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Abstract:

Eumelanin, the black-brown variety of natural pigment melanin, is a fascinating material
owing to its multifunctional physicochemical properties, such as broad-band absorption
spectrum, antioxidant and free radical scavenging behavior, strong nonradiative
relaxation of photoexcited electronic states and metal chelating properties. Further,
biocompatible and biodegradable nature, peculiar physicochemical properties and
intrinsic antimicrobial activities make eumelanin a promising material in bioelectronic
and biomedical fields. Here, the Eumelanin-inspired indole core has been utilized to
synthesize bio-inspired organic semiconductors (OSCs), sensors, and antimicrobials.

In the field of organic semiconductors, both p-type and n-type materials are equally
important. While p-type OSCs have seen a dramatic rise in performance over the last
decade, n-type OSCs, in general, still lag behind p-type OSCs. This lack of high
performance n-type OSCs is mainly related to lower stability, difficulties in synthesis and
less availability of electron deficient building blocks that can be used for making n-type
OSCs. Both types of OSCs with high performance are required in order to fabricate high-
performance complementary circuits or p-n junction devices. Thus, there is a critical
need for exploration of new building blocks for making novel n-type OSCs with
improved electron mobility, material stability both under processing and operational
conditions, and ease of synthesis. Benzo[1,2-b:4,5-b0 ]dithiophene-1,1,5,5-tetraoxide
(BDTT) has seen less utility as a building block to make n-type OSCs despite it being an
electron poor heterocycle with promise for development of n-type materials. Difficulties
in functionalizing BDTT via carbon-carbon cross coupling reactions and often in low
yield is one likely reason for the lack of utilization of BDTT in OSCs. This dissertation
will report the successful functionalization and utilization of BDTT for the synthesis of n-
type OSCs.

In past few years, organic conductive fibers have emerged as an attractive as well as
promising class of materials for realizing non-metallic electrodes for different clinical
applications. This is because these materials are biocompatible, better integrated, easier
to fabricate, lightweight and have limited magnetic resonance imaging problems
compared to the metallic electrodes. This dissertation will highlight novel organic
conductive fibers that have been fabricated by a facile, economical, and scalable method
by using conductive ink prepared from the two intrinsically conductive materials -
poly(3-hexylthiophene) and single walled carbon nanotubes - and these conductive fibers
have been utilized as non-metallic electrodes for recording skin surface biological
signals.
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CHAPTER I

INTRODUCTION

1.1 BACKGROUND

The combination of novel optoelectronic properties with the ability to tailor chemical structures
to achieve desired optoelectronic and morphology properties make organic semiconductors
(OSCs) attractive materials in the modern technology world. Additionally, OSCs offer the
opportunity to fabricate low cost, solution processable, lightweight and flexible electronics and
optoelectronic devices which otherwise are inaccessible using conventional semiconductor
materials such as silicon.? Due to these advantages, in past few decades OSCs have attracted a
huge attention from the scientific community for their application in organic light emitting diodes
(OLEDs)?, organic photovoltaics (OPVs)*, organic field effect transistors (OFETS)®, organic
electrically conductive fibers (OECFs)® and sensors.” While some OSC based devices such as
OLEDs have already been successfully commercialized for displays in cell phones, and
televisions, many other OSC based technologies still face a huge challenge due to the limited
efficiencies and durability of OSCs. Additionally, with the increasing application of OSCs in the
biomedical field in past few years,®° it is desired to have more biocompatible and biodegradable
OSCs. .Therefore, more research is needed to better understand and develop novel OSCs with

high performance and biocompatibility in order to realize them for real life applications.



1.2 ORGANIC SEMICONDUCTORS (OSCs)

OSCs are carbon-rich compounds or carbon-based materials that combine the properties of
semiconducting materials with the chemical and mechanical benefits of organic compounds such as
plastics. Why do these organic compound exhibit semiconducting properties when a vast number of

organic compounds are generally considered as electrical insulating?

Organic molecules having conjugated systems i.e. alternating sigma and pi bonds, allow the electron
cloud to delocalize and give them semiconducting properties. Usually, OSCs have molecular sheets
with sp?/sp hybridized carbon atoms. A neutral carbon atom contains four valence electrons; two 2s
electrons and two 2p electrons. However, these orbitals can undergo three different hybridizations
viz. sp, sp? and sp® to lower their energy. The sp hybridized state results in linear geometry with two
unhybridized 2p-orbitals. Similarly, sp? and sp® hybridized states result in trigonal planar and
tetrahedral geometry with one and zero unhybridized 2p orbitals respectively (Figure 1.1). The
hybridized orbitals form strong sigma bonds and sigma electrons are localized making the stable
carbon chain whereas the unhybridized p-orbitals on adjacent carbon atoms can overlap to form weak
7 bonds. The & electrons system results in the planarity of the molecule and can delocalize electron

over many carbon atoms by the process called conjugation.

In ethene, when half-filled p, orbitals on adjacent carbon atoms overlap, it results in the formation of
two molecular orbitals (MOs) viz. & (bonding) and n”* (antibonding) MOs. A © MO has lower energy
than a ©° MO so two unpaired pz electrons occupy the 1 MO orbital leaving behind an unoccupied ©*
MO. The energy difference between the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) is known as the band gap, which is analogous to the band gap
in inorganic semiconductors. With the increase in conjugation, more and more = orbitals will be

formed resulting in a quasi-continuous band of rand «° MOs and a narrowing of the gap between the

HOMO and LUMO as illustrated in Figure 1.2. In band theory, these quasi-continuous band of mand
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Figure 1.1: Schematics of the electronic orbitals of (A) sp® hybridization, (B) sp? hybridization, (C)
sp hybridization, and (D) delocalization of unhybridized p-orbitals (conjugation).*

n" MOs are also referred as valence band and conductive bands, respectively. In addition, m orbitals
of different molecules may overlap when they come together by the process called & — 7 stacking.
This results in the intermolecular delocalization of electrons and further reduces the band gap. This
combination of intra and inter-molecular delocalization of electrons can make organic compounds
semiconductors. And these OSCs have band gap generally less than or equal to 3.2 eV and can

absorb light from near the UV-region to the near IR region.
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Figure 1.2: Schematic of energy-level splitting in alkenes and decrease in band gap with increasing
conjugation length.°

1.2.1 Classification of OSCs

Broadly, organic semiconductors materials can be categorized into three main groups; small
molecules, polymers and biological materials.** Small molecule OSCs refer to compounds with well-
defined molecular weights whereas polymers are macromolecules with molecular weight distribution
due to the presence of an uncertain number of repeating units. Some important examples of small
molecules and polymer OSCs are given in Figure 1.3. While these two classes of OSCs have more
similarities in their optoelectronic properties, the major difference lies on the methods of thin film
deposition and device fabrication. Small molecules typically have less solubility in common organic
solvents and thus are difficult to spin-cast or ink-jet print and hence have to use vapor deposition
methods whereas polymers are processed in solution.! Vacuum evaporation is more complex than

solution processing, but provides quite pure materials with well-controlled structure and layer

4



thickness. Further, small molecules OSCs are easily reproduced while in polymers there can be
batch-to-batch variation.* However, with recent developments in synthetic methodology, small
molecule OSCs that can be processed in solution and polymers with less variation from batch-to-
batch synthesis can be achieved. In polymer OSCs, the possibility of producing branched, cross-
linked, or network polymers allows greater tailoring of the mechanical properties and copolymerizing
from different monomers allows a single polymer to combine properties of various monomer

materials.’®

Another class of OSCs is the biological or bio-inspired materials. In the past few years, researchers
are more interested on biological or bio-inspired materials as these are more biocompatible and eco-
friendly with the potential to be used in the biomedical field and also these materials could have a
positive impact to address the current problem of electronic waste.'* One example of a biological or
bio-inspired material is indigoid dye, which represents an interesting class of natural organic
semiconducting materials. It has been found that the vacuum-deposited films of 6,6’-dibromoindigo
(Tyrian purple) have demonstrated field effect mobility of 0.4 cm?/Vs for holes and 0.3 cm?/Vs for
electrons showing ambipolar nature.** Similarly, melanin is also a natural occurring pigmentary
macromolecule showing semiconducting properties.'®>® The details on melanin will be discussed

later in this dissertation.

Based on the major charge carrier, all these OSCs are classified into two types, viz. p-type OSCs and
n-type OSCs. The OSCs in which holes are the major carrier are p-types and these are electron
donors with a high lying HOMO. Whereas in n-type OSCs, electrons are the major carrier and these
are electron deficient materials with a low lying LUMO. Materials that have both electron as well as
hole mobility are called ambipolar.t” During the past few decades, a lot of research has been devoted
to the development of OSCs and researchers have been successful in achieving high performance
OSCs. For example, in OFETs, high mobilities of up to ~ 40 cm?V-s! for both single crystal*® and

aligned small molecules'® and ~ 50 cm?V-1s? for well-aligned polymers® have been reported.
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Similarly, high mobilities above 10 cm?V-s™! have been achieved for solution processed OFET
devices for several polymer OSCs.?*?? These mobility data are much higher than that of amorphous

silicon (0.1 to 1 cm?V1s) and are already in the mobility regime of multi-crystalline silicon.

Small Molecules Polymers
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Figure 1.3: Examples of small molecules, conjugated polymers, and biological or bio-inspired OSCs.

However, most of these high performance OSCs are achieved for p-type OSCs. There are far fewer
n-type OSCs reported and their performance still lags behind the p-type OSCs. The lack of high
performance n-type OSCs are mainly related to the instability of n-type materials, lower availability
of electron deficient building blocks, and difficulties in the synthesis of these materials.?*?* The most
widely used n-type material for organic solar cells are fullerene derivatives such as phenyl-Ce;:-
butyric acid methyl ester (PC¢BM) and its C+; analogue PC7BM. Organic solar cells with the best
efficiency (over 11%) are usually achieved using fullerene derivatives as acceptors.?>? However,
they are limited by the high synthetic costs, low optical absorption, poor bandgap tunability and
morphological instability.?” Rylene diimide, isoindigo, and diketopyrrolopyrrole based small
molecules and polymers are the most common high performance n-type materials reported in the

literature.?® However, these materials are either limited by the reduced stability in air or by low



electron mobility. Thus, there is a need to explore new electron deficient building blocks in order to

generate high performance n-type OSCs.

1.2.2 Strategy to Design High Performance OSCs

In p- and n-type OSCs, the electrical conduction is associated with oxidation of a neutral molecule to
a cation or reduction of a neutral molecule to an anion respectively. In other words, holes are injected
into the HOMO of the p-type OSCs and electrons are injected into the LUMO of the n-type OSCs.
Thus, the energy levels of frontier orbitals and hence the bandgap in the solid state plays an important
role in determining the performance of these materials. Bao and coworkers?® have reported that the
HOMO energy level should be -5.90 eV or higher to allow a p-channel field effect, and the LUMO
energy level should be -3.45 eV or lower to allow a n-channel field effect. However, since n-type
OSCs are associated with the formation of anions and the injected electron residing in the LUMO is at
high energy state which is intrinsically instable since it is prone to react with oxygen and moisture.
Thus, it is desirable to have a LUMO energy level of -4 eV or lower to realize n-type OSCs with

stable electron mobility.?

Since electron rich and electron poor building blocks have high energy HOMO and low energy
LUMO levels respectively, the most common strategy to make p-type OSCs is to utilize electron rich
moieties while n-type OSCs utilize electron deficient moieties. Further, by attaching electron
donating and electron withdrawing groups onto the conjugated system, the energy level of the frontier
orbitals can also be tuned. The common electron donating groups that have been employed are
alkoxy groups, amino groups, etc. and the most common electron withdrawing groups that have been

used are fluorides, nitriles, amides, and imides and so on.

The important strategy to design high performance OSCs is to use donor-acceptor (D-A) type
structures, i.e. the molecule has the repeat unit of an electron donor (D) unit and an electron acceptor

(A) unit alternately along the conjugated system. Most of the high performance OSCs both p-types
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and n-types reported so far have this type D-A structures. This is because such alternating D-A
structures would have properties of both donor as well as acceptor moieties which will increase the
HOMO energy level on one hand while on the other hand lowers the LUMO energy level resulting in
a low band gap. Furthermore, such structures have stronger intermolecular interaction, which
shortens the n-n stacking distance, broadens the solar absorption spectra, and thus promotes the

charge carrier hopping along the n-stacks.?*2°

(A) (B)

Figure 1.4: Structure of (A) regioregular and (B) regioirregular P3HT.

Another important approach to design high performance of OSCs is fine tuning of the molecular
structure by both molecular framework and side chain engineering.*® The regiochemistry of the
conjugated molecules/polymers obtained from the unsymmetrical building blocks is very important in
determining the performance of the resulting OSCs. For example, the conductivity of regioregular
poly(3-hexylthiophene) P3HT is much higher than that of regioirregular P3HT (Figure 1.4). This is
because the frontier orbitals energy level, stacking pattern, and even solution processability could be
regulated by the unsymmetrical building blocks depending on the regiochemistry of the conjugated
molecules.®® Besides improving the solubility of the OSCs, appropriate side chain substitution
significantly affects intermolecular packing, thin-film morphology, and thus carrier mobility. Cheng
and co-workers® have systematically investigated on the charge transport properties of four
derivatives of two-dimensional n-expanded quinoidal terthiophenes (2DQTT) with different

regiochemistry and alkyl-chain substitution and suggested that fine tuning of the molecular structure
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by both molecular framework and side chain engineering is very important to improve the

performance of performance OSCs.
1.3 MELANIN AND EUMELANIN

The term ‘melanin’ was first coined by Berzelius in 1840 to refer to black animal pigments.®! In
general, melanins are naturally occurring pigmentary macromolecules found in all types of living
organisms from bacteria to mammals. In mammals, they are found in hair, skin, eye, brain etc. In
skin, melanins are synthesized by special cells called melanocytes within membrane-bound organelles
termed melanosomes. The amount and type of melanin determines the person’s skin’s color and the

lack of melanin in the skin results in albinism (Figure 1.5).3234

(A) (B)

Figurel.5: (A) Picture of the different skin’s color and (B) picture of albino and striped tiger.

Melanins are mainly classified into three main groups viz: eumelanins, pheomelanins, and
allomelanins. Eumelanins are the black-brown variety of melanin and responsible for the dark
colored skin, eye, and hair. The pheomelanins are the yellow-red variety responsible for red hair and
freckles. The third type i.e. allomelanins are all other types of melanins encompassing the broad
variety of dark non-nitrogenous pigments of plant, fungal, and bacterial origin.®234% Among

different classes of melanins, eumelanins are by far the most relevant from a biological and



technological perspective because of their fascinating multifunctional physiochemical and biological

properties.

Eumelanins show broadband and monotonous UV-vis absorption of light ranging from 400 to 700 nm
in the electromagnetic spectrum and dissipate 99.9% of absorbed UV and IR radiation by non-
radiative pathways and thus act as a natural photoprotector from harmful radiation form the sun.
They have antioxidant, free radical scavenging and metal chelating properties. Further, they are
known to have intrinsic antimicrobial and antifungal efficacy.®2*33% The groundbreaking work of
McGuiness and coworkers on electrical switching has established eumelanin as an amorphous
semiconductor.t® After this discovery, eumelanin based materials gained a lot of attention for their
use in several applications.®®” However, recently Meredith and coworkers have reported that
eumelanin is an electronic-ionic hybrid conductor rather than an amorphous semiconductor.
Extensive research across biology, chemistry, and physics has been done over a couple of decades to
understand the structure and properties of eumelanin, 1633353840 pyt the full details on the structure
and functions of the eumelanins are not yet clearly understood. However, it is well known that
eumelanins are composed of 5,6-dihydroxyindole, 5,6-dihydroxyindole-3-carboxylic acid and their

oxidized derivatives (Figure 1.6).

