounds. However, for the

105



10um

Figure 4.4. Fluorescence and differential interference contrast (DIC) images of (a-b)
(PEG), (c-d) alkane, and (e-f) alkyne polymeric nanoparticles encapsulating fluorescein
sodium salt (green emission).

alkyne polymers, the presence of the triple bond short spacer limited the accessible
interactions with fluorescein sodium salt. This limitation was not encountered in the alkane
monomer where the length and flexibility of the hydrocarbon chain increase the points of

interactions with the dye and subsequently the encapsulation efficiency.
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4.4. Conclusions

(PEG), alkane, and alkyne vinylimidazolium ionic liquids were successfully
polymerized at the nanoscale level by gamma irradiation. With different spacer groups
between the vinylimidazole, these ionic liquids exhibited distinct tunable properties. The
polymeric nanoGUMBOS were formed as a result of an emulsion polymerization
mechanism. After two days of gamma irradiation, the average sizes of (PEG), alkane,
and alkyne nanoparticles were 283, 239, and 346 respectively. These nanoparticles
showed a high propensity to encapsulate the hydrophilic dye fluorescein sodium salt
except for alkyne nanoGUMBOS which present a short rigid spacer that restricts the
intermolecular interactions with the dye. Overall, polymeric nanoGUMBOS pertains to a
new category of tunable polymeric nanomaterials which, according to this study, has
shown potential use in drug delivery applications.
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CHAPTER FIVE
ENHANCEMENT OF CARBAZOLE-BASED NANOGUMBOS INTRINSIC
QUANTUM YIELDS FOR POTENTIAL APPLICATION IN BLUE
ORGANIC LIGHT EMITTING DEVICES

5.1. Introduction

Trends in current scientific research focus on the exploration of novel materials
which enhance the performance of solid state-based lighting devices.'? These light
emitting diodes (LEDs) offer a high efficiency and a decrease in power consumption
compared to traditional types of lighting such as fluorescent and incandescent lamps.t In
this regard, organic light emitting diodes (OLEDSs) are particularly promising as these
devices are usually less expensive and more environmentally friendly than inorganic light
emitting diodes.>* For these reasons, it is expected that OLEDs will become the

foundation of the next lighting generation.®

OLEDs, emitting primary colors (red, green, blue), are key components for the
production of white light. Yet unlike red and green OLEDSs, the fabrication of blue OLEDs
with high external efficiency was proven difficult.® In the past decade, several compounds
with enhanced electroluminescence efficiencies were investigated for potential
application in blue OLEDs.® Fluorine and p-phenylene-based polymers were extensively
explored for the use in OLEDs.”® Moreover, organic compounds with T conjugated
systems such as polyphenylenevinylenes (PPV) and oligophenylenevinylenes (OVP)
were considered excellent materials for blue emission.® Carbazole-based compounds, as
well as anthracene-based compounds were also synthesized for blue light emission.10-11
With successful implementation of the primary colors, arrays of OLEDs can generate a

full display of colors, and are amenable to applications in electronic devices .°
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Fluorescent nanomaterials are considered important components for generating
highly efficient LEDs. The ease of tuning the optical and physical properties in accordance
with the size, morphology, and structure made these nanomaterials desirable for LED
fabrication.'? On this matter, inorganic semiconductor nanopatrticles have been the focus
of much research.'® However, unlike inorganic counterparts, organic nanoparticles have
been less thoroughly investigated as fluorescent materials in OLEDs.** Therefore, the
applicability of fluorescent organic nanoparticles (FONs) in OLEDs is highly intriguing,
especially organic semiconductors which usually exhibit high luminescence, and are
considered useful for optoelectronics applications.® In this regard, a new class of
materials, i.e., nanoGUMBOS, has been sought as emissive materials in OLEDs. These
nanoparticles are derived from a group of uniform materials based on organic salts
(GUMBOS) which possess similar properties to those of ionic liquids but have a melting
point ranging from 25 to 250 °C. NanoGUMBOS present a flexible design with tunable
physical and chemical properties determined by the multiple anion and cation
combinations.*® Hence, the physical, optical, and electronic properties can be easily
modified in these organic compounds.’-22 In addition, nanoGUMBOS have found ground
in diverse applications including analytical, biological, and technological fields.?*?’
Luminescent nanoGUMBOS have also been reported by Dumke et al., which afford these

nanoparticles as interesting emitting materials to be integrated in OLEDs.?®

There are several factors that affect the performance of a light emitting device.
Luminescence quantum yield is one of the parameters which plays a key role in affecting
OLED efficiency.? 28 This value is defined as the ratio of the number of photons emitted

to the number of photons absorbed per unit time (Equation 4.1).2
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_ Number of photons emitted (1)
Number of photons absorbed

For application in OLEDSs, synthesis of organic nanopatrticles with high internal quantum
yield is considered challenging.?® Only a few strategies have been reported to enhance
the quantum yield of organic nanomaterials in blue OLEDs. For example, the quantum
yield of a poly(2,7-(9,9’-dioctylfluorene)-co-4-diphenylamino-4’-biphenylmethylsulfide)
was enhanced up to 86% when this polymer was bound to gold nanoparticles.®® A
plasma-induced technique was used to generate fluorescent carbon dots with a quantum
yield of 6%; the fluorescence intensity of these carbon dots was enhanced by increasing

the plasma energy.3!

Herein, we introduce several strategies to synthesize nanoparticles derived from
carbazole-based GUMBOS, which were previously reported by Siraj et al. as efficient
materials for blue OLEDs.®? Size effects and doping with the transition metal Cu?* were
investigated to tune the optical properties and enhance the quantum vyield of
nanoparticles. The syntheses were also optimized to improve the intrinsic quantum yield
of the carbazole-based nanoGUMBOS, which was dependent on the synthesis conditions
and the molar ratio of dopant to host.