HOOC
7 'NH 7 'NH
HO OH HO OH
5,6-dihydroxyindole 5,6-dihydroxyindole-2-carboxylic acid
(DHI) (DHICA)

Figure 1.6: Structure of DHI and DHICA.

For decades, natural eumelanins have been considered as extended linear homo- or heteropolymers

with a conjugated backbone formed by the oxidative polymerization of derivatives of
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dihydroxyindoles. Due to its insolubility in all solvents however, the polymer was considered as
undefined. The structure of eumelanin has been better understood now with the development of
novel methods for studying condensed-matter physics and chemistry of materials, including imaging
techniques and theoretical calculations. Now, the disordered 2D protomolecular sheet model
proposed by Meredith and coworkers is widely accepted. According to this model, melanins are not
heteropolymers, but are the aggregates formed by the n-stacking of small oligomeric units (less than

10) as in graphite-like-structures. 16363

In our lab, to better understand the structure-property relationship of eumelanin and to design
eumelanin-inspired materials to mimic the properties of natural eumelanin. The eumelanin-inspired
indole core, named as DBI (Figure 1.7) was synthesized from the natural product, vanillin extract.**
In this dissertation, some of the research work has been focused in utilization of this Eumelanin-

inspired core to make bio-inspired organic semiconductors and antimicrobials.

MeOOC

Eumelanin-inspired core
(DBI)

Figure 1.7: Structure of DBI.
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CHAPTER II

EFFECTS OF STRUCTURAL VARIATIONS ON THE OPTICAL AND ELECTRONIC

PROPERTIES OF EUMELANIN-INSPIRED SMALL MOLECULES

2.1 INTRODUCTION

Melanins are naturally occurring pigmentary macromolecules.® In mammals, they are found in the
hair, eyes, skin and the brain. Two major types of melanin are pheomelanin and eumelanin.*® It
is well-known that eumelanin, the black-brown variety of melanin, results from the oxidative
polymerization of two building blocks, 5,6-dihydroxyindole (DHI) and 5,6-dihydroxyindole-2-
carboxylic acid (DHICA).* Since the groundbreaking discovery that natural and synthetic
eumelanins possess semiconducting properties, eumelanin-based materials have gained much
attention for use in various applications.>*® Recently, Meredith and coworkers reported that
melanin is an electronic-ionic hybrid conductor, rather than the amorphous organic
semiconductor, which opens up new opportunities in bioelectronics given its biocompatibility.
Although the overall composition of eumelanin is reasonably understood, the exact structure
remains ambiguous. 1" Others have synthesized the undefined eumelanin materials via
oxidative polymerization of DHI, DHICA or dopamine.! In contrast, a new approach has been
employed to elucidate and enhance the optical and electronic properties of natural eumelanin by
methodically modifying the structure of a eumelanin-inspired indole core. The work

demonstrated that the eumelanin-inspired core, 4,7-dibromo-5,6-dimethoxy-N-methyl-1H-
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indole-2-carboxylate (DBI), could be utilized as a bioinspired building block for organic
semiconductors.’® Our previous data also suggested that with a suitable substitution on the
phenylene ring system, the optoelectronic properties could be tuned.*® To conduct investigations
of the effect of substituents (or structural variations) on the optoelectronic properties of the
eumelanin-inspired indole core, five new eumelanin-inspired small molecules were synthesized
and differ by the substituents attached to the para position of the phenylene ring. In this chapter,
it is demonstrated that different electron withdrawing groups (EWGs) and electron donating
groups (EDGs) are effective in manipulating the highest occupied molecular orbital (HOMO), the
lowest unoccupied molecular orbital (LUMO), and hence the bandgap. Using a combination of
synthetic and computational methods, the tunability of the absorption and emission properties of
functional eumelanin-inspired compounds 2a—e based on the substitution on the phenyl ring was
studied. Further, the effect of protonation on the optical properties of the dimethylamino

compound 2b was also investigated.

COOMe
7 N~
Br Br COOMe
MeO OMe SN
DBI, 1 Pd(Ph3)4, Cul 7R\ — —_—
> R = = O—R
+ Et;N - \/\ /( \ /,
MeO OMe

:—< >—R 2aR = t-Butyl 2b R=NMe, 2c R = F

2d R = CN 2e R = NO,

Scheme 2.1: Synthesis of eumelanin-inspired small molecules 2a-e.
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2.2 RESULTS AND DISCUSSION

2.2.1 Synthesis

The synthesis of a series of eumelanin-inspired small molecules whose properties can be tuned
based on certain substitution. The 4,7-positions of DBI were functionalized with
phenyleneethynylene rings with EWGs and EDGs. Previously, the synthesis of two Eumelanin-
inspired small molecules were reported from our laboratory.*® The syntheses of the derivatives of
1 were achieved by using a similar approach and are shown in Scheme 2.1. The reaction yields

ranged from 42% to 99%.

2.2.2 Optical and Electronic Properties

The absorption and emission spectra were taken in CHCIs solution and are shown in Figure 2.1.
The UV-vis absorption and the emission data of the compounds 2a—e are summarized in Table
2.1. All compounds, except for the unsubstituted DBI core, exhibited two major absorption
peaks. The high energy absorption was observed in the range 250-350 nm, while the low energy
absorptions were in the range 380—425 nm. The maximum absorption (Amax) increased as the
electron-donating strength of the substituent on the phenyl ring increased. The alkyl substituent
had the lowest Amax (387 nm), followed by the alkoxy (390 nm) and dimethylamino substituent
(415 nm).2® The same increasing trend was observed in the case of electron-withdrawing groups,
that is, as the strength of the substituent on the phenyl increased, an increase in the Amax Was
observed. The photoluminescence study (Figure 2.1B) displayed a similar trend as the UV-vis
spectra in that the stronger EDGs and EWGs exhibited the most red shifted emission versus the
weaker EDGs and EWGs. The NMe; had the most redshifted emission in the series while NO>
showed no emissive property. This is not surprising because it is known that NO- can quench

emission.’®?° The ¢p. values for compounds 2a—d are listed in Table 2.1.
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Table 2.1: Optical data of Eumelanin-inspired small molecules.

Compound Aabs® (NM) g (Micm?) | fr Xems (NM) Es (V)
2a 3877, 301,239 | 39500 0.77 441 2.92
2b 415", 310, 239 | 56600 0.87 476 2.62
2C 382%, 297,239 | 4500 0.67 432 2.95
2d 401%, 302, 241 | 50200 0.65 458 2.77
2e 423", 304, 280 | 48200 - - 2.55

“Amax. 2 measure in dilute chloroform. ® Quantum yields measured in dilute chloroform solutions
relative to quinine sulfate. ¢ Measured from the tangent drawn at the onset of absorption.

Cyclic voltammetry measurements were carried out in dry degassed acetonitrile under an inert
atmosphere using 0.1 M tetrabutylammonium hexafluorophosphate as the supporting electrolyte.
The Ag/AgCI reference electrode was calibrated against a ferrocene/ferrocenium (Fc/Fc*) redox
couple. The HOMO and the LUMO energy values were calculated from the onset of the first
oxidation and reduction potentials from the equations Exowmo (€V) = [ESRSe - Ey, (FC/Fc*) + 4.8]
and Erumo (eV) = [E2%5¢" - Eqpp (Fe/Fc*) + 4.8], where Ey, (Fc/Fc*) was the cell correction. The
lowest bandgap was observed for compounds 2b (-NMe;) and 2e (-NO). In both cases the
bandgap values were 2.15 eV. The same was observed in the case of the optical bandgap where
both 2b and 2e had lower optical bandgaps in the series. It was noted that 2e had the strongest
EWG substituent; and 2b had the strongest EDG in the series. As expected, it was observed that
in the case of 2b, the HOMO was higher and in 2e the LUMO was lower and both resulted in
smaller bandgaps. Other substituents, like t-butyl (2a) and F (2c), exhibited similar data as H.

Compound 2d showed a reduction in the bandgap but not as significant as in 2b and 2e. The
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HOMO and LUMO values calculated for compounds DBI, R = H, OMe, and 2a—e from the CV

experiments are shown in Figure 2.2, along with H and OMe previously reported.8

(A) (B)

Normalized Absorbance (a.u.)
Normalized Fluoresence Intensity (a.u.)

300 400 500 400 500 600
Wavelength (nm) Wavelength (nm)

Figure 2.1: A) UV-vis absorption spectra and B) Emission spectra of compounds 1 (DBI)", R =
H", OMe" and compounds 2a —e. “Note: these compounds have been previously reported.*®

Optimized equilibrium structures were obtained using Density Functional Theory (DFT).2! Inall
cases, the B3LYP exchange—correlation functional®*?® and the 6-311G(d) basis set as
implemented in the Gaussian 09 package were employed.?*?*> The optimized geometries were
also verified through the vibration frequency studies. Second, the molecular orbital densities of
HOMOs and LUMOs were calculated with the same functional and the more accurate 6-
311G(2d) basis set.?® The frontier orbitals for all compounds are presented in Figure 2.2, while
compounds 2b and 2e are shown in Figure 2.3. Compounds 2b and 2e were chosen as they
exhibited the strongest EDG and EWG capacities in the series. It can be seen that in the HOMO
of 2b, the electron density is mostly distributed along the phenyleneethynylene conjugated
system, and in the LUMO they are more localized along the indolylene ring. However, in the
case of 2e, the electron density is more localized along the indolylene axis in the HOMO, while in
the LUMO, it is delocalized along the phenyleneethynylene axis bearing the NO- substituent.

The LUMO and optical bandgaps were obtained from time-dependent density functional theory
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Figure 2.2: HOMO and LUMO levels obtained from CV measurements and frontier molecular
orbitals for Eumelanin-inspired small molecules.

(TDDFT)? utilizing the first 20 excited states of each compound. A linear correlation between
the calculated and experimental values was carried out to correct the theoretical values found.?
A comparison of the HOMO and LUMO values for 2a—e, R= MeO and H from cyclic
voltammetry experiments and computational studies are given in Table 2.2. It was found that
DFT is well suited to predict the energy values for HOMOs, with the biggest deviation being
6.2%. As expected, the LUMO and optical gap values obtained from DFT are inaccurate for the
compounds studied. However, TD-DFT calculations for the energetics of the LUMO correlated
well with experimental measurements. Here, the largest difference was below 5.2%. Errors in
HOMO-LUMO gaps range from 0.15 to 0.41 eV. Although the accuracy of ab initio calculations
depends on the level of theory employed, a small deviation between theory and the experiment
demonstrates that these methods (DFT + TDDFT) can be useful in the prediction of the

eigenvalues of molecular orbitals of eumelanin-inspired conjugated molecules.
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Table 2.2: Experimental and theoretical comparison of the electronic level of Eumelanin-inspired

small molecules.

H OCHs 2a 2b 2c 2d 2e
HOMO | Expt. -5.55 -5.45 -5.50 -4.75 -5.55 -5.60 -5.65
(eV)
Theory -5.44 -5.27 -5.37 -5.05 -5.47 -5.73 -5.77
Dev. (%) | 2.00 3.36 2.39 6.12 1.45 2.29 2.10
LUMO | Expt. -2.70 -2.65 -2.65 -2.60 -2.70 -3.00 -3.50
(eV)
Theory -2.74 -2.62 -2.69 -2.49 -2.78 -3.16 -3.33
Dev. (%) | 1.47 1.14 1.150 4.32 2.92 5.19 4.98
GAP Expt. 2.85 2.80 2.85 2.15 2.85 2.60 2.15
(eV)
Theory 2.70 2.65 2.68 2.56 2.69 2.57 244
Dev. (%) | 5.41 5.50 6.15 17.41 5.78 1.16 12.64
HOMO LUMoO
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Figure 2.3: Frontier molecular orbitals of compounds 2b and 2e.
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2.2.3 Acidochromic Sensor

Among the different small molecules, compound 2b was chosen in order to study the optical
response to protonation with trifluoroacetic acid (TFA) in view of the presence of the basic N,N-
dimethylamino group directly connected to the conjugated system. Furthermore, the protonation
of the dimethylamino group change from an EDG to an EWG, which completely alters the optical
and electronic properties. Such studies could be vital in establishing this molecule as an ideal
chemosensor. All experiments for optical responses to protonation with the addition of TFA were
performed in dilute CHClI3 solution, and the results are displayed in Figure 2.4. The absorption
spectra exhibited a blue shifted absorbance at 415 nm with the addition of TFA. These changes
are attributed to the stabilization of the HOMO level due to the protonation of the N,N-
dimethylamino group. Similarly, the emission spectra were also blue-shifted at high TFA
concentrations (log [TFA] = 2.05). Fluorescence quenching was also observed in the emission

spectra with the addition of TFA.
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Figure 2.4: Optical response towards the protonation of 2b in the presence of TFA: A) absorption

spectra and B) emission spectra.



The optical changes at high concentration of TFA were visible to the naked eye and found to be
reversible upon addition of ammonia as displayed in Figure 2.5A. At a low concentration of TFA
(0.18 mM to 2.16 mM), the fluorescence quenching data correlated well in terms of the standard
Stern-VVolmer relationship (equation 1) with the Stern—Volmer constant being 8.6 x 102 Lmol*
(Figure 2.5B). Such a phenomenon marks this system as a potential acidochromic sensor.

F,

= 1+ Ksv[Q] (D

Where Foand F are the emission intensities of compound 2b without and with TFA. Ksv is

guenching constant and [Q] is the molar concentration of quencher.

(A) 28 y=1.03+0.086x =

2 =
E,4] R2=099

0 2 4 6 8 10 12 14 16 18 20 22
[TFA]*10™*

Figure 2.5: A) Emission of 2b in chloroform (left cuvette, green emission), upon addition of a
large excess of TFA (center cuvette, blue emission), and upon addition of a large excess of NH3
(right cuvette, green emission) and B) Stern-Volmer plot for the data from Figure 2.4B.