5.2. Experimental Section
5.2.1. Materials

Carbazole-based GUMBOS were synthesized following the same procedure

published by Siraj et al.®? The structures are revealed in Figure 5.1. The GUMBOS are

composed of a carbazoleimidazole-based cation and three different anions: iodide ([l]),
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trifluoromethanesulfonate ([OTf]), and bis(pentafluoroethylsulfonyl)imide ([BETI]). The
compounds 2-hydroxypropyl-B-cyclodextrin (MS = 0.6 and 0.8) as well as copper sulfate
were purchased from Sigma Aldrich (St. Louis, MO) and used as received. Ultrapure

water (18.2 MQ cm) was obtained from an ARIES High Purity Water System.
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Figure 5.1. Chemical structures of the carbazole-based GUMBOS coupled with different
counteranions.

5.2.2. Synthesis of Carbazole-Based NanoGUMBOS
5.2.2.1. Reprecipitation

To a 5 mL of filtered deionized water, 100 pL of ethanolic solution (1 mM) of
carbazole compound was added under ultrasonication, produced by an ultrasonic
processor, Model VC-750 from SONICS (Newton, CT). The ultrasonication was
continuous and lasted for 5 minutes at a 25% amplitude. Nanoparticles suspensions were

allowed to stabilize for 30 minutes before any further studies.

5.2.2.2. Reprecipitation in Presence of 2-Hydroxypropyl-B-cyclodextrin
To a mixture of 4.6 mL of filtered distilled water and 400 pyL of 2HP-B-CD solution

(0.2 mg/mL), a volume of 100 pL ethanolic solution of carbazole compound (1 mM) was
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added under ultrasonication. The same experimental conditions were used as described

above in the reprecipitation method.

5.2.3. Synthesis of Doped Carbazole-Based NanoGUMBOS

A specific amount of 0.1 mM copper sulphate aqueous solution (100 pL, 200 L,
300 pL) and a 100 pL volume of carbazole ethanolic solution (1 mM) were added to a
filtered deionized water under ultrasonication; the total volume was kept at 5.1 mL. After
5 min of ultrasonication, the doped nanoparticles were allowed to grow and age for 30

minutes.

5.2.4. Characterization of NanoGUMBOS

5.2.4.1. Transmission Electron Microscopy

Transmission electron microscopy was the technique used for measuring the size
of nanoGUMBOS. TEM micrographs were obtained using a JEOL JEM-1011 TEM
(Minchen, Germany). A volume of 8 yL nanoGUMBOS sample was drop-casted onto
ultrathin carbon-coated 400-mesh Ted Pella, Inc TEM grids (Redding, CA). The grids

were washed with water to remove any unwanted adsorption of additives.

5.2.4.2. Optical Studies

Absorbance measurements were performed in Varian spectrophotometer cells of
1 cm path length using a UV-Vis-NIR scanning spectrophotometer, (Shimadzu, Columbia,
MD). Fluorescence measurements were obtained using a Fluorolog-3 spectrofluorometer
(Horiba Scientific, Edison, NJ) and performed in a quartz fluorescence cell (Sterna Cells
Atascadero, CA) with 0.4 cm path length. Absolute quantum yields measurements were

measured using an integrating sphere, in a Horiba Scientific Quanta ¢ accessory (150

114



mm diameter) coupled to the Fluorolog-3 spectrofluorometer (Horiba Scientific, Edison,
NJ). For both fluorescence and quantum yields measurements, [CI][I]] and [CI][OTf]
nanoGUMBOS suspensions were diluted by adding a volume of 5 mL of deionized water
before analysis. This procedure was implemented to avoid possible inner-filter effects
caused by the high absorbance intensity in these samples. [CI][BETI] nanoGUMBOS
were also diluted in a similar procedure prior fluorescence measurements only, for a

better illustration and comparison of data.

5.3. Results and Discussion

5.3.1. Syntheses and Optical Properties of Carbazole-Based NanoGUMBOS
Carbazole-based nanoGUMBOS had different average sizes and agglomeration
levels, depending on the synthetic approaches (Figure 5.2). For [CI][]] nanoGUMBOS,
the size of nanoparticles significantly decreased in the presence of the template, 2HP-§3-
CD, from 204 + 65 nm down to 77 + 7 nm (2HP-B-CD, MS 0.6) and 101 £ 17 nm (2HP-[3-
CD, MS 0.8). [CI][OTf] nanoparticles that were synthesized using a free ultrasonication
method, had an average size of 147 + 17 nm. However, the templated 2HP-B-CD (MS
0.6)-assisted ultrasonication method resulted in the formation of nanoGUMBOS with an
average size 49 + 9 nm, whereas, 2HP-3-CD (MS 0.8)-assisted ultrasonication produced
a larger average size of 201 + 62 nm. In case of [CI|[BETI] compound, the presence of
cyclodextrin-derivative template caused an attenuation in the aggregation level. The
average sizes of nanoparticles for this compound were 75 + 15 nm and 86 = 15 nm in
presence of 2HP-B-CD, MS 0.6 and 0.8, respectively. The size-dependence of

nanoGUMBOS in the presence of 2HP-3-CD template confirms that the template directs
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the assembly of these ionic structures, prior to the nucleation and growth mechanisms.
The templating effect of 2HP-B-CD was also reported for other types of nanoparticles,
such as silver nanoparticles and copper sulfide nanoparticles.®3-3* Supplementary
potential measurements on nanoparticles formed from a reprecipitation method, show
that [CI][l] suspensions are the most stable (highest magnitude) and [CI][OTf] the least

stable (value closest to zero) in aqueous media (Figure D1 in Appendix D).

GEAYS o R R

Figure 5.2. TEM micrographs of [CI][l] (a-c), [CI[OTf] (d-f), and [CI][BETI] (g-i)
nanoGUMBOS prepared using the free-templated ultrasonication method (a, d, g), the
2HP-B-CD-assisted ultrasonication with molecular substitution 0.6 (b, e, h), and the
2HP-B-CD-assisted ultrasonication with molecular substitution 0.8 (e, f, i).
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All nanoGUMBOS suspensions exhibited four distinctive absorbance bands in the
spectral region between 220 and 360 nm (Figure 5.3). The distinct values of absorbance
wavelengths are reported in Table 4.1. The peaks at wavelengths A2 and As resulted from
the absorption transitions of carbazoleimidazolium cation to the second and first excited
states, respectively (Table 5.1).3° All the reported absorbance peaks were due solely to
the cation transitions; however, the relative intensities of these peaks varied with the type
of anion. This effect was mainly proved in the case of [CI][BETI], where a significant
decrease in absorbance intensity was observed when compared to [CI][l] and [CI][OTf]
nanoGUMBOS measurements. The decrease in absorbance suggests a difference in

correlation between the associated species (anion-cation and cation-cation pairs).
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Figure 5.3. Absorbance Spectra of (A) [CI][I], (B) [CI][OTTf], (C) [CI][BETI] nanoGUMBOS
synthesized using three different procedures: ultrasonication probe (red line);
ultrasonication probe with the template 2HP-3-CD (MS:0.6) (green line) and the template
2HP-B-CD (MS:0.8) (blue line). The final concentration of nanoGUMBOS suspension was
equal to 0.02 mM.

In addition, as depicted in the absorbance spectra of the nanoGUMBOS, a shoulder
appeared at 297 nm suggesting the presence of multiple excited states.3? Furthermore,

the absorbance of the nanomaterials suspensions was affected by the size of
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nanoGUMBOS. An increase in the absorbance value was associated with large sized
[CI][I] nanoGUMBOS, which can be explained by the expansion of the nanoparticle cross-
section exposed to the light upon increasing the size of nanoGUMBOS. For [CI][OTf]
nanoGUMBOS, the absorbance was size-independent as a possible result of the
structural orientation (i.e., conformation) of the anion around the cation. This
independence was not observed in the case of [CI|[BETI] where the agglomeration level
of nanoparticles was the main factor affecting the molar extinction which decreased with

increasing the intermolecular electronic interactions upon aggregation.3®

Table 5.1. Absorbance wavelengths for [CI][I], [CI][OTf], and [CI][BETI] nanoGUMBOS
synthesized using three different approaches.

Ultrasonication with 2-HP-B-CD | Ultrasonication with 2-HP-3-CD

Ultrasonication MS 0.6 MS 0.8

[CI] | 226 |273.5| 335 |350.5| 226 | 274 | 335 | 350 | 226 | 273 | 335.5 | 350.5

[CN[OTA | 227 | 273.5| 339 | 350 | 227.5 |273.5| 337 | 351.5 |2275| 274 | 3375 | 351.5

[CIBETI) | 237 | 274 | 336 | 349 | 237 | 274 | 336 | 349 | 236 | 274 | 336 | 349

The fluorescence studies of nanoGUMBOS suspensions showed an emission at
two different wavelengths when excited at 275 nm (Figure 5.4). The strong fluorescence
at the longer wavelength is due to the emission from first excited singlet state while the
less intense fluorescence emission at shorter wavelength resulted from second excited

singlet state. All the nanoGUMBOS coupled with different anions presented emissions at
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the same wavelengths as shown in Table 5.2. However, the suspensions showed almost
a twofold enhancement of fluorescence whenever the nanoGUMBOS were synthesized
in the presence of 2HP-B-CD template. This enhancement is related to the presence of
2HP-B-CD which stabilizes the suspensions and eventually decreases the non-radiative
decays caused by environmental quenching.3” Moreover, the modification of the synthetic
approach might have caused the formation of nanoaggregates with an intramolecular
planarization conformation state causing eventually an increase in fluorescence

intensity.38
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Figure 5.4. Fluorescence Spectra of (A) [CI][1], (B) [CI][OTT], (C) [CI][BETI] nanoGUMBOS
synthesized using three different procedures: ultrasonication probe (red line);
ultrasonication probe with the template 2HP-3-CD (MS:0.6) (green line) and the template

2HP-B-CD (MS:0.8) (blue line). The final concentration of nanoGUMBOS suspension
(after dilution) was equal to 0.01 mM.
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As previously mentioned, luminescence quantum yield (®) is a major parameter
that affects the performance of an OLED. Therefore, absolute quantum yields were

measured for the three types of nanoparticles, synthesized using different synthetic
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approaches. The results are presented in Table 5.3. The absolute quantum yields of
carbazole-based nanoGUMBOS were significantly lower than those of bulk materials

which had the quantum yields around 100% as reported by Siraj et al.32 This decrease in

Table 5.2. Emission wavelengths for [CI][I], [CI][OTf], and [CI][BETI] nhanoGUMBOS
synthesized using three different approaches.

Ultrasorication Ultrasonication with 2-HP-B-CD | Ultrasonication with 2-HP-B-CD
MS 0.6 MS 0.8
A A A A A, A,
[cnim 303 382 303 379 303 379
[CI[OTH] 304 381 303 377 303 378
[CI[BETI] 303 381 303 380 303 380

guantum vyields is due to the formation of excimers which promote intermolecular vibronic
relaxation and non-radiational transitions at solid phase.?® Nonetheless, [CI][BETI]
nanoGUMBOS showed the highest quantum yields as compared to [CI][l] and [CI][OTf]
nanoGUMBOS, while the presence of the template 2HP-B-CD increased the quantum
yields for all nanoGUMBOS. The quantum yield increase was the most noticeable for
[CI][BETI] nanoGUMBOS which were prepared in presence of 2HP-3-CD MS 0.6. Around
6% increase in quantum vyield (i.e., 14%) was observed for these nanoparticles in
comparison to the nanoparticles synthesized without a template (i.e., 8%). This
enhancement in quantum yield correlates with a decrease in agglomeration level probably

due to self-quenching via intermolecular contacts.®
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Table 5.3. Absolute quantum yields (®) of [CI][l], [CI][OTf], and [CI][BETI] synthesized
using free ultrasonication, ultrasonication with the template 2HP-B-CD (MS:0.6), and
ultrasonication with the template 2HP-3-CD (MS:0.8).