2.3 CONCLUSION

In summary, five new eumelanin-inspired conjugated molecules were synthesized by changing
the functional group at the para position of the phenyleneethynylene ring. These five molecules
were compared to two previously synthesized conjugated structures in an effort to explore the

effect of structural variations (electron withdrawing and donating groups) on the optoelectronic
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properties of the eumelanin-inspired indole core. It was demonstrated that the substituents can
alter the electronic characteristics of these molecules, hence changing their optoelectronic
properties. Furthermore, the optical response of compound 2b to acid was studied and the data
suggest that it could act as an acidochromic sensor due to its unique chromic response when
exposed to TFA. This work demonstrates the utility of the eumelanin-inspired indole core and
opens up the possibility of designing materials with interesting properties for specific applications
by decorating this core with various functionalities. Moreover, this work brings the field one step

closer to elucidating and enhancing the properties of the naturally occurring eumelanin.
2.4 EXPERIMENTAL SECTION
2.4.1 General Methods and Materials

All commercial reagents were used as received. EtsN was re-distilled before use. Para-substituted
phenylacetylenes were synthesized according to the previously reported procedure.? Unless
otherwise specified, all reactions were run in oven-dried glassware. Reactions were monitored by
thin layer chromatography on silica G TLC plates (Sorbent Technologies No. 1634126).
Purifications were performed by column chromatography on silica gel (Sorbent Technologies, 40-
63 um particle size) or neutral alumina (Sorbent Technologies, 32-63 pm particle size). *H and
13C NMR spectra were measured on a Bruker Avance 400 MHz instrument. Elemental analyses
were performed by Atlantic Microlab, Inc., Norcross, GA 30071. Cyclic voltammetry was
performed on a CH-instruments 6017E model with 0.1 M tetrabutylammonium
hexafluorophosphate as the supporting electrolyte in dry acetonitrile using glassy carbon as the
working electrode, platinum wire as counter electrode and Ag/AgCl as the reference electrode
with a scan rate of 100 mV/sec. The HOMO and LUMO energy values were calculated from the
onset of the first oxidation and reduction potentials from the equations Enowmo (€V) = [ESRset-

Ew2(Fc/Fc*) + 4.8] and ELumo (V) = - [EZ5°E - Eqp (Fe/Fc?) + 4.8], where Ey, (FC/Fc*) was the
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cell correction. Melting points were obtained using a melting point apparatus, upper temperature
limit 400 °C. UV-vis spectra were recorded on a Cary 5000 UV-VIS-NIR spectrophotometer.
Fluorescence spectra were recorded on a Cary Eclipse fluorescence spectrophotometer.
Fluorescence and UV-vis measurements were taken in CHCIs. The optical bandgap was
calculated from the wavelength corresponding to the energy absorption onset from the
intersection of the leading edge tangent with the x-axis. Quantum yield measurements were
performed in dilute CHCI; solutions with absorbance ranging from 0.01 to 0.04. Quinine sulfate
was used as the reference. The excitation wavelength of 313 nm was used to obtain the
fluorescence spectra for each solution ranging from 320 to 600 nm. The fluorescence intensity

(area of the fluorescence spectrum) was then calculated and recorded. Quantum yields were

Ay Fy

calculated using the following equation:*® ¢s = ¢r o
str

)(Z—i), where ¢ris 0.51, As and Ar are

absorbance of the sample and reference solutions, respectively at the same excitation wavelength,
Fs and Fr are the corresponding relative integrated fluorescence intensities, n is the refractive
index [CHCI3 (ns = 1.445) and 1 N H2SO4 (nr = 1.339) were used]. A Bruker Ultra diffractometer
equipped with a mini rotating-anode Mo source and microfocus optics was used for data
collection with one-second, one-degree width images. Direct methods were used for structure
solution and all non-hydrogen atoms were refined with anisotropic thermal parameters and
without restraint. Hydrogen atoms were included as idealized contributions. All software was
contained in the current packages of SHEL X software as provided by the Bruker Corporation

(Madison, WI).
2.4.2 Synthesis

Synthesis of 2a: In a 8-mL reaction vial, compound 1 (50 mg, 0.123 mmol) was placed under an
argon atmosphere, Pd(PPhs)s (7.0 mg, 5 mol%), Cul (0.57 mg, 0.003 mmol), EtsN (2 mL) and 4-

tert-butylphenylacetylene (50.61 mg, 0.32 mmol) were added and the vial was sealed. The
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reaction was heated to 80 °C for a period of 16 h. After 16 h the solvent was evaporated. The
resulting residue was purified by column chromatography using alumina column using
Hexane/EtOAC (98:2) to afford the yellow solid in 87%. Mp 190-192 °C. *H NMR (400 MHz,
CDCls) § 7.62 — 7.48 (m, 4H), 7.46 — 7.37 (m, 5H), 4.55 (s, 3H), 4.05 (d, J = 0.8 Hz, 6H), 3.92 (s,
3H), 1.34 (d, J= 1.2 Hz, 18H). *C NMR (101 MHz, CDCls) § 162.26, 154.80, 152.17, 150.14,
134.52, 131.60, 130.98, 128.94, 125.67, 125.53, 124.55, 120.41, 120.38, 111.08, 110.65, 103.50,
100.07, 98.85, 82.96, 82.47, 61.90, 61.82, 51.83, 35.01, 34.99, 33.73, 31.32, 31.30. Elemental

Anal. Calcd. for Cs7H3oNO4: C, 79.12; H, 7.00; N, 2.49. Found: C, 78.68; H, 7.02; N, 2.54.

Synthesis of compound 2b: This compound was prepared using the procedure reported for 2a
(yellow solid, 42% yield). Mp 196-198 °C H NMR (400 MHz, CDCls) § 7.55 — 7.39 (m, 5H),
6.74 — 6.65 (M, 4H), 4.56 (s, 3H), 4.04 (d, J = 1.0 Hz, 6H), 3.91 (s, 3H), 3.02 (d, J = 0.9 Hz,
12H). *¥C NMR (101 MHz, CDCI3) & 162.26, 154.24, 150.30, 150.26, 149.56, 134.43, 132.90,
132.21, 128.49, 124.25, 111.89, 111.80, 110.94, 110.71, 110.21, 110.15, 103.39, 101.07, 99.96,
81.74,81.13, 61.68, 61.61, 51.63, 40.23, 40.21, 33.62 Elemental Anal. Calcd. for Cs3HssN3O4

0.1H:0: C, 73.75; H, 6.23; N, 7.82. Found: C, 73.51; H, 6.33; N, 7.72.

Synthesis of compound 2c¢: This compound was prepared using the procedure reported for 2a
(yellow solid, 99 % yield). Mp 129-131 °C. *H NMR (400 MHz, CDCls) & 7.67 — 7.50 (m, 4H),
7.41 (s, 1H), 7.15 — 7.04 (m, 4H), 4.54 (s, 3H), 4.05 (d, J = 2.7 Hz, 6H), 3.93 (s, 3H). 3C NMR
(101 MHz, CDCls) 6 163.99, 162.05, 161.48, 154.73, 150.08, 134.33, 133.69, 133.61, 133.05,
132.97, 129.01, 124.36, 119.34, 116.03, 115.86, 115.81, 115.64, 110.84, 110.37, 103.20, 98.68,
97.42, 83.09, 82.61, 61.80, 61.72, 51.77, 33.61. Elemental Anal. Calcd. for CagH21F2NO4

0.15Et,0: C, 71.59; H, 4.57; N, 2.82. Found: C, 71.66; H, 4.92; N, 2.71.

Synthesis of compound 2d: This compound was prepared using the procedure reported for 2a

(yellowish-orange solid, 57 % yield). Mp 150-152 °C 'H NMR (400 MHz, CDCl3) 6 7.74 — 7.61
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(m, 8H), 7.40 (s, 1H), 4.54 (s, 3H), 4.05 (d, J = 3.9 Hz, 6H), 3.94 (s, 3H). *C NMR (101 MHz,
CDCl3) 6 161.89, 155.05, 150.49, 134.72, 132.29, 132.21, 132.15, 129.48, 127.96, 127.87,
124.41, 118.47, 118.38, 111.99, 111.91, 110.90, 110.18, 103.20, 98.20, 96.92, 87.64, 87.26,
61.95, 61.88, 51.93, 33.70. Elemental Anal. Calcd. for Cs;H21N304 0.5CHCI3: C, 67.66; H, 3.88;

N, 7.51. Found: C, 67.70; H, 4.10; N, 7.65.

Synthesis of compound 2e: This compound was prepared using the procedure reported for 2a
(orange solid, 56 % yield). Mp 248-250 °C *H NMR (400 MHz, CDCls3) & 8.32 —8.23 (m, 4H),
7.82—7.74 (m, 2H), 7.75 — 7.67 (m, 2H), 7.42 (s, 1H), 4.56 (s, 3H), 4.07 (d, J = 4.5 Hz, 6H), 3.95
(s, 3H). *C NMR (101 MHz, CDCl3) 8 161.85, 155.13, 150.58, 147.26, 134.20, 132.43, 131.75,
129.90, 129.80, 129.57, 124.43, 123.90, 123.75, 110.96, 110.16, 103.23, 98.06, 96.75, 88.52,
88.15, 61.98, 61.91, 51.94, 33.71. Elemental Anal. Calcd. for C9H21N30s: C, 64.56; H, 3.92; N,

7.79. Found: C, 64.39; H, 3.88; N, 7.88.

2.4.3 Crystal structures

Crystals were formed by the vapor diffusion technique. The 10 mg each compound was first
dissolved in DCM and filtered into the small vial to get rid of any insoluble impurities. The vial
was capped with the rubber septum having small pores to diffuse vapor of more volatile solvent.
The vial was then placed on the larger vial containing pentane solvent. The larger vial was
capped well and sealed with electrical tape and left for recrystallization. All the reported crystals

were formed after 24 hours.
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Figure 2.6: Crystal structure of A) 2a, B) 2c, and C) 2e.
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Contribution by the author: In this work, the author synthesized and characterized a couple of
eumelanin-inspired small molecules and prepared the crystals of the molecules and performed

acidochromic experiments.
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CHAPTER Il

EUMELANIN-INSPIRED ANTIMICROBIAL WITH BIOCIDAL ACTIVITY AGAINST

METHICILLIN RESISTANT STAPHYLOCOCCUS AUREUS

3.1. INTRODUCTION

Bacterial antibiotic resistance is a serious threat worldwide significantly impacting human
health.! As more pathogens develop resistance to antibiotics, standard treatments decrease in their
efficacy, infections become more difficult or impossible to control, and the risk of spreading
infections to others greatly increases. Resistant pathogens have significant impact on patient
morbidity and mortality as well as increased economic costs associated with treatment.?
Resistance, as arisen due to misuse of drugs, has generated a number of resistant bacterial strains
that have rendered many clinically relevant antibiotics ineffective against drug-resistant
bacteria,®* particularly methicillin resistant Staphylococcus aureus (MRSA).>® Much research
that focused on identifying novel antibiotics to combat drug resistant strains such as antimicrobial

compounds that can coat surfaces and decrease transmission rates are of paramount importance.

Many therapies against antibiotic resistant bacteria have centered on the development of certain
antimicrobials, including rigid photosensitizer molecules and macromolecules that are irradiated
under ultraviolet®!° and visible light!}!2 to generate singlet oxygen. To improve biocompatibility,
it would be advantageous to develop new antimicrobials that are inspired by nature, especially

since it offers a rich toolbox of functional and chemically diverse building blocks.
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One such inspiration is a class of biomacromolecular pigments, melanins, which gives rise to all
coloration of hair, skin, and eyes in humans and animals***8 and can act as a natural sunscreen to
protect against harmful UV light.12° The black-brown variety of melanin, eumelanin, is known
to be composed 5,6-dihydroxyindole and 5,6-dihydroxyindole 2-carboxylic acid.'®2-24
Biocompatible, biodegradable and peculiar physicochemical properties of eumelanin has branded

it as a promising material in medicine and bioelectronics.?>2

Among many functions and properties, eumelanin possesses an intrinsic antimicrobial activity.?"
From our lab, the synthesis of an eumelanin-inspired indole core, methyl 4,7-dibromo-5,6-
dimethoxy-1-methyl-1H-indole-2-carboxylate (DBI) was reported, and in Chapter 2, it was
shown that the optoelectronic properties of BDI can be tuned by decorating 4- and 7-positions
with different functional groups.?>*° In this chapter, the antimicrobial activity of eumelanin-
inspired indole core (DBI) and the synthesis and enhanced antimicrobial activities of eumelanin-

inspired indoylenephenyleneethynylene, EIPE-1 will be discussed (Scheme 1).

3.2 RESULTS AND DISCUSSION

3.2.1 Antimicrobial Activity of Eumelanin Inspired Core (DBI)

To evaluate if the eumelanin-inspired indole core (DBI) maintained its intrinsic antimicrobial
activity, DBI was tested against S. aureus and P. aeruginosa. The eumelanin-inspired core was
found to retain its intrinsic antimicrobial activity against S. aureus (Figure 3.1). A S. aureus
bacterial culture was grown overnight and subcultured (1 mL into 10 mL of Mueller Hinton
Broth) to which either DMSO or DBI was added. After 4 h of growth, the resulting cultures were
plated onto mannitol salts agar (MSA). Decreased bacterial growth and decreased fermentation
of the mannitol (retention of the reddish hue of the MSA plate) could be seen in the S. aureus

culture exposed to DBI.
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Figure 3.1: Antimicrobial effects of DBI on S. aureus. (A) Resulting bacterial growth of S.
aureus measured by turbidity in cuvettes and (B) recoverable growth on MSA when exposed to
DMSO (top) or DBI (bottom).

3.2.2 Synthesis of EIPE-1

In order to enhance the intrinsic antimicrobial efficacy of the eumelanin-inspired indole core
(DBI) against pathogenic bacteria, two bacterial targeting sites were incorporated to generate
eumelanin-inspired indoylenephenyleneethynylene (EIPE-1). Initially, EIPE-1 was prepared by
following the synthetic route depicted in Scheme 3.1. The synthesis of compound 4 via
Sonogashira coupling reaction between DBI and compound 3 result in the impure desired product
which was very difficult to purify. Further, the methylation of the impure compound 4 was not
successful in improving purification of EIPE-1. Thus, an alternate route depicted in Scheme
3.2.was developed and conducted for the the synthesis of EIPE-1. The synthesis of EIPE-1 was
conducted by Sonogashira coupling of DBI with trimethylsilylacetylene, followed by a
deprotection to yield the diacetylene compound 5 in 65 % yield. The arms of the EIPE-1 were
constructed by reacting p-bromophenol with 3-chloro-N,N-dimethylpropan-1-amine
hydrochloride under basic conditions to afford compound 2 in 88 % yield. Compounds 2 and 5
were coupled under Sonogashira coupling conditions followed by N-methylation with methyl

iodide to afford EIPE-1 in 36 % vyield.
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EIPE-1 structure and purity was confirmed by NMR and HRMS analysis along with a melting

point determination. The incorporated bacterial targeting sites were expected to have the same

antibiotic mechanism against bacterial cells as Triton B, polymyxins and other cationic

detergents.332 These systems target the stability the bacterial outer membrane resulting in lysis

and ultimately death of the bacterial cell.

3.2.3 Antimicrobial Activity of EIPE-1

The efficacy of compound EIPE-1 was tested by the Kirby-Bauer disc assay.** The Kirby-Bauer

assay assesses the sensitivity of bacteria to antimicrobial agents. If the bacteria are sensitive to
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the antimicrobial being tested, then a zone of inhibition of bacterial growth is seen around the
filter disc containing the antimicrobial. The Kirby-Bauer assay was used to test the antimicrobial
efficacy of EIPE-1 against S. aureus. EIPE-1 was reconstituted at 1 mg/mL in DMSO and
serially diluted (10 to 10°®°) after which 10 pL of each dilution (and DMSO as a solvent control)
was added to a separate disc on an LB plate inoculated with a lawn of bacteria. The plates were
incubated at 37 "C for 24 h, and the resulting radii zone sizes around each disc were then
measured. The newly generated EIPE-1 compound was observed to inhibit S. aureus growth as
can be seen by zones of clearing around the discs displayed in Figure 3.2 for concentrations of 1.0
mg/mL, 0.1 mg/mL and 0.01 mg/mL. EIPE-1 was not effective against Gram-negative bacteria.
The solvent negative control, DMSO, did not affect growth of S. aureus (Figure 3.2F). These

experiments demonstrated that EIPE-1 has antimicrobial activity against S. aureus (Figure 3.2).

Figure 3.2: Kirby-Bauer disc assay. S. aureus was inoculated as a bacterial lawn and 10 pL of
EIPE-1 added at (A) 1.0 mg/mL (B), 0.1 mg/mL (C) 0.01 mg/mL (D) 0.001 mg/mL, (E) 0.0001
mg/mL and (F) DMSO control. Zone sizes of (A) 2 mm, (B) 1.5 mm and (C) 1 mm observed

after 24 hour incubation at 37 °C.

In order to determine the minimum inhibitory concentration of EIPE-1 on S. aureus a culture of S.
aureus was grown overnight in Mueller Hinton broth (MHB) at 37 °C, sub-cultured by a 1/100
dilution into MHB and dispensed into a 96 well culture block (900 uL of diluted culture in each
well). To each well either DMSO or a serial dilution of EIPE-1 was added and the culture was
grown for 18 h at 37 °C. The next day each well was tested for either growth or inhibition of

growth by measuring of the ODego Of the resulting culture. It was determined that a minimum
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inhibitory concentration of 16 ug/mL was needed in broth culture to inhibit S. aureus growth.

This data correlates to the zone sizes seen in the Kirby-Bauer disc assay (Figure 3.2).

DBI DMSO EIPE-1 Methicillin Gentamicin

S. aureus

P. aeroginosa

Figure 3.3: Effects of EIPE-1 and antibiotics on S. aureus and P. aeruginosa. Shown are broth
and plate cultures of S. aureus (top) and P. aeruginosa (bottom) exposed to DBI, DMSO, EIPE-1,
Methicillin and Gentamicin.