Ultrasonication Ultrasonication
Ultrasonication with 2HP-B-CD MS | with 2HP-B-CD MS
0.6 0.8
QY ([CI[ID % 1.9 2.2 3.6
QY ([CI][OTH]) % 2.1 2.7 3.2
QY ([CI][BETI]) % 8.2 13.8 12.0

5.3.2. Doping Carbazole-Based NanoGUMBOS

The carbazole-based nanoGUMBOS were doped with the transition metal Cu?* to
study the effect of doping on the nanoparticles optical properties. The variations in
absorbance and fluorescence intensities of nanoGUMBOS aqueous suspensions are
shown in Figure 5.5. The presence of Cu?* in the vicinity of nanoGUMBOS caused an
increase in the absorbance of [CI|[OTf] while an opposite response was observed in the
case of [CI][BETI] where a low absorbance value was observed at 20% Cu?*. However,
there was no effect of Cu?* dopant on the absorbance of [CI][l]. The adsorption of Cu?*
ions at the core or the surface of nanoGUMBOS determines the measured absorbance.
This phenomenon is related to the doping strategy (i.e., nucleation or growth doping) and
the amount of dopant added.*° Additionally, the type, size, and valence of the dopant

need to be taken into consideration.*! These systems could undergo a “self-purification”

121



mechanism that can prevent in some cases an effective doping of nanoparticles.*? The
three types of nanoGUMBOS suspensions displayed different fluorescence behaviors.
[CI][I] nanoGUMBOS had an increase in fluorescence when doped with Cu?*, the
maximum fluorescence was observed at 10% Cu?*. At higher amounts of Cu?*, the
fluorescence intensity starts to decrease and exhibited equivalent intensity for 20% and
30% doping. [CI][OTf] nanoGUMBOS showed a decrease in fluorescence intensity at
10% Cu?*, followed by an increase back to the original intensity upon increasing the
amount of Cu?*. Lastly, [CI][BETI] nanoGUMBOS exhibited a slight increase in
fluorescence intensity in presence of Cu?*. It is expected that the presence of Cu?* causes
a population of electrons in the surface trap states from where the emission takes place.
The electron-hole recombination can happen at the d orbitals of Cu?* which lie between
the valence and conduction bands of the host, causing an alteration in the fluorescence
signal of nanoGUMBOS.*° Moreover, doping [CI][l], [CI][OTf], and [CI][BETI]
nanoGUMBOS with different amounts of Cu?* caused an increase in quantum yield up to
2.5%, 3.9%, and 11.6%, respectively (Table 5.4). The variation in absolute quantum yield
is related to structural effects which affected the spectroscopic properties of the
nanoGUMBOS. The decrease in quantum yield at 30% Cu?* was common among all
nanoGUMBOS. The excess amount of dopant causes the appearance of surface defects,
which is in favor of non-radiative decays.*® However, quantum yield values which are
tabulated in Table 5.4 did not reflect the data reported in Figure 5.5, especially for
[CI][OTf] nanoGUMBOS which showed a slight increase in fluorescence at 30% Cu?* for

0.1 mM concentration of nanoGUMBOS. Parameters such as the long lifetime of
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nanoGUMBOS in the excited state and the high concentration of nanoparticles
suspension might promote the occurrence of quenching mechanisms; hence, further

analysis is required in this regard.
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Figure 5.5. Absorbance and fluorescence spectra of (A,D) [CI][l], (B,E) [CI][OTf], and
(C,F) [CI][BETI] nanoGUMBOS doped with different molar percentages of Cu?*: 0% (red
line), 10% (green line), 20% (blue line), and 30% (purple line). The concentration of
nanoGUMBOS was 0.02 mM (absorbance data) and 0.01 mM (fluorescence data).
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Table 5.4. Quantum yields of [CI][l], [CI][OTf], and [CI][BETI] nanoGUMBOS doped with
different percentages of Cu?*: 0%, 10%, 20%, and 30%.

Ultrasonication Ult'rasonication UIt_rasonication Ult_rasonication
with 10% Cu?* | with 20% Cu?* | with 30% Cu?*
QY
[cn 1.8 2.5 2.0 1.7
%
QY
[CI][OTf] 2.1 2.3 3.9 1.8
%
QY
[CI][BETI] 10.0 11.0 11.6 6.9
%

Size studies were also performed on doped carbazole-based hanoGUMBOS to
validate any effect of doping on the size of nanoGUMBOS (Figure 5.6). The analysis of
TEM micrographs reveals that the sizes of nanoGUMBOS were varying with the amount
of doping; yet, there is no direct relationship between the size and absorbance or
fluorescence spectra. This is partially due to the presence of other factors related to the
doping mechanism such as conformational changes and quenching mechanisms.
Nonetheless, an obvious change in quantum yield was associated with the abrupt change
in size. For example, [CI][I] nanoGUMBOS showed a decrease in size down to 74 nm
associated with an increase in quantum vyield (2.5%), when these nanoparticles were
doped with 10% Cu?*. [CI][OTf] nanoGUMBOS had a concurrent increase in size (312
nm) and quantum yield (3.9%) at 20% doping. However, [CI][BETI] showed a decrease
in agglomeration level at 10% level of dopant to result in distinct nanoparticles with a
moderate level of agglomeration at 20% and 30% (Figure 5.6). The quantum yield for
these nanoparticles was the highest at 20% (11.6%), which is in accordance with the
formation of defined shape nanopatrticles.
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Figure 5.6. TEM micrographs of [CI][l] (a-d), [CI][OTf] (e-h), and [CI][BETI] (i-)
nanoGUMBOS doped with Cu?* at different molar percentages: 0%, 10%, 20%, 30%
(from left to right). The average sizes were not accurately determined in Figures i-l due to
the agglomeration of nanopatrticles.