EIPE-1 antimicrobial activity against S. aureus and P. aeruginosa was compared to Methicillin
and Gentamicin treatment. Bacterial cultures were grown, normalized and then exposed to the
DBI, DMSO (solvent control), EIPE-1, Methicillin or Gentamicin (Figure 3.3). EIPE-1 was
effective in killing methicillin resistant S. aureus (top panel Figure 3.3). This is highly significant
and novel as methicillin resistance is a huge problem in hospitals and patient treatment
worldwide. EIPE-1 does not appear to have activity against P. aeruginosa. Gram negative
bacteria like P. aeruginosa have an outer membrane covered with lipopolysaccharides that

protects the bacteria from antibiotics, dyes, and detergents from penetrating the bacterial cell.

To address S. aureus viability in response to EIPE-1 treatment, Live/Dead staining and
microscopy was utilized. S. aureus was treated with either DBI or EIPE-1 (16 pug/mL each) for
30 minutes (DMSO was used as a negative solvent control) and then stained with the dyes, Sytox
9 (Green stain) and propidium iodide (Red stain). Both of these dyes are nuclear dyes which can

bind with the cell’s DNA. While Sytox 9 is cell permeable, propidium iodide is impermeable and
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can only stain the cell when the outer membrane has been compromised and bacteria are dead.
For this reason, live bacteria will stain green and the dead bacteria will be red, allowing for us to

measure the proportion of live or dead bacteria by color florescence. The stained bacteria were

A

Merger Blue Channel DIC

DBI

EIPE-1

B DMSO EIPE-1

Figure 3.4: Effects of EIPE-1 on S. aureus viability. (A) S. aureus viability was assessed after
exposure to DMSO, DBI and EPIE1 for 30 minutes. Live S. aureus stain green whereas dead S.
aureus stain red. The blue channel images and DIC images of bacteria are shown in the middle
panel and right panel respectively. (B) Scanning electron microscopy images of DMSO or EIPE-
1 treated S. aureus.

analyzed under a fluorescent microscope in three different wavelength channels (red, blue and

green). The images were taken in the three different channels separately and were merged in
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Figure 3.4A. DIC images were also taken to confirm the presence and position of the bacteria. If
the S. aureus has an intact cell membrane then it will stain fluorescent green whereas if the S.
aureus have damaged cell membranes they will stain red. The DMSO treated S. aureus only
stained green and the DBI treated S. aureus mostly stained green with only an occasional red
stained S. aureus bacterium (Figure 3.4A). This was in marked contrast to the EIPE-1 treated S.
aureus which only stained red (Figure 3.4A). Under blue channel, the bacteria was fluorescing
blue, indicating the presence of EIPE-1 inside the bacteria (Figure 3.4A). This result shows that
EIPE-1 had indeed killed the S. aureus bacteria and suggested that membrane damage was

occurring to the S. aureus with EIPE-1 treatment.

To visualize potential membrane changes, DMSO and EIPE-1 treated S. aureus were prepped and
visualized by scanning electron microscopy (Figure 3.4B). DMSO treated S. aureus had intact
cell membranes whereas the EIPE-1 treated S. aureus appeared to have damaged cell membranes
as seen via possible protrusions from the S. aureus (Figure 3.4B; right), confirming that EIPE-1

may affect membrane or bacterial cell wall integrity.

3.3 CONCLUSION

In summary, a new antimicrobial. EIPE-1, inspired by the black-brown pigment, eumelanin, was
designed and synthesized. It was confirmed that the eumelanin-inspired core DBI maintained its
intrinsic antimicrobial activity and that enhancement could be achieved with the incorporation of
bacterial targeting sites. EIPE-1 exhibited biocidal activity against clinical isolates of Gram-
positive bacteria a minimum inhibitory concentration of 16 pg/mL was attained. In comparison
with Methicillin and Gentamicin treatment, EIPE-1 exhibited biocidal activity against S. aureus

but did not display any activity against P. aeruginosa.
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3.4 EXPERIMENTAL SECTION

3.4.1 Materials and Instrumentation

Tetrakis(triphenylphosphine)palladium(0) [Pd(PPhs)4], copper (1) iodide (Cul) and 3-chloro-N,N-
dimethylpropan-1-amine hydrochloride were purchased from Sigma-Aldrich. lodomethane and
4-iodophenol were purchased from Alfa Aesar. Mannitol salts agar was purchased from Criterion
Culture Media by Hardy Diagnostics. Luria-Bertani broth, Mueller Hinton agar and Live/Dead
BacL.ight bacterial viability kit were purchased from ThermoFisher. All other solvents and
reagents were purchased from Fisher Scientific. All commercial reagents were used as received.
Methyl 4,7-dibromo-5,6-dimethoxy-1-methyl-1H-indole-2-carboxylate (DBI) was synthesized
according to a reported procedure.?® EtsN was freshly distilled before use. Unless otherwise
specified, all reactions were conducted in oven-dried glassware under nitrogen atmosphere.
Anhydrous tetrahydrofuran (THF) and chloroform (CHCIs) were obtained from a solvent
purification system under ultrapure argon. Reactions were monitored by thin layer
chromatography on silica G TLC plates (Sorbent Technologies No. 1634126). Purifications were
performed by column chromatography on silica gel (Sorbent Technologies, 40-63 pm particle
size) or neutral alumina (Sorbent Technologies, 32-63 um particle size). *H- and *C-NMR
spectra were measured on a Bruker Avance 400 MHz instrument. High-resolution mass
spectrometry was performed using an Orbitrap operated in the FT mode to provide a nominal

resolution of 100000.

3.4.2 Synthesis

Synthesis of 3-(4-iodophenoxy)-N,N-dimethylpropan-1-amine (2): Compound 2 was synthesized
according to the previously reported procedure with an 83 % yield.?® The spectrum were

consistent with the previously reported data.
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Synthesis of 3-(4-ethynylphenoxy)-N,N-dimethylpropan-1-amine (3): Compound 3 was
synthesized according to the previously reported procedure with 65 % yield.>* The spectrum

were consistent with the previously reported data.

Synthesis of ethyl 4,7-diethynyl-5,6-dimethoxy-1-methyl-1H-indole-2-carboxylate (5): To a 25-
mL Schlenk flask was added DBI (500 mg, 1.22 mmol) under argon atmosphere, and then
Pd(PPhs)a, (71 mg, 5 mol %) and Cul (3 mg, 2.5 mol %) were added. To the mixture was added
EtsN (10 mL), followed by trimethylsilylacetylene (603 mg, 6.14 mmol), and the reaction mixture
was heated overnight at 80 °C. The final mixture was cooled to room temperature, filtered
through Celite® and concentrated under vacuum to give a yellow solid. To this solid was added
THF (5 mL), MeOH (5 mL) and K,CO3 (696 mg, 6.1 mmol). The new reaction mixture was
stirred at room temperature for 1 h and then distilled water (10 mL) was added. The resulting
mixture was allowed to stir for another 10 minutes. The mixture was extracted with ethyl acetate
(3 x 15 mL), dried with MgSO4 and concentrated under in vacuo. Column chromatography of the
concentrate on silica gel using hexane/ethyl acetate (98:2) as eluent afforded a brown solid (218
mg, 60 %). Mp 137 °C (dec). *H NMR (400 MHz, CDCls) & 7.35 (s, 1H), 4.46 (s, 3H), 3.98 (d, J
= 2.1 Hz, 6H), 3.90 (s, 3H), 3.71 (s, 1H), 3.62 (5, 1H). 3C NMR (101 MHz, CDCls) ppm &
161.99, 155.74, 150.76, 134.45, 129.18, 124.78, 110.24, 110.20, 102.57, 88.09, 86.01, 61.72,

61.63, 51.75, 33.54. HRMS (ESI) [M]* Calcd for C17H16NO4: m/z 298.1074. Found: 298.1062.

Synthesis of 3,3"-((((5,6-dimethoxy-2-(methoxycarbonyl)-1-methyl-1H-indole-4,7-
diyl)bis(ethyne-2,1-diyl))bis(4,1-phenylene))bis(oxy))bis(N,N,N-trimethylpropan-1-aminium)
iodide (EIPE-1): Into a microwave reactor vial was added compound 5, methyl 4,7-diethynyl-
5,6-dimethoxy-1-methyl-1H-indole-2-carboxylate (50 mg, 0.168 mmol) and compound 2, 3-(4-
iodophenoxy)-N,N-dimethylpropan-1-amine (107 mg, 0.353 mmol). Then Pd(PPhs)4 (9.7 mg, 5
mol %) and Cul (0.8 mg, 2.5 mol %) were added under argon atmosphere, and the system was

sealed. To this freshly distilled EtsN (1 mL) was added and the reaction mixture was stirred for
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24 h at 85 °C. The final solution was cooled to room temperature, filtered through Celite® and
neutral alumina, and then concentrated in vacuo to give a yellowish orange solid. The solid was
then dissolved in dry CHCIs (1 mL), and iodomethane (0.1 mL, 1.61 mmol) was added. The
reaction mixture was then stirred overnight at room temperature. A red solid precipitated which
was filtered and washed with CHCI; and dried to afford EIPE-1 (57 mg, 36 %). Mp 234 °C (dec).
IH NMR (400 MHz, DMSO-ds) & 7.64-7.50 (m, 4H), 7.31 (s, 1H), 7.06 (d, J = 7.9, 4H), 4.47 (s,
3H), 4.13 (t, J = 5.0 Hz, 4H), 3.96 (d, J = 1.6 Hz, 6H), 3.87 (s, 3H), 3.51 (t, J = 7.6 Hz, 4H), 3.12
(s, 18H), 2.22 (g, J=7.1 Hz, 4H). *C NMR (101 MHz, DMSO-ds), ppm 161.62, 159.26, 154.51,
150.13, 133.85, 133.65, 133.08, 129.48, 123.89, 115.62, 115.56, 115.09, 114.99, 110.32, 109.71,
103,33, 100.38, 98.98, 82.71, 82.04, 65.46, 63.37, 61.97, 61.90, 52.81 (t, Jc.n = 3.4 Hz), 52.42,

33.93, 22.98. HRMS (ESI) [M]?* Calcd for CaHs:NsOs: m/z 340.6883. Found: 340.6866.

3.4.3 Bacterial Strains, Growth Conditions, and Media

The S. aureus and P. aeruginosa strains used in this study are clinical isolates obtained from an
adult CF patient at the Cystic Fibrosis Clinic at the OU Children’s Hospital (Oklahoma City,
OK). The strains were grown overnight with shaking at 37 °C (220 RPM) in 15 mL of Luria-
Bertani (LB) broth. The overnight culture was sub-cultured the next day before use for the MIC
experiments. All subcultures consisted of 1 mL of the overnight culture, mixed with 10 mL of
Meuller Hinton broth. The working stock of the EIPE-1 and DBI was prepared by dissolving 1

mg of each in 1 mL of DMSO.

3.4.4 Minimum Inhibitory Concentrations (MIC) Determination

The minimum inhibitory concentrations were determined by the broth microdilution method,
following the guidelines of the Clinical and Laboratory Standards Institute (CLSI). Two-fold
serial dilutions of EIPE-1 and DBI (starting with 1mg/mL) were prepared in a 100 pL volume in

96-well microtiter plates. The dilution series included DMSO as a negative control. The
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bacterial culture (900 pL) was normalized to an ODggo 0f 0.2 and was then added to each well.
Plates were incubated with shaking at 220 RPM at 37 °C, and the MIC was determined based on

the lowest concentration at which no visible growth of the bacterial isolate was observed.

3.4.5 Susceptibility Testing by the Kirby-Bauer Disc Diffusion Methods

The susceptibility of S. aureus to EIPE-1 was determined by the Kirby-Bauer disc diffusion
method. Using a cotton swab applicator, a lawn of the S. aureus clinical isolate was placed onto
Mueller Hinton agar plates to cover the entire surface of the plate. Filter discs (size = 6mm) were
added onto the bacterial lawn. EIPE-1, DBI, and DMSO (10 uL each) were then added onto the
filter discs. The susceptibility was determined based on an evaluation of the size of the zones of

clearance after 24 h of incubation at 37 °C.

3.4.6 Live/dead Staining of EIPE-1 Treated S. Aureus

S. aureus was grown overnight in 10 mL of LB broth, sub cultured (5 mL of overnight culture
added to 20 mL LB) and grown for 3 h. One hundred and fifty microliters of bacterial culture
were removed, and transferred to a 1.5 mL centrifuge tube, which was treated with DMSO, EIPE-
1 (0.01 mg/mL) or DBI (0.01 mg/mL) for 30 minutes. Equal amounts of the two dyes [SYTO 9
dye, 3.34 mM in DMSQ], and propidium iodide [20 mM in DMSQ] were mixed. Then 0.5 puL of
dye mixture was added to each tube of treated S. aureus cultures. Wet mounts were prepared on
glass slides for imaging live and dead S. aureus, and Differential Interference Contrast (DIC)

images were obtained using a Leica DMI600B fluorescent microscope.

3.4.7 Scanning Electron Microscopy

S. aureus was grown overnight in 10 mL of LB broth, sub cultured (5 mL of overnight culture
added to 20 mL LB) and grown for 3 h. Three hundred microliters of S. aureus culture was

removed, placed into a 1.5 mL tube, and treated with DMSO or EIPE-1 (0.01mg/ML) for 30
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minutes. Each sample was placed on glass coverslips (treated with poly-L-lysine) in a 24 well
plate and fixed with 2% glutaraldehyde (in 0.1 M sodium cacodylate buffer) for 2 h at room
temperature (RT). After fixation, samples were washed three times with 0.1 M sodium
cacodylate buffer. Samples were then fixed with 1% osmium tetraoxide in water for one hour at
RT and were then washed three times with 0.1 M sodium cacodylate buffer. The samples were
then dehydrated with an ethanol series (once with 50%, 70%, 90%, 95% and thrice with 100%
ethanol). Samples were dried using hexamethyldisilazane (HMDS) and then were mounted on
stubs. Finally, samples were coated with gold and palladium using an automated sputter coater.

Micrographs were acquired using Quanta 600 Scanning electron microscope.
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CHAPTER IV

SYNTHESIS AND CHARACTERIZATION OF EUMELANIN-INSPIRED CONJUGATED

POLYMERS

4.1 INTRODUCTION

Poly(arylenevinylene)s (PAVs) and poly(aryleneethynylene)s (PAES) are a class of conjugated
polymers that are frequently reported for their potential use in a large number of applications
including organic light emitting diodes (OLED)s, thin film transistors (TFT)s, chemical sensors,
and photovoltaic cells (PVC)s.22 This is due to ease of processing, good optical and electronic
properties, and the tunability of semiconducting properties to match desired applications. There
are several different building blocks that have been incorporated in PAEs and PAVs, but there are
limited examples utilizing the indole moiety as a building block for synthesizing PAEs and
PAVs. Our interest in using indole as a building block for conjugated polymers stems from
indole’s ubiquity in nature. Indole is biocompatible and has been a building block in several
biopolymers such as eumelanins. Eumelanin is a black-brown pigment and understood to be a
biosynthesized heterogeneous macromolecule containing 5,6-dihydroxyindole (DHI) and 5,6-
dihydroxyindole-2-carboxylic acid (DHICA) units.'® Extensive research has been done on the
optical, electronic, physical, metal chelating, and structural properties of natural and synthetic
eumelanin.’**® Our group previously synthesized an eumelanin-inspired core (DBI) similar to the
building blocks found in eumelanin.?® We also demonstrated, via small molecules, that
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substitution at the 4- and 7-positions affect both the optical and electrical properties of these
organic semiconductors.?* To further understand how to influence the optoelectronic properties
of this bioinspired building block, we have incorporated the eumelanin-inspired indole core into
conjugated polymers. In this chapter, the synthesis of new conjugated polymers based on our
eumelanin-inspired core, differing by arylene and carbon—carbon bond linkages will be discussed.
Four new polymers have been synthesized using Stille and Sonagashira coupling.
Poly(indoylenephenyleneethynylene) (PIPE) has been prepared via a different route in order to
compare the polymers’ properties. Further, the attempted synthesis of high molecular weight PIE

and PIV by incorporating solubilizing groups on eumelanin-inspired cores will also be discussed.