5.4. Conclusions

Carbazole-based nanoGUMBOS have proven to be interesting FONs with
potential to be applied as emitting materials for OLEDs. The quantum yield of these
nanoparticles can be efficiently tuned by changing the type of counteranion and the
synthetic approaches. Several techniques have been presented for tuning the optical
properties of these compounds as well as quantum yields. The presence of 2HP-B-CD
template during the synthesis of these nanoparticles enhanced the fluorescence and
increased the quantum yield of the suspensions. [CI|[BETI] had the highest quantum yield

(i.e., 14%) among the carbazole-based nanoGUMBOS. A doping method was also
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explored for the purpose of increasing the nanomaterials quantum yield. Carbazole-based
nanoGUMBOS showed different responses upon doping with the transition metal Cu?*.
Each type of nanoGUMBOS had a distinct optimal amount of dopant at which the
guantum yield is the highest. The ultimate quantum yields were 2.5%, 3.9% and 11.6%
for [CI][l], [CIJ[OTf], and [CI][BETI] nanoGUMBOS respectively. It is noted that the
structural and size effects were the major factors in determining the quantum yield of

doped nanoGUMBOS.
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CHAPTER SIX
CONCLUSIONS AND FUTURE WORK

6.1. Conclusions

A new class of organic nanoparticles (nanoGUMBOS), which drives the chemistry
of ionic liquids to the nanoscale level, was introduced in this work. Interestingly, these
nanomaterials have exhibited tunable physical and chemical properties, allowing for use
in a wide range of applications. The diversity and flexibility of these nanoparticles have
thus far permitted implementation of nanoGUMBOS in diverse fields of research, such as
polymer chemistry and optoelectronics. Throughout the research chapters of this
dissertation, size-control of nanoGUMBOS (Chapter Two), design of MIP nanoGUMBOS
for chiral recognition (Chapter Three), preparation of polymeric nanoGUMBOS using
gamma irradiation (Chapter Four), and synthesis of semiconductive nanoGUMBOS for

use in OLEDs (Chapter Five) were discussed.

The introductory chapter revealed the fundamentals of nanotechnology. The
history of nanotechnology is highly associated with the chemistry field. In this regard, ionic
liquids and polymeric ionic liquids materials were applied in nanotechnology.
Nanoparticles derived from these organic materials (nanoGUMBOS and polymeric
nanoGUMBOS) were synthesized. Synthesis approaches and theories of nanoparticle
formation were deliberated. The last part of the chapter included the characterization
techniques used to study the size, morphology, surface charge, and optical properties of

nanoGUMBOS.

Next, in the second chapter, strategies which have been investigated for the

synthesis- and size-control of nanoGUMBOS were elaborated. The compound under
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investigation was derived from an imidazolium-based ionic liquid, commonly used for
metal ion extraction and lignocellulose processing. The syntheses, performed in aqueous
medium, were facile and reliable bottom-up approaches. Systems based on ultrasound
and microwaves were employed to synthesize uniform nanopatrticles. Furthermore, soft
templates including surfactants and cyclodextrin derivatives enabled the fabrication of
reduced size nanoGUMBOS. Results from the studies revealed that the templated
procedures delivered quasi-spherical nanoGUMBOS with controlled average sizes from
12 to 99 nm and standard deviations between 2 and 12 nm. The size-control study permits
a better regulation of the properties and a reliable performance of nanoparticles in various

applications.

Chapter Three covered the synthesis of chiral imprinted polymeric nanoGUMBOS
using a molecular imprinting strategy under aqueous conditions. Four crosslinking ionic
liquid monomers, with different spacers (moieties) between two vinylimidazole groups in
the cationic structure, were investigated. The successful imprinting of these compounds
in aqueous conditions was related primarily to the high interactions between the
imidazolium moiety and the template L-tryptophan. The polymeric nanoGUMBOS
showed high degree of recognition for L-tryptophan; however, the enantiorecognition was
distinctive among the polymers due to the presence of unique interactions between each
type of nanoGUMBOS and the imprint molecule. These materials were the first example
of molecularly imprinted ionic liquid-based polymeric nanomaterials used for chiral

recognition studies, while implementing the imprinting procedure in aqueous medium.

The fourth chapter dealt with the use of gamma irradiation to initiate the

polymerization of vinylimidazoles ionic liquids at the nanoscale level. This method
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provokes a polymerization process in absence of an initiator; concurrently, the high
energy of gamma rays allows a homogeneous irradiation of large samples, which is
beneficial for the formation of uniform nanoparticles. The synthesized (PEG), alkane, and
alkyne polymeric nanoGUMBOS were evaluated as potential drug nanocarriers by
encapsulating these nanoparticles with the hydrophilic dye, fluorescein sodium salt. As
preliminary assessment, the nanoGUMBOS exhibited the ability to carry the dye;
however, alkyne nanoGUMBOS showed the lesser encapsulation efficiency. The short
distance of the spacer group between the vinylimidazoles in alkyne nanoGUMBOS, may

have led to a decrease in possible interactions with fluorescein sodium salt.

Finally, Chapter Five focused on the investigation of semiconductive
nanoGUMBOS as emitting nanomaterials in blue organic light-emitting devices. Studies
were conducted to improve the quantum vyield of these materials using several
procedures. In this regard, the carbazoleimidazole cations in these nanoGUMBOS were
coupled with various counteranions to examine any resulting effect on optical properties
(i.e., absorbance and fluorescence). Tunable optical properties were achieved by varying
the synthesis approaches and the experimental conditions. A Cyclodextrin-assisted
reprecipitation method was selected to control the size of nanoGUMBOS. The presence
of this template caused an enhancement in fluorescence and quantum yield. Doping with
the transition metal Cu?* was also successful in enhancing the quantum yield of the
nanoGUMBOS suspensions. The excess in the amount of dopant caused a decrease in

guantum yield attributed to the formation of surface defects.
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6.2. Future Work

Future work in the area of nanoGUMBOS includes the application of chemometric
studies on the synthesis of these nanoparticles. A mathematical model will be designed
to explore the optimal experimental conditions for the formation of nanoGUMBOS. The
use of a mathematical model to predict the size of nanoparticles synthesized under fixed
conditions has been reported for spinel ferrite nanoparticles.® A factorial design based on
the chemometrics science offers the possibility to relate the synthesis conditions and size
of nanoGUMBOS, once an accurate correlation model is applied. A statistical method
based on a two-level-six-factor partial factorial design was performed on the synthesis of
[HmIim][TPB] nanoGUMBOS (Table E1 in Appendix E). These initial studies can be used
to determine statistically the factors that affect the size of nanoparticles. Further
experiments will be required, before the determination of a chemometric model, to

correlate between the experimental conditions and the size of nanoGUMBOS.

Moreover, novel separation techniques such as asymmetric-flow field flow
fractionation (AF4) will be investigated and optimized for size-selection of nanoGUMBOS.
AF4 is a chromatography-based technique that separates analytes based on relative
physicochemical properties (e.g., molecular weight, size, shape).? The uniformity of
nanoGUMBOS is necessary to have control over optical, electrical, and even physical
properties. In addition, monodisperse nanoGUMBOS may offer enhanced properties and
performance in various applications. Preliminary data were obtained for size-selection of
[Hmim][TPB] nanoGUMBOS using AF4 (Figure E2 in Appendix E). The nanoparticles with

average size of 50 nm were well discerned from the nanoparticles with 100 nm size;
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however, a high level of agglomeration was observed after the collection of nanopatrticles
aliquots. The samples were also diluted for the detector, which is based on static
scattering, to accurately sort different size nanoparticles. Optimization procedures will be

needed to provide more uniform and non-agglomerated nanoGUMBOS.

Surface modification of nanoGUMBOS will be implemented to improve the
performance of nanoparticles. This strategy allows the introduction of further intrinsic
properties into these nanoparticles and provides active interacting surfaces.® The study
will promote the use of nanoGUMBOS in diverse applications by creating multifunctional
systems. For example, trihexyltetradecylphosphonium fluorescein [(TTP)2][FL]
nanoGUMBOS which are fluorescent, pH sensitive, and can be used for biomedical
applications,* were initially surface modified by folate ion (Figure E3 in Appendix E).
Herein, the surface modification of nanoGUMBOS will mediate targeting cancer cells
which overexpress the folate receptor. This investigation needs to be thoroughly
developed to increase the adsorption of folate onto the surface of nanoparticles by
optimizing experimental conditions such as the pH, the amount of folate added, and the
incubation time. Other modifiers can be used as well in the surface modification strategy;
polymer-modified nanoGUMBOS will increase for instance the biocompatibility and

efficiency of these nanomaterials for in vivo studies.

The imprinted polymeric nhanoGUMBOS show potential application in chiral
separation. Therefore, future work in this field will include imprinting polymeric
nanoGUMBOS with enantiomeric drugs which show chirality-dependent activity. The

nanoparticles will be used as stationary phases in capillary electrochromatography (CEC)
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for separation of these chiral drugs.® In addition, novel imprinted polymeric
nanoGUMBOS which show a signal change upon recognition of a target molecule will be
investigated. These stimuli-responsive polymeric nanomaterials will be made fluorescent,
magnetic, or light sensitive by changing the type of anion or cation. The imprinted

nanoGUMBOS will be applied as nanosensors for the target molecule in interest.®

The synthesis of polymeric nanoGUMBOS via gamma irradiation will be further
controlled by studying the effect of monomeric solution, volume and concentration, on the
size of nanoparticles. The minimum required dosage of gamma rays will be monitored by
tracking the degree of polymerization. Furthermore, drug encapsulation studies on the
polymeric nanoGUMBOS will be implemented using quantitative methods such as
absorbance or fluorescence spectroscopy to accurately measure the encapsulation
efficiency. Release studies of fluorescein sodium salt over time will also be performed
using dialysis method. Other dyes such as Rhodamines will be investigated to elaborate

on the interactions involved in drug encapsulation and release processes.

Lastly, carbazole-based nanoGUMBOS will be doped with different transition
metals such as Mn?* and Zn?*. The ultimate goal of doping will be to achieve white light
emission at high quantum vyield, which is extremely significant in OLEDs.” Moreover, an
OLED device will be fabricated using the nanoGUMBOS as emitting materials. The
operation of the device will be evaluated based on its external quantum efficiency. This
value is typically affected by several parameters including light extraction efficiency,
power efficiency, electron-hole recombination efficiency, and internal quantum

efficiency.®
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In the end, the field of nanoGUMBOS holds a plethora of potential studies that can
be performed to further clarify the fundamentals of nanoparticles formation for a better
control over potential applications. The tunability of nanoGUMBOS raises the
opportunities to perform several projects related to the synthesis, characterization, and
application of these nanomaterials. The proposed studies will promote the use of

nanoGUMBOS in analytical, biological, and technological arenas.
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APPENDIX A. SUPPORTING INFORMATION FOR CHAPTER TWO:
FIGURES

Figure Al. TEM micrograph of [Hmim][TPB] nanoGUMBOS synthesized under
ultrasonication.