These new molecules were characterized using gel permeation chromatography (GPC), *H and
13C NMR spectroscopy, Fourier transform infrared spectroscopy (FTIR), thermal gravimetric
analysis (TGA), differential scanning calorimetry (DSC) and atomic force microscopy (AFM).
Optical and electronic properties of these polymers were further evaluated using UV-visible and

fluorescence spectroscopy as well as cyclic voltammetry.

4.2 RESULTS AND DISCUSSION

4.2.1 Synthesis and Physical Properties

The synthetic routes for PIE, PIV, PIPE, PIFE and PICE polymers are shown in Scheme 4.1. The
yield, number average molecular weight (M,), and polydispersity index (PDI) for all polymers are
shown in Table 4.1. PIE and PIV were synthesized using Stille coupling conditions resulting in
low molecular weight polymers, M, of 1.8 and 2.8 kDa, respectively. To obtain high molecular
weights of PIE and PIV, Stille coupling conditions were altered by changing the ligand. The
ligands evaluated were P(t-Bu)s, P(0-tol)s, and X-Phos. Unfortunately, similar molecular weights
and yields were observed. The low molecular weights of PIE and PIV were due to a lack of

solubilizing groups on the eumelanin-inspired core. This ultimately resulted in precipitation
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before high molecular weight materials could be achieved. PIPE, PIFE, and PICE were

synthesized using Sonagashira coupling conditions resulting in moderate to high molecular

weight polymers, 26.3 kDa, 15.1 kDa, and 12.0 kDa respectively. All five polymers were soluble

in common organic solvents such as chloroform and THF.
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Scheme 4.1: Synthesis of PIE, PIV, PIPE, PIFE, and PICE polymers.
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Table 4.1: Structure properties of polymers.

Polymer M2 (kDa) | Mu? (kDa) | PDI? Yield (%) | T4 (°C) T (°C)
PIE 1.8 2.2 1.20 42 172 188
PIV 21 2.3 1.10 46 194 134
PIPE 26.3 62.2 2.3 80 268 -

PIFE 15.1 33.8 2.2 76 320 -

PICE 12.0 23.8 1.9 46 310 -

2 The number average molecular weight and the PDI were measure by GPC on polystyrene
standards.

b 50 weight loss temperature by TGA under Na.

¢ Data from second scan reported, heating rate 3 °C min™ under N..

4.2.2 Optical and Electronic Properties

The photophysical properties of these polymers were evaluated using UV-vis absorption and
fluorescence spectroscopy both as dilute solutions in CHClI3 and as thin films. The absorption
and emission spectra of the polymers are shown in Figures 4.1, and the spectroscopic data are
summarized in Table 4.2. Compared to the vinylene-linked polymer, PIV, the ethynylene-linked
counterpart, PIE, exhibited bathochromically shifted absorption spectra. The absorption maxima
in solution and film for PIV were at 438 and 431 nm, respectively; however these absorptions
were red-shifted to 459 and 478 nm for PIE. This spectral difference can be explained by the
better pi-conjugation along the polymer chain due to the ethynylene linkage as it minimizes steric
and conformational hindrances in contrast to the vinylene linkage.?>? However, the emission
maxima for PIE were blue-shifted in comparison to the PIV. This spectral behavior can be

correlated with the rigid backbone structure of the ethynylene-linked polymers compared to the
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vinylene-linked systems. This is also the same reason large Stokes shift is observed in PIV in
comparison to the PIE (Table 4.2).% In case of eumelanin-inspired polymers differing by arylene
groups, the red-shifted absorption maxima in solution and film are found in the increasing order
of PIFE > PICE > PIPE. This indicates better pi-conjugation along the polymer chain follows the
order PIPE > PICE > PIFE. The broad and red-shifted absorption spectra were observed for all
polymer thin films, excluding PIV. In the case for the vinylene-linked polymers, the Amax for the
absorption spectra in solution and thin films were comparable. However, other polymers (PIE,
PIPE, PIFE and PICE) exhibited significantly red-shifted Amax Values for the absorption spectra

(19-34 nm) for polymer thin films versus solution.
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Figure 4.1: A) Absorption spectra and B) Emission spectra of polymer in solution (CHClIs, solid
lines) and the thin film (drop cast from CHClIs, dashed lines). For emission spectra polymers
were excited at 285 nm (solution) and 400 nm (thin film).

The fluorescence quantum yield, which is a ratio of number of photons emitted to the numbers of

A, Fq
AgF;

photons absorbed, was calculated using following equation:* ¢, = ¢,-( )(Z—i). b, 15 0.79, As

and Ar are absorbances of the sample and reference (fluorescein) solutions, respectively at the same
excitation wavelength, Fs and F; are the corresponding relative integrated fluorescence intensities,
n is the refractive index [CHCI3 (ns = 1.445) and 0.1 NaOH (n, = 1.335) were used]. The quantum

yield data are summarized in Table 4.2. In solution, all polymers were efficient fluorophores with
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Table 4.2: Electronic and optical properties of PIPE, PIFE, PICE, PIV and PIE.

Polymer | Media | Aaps? Aems® Stoke’s Pre° Egpt Eox HOMO | LUMO
(nm) (nm) Shift (cm™) V) (V)¢ ev)ye | (V)
PIPE CHCI; | 484 508 1053 0.67
FILM | 528,412 | 582 1903 2.17 | 1.00 -5.43 -3.26

PIFE CHCl3 | 429,454 | 468,496

FILM | 465 528 241 | 1.15 -5.58 -3.17
PICE CHCl3 | 432 470,498

FILM | 480 545 2.34 | 1.05 -5.48 -3.14
PIV CHCls | 438 556 4845 0.21

FILM | 431 579 2.34 | 094 -5.35 =301
PIE CHCls | 459 519 2518 0.49

FILM | 478 569 222 |1.03 -5.44 3122

aMeasured in dilute chloroform. ®Quantum yields measured in dilute chloroform solutions
relative to fluorescein. “Measured from the tangent drawn at the onset of absorption. “Measured
from the onset of oxidation wave.

¢Calculated from the onset of the first oxidation from the equations E powmo (€V) = -[ESBSet — Ey
(Fc/Fc) + 4.8], where Eyp(Fc/Fc*) was the cell correction. 'Calculated from the equation LUMO

= (Eg*" ~ HUMO).

fluorescence quantum yields ranging from 0.12 to 0.67. As expected, the ethynylene-linked
polymers have high fluorescence quantum yields in solution. This is attributed to the shape-
persistent, rigid rod-like structures of the ethynylene-linked polymers.?22 QOptical bandgaps were
calculated from wavelengths corresponding to the energy absorption onset from the intersection
of the leading edge tangent with the x-axis. The optical bandgap of the PIE was relatively smaller
than that of the PIV. While comparing the different polymers with arylene groups, PIPE was
found to have a relatively smaller optical band gap than those of PIFE and PICE. It might be due
to the higher molecular weight of PIPE, which lead to better conjugation and a decrease in

bandgap. The optical band gaps of PICE and PIFE were comparable. The electronic properties
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were measured by cyclic voltammetry on thin films of these eumelanin-inspired polymers; the
results are summarized in Table 4.2, and the voltammograms are shown in Figure 4.2. The
HOMO energy values were calculated from the onset of the first oxidation from the equations
HOMO (eV) = -[EPset — Eyj, (Fc/Fc*) + 4.8] where Ey, (Fc/Fc*) was the cell correction. The
LUMO energy values were calculated from the equation LUMO (ev) = (E;pt- HOMO) where
E;pt is the optical band gap. All of these polymers showed irreversible oxidation potentials and
did not give any reduction wave when scanning in the negative potential up to -2 V. PIE and PIV
have similar HOMO levels, suggesting that changing the backbone from triple bond to double
bond has little effect on the HOMO levels. However, LUMO levels are stabilized (lowered) for

the ethynylene-linked polymer PIE when compared with their vinylene counterpart PIV. This is

attributed to the ethynylene’s weak electron-withdrawing nature which should result in lowering
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Figure 4.2: CV spectra of PIPE, PIFE, PICE, PIV, and PIE.
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4.2.3 Thermal Analysis

The thermal stability of the polymers was evaluated using TGA and DSC. The TGA curves are
shown in Figure 4.3A, and data are summarized in Table 4.1. As expected, the higher molecular
weight polymers, PIPE, PIFE and PICE, were thermally more stable compared to the lower
molecular weight of PIE and PIV. Although the Ty is significantly lower for PIE and PIV,
compared to PIPE, PIFE and PICE, it is still high enough for these polymers to be useful in the
semiconducting applications. DSC scans of the second cooling cycle for the polymers are shown
in Figure 4.3B. The glass transition temperatures (Tg) of the polymers are summarized in Table
4.1. DSC revealed T4 of PIE and PIV at 183 °C and 135 °C, respectively, whereas PIPE, PIFE
and PICE did not show any observable transitions before the decomposition temperatures. The
higher Tg4 of PIE in comparison to PIV can be correlated to the rigid backbone of PIE compared to
PIV.252¢ |n all of these polymers, crystallization and melting transitions were not observed,

suggesting an amorphous nature for these materials.?"8
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Figure 4.3: TGA curves (A) and DSC curves (B) of PIPE, PIFE, PICE, PIV and PIE.
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4.2.4 FTIR

The polymers were further characterized by FTIR experiments and spectra are depicted in Figure
4.4. The characteristic peak for the carbonyl of the ester group at 1710 cm™ confirmed the
presence of the DBI core in all the polymers. For polymer having an ethynylene linkage (PIE,
PIPE, PIFE and PICE), the characteristic peak at 2185 cm™ confirmed the presence of carbon—

carbon triple bonds in these polymers, which were absent in PIV.
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Figure 4.4: FTIR spectra of PIPE, PIFE, PICE, PIV, and PIE.
4.2.5 Morphology Characterization

AFM was used to study the morphology of thin films of the three different polymers (PIE, PIV
and PIPE), as shown in Figure 4.5. The polymer thin films appear to be composed of packed
small grains varying in size and shape. Compared to PIE and PIV, PIPE thin films show almost
no pitted areas where polymers do not assemble, indicating that the added 1,4-

bis(dodecyloxy)benzene motif lead to better intermolecular interactions. In particular, the long
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dodecyloxy side chains provide substantial alkyl-alkyl interactions that could affect the polymer
chain aggregations. The grain sizes for PIV and PIE are generally 10 nm in diameter, while the
grains of PIPE are about 20 nm. The doubled grain sizes of PIPE compared to PIE and PIV are
likely due to the enhanced stacking between conjugated backbone through added 1,4-
bis(dodecyloxy)benzene and the additional alkyl side chains. It was expected to see similar

morphology in PIFE and PICE as they also have additional aryl motifs with long alkyl chains.

Figure 4.5: 500 x 500 nm? AFM topography images of (A) PIV, (B) PIE, and (C) PIPE. The z
ranges are 30 nm for (A) and (B) and 15 nm for (C). RMS roughness values for (A)-(C),
excluding the pits in (A) and (B), are 2.43, 2.03, and 1.64 nm respectively.

4.3 ATTEMPTED SYNTHESIS OF HIGH MOLECULAR WEIGHT PIE AND PIV

The molecular weights of PIE and PIV were quite small. This was due to a lack of solubilizing
groups on the eumelanin-inspired core which ultimately resulted in precipitation before high
molecular weight materials could be achieved. Thus, to achieve high molecular weight polymers,
the solubilizing group was incorporated on the Eumelanin-inspired core. The synthetic route for
the synthesis of eumelanin-inspired core having a solubilizing group is depicted in Scheme 4.2.
The ester group at DBI core was hydrolyzed to the carboxylic acid and then converted to the acid
chloride by treatment with oxalyl chloride. The compound 9 was reacted with N,N-dioctylamine

to get an eumelanin-inspired core with a potential solubilizing group. Polymerization of
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compound 10 was attempted under Stille coupling conditions with compounds 2 and 3 but did not
proceed. The reaction with different ligands such as P(t-Bu)s, P(0-tol)s, and X-Phos with
Pd,(dba)s as catalyst was attempted, but did not result in any polymers. At this point the reason
behind not obtaining polymers under the reaction conditions is not clear. It may be related to the

stability of the monomer or we may need to try different reaction conditions to get the polymers.
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Scheme 4.2: Synthesis of the Eumelanin-inspired core with solubilizing group and high
molecular weight PIE and PIV.

4.4 CONCLUSION

Five conjugated polymers based on the eumelanin-inspired indole core were synthesized differing
by the arylene and carbon—carbon bond linkages. The ethynylene-linked polymer, PIE showed
red-shifted absorption spectra and blue-shifted emission spectra compared to the vinylene-linked,
PIV. Furthermore, the optical bandgap of PIE was reduced compared to PIV. These behaviors
can be explained based on findings that ethynylene linkage minimizes steric and conformational

hindrances, which leads to better p-conjugation along the polymer backbone and hence a red-
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shifted absorption spectra with reduced optical bandgap. Due to the rigidity of the ethynylene-
linked polymer backbone in PIE, the emission spectrum is blue-shifted and exhibits much less
Stokes shift compared to the vinylene-linked polymer. The HOMO levels of PIE and PIV are not
affected by the change in the carbon-carbon bond linkage while the LUMO of the ethynylene-
linked polymers are stabilized due to the weak electron withdrawing nature of the ethynylene unit
compared to the vinylene-linked polymer. In the case of eumelanin-inspired polymers differing
by aryl groups, PIPE had a lower band gap and a red shifted absorption compared to PIFE and
PICE. Among PIFE and PICE, not much difference in optoelectronic properties was seen. The
molecular weights of PIE and PIV were quite small in comparison to PIPE, PIFE and PICE.
However, despite the low molecular weights, these polymers were found to have good optical and
electrical properties. An attempt to synthesize high molecular weight PIE and PIV by
incorporating solubilizing groups on the eumelanin-inspired indole core. Even though the
solubilizing group was successfully incorporated on the eumelanin-inspired core, polymers could

not be synthesized from this molecule.

4.5 EXPERIMENTAL SECTION

45.1 Materials

Anhydrous N,N-dimethylformamide (DMF) and tetrahydrofuran (THF) were obtained from a
solvent purification system under ultrapure argon. EtsN was redistilled under argon before use.
DBI? and methyl 4,7-diethynyl-5,6-dimethoxy-1-methyl-1H-indole-2-carboxylate (compound 4)
were synthesized according to the previously reported procedure. All other commercial reagents

were used as received.

4.5.2 Instrumentation

!H and C NMR spectra were measured on a Bruker Avance 400 MHz instrument. GPC was

performed using a Waters pump with a Waters 2410 refractive index detector with THF as the
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solvent at 30 °C with a flow rate 1.0 mL min™. Polystyrene standards were used for calibration.
UV-visible and fluorescence spectra were recorded on a Cary 5000 UV—-VIS- NIR
spectrophotometer and a Cary Eclipse fluorescence spectrophotometer, respectively. UV-visible
and fluorescence measurements were obtained using polymer solutions in CHCIs, and thin films
were drop casted from these solutions. Cyclic voltammetry was performed on a BASI CV-50W
Version 2.3 instrument with 0.1 M tetrabutylammonium hexafluorophosphate as the supporting
electrolyte in dry acetonitrile using a platinum working electrode, a platinum wire as counter
electrode, and a Ag/AgCI reference electrode with a scan rate of 100 mV s. The CV experiment
was performed by drop-casting a thin film of the polymer on the platinum working electrode.
TGA measurements were performed using a high-resolution thermogravimetric analyzer TA
instrument Model Q-50, within the temperature interval of 30-900 °C, with a rate of 20 °C min
under continuous nitrogen flow. DSC was performed using a TA Instruments Model Q-2000
from -50 to 250 °C at a heating rate of 3 °C min in a modulated mode. The second cooling
thermal cycle was chosen to observe the thermal transitions in polymers. All runs were
performed under nitrogen. The AFM topographic images of the polymer films were acquired in a
NT-MDT NTEGRA Prima AFM using a semicontact mode with a silicon tip (spring force
constant = 1.2— 6.4 N m?). The polymer thin films were prepared by spin-coating 100 mL of 20
mg mL* polymer solution in chloroform at 1000 rpm. FTIR experiments were evaluated on a

Nicolet iS50 FT-IR instrument using ATR diamond.

4.5.3 Synthesis

General procedure for Stille polymerization: In a 25-mL, oven-dried Schlenk flask were
placed, methyl 4,7-dibromo-5,6-dimethoxy-1-methyl-1H-indole-2-carboxylate, (1, 100 mg, 0.24
mmol), Pdx(dba)s (4.4 mg, 2 mol%) and X-Phos (9.3 mg, 8 mol%) under vacuum for 5 min, and
the system was purged with argon. This was repeated three times. Bis(trimethylstannyl)

substituted monomer (0.24 mmol) in chlorobenzene (3 mL) was added to the Schlenk flask while
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stirring. The reaction mixture was purged for 30 min and then heated at reflux for 2 days. The
reaction mixture was cooled to room temperature and precipitated into methanol (20 mL) to give
precipitate. The resulting precipitate was filtered through a cellulose thimble, which was then
subjected to Soxhlet extractions with methanol, hexane, and chloroform. Finally, the solvent was

evaporated to yield the polymer.

Synthesis of poly(indoylene ethynylene (PIE): Red polymer (30 mg, 45%). *H NMR (400 MHz,
CDCls) 6 7.67-7.40 (m, indole proton, 1H), 4.71-4.59 (m, —NCHj3 3H), 4.21-3.95 (m, —-OCHjs
and —CO,CHjs, 9H). *C NMR (101 MHz, CDCls) § 162.24, 155.03, 154.90, 150.36, 150.13,
134.17, 131.89, 131.23, 129.34, 128.70, 128.56, 124.51, 111.45, 110.70, 110.55, 103.86, 103.83,

62.01, 61.81, 52.00, 51.98, 34.05, 33.94, 33.81. M, =1.8 kDa and PDI =1.20.

Poly(indoylene vinylene) (P1V): Greenish-brown polymer (31.2 mg, 46%). *H NMR (400 MHz,
CDCl3) 6 7.93-7.31 (m, indole and vinyl protons, 3H), 4.30-4.15 (m, — NCHjs, 3H), 4.02-3.90
(m, —OCHj3 and —CO,CHs, 9H). 3C NMR (101 MHz, CDCls) & 162.46, 151.04, 147.33, 147.27,
135.71, 130.09, 129.26, 128.98, 128.85, 126.76, 126.60, 122.01, 121.97, 111.32, 110.83, 61.35,

60.97, 51.86, 51.81, 36.67, 36.42, 36.15. M, = 2.1 kDa and PDI = 1.10.

General procedure for Sonagashira polymerization: In a microwave reactor vial, methyl 4,7-
diethynyl-5,6-dimethoxy-1-methyl-1H-indole-2-carboxylate, 4 (50 mg, 0.168 mmol) and
dibromoarylene (0.168 mmol) was taken inside a glove box and added Pd(PPhs)4 (9.7 mg, 0.008
mmol), and Cul (0.8 mg, 0.004 mmol), followed by 5 mL of a 2:1 THF:EtsN mixture. The vial
was sealed inside the glove box and brought outside and heated to 85 °C for 72 hours. The
reaction mixture was cooled and the polymer was precipitated in a beaker containing 20 mL of
methanol. The resulting precipitate was filtered through a Soxhlet thimble, which was then
subjected to methanol, hexane and chloroform extractions. Finally, the solvent was evaporated to

yield polymer.
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Poly(indoylene phenylene ethynylene) (PIPE): Red polymer (97 mg, 80%). *H NMR (400
MHz, CDCls) 6 7.56 (s, indole proton, 1H), 7.13—7.05 (m, phenyl protons, 2H), 4.62 (s, -NCHjs,
3H), 4.10 (m, -OCHjs and —OCHz, 10), 3.93 (s, — CO.CHs, 3H), 1.96-1.86 (m, 4H), 1.24 (m,
36H), 0.88 (t, J = 6H). 3C NMR (101 MHz, CDCls) § 162.29, 154.85, 153.89, 150.04, 134.40,
132.30, 132.20, 128.97, 128.70, 128.58, 124.73, 116.45, 116.09, 114.08, 111.29, 103.77, 103.69,
69.74, 69.33, 62.12, 61.99, 51.77, 46.04, 34.03, 32.07, 29.80, 29.61, 29.51, 29.43, 26.21, 22.84,

14.27. M, =26.3 kDa and PDI = 2.3.

Poly(indoylene flourene ethynylene) (PIFE): Yellowish brown polymer (80 mg, 76%). H
NMR (400 MHz, CDCl3) 6 7.76 - 7.48 (m, indole and fluorene protons, 7H), 4.65(s, -NCHgs, 3H),
4.14 (s, -OCHs, 6H), 3.97 (s, -CO.CHjs, 3H), 2.04 (m, 4H, 1.26-1.10 (m, 16H), 0.79 (t, J = 5.6,

6H). M, =15.1 kDa, PDI = 2.2.

Poly(indoylene carbazole ethynylene) (PICE): Yellow polymers (52 mg, 47%). *H NMR (400
MHz, CDCls) & 8.09-7.37 (m, indole and flourene protons, 7H), 4.65 (s, -NCHs;, 3H), 4.15 (s, -
OCHs, 6H), 4.01-3.91 (m, 5H), 2.16 (m, 1H), 1.41-1.23 (m, 24H), 0.83 (m, 6H). M, = 12.0 kDa,

PDI=1.9.

Synthesis of 4,7-dibromo-5,6-dimethoxy-1-methyl-1H-indole-2-carboxylic acid (8): Ina 250 mL
one-necked round-bottomed flask, DBI (200 mg, 0.49 mmol) was dissolved in THF (15 mL) and
added aqueous 20 % KOH (4 mL) and MeOH (4 mL). The reaction mixture was stirred at room
temperature for 3 h. After the completion of the reaction, 10% HCI (15 mL) was added and
stirred for 5 min. The product was extracted in DCM (3 x 15 mL) and the organic layer was
washed with distilled water, dried over MgSOs and concentrated in vacuo to afford 2 as a white
solid which was used for next step without further purification. Yield (193, 99%). *H NMR (400

MHz, DMSO-ds) & 7.09 (s, 1H), 4.36 (s, 3H), 3.84 (s, 3H), 3.82 (s, 3H). C NMR (101 MHz,
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DMSO-ds) 6 162.49, 150.10, 146.60, 132.68, 131.92, 124.78, 110.46, 108.84, 100.19, 61.57,

61.45, 35.05.

Synthesis of 4,7-dibromo-5,6-dimethoxy-1-methyl-1H-indole-2-carbonyl chloride (9): In a 100
mL one neck round bottom flask, compound 8 (150 mg, 0.38 mmol)) was dissolved in dry DCM
(5 mL) and oxalyl chloride (0.1 mL, 1.16 mmol) was added followed by a drop of DMF. The
reaction proceeded vigorously after the addition of DMF. The reaction was stirred for 2 h at
room temperature. After the completion of the reaction, the reaction mixture was concentrated in
vacuo to afford white solid which was used for next step without further purification. Yield (157
mg, 99%). *H NMR (400 MHz, CDCls) § 7.67 (s, 1H), 4.38 (s, 3H), 3.95 (s, 3H), 3.92 (s, 3H).
13C NMR (101 MHz, CDCl3) § 159.26, 152.49, 147.41, 135.04, 131.84, 124.83, 119.86, 110.31,

99.85, 61.34, 61.27, 35.29.

Synthesis of 4,7-dibromo-5,6-dimethoxy-1-methyl-N,N-dioctyl-1H-indole-2-carboxamide (10):
In a 100-mL one-necked round-bottomed flask, compound 9 (150 mg, 0.36 mmol) was dissolved
in dry DCM (10 mL) and cooled to 0 °C in an ice-bath. N,N-dioctylamine (279 mg, 1.09 mmol)
was added and the reaction mixture was warmed to room temperature and stirred for 1 h. When
TLC indicated the reaction is completed, the solvent was removed under reduced pressure, and
the residue was purified by flash column chromatography on silica gel with a mixture of hexane
and ethyl acetate (95:5) to afford the compound 10 as a clear liquid. Yield (210 mg, 95%). ‘H
NMR (400 MHz, CDCls § 6.50 (s, 1H), 4.08 (s, 3H), 3.91 (s, 3H), 3.90 (s, 3H), 3.50 (t, J = 7.1
Hz, 2H), 3.36 (t, J = 7.1 Hz, 2H), 1.66 (m, 2H), 1.55 (m, 2H), 1.35-1.18 (m, 20H), 0.86 (m, 6H).
13C NMR (101 MHz, CDCls) § 163.47, 148.31, 146.07, 136.47, 130.49, 125.93, 108.33, 102.33,
99.59, 61.30, 61.26, 49.00, 44.95, 34.75, 31.80, 31.72, 29.37, 29.27, 29.08, 28.78, 27.48, 27.12,

26.49, 22.63, 14.10.
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CHAPTER V

NOVEL ORGANIC CONDUCTIVE FIBERS AS NON-METALLIC ELECTRODES AND

NEURAL INTERCONNECTS

5.1 INTRODUCTION

The ability to measure, as well as modulate electrical activity associated with the human central
nervous system, has emerged as invaluable for the diagnosis and management of a growing
number of conditions over the past 60 years.! Electroencephalography (EEG) allows clinicians to
recognize brain wave patterns related to various syndromes such as abnormal synchronous
electrical discharges characteristic of seizure disorders. Electromyography (EMG) helps localize
and diagnose muscle and peripheral nerve disease. Electrocardiography (ECG) helps assess the
electrical and muscular functions of the heart. Stimulation of the nervous system has led to
revolutionary treatments for movement disorders like Parkinson’s disease, dystonia, and tremor,
as well as psychiatric conditions and pain disorders.? Neuromodulation, based on the recording
and delivery of electrical signals, has allowed researchers and physicians to diagnose and treat
conditions in the absence of anatomic abnormalities.® Most neural recording and stimulating
electrodes are metallic. While highly efficient conductors of electric charge, metals present
several important disadvantages, such as poor biocompatibility properties which lead to reactive,

gliotic changes in neural tissue which, in turn, leads to increasing impedances of the interface to
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the tissue.* Metals used as current injectors (e.g. platinum and iridium) are expensive and
fragile,® and the resistance inherent in metallic conductors causes energy to be dissipated as heat,

which can worsen reactive changes in the surrounding tissues.®

The next generation neural interfaces will be designed to eliminate or minimize the above
concerns. The working hypothesis is that new electrodes should be based on material substrates
which have an organic composition. The new electrically conductive organic electrodes will both
capture and deliver adequate electrical currents, while promoting neural integration with reduced
tissue injury and inflammation. This will be accomplished through the enhanced biocompatibility
of these organic materials when compared to metals. These materials can also allow for the
development of more cost-effective devices, since the expense of organic conductive materials

will be significantly lower than precious metals.

In the last few years, electrically conductive fibers (ECFs) made from organic materials have
emerged as an attractive and promising class of materials for the realization of non-metallic
interconnects for medical applications.”** The conductive inks for the ECFs have been
comprised of conjugated polymers (CPs),***” carbons, %8 carbon/electrolyte!® or carbon/polymer
composite.>? In this chapter, the investigation on the utilization of a conductive ink composed of
a CP/carbon nanotube assembly to stain natural and synthetic fibers for fabrication of organic
ECFs will be discussed. The CPs have been known to disperse carbon nanotubes (CNTS) very
efficiently in organic solvents.?* Furthermore, both of these materials are conductive with CNTs
being highly electrical conductive with good thermal/photo-stability and high mechanical
strength. In this study, the organic ECFs were fabricated using commercially available, non-
conductive, cotton, silk and polyester sutures stained with a conductive ink made from a
regioregular poly(3-hexylthiophene). The (rr-P3HT)/SWCNT assembly materials were examined

for their ability to serve as non-metallic electrodes and neural interconnects.
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5.2 RESULTS AND DISCUSSION
5.2.1 Preparation of Electrically Conductive Fibers

The conductive ink was prepared by the addition of SWCNTSs to the rr-P3HT solution in CHCls.
The resulting mixture was ultrahigh sonicated using a Microson Ultrasonic Cell Disruptor for 30
minutes in an ice bath to avoid overheating and undesirable secondary reactions. A dipping and
drying technique was utilized to stain the fibers with the conductive ink. After staining, the fibers

were oven dried for 15 minutes at 100 °C.
5.2.2 Dependence of Conductive Ink Content and Number of Deposition Cycles

The dependence of the conductive ink content and the number of deposition cycles with respect
to the conductivity of the fiber were investigated. To optimize the concentration of the SWCNTSs,
three different concentrations of SWCNTs (0.5, 0.8 and 1.2 mg/mL) were used to prepare the
conductive ink while keeping the SWCNT:rr-P3HT ratio of 1:2 constant and the electrical
resistance data are listed in Table 5.1. It was found that SWCNT concentration of 0.8 mg/mL

yielded relatively low resistance of 0.39 + 0.04 kQ/cm.
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Figure 5.1: A) Picture of original and stained fiber, B) In-house built apparatus setup for
electrical DC resistance measurements, C) lightening of the LED bulb using organic ECF, D)
Organic ECF coated with outer insulating material, and E) dependence of the number of
depositions on electrical resistance of organic ECF.
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Table 5.1: Electrical resistance of the coated cotton obtained by varying concentration of
SWCNTs with constant SWCNT:rr-P3HT ratio.

SWCNT:rr-P3HT | Concentration of SWCNT | Resistance (k€)/cm)
1:2 0.5 mg/mL 0.78 £ 0.07
1:2 0.8 mg/mL 0.39+0.04
1:2 1.2 mg/mL 0.61 +0.26

Once the concentration of SWCNT was optimized, then the ratio of the SWCNT to rr-P3HT was
investigated by keeping the SWCNTSs concentration constant (0.8 mg/mL) and the electrical
resistance data are listed in Table 5.2. It was found that 1:2 ratio of SWCNT to rr-P3HT provided

relatively low resistance of 0.39 + 0.04 kQ/cm.

Table 5.2: Electrical resistance of the coated cotton obtained by changing the SWCNT:rr-P3HT
ratio with constant SWCNTSs concentration.

SWCNT:rr-P3HT | Concentration of Resistance (kQ/cm)
SWCNT

1:1 0.8 mg/mL 0.48 £0.05

1:2 0.8 mg/mL 0.39£0.04

1:3 0.8 mg/mL 0.69 + 0.06

The organic ECFs stained with the conductive ink having a composition of 0.8 mg/mL of
SWCNTSs with a 1:2 ratio of SWCNTSs to rr-P3HT gave the lowest electrical resistance of 0.39
kQ/cm. The conductive fibers also exhibited the conductance dependence on deposition cycles.
Figure 5.1E shows the dependence of electrical resistance of the fiber as a function of the number
of deposition cycles. The fiber was found to be conductive after one deposition cycle and became
more conductive with each deposition cycle. However, after 10 deposition cycles, the electrical
resistance of the fiber plateaued and remained unchanged. This is attributed to the adsorption of
the SWCNTSs on to the fiber which made it conductive. When an optimum amount of SWCNTSs
was deposited on the fiber, further addition did not affect its conductivity. These optimized
conditions were used to further fabricate the organic ECFs from non-conductive fibers, such as

cotton, polyester and silk, to study their electrical, morphological and mechanical properties.
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All these stained fibers are conductive enough to light the LED bulb as shown in Figure 5.1C.
Further, these organic ECFs were successfully coated with outer insulating material (see Figure

5.1D) using Flex Seal retaining its original conductivity.