In this procedure, 100 uL of an aqueous solution of [Hmim][TPB] was added to a
10 mL total volume of water and acetonitrile (50:50 volume composition), mixed in a bath
sonicator. [Hmim][CI] aqueous solution (100 pL) was then added gradually (5 pL/minute)
to the mixture. After adding all the amount of [Hmim][CI], the sonication was stopped and
the solutions were allowed to react for 16 hours, which is a sufficient time for the
acetonitrile to evaporate from the medium. The experimental conditions were as follow:
concentration of reactants: 0.025 M, volume ratio: water/acetonitrile 50:50, and the growth
time of nanopatrticles: 16 hours. The above TEM micrograph was taken using an LVEM5-
TEM (Delong America, Montreal, Canada). The average size of nanoparticles was 210 +
43 nm.
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100 nm

Figure A2. TEM micrographs of [Hmim][TPB] nanoGUMBOS synthesized in presence of
2-hydroxypropyl-a-CD and the probe ultrasonication (size of nanopatrticles: 70 £10 nm).

Experimental conditions were as follow: concentration of reactants: 4 mM,
amount of 2HP-a-CD: 8 mg, total volume of mixture: 10 mL, amplitude of ultrasonication:

25%, time of ultrasonication: 10 min.
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APPENDIX B. SUPPORTING INFORMATION FOR CHAPTER THREE:
FIGURES
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Figure Bla. *H NMR data reported for benzene ionic liqguid monomer coupled with NTf2
anion.

H-NMR, benzene-based monomer: (400 MHz, DMSO-ds, 8): 9.55 (t, J1=1.96,
Jo=1.44 Hz, 2H), 8.20 (t, J1=1.8 Hz, Jo= 2Hz, 2H) 7.89 (t, J1= 2Hz, J>= 1.8 Hz, 2H),7.5 (s,
4H), 7.29 (dd, J1= 8.8Hz, J2 = 15.6Hz, 2H), 5.95 (dd, J1= 2.4Hz, J.= 15.6Hz, 2H),5.45 (s,

4H), 5.43 (dd, Ji= 2.4Hz, Jo= 8.8Hz, 2H)

139



(b)

2100000
H
- 2000000

1800000

‘\/ \L\ Da.h, i » /& o - 1800000
H] - 1700000

- 1600000
I— 1500000
1400000
[~ 1300000
1200000
1100000
1000000
F200000
;800000
[-700000
I—GODODO
[-500000
:--100000
300000

[-200000

L L UL

T T T T T T T T T T T T T
10.0 9.5 Q.0 4.5 8.0 7 5 7.0 E.5 60 5 5 5.0 4.5 4.0 35 3.0 25 2 ] l 5
I {ppm])

Figure B1lb. *H NMR data reported for (PEG) ionic liquid monomer coupled with NTf2
anion.

'H-NMR, (PEG)-based monomer: (400 MHz, DMSO-ds, d): 9.37 (s, 2H), 8.15 (t,
J=1.6 Hz, 2H), 7.81 (t, J= 1 Hz, 2H), 7.29 (dd, J1= 8.8 Hz, J>= 16 Hz, 2H), 5.93 (dd, J1=3
Hz, J2=16 Hz, 2H), 5.42 (dd, J1=8.8 Hz, J> = 2.4 Hz, 2H), 4.34 (t, J=5 Hz , 4H), 3.75 (t, J=

5 Hz, 4H), 3.6 (s, 4H), 3.39 (water).
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Figure Blc. 'H NMR data reported for alkane ionic liqguid monomer coupled with NTf2
anion.

'H-NMR, alkane-based monomer: (400 MHz, DMSO- ds, 8): 9.42 (s, 2H), 8.16 (d,
J=2.2 Hz, 2H), 7.88 (broad s, 2H), 7.25 (dd, Ji= 9 Hz, J2 =16 Hz, 2H), 5.92(dd, J1= 4 Hz,
J2= 16 Hz, 2H), 5.41 (dd, J1= 2.4Hz, J>= 8.8Hz, 2H), 4.28 (t, J= 7 Hz, 4H), 2.49 (s, DMSO-

ds solvent), 1.8 (t, J= 7 Hz, 4H), 1.27 (t, J=7 Hz, 4 H).
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Figure B1d. *H NMR data reported for alkyne ionic liquid monomer coupled with NTf2
anion.

'H-NMR, alkyne-based monomer: (400 MHz, DMSO-de, 8): 9.52 (t,J1=1.56, J>=
1.64Hz, 2H), 8.25 (t, J1=1.4 Hz, J>= 2.2 Hz , 2H), 7.97 (t, J1= 1Hz, J2= 2Hz, 2H), 7.32 (dd,
Ji= 8.4Hz, J2 = 15.6Hz, 2H), 5.97 (dd, Ji= 2.4Hz, J2= 15.6Hz, 2H), 5.47 (dd, J1= 2.8Hz,

Jo= 9 Hz, 2H), 5.34 (s, 4H).
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Figure B2a. 1°F-NMR for benzene ionic liqguid monomer before and after anion exchange.

Before anion exchange, °F-NMR (DMSO, 400 MHz): 5 -78.7 ppm

After anion exchange, **F-NMR (DMSO, 400 MHz): no peak
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Figure B2b. 1°F-NMR for alkane ionic liquid monomer before and after anion exchange.
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Figure B2c. 1°F-NMR for alkyne ionic liquid monomer before and after anion exchange.
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APPENDIX C. SUPPORTING INFORMATION FOR CHAPTER FOUR:
FIGURES AND TABLE

Figure C1. TEM micrographs of (a) (PEG) and (b) alkane polymeric nanoGUMBOS after
five days of gamma irradiation.
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Table C2. Average sizes of ionic liquids micro/nanomaterials before and after one day/two
days irradiation.