Table 5.3: Electrical and mechanical properties of the conductive fibers.

Fiber type Resisistance | Young’s Ultimate Breaking | Elongation at
. Modulus Stress (MPa) Break Point (%)

(kQ cm™) (MPa)

Original Cotton >2000 269 + 36 1214 + 173 6.0+£0.3

rr-P3HT/SWCNTs | 0.50 £ 0.06 | 257 £17 1402 + 30 79+0.2

+ cotton

Original polyester | >2000 127 £10 2833 + 127 30.7+£05

rr-P3HT/SWCNTs | 0.65+0.10 |76+4 2915 + 289 400+13

+ polyester

Original silk >2000 305 £ 32 3920+ 34 13.1+£0.9

rr-P3HT/SWCNTs | 0.73+0.19 | 241 +23 3414 + 69 159+0.3

+ silk

5.2.3 Effect of Molecular Weight of rr-P3HT

Two different molecular weights of rr-P3HT (M., = 22 kDa and 12 kDa) were used in order to
investigate the effect of the molecular weight of rr-P3HT on the electrical resistance of the
stained fibers. While rr-P3HT with My, = 22 kDa was purchased, rr-P3HT with M,, = 12 kDa was
synthesized according to the previously reported procedure.?? It was found that the cotton fibers
stained with the conductive ink made from low molecular weight rr-P3HT gave lower resistance
(0.45 kQ) than with higher molecular weight (0.65 kQ). A similar trend was found in the case of
polyester and silk fibers. It may be attributed to the better dispersion of SWCNTSs by low

molecular weight rr-P3HT compared to the higher molecular weight polymer.
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5.2.4 Electrical Measurement

The resistance of the organic ECFs was measured by using our in-house built apparatus (Figure
5.1B). The results are shown in Table 5.3, and the data are the average of three different
conductive fibers of each type. The resistance of the unstained fibers could not be measured by
the given apparatus as it was above 2 MQ. The organic ECFs obtained from cotton had slightly
less electrical resistance compared to those obtained from polyester and silk. This result could be

due to the better adsorption of conductive ink by the porous cotton fibers.

5.2.5 Effect of Doping on Conductive Fibers

Different dopants were used to dope the rr-P3HT/SWCNTSs composite to study the effects on the
conductivity of the conductive cotton fibers. Different dopants used and their effects on the

conductivity of the fibers are discussed below.

lodine: The resistance of the conductive fiber was reduced to 180 Qcm™ from 720 Qcm™ after

doping with iodine for overnight.

DMSO: The conductive fiber was dipped onto DMSO for overnight and was dried in preheated
oven (100 °C) until it dried. The resistance of the conductive fiber remained almost the same or

less after doping with DMSO.

Poly(styrene sulfonic acid) (PSS): The conductive fiber was dipped onto PSS solution (18%
weight in water) for overnight and was dried in preheated oven (100 °C) until it dried. PSS
increased the resistance of the conductive fiber and the fiber became stiffer and was broken
easily. The increase in resistance of the fiber after treating with the PSS solution may be
attributed to the formation of an insulating coating of PSS on the conductive fiber. In different
experiment, PSS solution was added to the CHCl3 solution containing SWCNTSs, and P3HT and

ultrahigh sonicated to make doped conductive ink. This doped conductive ink was used to make
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conductive fibers. However, the resistance of the stained fiber with doped conductive ink was

less (3.2 kQcm™) compared to the undoped conductive fibers (2.5 kQ cm?).

2,3,5,6-Tetrafluoro-7,7,8,8-tetracyanoquinodimethane (FATCNQ): FATCNQ was added to the
CHCl; solution containing SWCNTSs and P3HT while making conductive ink. This composition
of conductive ink was used to make conductive fibers, but it also did not help in reducing the

resistance of the stained fibers.

5.2.6 Raman spectroscopy
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Figure 5.2: Raman spectra of SWCNTSs and rr-P3HT/SWCNT stained fibers.
In order to provide evidence for the presence of SWCNTS, the organic ECFs were examined
using Raman spectroscopy. The Raman spectra of the three organic ECFs and SWCNTSs are

shown in Figure 5.2. The characteristic D-band (~ 1277 cm™) and G-band (~ 1540 cm?) for

SWCNTSs can be clearly observed on all three organic ECFs. Additionally, the second order band
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at (~ 2407cm™) is also clearly identified in all the organic ECFs implying the presence of

SWCNTs in all stained fibers.
5.2.7 Stress-strain Measurement

The mechanical strength of the fibers was characterized by stress-strain measurements. Three
mechanical parameters, namely the Young’s Modulus, the ultimate breaking stress and the
elongation at break point, were measured. The mean values of such parameters for all original

and stained fibers are reported in Table 5.1, and stress-strain plots are shown in Figure 5.3.
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Figure 5.3: Stress-strain plots for; a) original and stained cotton, b) original and stained silk and
c) original and stained polyester.

Based on the data, two main observations were made. First, the maximum elongation of the
material before breaking was found to increase in the stained fibers compared to the original,
unstained material. Thus, an advantageous ability of the fiber to be woven or knitted was
preserved in the stained fibers. Second, a decrease in Young’s modulus was observed in all the
stained fibers, indicating that the conductive ink coating decreased the stiffness of the fiber. This
property of the stained fibers may be attributed to a lubricant effect of the rr-P3HT/SWCNT
assembly which seems to enable fiber strands to slide on one another following the application of

mechanical stimulus.t®
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5.2.8 Morphology Characterization

rr-P3HT/SWCNTs stained cotton  rr-P3HT/SWCNTSs stained polyester rr-P3HT/SWCNTs stained silk

e o

re-P3HT/SWCNTs

Figure 5.4: Scanning electron microscopy (top) and transmission electron microscopy (bottom)
images of organic ECFs.

The morphology of the three different ECFs obtained after 10 depositions cycles was analyzed
using Scanning electron microscopy (SEM) (Figure 5.4). SEM images show that conductive ink
has stained the exterior of every strand of each observable fiber and has also filled the gap
between these strands. Furthermore, TEM images were taken to provide evidence of the presence
of SWCNTSs on the organic ECFs. In Figure 5.4, TEM images clearly display the stained region
on each type of fibers and the presence of carbon nanotubes which appear as darker spots on the

stained region.

5.2.9 Surface Electrical Signal Measurements

In these preliminary experiments, the ability of the ECFs to transduce skin surface biological

electrical signals was investigated and the results were compared to measurements obtained using
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commercially available 9 mm Grass Gold Cup electrodes. These experiments were done on a 34
year old male. In all cases, the stained fibers could successfully record EMG and ECG data. The
skin of the subject's palms was prepared with Nuprep Skin Prep Gel. Ten20 conductive paste was
then used to fill the cup of the Grass Gold Cup electrodes which were placed over the subjects left
thenar and hypothenar muscles as shown in Figure 5.5C. A ground lead was placed over the left
forearm. Electrode/skin impedances were measured at 28.8 kQ and 35.6 kQ for both the thenar
and hypothenar leads. Single channel compound muscle potentials (an EMG variant) were
recorded during thumb twitch between the thenar and hypothenar leads. The experiment was
repeated with stained polyester fibers. To provide for connecting the stained fibers to the
recording system, the stained fibers were attached to the grass gold cup electrodes using Ten20
paste and then placed over thenar and hypothenar muscles as seen in Figure 5.5D. Care was
taken that Grass Gold Cup electrodes made no contact with the subject’s skin. In this experiment,
impedances were recorded at 38.0 kQ and 18.6 kQ for thenar and hypothenar leads. The
compound muscle potentials were once again recorded across leads during thumb twitch.
Representative recordings can be seen in Figure 5.5A for Grass Gold Cup electrodes (Epoch 49)
and 5.5B for stained polyester ECF (Epoch 164). EMG recording with Grass Gold Cup
electrodes yielded a maximum amplitude of 1787 puV, compared to a maximum amplitude of
1473 pV for the ECFs. Although the voluntary thumb twitch is subject to variability and not
precisely reproducible, classic compound muscle potential morphology can easily be identified in

both the Grass Gold Cup and ECF trials.

In a second experiment, equivalent to recording the Axis | ECG, the skin of the subject's palms
was prepared with Nuprep Skin Prep Gel. Ten20 conductive paste was then used to fill the cup of
the Grass Gold Cup electrodes with were placed over the subjects left and right thenar muscles as
shown in Figure 5.6C. A ground lead was placed over the left forearm. Impedances were

recorded at 20.3 kQ and 19.0 k< for left and right thenar leads. The single channel ECG (Axis I)
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Figure 5.5: Measurements of skin surface electrodes. Compound muscle potentials (EMG
varient) recording between thenar and hypothenar muscles using Grass Gold Cup electrodes
(A,C) and stained polyester ECF (B,D).

Figure 5.6: Measurements of skin surface electrodes. ECG recording across left and right thenar
muscles using Grass Gold Cup electrodes (A,C) and stained polyester ECF (B,D).

was recorded during rest between the left and right palmar leads over the thenar muscles. The
experiment was again repeated with stained polyester fibers. The stained fibers were connected

to the Grass Gold Cup electrodes using Ten20 paste and then placed over the thenar muscles as
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seen in Figure 5.6D. Care was taken that grass gold cup electrodes made no contact with
subject’s skin. Impedances were recorded at 39.3 kQ and 18.4 kQ for the left and right thenar
leads. The ECG was once again recorded between leads during rest. A representative ECG
signal can be seen in Figure 5.6A for Grass Gold Cup electrodes (Epoch 95) and 6B for stained
polyester ECF (Epoch 213). ECG recording with Grass Gold Cup electrodes yielded a maximum
amplitude of 816V, compared to a maximum amplitude of 1108 uV using ECFs. ECG

morphology can easily be identified in both Grass Gold Cup and ECF trials.

A notch filter was applied to all modalities prior to data collection. Artifact rejection was set at
80% and the Spike width at 5%. In all cases, the unstained fibers could not record any signal, and

data were read as “open” channels by the system, due to electrode impendences being greater

than 50 kQ.

5.3 CONCLUSION

The work in this chapter demonstrated that a conductive ink from rr-P3HT/SWCNT assembly can
be used to stain natural and synthetic fibers to generate electrically conductive fibers that retain
the native materials mechanical and physical properties. The staining method yielded EFCs with
resistance as low as 0.50 k€/cm using less of SWCNTs (0.8 mg/mL), while retaining the good
mechanical properties of the original substrate. In addition, resistance reduction below 180 Q/cm
could be achieved by doping with iodine. Moreover, these organic ECFs were used to record skin
surface biological signals with signal to noise ratios that were similar to or better than the data
obtained by using standard metal electrodes. The results demonstrate the promise of these

materials for use in modern medical diagnostics.
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5.4 EXPERIMENTAL SECTION

5.4.1 Materials

Regioregular poly(3-hexylthiophene) (rr-P3HT), Mw = 22 kDa and single walled carbon
nanotubes (SWCNTSs) were purchased from American Dye Source, Inc. and Aldrich,
respectively. Cotton, polyester and silk threads were purchased from Joann Fabrics and Crafts,

and Surgical Specialties and were used without any chemical treatment.

5.4.2 Raman Spectroscopic Characterization

The organic ECFs were characterized using a Nicolet NXR 9610 Raman Spectrometer. The 976

nm excitation laser was used to obtain Raman spectra for all samples.

5.4.3 Electron Microscopy Analysis

The scanning electron microscopy (SEM) samples were prepared by mounting a piece of stained
fiber on an aluminum stub. Samples were then coated with a very thin layer of palladium/gold
metal deposited using a MED 010 sputter coater (Balzers, Oberkochen, Germany). SEM images
were taken with a FEI Quanta 600 SEM with Evex EDS system (FEI, Hillsboro, OR).
Transmission electron microscopy (TEM) samples were prepared as follows. Each sample was
cut to 1 cm lengths which was embedded in Polybed 812 resin and cured for 36 h at 55 °C.
Samples were then sectioned at 70 nm thickness on a RMC Product Powertome XL
ultramicrotone using a Diatome diamond knife. Sections were then transferred to carbon square
mesh TEM grids (EM Sciences, p/n CF150-CU-UL). TEM images were taken on a JEOL JEM-

2100 at 200KV with a Lab6 Filament.

84



5.4.4 Mechanical Characterization

The mechanical strength of the conductive fibers was characterized by means of stress-strain
measurements performed on a TA instrument DMA Q800. The stress applied varied from 0 to 18
N with the linear ramp force 1.00 N/min. Strain was expressed as percentage elongation with

respect to the sample’s original length.

5.4.5 Electrical Characterization

The DC resistance measurements were obtained using an in-house built apparatus (see Figure
5.1B). Physiological signals (skin surface EMGs and EKGs) were recorded with 9 mm Gold Cup
electrodes (Rochester Electro-Medical, Inc) on a NeuroNetV1 system (CDI, Pittsburgh) which
also measured skin-electrode impedances with an injected current at 400 Hz. All studies were
done under the approval of Allegheny Singer Research Institutional Review Board Approval

number RC-6318.
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CHAPTER VI

BENZODITHIOPHENE-S,S-TETRAOXIDE BASED NOVEL N-TYPE ORGANIC

SEMICONDUCTORS

6.1 INTRODUCTION

After the discovery of the first highly conducting polymer in 19772, organic semiconductors
(OSCs) have enticed scientific communities for their application in organic light emitting diodes
(OLEDs)?, thin film transistors (TFTs)?, solar cells*, sensors®, conductive fibers®, etc. It is mainly
due to the fact that OSCs offer several advantages over their inorganic counterparts. For
example, low cost, flexible, and large area devices can be achieved as OSCs can be solution
processed at low temperatures and have mechanically flexible properties. Further, the material
properties (such as optical, electronic, morphology etc.) can be fine-tuned simply by modifying
the structure of the molecule through intelligent molecular design.”® OSCs, including both small
molecules and polymers, are commonly classified as p-type and n-type, in which the major
charge carriers are holes and electrons, respectively. While p-type OSCs have seen dramatic rise
in performance over the last decade, n-type OSCs, in general, still lag behind p-type OSCs. This
lack of high performance n-type OSCs is mainly related to the stability, difficulties in the
synthesis of these materials and the scarcity of electron deficient building blocks that can be used

to synthesize stable n-type OSCs.*1° Both types of OSCs with high performance are required in

89



order to fabricate high-performance complementary circuits or p-n junction devices. Thus, there
is a critical need for exploration of new building blocks for making novel n-type OSCs with
improved electron mobility, material stability both under processing and operational conditions,

and ease of synthesis.

While benzodithiophenes have been extensively explored in making high performance p-type
OSCs™, their oxidized counterpart benzo[1,2-b:4,5-b> ]dithiophene-1,1,5,5-tetraoxide (BDTT),
has been less utilized as a building block to make n-type OSCs despite it being an electron poor
heterocycle with promise for development of n-type materials. One likely reason is carbon-
carbon cross coupling reactions involving BDTT result in low yields.*? In this chapter, the
functionalization of BDTT using two different methodologies and utilization of functionalized
BDTT to make BDTT based n-type small molecules and donor-acceptor polymers will be

discussed.