One Day Two Days

Before irradiation irradiation irradiation

(PEG) ionic liquid
Diameter 682 + 128 nm 244 + 60 nm 283 + 58 nm
(Average + SD)

Alkane ionic liquid
Diameter 766 £ 114 nm 171 £ 47 nm 239 £19 nm
(Average + SD)

Alkyne ionic liquid
Diameter 2287 £ 290 nm 340 £ 113 nm 346 £ 66 nm
(Average £+ SD)
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APPENDIX D. SUPPORTING INFORMATION FOR CHAPTER FIVE:
FIGURES AND DATA
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Figure D1. Zeta potential data for (a) [CI][l] (pH:7.72), (b) [CI][OTf] (pH: 7.57), and (c)
[CI][BETI] (pH: 8.07) nanoGUMBOS synthesized using a reprecipitation method. The
measurements were performed on a zetaview, particle tracking, instrument (Microtrac,

PA, US).
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APPENDIX E. SUPPORTING INFORMATION FOR CHAPTER SIX:
TABLE AND FIGURES

Table E1. Chemometrics studies (partial factorial design) on [Hmim][TPB] nanoGUMBOS
synthesized using different experimental conditions and the reported average sizes for
each experiment.

Expt X X X3 Xy X5 Xs TEM Results
1 MS:0.6 0.5mg 0.05 mM tertbutanol 50 uL Low T° 274 +38 nm
2 MS:0.8 0.5mg 0.05mM tertbutanol 250 uL Low T° 83 + 23 nm
3 MS:0.6 1.5 mg 0.05 mM tertbutanol 250 uL High T° 118 £21 nm
4 MS:0.8 1.5mg 0.05 mM tertbutanol 50 uL High T° 104 £ 24 nm
5 MS:0.6 0.5 mg 1mM tertbutanol 250 uL High T° 140 £22 nm
6 MS:0.8 0.5 mg 1 mM tertbutanol 50 uL High T° 1345 + 399 nm
7 MS:0.6 1.5 mg 1mM tertbutanol 50 uL Low T* 103 £ 15 nm
8 MS:0.8 1.5 mg 1TmM tertbutanol 250 uL Low T° 141 £ 28 nm
9 MS:0.6 0.5 mg 0.05 mM 1-butanal 50 uL High T° 105+ 15 nm
10 MS:0.8 0.5 mg 0.05 mM 1-butanol 250 uL High T° 127 £ 23 nm
11 MS:0.6 1.5 mg 0.05 mM 1-butanol 250 uL Low T° 71+ 10 nm
12 MS:0.8 1.5 mg 0.05 mM 1-butanol 50 uL Low T° 176 £ 44 nm
13 MS:0.6 0.5 mg 1 mM 1-butanol 250 uL Low T° 43+ 6 nm
14 MS:0.8 0.5 mg 1mM 1-butanol 50 uL Low T° 254 29 nm
15 MS:0.6 1.5 mg 1mM 1-butanol 50 uL High T° 77+ 18 nm
16 MS:0.8 1.5 mg 1mM 1-butanol 250 uL High T° 1087 + 208 nm

X1 = Type of cyclodextrin: 2HP-3-CD MS 0.6 or MS 0.8

X2 = Amount of cyclodextrin used

X3 = Concentration of reactants: [Hmim][CI] and [Na][TPB]

X4 = Type of alcohol: tert-butanol and 1-butanol

Xs = Total amount of alcohol used

Xs = Temperature of synthesis: low temperature signifies presence of ice around the
reaction container and high temperature signifies absence of ice around the container

The reactants [Hmim][CI] and [Na][TPB] were mixed under ultrasonication (25%
amplitude and 3 minutes), then the mixture was left for 7 minutes before spotting a volume
of 8 uL on the TEM grids; the total volume of mixture was kept constant at 10 mL.
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Before fractionation
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Figure E2. AF4 applied on [HmIm][TPB] nanoGUMBOS; the samples were collected at
15 min, 24 min, and 30 min elution time.

Before fractionation, [Hmim][TPB] nanoGUMBOS were synthesized using the
probe ultrasonication in presence of 2HP-B-CD at the following conditions: reactants
[Hmim][CI] and [Na][TPB] (0.7 M; 50 yL each), 2HP-B-CD (0.1 g/ 8 mL water). The sizes
of nanoGUMBOS were: 28 £+ 5 nm and 211 £ 25 nm (in one sample). The TEM
microscope used for data analysis before fractionation was an LVEM5-TEM (Delong

America, Montreal, Canada).

After fractionation, the average sizes of nanoGUMBOS collected at 15, 24, and
30 min were 60 £ 13 nm, 128 +15 nm, and 113 * 22 nm, respectively. The TEM

micrographs in this case were obtained using a JEOL 100CX TEM (Peabody, MA).
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Figure E3. (a) Zeta potential measurements and (b) normalized fluorescence data of
[(TTP)2][FL] nanodroplets before and after surface modification with different amounts of
sodium folate (1, 2.5, 5, and 10 puL).

In this procedure, 100 pL of [TTP]2[FL] ethanolic solution (1 mM) was added to a
5 mL deionized water under ultrasonication. After 5 min sonication followed by 30 minutes
of nanomaterials aging, sodium folate (0.1 M) was added to 1 mL volume of the
suspension and the mixture was incubated for 30 min before analysis. Upon
centrifugation, washing, and suspension in fresh water, zeta potential measurements on
the suspensions showed a decrease in value following surface modification with 1 yL of
sodium folate, which confirm the physical adsorption of the folate ion onto the surface of
the nanomaterials. Fluorescence data show blue shifting after surface modification

suggesting possible aggregation of the nanomaterials.
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