6.2 BDTT BASED DONOR-ACCEPTOR POLYMERS
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H / H + | / / 1
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o’ ‘ 2

OR 0% 4R
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Scheme 6.1: Synthesis of monomers and polymers.
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6.2.1 Results and Discussion

The synthetic routes for monomer, 3 and polymers PBDTT-Th and PBDTT-BDT are depicted in
the scheme 6.1. The electrophilic halogenation reactions of BDTT either did not give the desired
product or the yield was very low < 15%. BDTT was also tried to functionalize with strong bases
and nucleophiles, but it was not stable in presence of strong bases and nucleophiles. Thus, the
functionalization of BDTT was carried out by using recently developed C-H iodination of
electron deficient substrates reactions developed by Qingin and coworkers.** The iodination of
BDTT with iodopentafluorobenzene in the presence of potassium tert-butoxide was optimized. A
high yield of 86% was obtained with 4 equivalents of iodopentafluorobenzene and 0.5 equivalents
of potassium tert-butoxide at room temperature. The PBDTT-Th and PBDTT-BDT copolymers
were then synthesized by reacting compound 3 with 2,5-bis(trimethylstannyl)thiophene and (4,8-
bis((2-ethylhexyl)oxy)benzo[1,2-b:4,5-b"]dithiophene-2,6-diyl)bis(trimethylstannane)
respectively under Stille copolymerization conditions. The percent yield, number average
molecular weight (Mn), and polydispersity index (PDI) of these polymers are shown in Table 6.1.
After Soxhlet extraction and reprecipitation, PBDTT-Th and PBDTT-BDT was obtained in high
yields of 87% and 82% and moderate number average molecular weights of 10.7 and 14.4 kDa,
respectively. PBDTT-BDT was highly soluble in common solvents like THF, toluene and
chlorinated solvents such as DCM, chloroform, and chlorobenzenes while PBDTT-Th was
soluble in chloroform and chlorobenzenes and moderately soluble in THF and DCM. The
reduced solubility of PBDTT-Th compared to PBDTT-BDT is due to the absence of any alkyl
chain on thiophene unit of PBDTT-Th polymer. However, both polymers are sufficiently soluble

in chlorobenzenes for their utilization in the solution processed electronic device fabrication.

The thermal properties of the polymers were investigated by thermal gravimetric analysis (TGA)
and differential scanning calorimetry (DSC). The TGA curves are shown in Figure 6.1A and the

data are summarized on Table 6.1. The TGA plots showed that both polymers exhibit good
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thermal stabilities under N, indicating 5% decomposition at 335 °C for PBDTT-Th and 325 °C
for PBDTT-BDT. DSC scans of the second cooling cycle for the polymers are shown in Figure
6.1B. In DSC thermograms, crystallization and melting transitions as well as glass transition
temperatures were not observed in the scanned temperature range suggesting the amorphous

nature of the polymers.

Table 6.1: Structural and thermal properties of polymers.

b

Polymer M, M, PDI* T, T,
(kDa)  (kDa) (°C)  (°C)

PBDTT-Th 10.7 38.5 3.6 335 -

PBDTT-BDT 14.4 34.5 2.4 325 -

a Determined by GPC in THF using polystyrene standards. ® 5% weight loss temperature by TGA
under N. ¢Data from second scan reported, heating rate 3 °C min-tunder Na.
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Figure 6.1: A) TGA and B) DCS curves of PBDTT-Th and PBDTT-BDT.

The optical properties of the polymers were investigated using UV-Vis absorption spectroscopy
both in CHCI; solutions and as drop cast films from CHCI; solution. The normalized absorption
spectra of the polymers are shown in Figure 6.2, and the results are summarized in Table 6.2.

Both of these polymers showed broad absorption ranging from 400 nm to 725 nm. For PBDTT-

Th, the absorption maxima of 595 nm and 577 nm were observed in solution and film
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respectively whereas for PBDTT-BDT the absorption maxima were 619 nm and 574 nm in
solution and film respectively. The red shifted absorption maximum for PBDTT-BDT compared
PBDTT-Th is attributed to better conjugation in PBDTT-BDT due to having a high molecular
weight. Hypsochromically shifted spectra were observed for both polymers upon film formation
compared to those in solution, which was more pronounced in PBDTT-BDT. These spectral
shifts suggest that these polymers have some preaggregates in solution due to strong
intermolecular attraction of the large fused and rigid conjugated systems* and also due to the

attraction among the sulfone groups.
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/= PBDTT-BDT sol
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Figure 6.2: Absorption spectra of polymers in solution (CHCls, solid lines) and thin film (cast
from CHCls, dashed lines).

The electronic properties of the polymers were determined by cyclic voltammetry by depositing
thin films of these polymers on a working electrode; the results are summarized in Table 6.2, and
the cyclic voltammograms are shown in Figure 6.7B and 6.7C (see experimental section). The
LUMO of PBDTT-Th and PBDTT-BDT are -3.72 eV and -3.60 eV respectively which are quite
similar while the HOMO of PBDTT-BDT (-5.47 eV) is higher in energy than that of PBDTT-Th

(-5.74 eV). This is because these polymers have the same electron poor unit with different
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electron rich units. Polymers that have alternating electron rich and electron poor conjugated
repeat units typically have the HOMO energy levels that resemble the HOMO of the electron rich
unit and the LUMO resembles the electron poor unit. The HOMO energy level of PBDTT-BDT
is more shallow than that of PBDTT-Th due to having comparatively high electron rich unit
benzodithiophene in PBDTT-BDT compared to thiophene unit in PBDTT-Th. This also causes a
decrease in the electronic band gap of PBDTT-BDT polymer (1.87 eV) compared to PBDTT-Th
(2.02 eV) as the high electron rich unit increases the HOMO making the band gap less in

PBDTT-BDT.

Table 6.2. The optical and electronic properties of the polymers.

Polymers Media | A € E,, E. HOMO | LUMO E*
(nm)® | (M7)? V)" | (V) (ev)’ (ev)° (egv)f
PBDTT-Th CHCl, |595 | 4.99x10°
Film 581 1.07 |-0.95 | -5.74 -3.72 2.02
PBDTT-BDT CHCl, 610 5.06 x 10°
Film 584 0.80 |-1.07 | -5.47 -3.60 1.87

@ Measured in dilute chloroform. °&¢Measured from the onset of oxidation wave and reduction
wave respectively.  Calculated from the onset of the first oxidation using the equations Exomo
(eV) = - [EQBset — E, /2(Fc/Fc™) + 4.8] where Ey, (Fc/Fc*) is the cell correction. © Calculated

from the onset of the first reduction using the equation ELumo (eV) = - [Efeq " — Eq,2(Fc/Fc*) +
4.8]. ' Calculated using the equation E* (6V) = HOMO — LUMO.
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Figure 6.3: Fluorescence spectrum of P3HT (4.0 x 10~7 M) in chloroform with varying
concentrations of the electron acceptor (A) PBDTT-Th and (B) PBDTT-BDT.
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Both of these polymers did not show any significant emission. This gave us an opportunity to
illustrate the electron accepting behavior of these polymers by performing fluorescence
guenching experiments of a prototypical donor material, regioregular poly(3-hexylthiophene) (rr-

P3HT).® Fluorescence quenching experiments with rr-P3HT as electron donor were conducted

-3.2ev
3.7 ev K— N\ 36ev

No fluorescence

Energy
-5.2 ev
-5.4 ev
-5.7ev —
CeHi3
pa
S 'n
rr-P3HT
PBDTT-Th PBDTT-BDT

Figure 6.4: lllustration of electron transfer mechanism for fluorescence quenching of rr-P3HT

by varying concentrations of PBDTT-Th and PBDTT-BDT. Due to the absorbance of polymers
PBDTT-Th and PBDTT-BDT at both the excitation (360 nm) and emission wavelengths, the
inner filter effect correction was carried out to get the corrected fluorescence spectra of rr-P3HT.

The fluorescence intensity of P3HT was corrected using an equation 1.1

Foorr _ oy __ 230Aex o0 235A0m o
Fops 1 — 1094ex 1 — 10~ 54em

Where Feorr and Fops are the corrected and observed emission intensities, s is the excitation beam

thickness (0.10 cm), g is the distance from the edge of the sample beam to the edge of the cuvette
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(0.40 cm), and d is the width of the cuvette (1.0 cm). Aex and Aem are the absorbance of the

solution at the excitation and emission wavelengths (units of cm™).

The correction factor (CF) was calculated for each wavelength and the largest CF was observed
for high concentration of both polymers (10 mol/L). The greatest CF was 2.1 for PBDTT-Th
found at 585 nm and 2.3 for PBDTT-BDT found at 610 nm which were within the acceptable
range (CF < 3).1® The corrected fluorescence spectra of rr-P3HT with varying concentration of
PBDTT-Th and PBDTT-BDT are shown in Figure 6.3A and 6.3B respectively. The observed
fluorescence intensity of rr-P3HT was markedly reduced upon addition of PBDTT-Th and
PBDTT-BDT indicating excellent quenching behavior of these polymers. The quenching
behavior of these polymers is explained by a general electron-transfer mechanism as depicted in
Figure 6.4 which involves the energetically favorable transfer of an electron from the LUMO of
rr-P3HT (3.2 eV) to the LUMO of the acceptor polymers PBDTT-Th (3.7 eV) and PBDTT-BDT

(3.6 eV).

Further, the quenching data was analyzed using the Stern—Volmer equation (2), which showed a
linear fit and gave a quenching constant (Ksy) 3.7 x 10° mol™L and 4.1 x 10° mol™L for PBDTT-
Thand PBDTT-BDT, respectively. These values were similar to the one obtained for PCgBM.

This data illustrates the good electron accepting properties of the two polymers.

o

=1+ Ksv[Q] 2)

| S

Where Foand F are the emission intensities of P3HT without and with quencher. Ksv is

guenching constant and [Q] is the molar concentration of quencher.
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Figure 6.5: (A) Stern-Volmer plots for the data from Figure 6.3A and (B) Stern-Volmer plots for
the data from Figure 6.3B.
6.3 BDTT BASED N-TYPE SMALL MOLECULES
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Scheme 6.2: Route 1 for the synthesis of BDTT based small molecules.
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6.3.1 Results and Discussion

The two attempted synthetic routes for the synthesis of two BDTT based n-type small molecules
Mn-BDTT and Rd-BDTT are given in Schemes 6.2 and 6.3. Here, copper catalyzed direct
arylation reaction of BDTT to synthesize these small molecules was utilized. From the first
route, depicted in Scheme 6.2, the desired product could not be achieved. The copper catalyzed
direct arylation reactions between compounds 9 or 11 with BDTT in different temperature
conditions also did not result in the desired product. Thus, an alternate route depicted in Scheme
6.3 was followed. Initially BDTT was reacted with 5-iodo-2-thiophenecarbaldehyde which
yielded the desired product in low yield (<15%). However, the aldehyde functionality in 7 may

not tolerate to the current reaction conditions. So, the aldehyde functional group was protected

Ethylene gylcol, PTSA 1\
/@\ > 0
1”>g” “CHO Toluene, Dean Stark reflux 1~ °s J
(o)

12, 99%
1) Cul, K3PO,, Phenan. OR
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S
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Scheme 6.3: Route 2 for the synthesis of BDTT based small molecules.
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then reacted with BDTT followed by deprotection to form compound 13. Compound 13 was then
reacted with malononitrile and 3-ethylrhodanine to make the desired compound Mn-BDTT and
Rd-BDTT respectively. Mn-BDTT was purified by column chromatography to give a 44% yield.
Unfortunately, isolating the pure compound of Rd-BDTT was difficult. This could be related to

the instability or lower solubility of the Rd-BDTT.
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Figure 6.6: A) UV-vis absorption and B) Emission spectra of Mn-BDTT.

The optical properties of Mn-BDTT was investigated using UV-Vis absorption and fluorescence
spectroscopy both as a dilute solution in CHCIs and in thin films. The absorption and emission
spectra are shown in Figure 6.6A and 6.6B, respectively, and the results are summarized in Table
6.3. Mn-BDTT exhibits dual-absorption maxima near 400 and 550 nm both in solution and in
thin film which is the general feature of the donor-acceptor system. As expected the absorption
spectrum of film is red shifted compared to the solution one which is basically due to the 1 — x
stacking in film which leads to decrease in band gap. Similar trend was seen in fluorescence

spectra with Amax for emission are 607 nm and 705 nm respectively in solution and film.

The molecular orbital energy levels of Mn-BDTT were determined using cyclic voltammetry
(CV). The results are summarized on Table 6.3 and the cyclic voltamogram is shown in Figure
6.7A. In the cyclic voltammogram, only the reduction wave was observed with no oxidation
wave while scanning up to -2V indicating the electron deficient nature of the molecule. The
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LUMO level was calculated from the onset of the first reduction wave and found to be -3.92 eV
which is quite close to that of the stand electron acceptor fullerene (-4.3 eV). The HOMO level

was found to be -5.67 eV which was calculated by using the equation Optical Band Gap (Eg°pt) =

HOMO — LUMO. Since Mn-BDTT has a low lying LUMO level, this molecule can be used as

electron acceptor material to fabricate non-fullerene based organic solar cells.

Table 6.3: Optical and electronical properties of Mn-BDTT.

Absorption (nm) Emission (nm) E. HOMOP | LUMOE® | Optical Band
Solution | Film Solution [Film | (yy* | (V) (ev) | Gap’

(eV)
392,518 | 422,576,625 | 607 705 0.61 |-5.67 -3.92 1.75

2 Measure from the onset of first reduction wave. ®Calculated from the equation EgOpt (eV) =

HOMO - LUMO. ¢ Calculated from the onset of the first reduction wave using the equations
Erumo (eV) = - [Efeq® — E;/»(Fc/Fc™) + 4.8] where Eyz (Fc/Fc) is the cell correction.

red
Measured (extrapolated) from the tangent drawn at the thin film absorption onset.

6.4 CONCLUSION

The electron poor building block benzodithiophene-S,S-tetraoxide has been successfully
functionalized utilizing recently developed C-H iodination reaction for electron poor
heteroarenes. The functionalized core was then incorporated as the acceptor unit on the donor-
acceptor conjugated system to synthesize novel donor-acceptor polymers in high yields. These
polymers have similar LUMO levels while the HOMO of PBDTT-BDT is higher in energy than
PBDTT-Th as they have the same electron poor unit but the donor unit, the benzodithiophene in
PBDTT-BDT is more electron rich compared to the thiophene donor unit in PBDTT-Th. While
both of these polymers showed broad absorption of light ranging from 400 nm to 725 nm, they
did not give any significant fluorescence. The electron accepting properties of these polymers
were studied by performing fluorescence quenching experiments with donor material, P3HT. It

has been found that both of these polymers are excellent quenchers with quenching constants
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(Ksv) 3.7 x 10° mol*L and 4.1 x 10° molL for PBDTT-Th and PBDTT-BDT, respectively,

which were similar to that of PCscBM.

6.5 EXPERIMENTAL SECTION

6.5.1 Materials

Anhydrous toluene, DMF and THF were obtained from a solvent purification system under
ultrapure argon. 4,8-Bis(decyloxy)benzo[1,2-b:4,5-b"]dithiophene 1,1,5,5-tetraoxide (BDTT) and
(4,8-Bis((2-ethylhexyl)oxy)benzo[1,2-b:4,5-b']dithiophene-2,6-diyl)bis(trimethylstannane) were
synthesized according to the previously reported procedure. Regioregular poly(3-
hexylthiophene) (rr-P3HT) was purchased from American Dye Source, Inc. All other chemicals
were purchased from Sigma-Aldrich, Alfa Aesar and Oakwood Chemicals and were used as

received.

6.5.2 Instrumentation

'H and C NMR spectra were acquired on a Bruker Avance 400 MHz instrument with TMS as
the internal reference. Molecular weights of the polymers were obtained on gel permeation
chromatography (GPC). GPC was performed using a Waters pump with a Waters 2410 refractive
index detector using THF as solvent at 35 °C with a flow rate of 1.0 mL min. Polystyrene
standards were used for calibration. UV-visible and fluorescence spectra were recorded on a Cary
5000 UV-VIS-NIR spectrophotometer and a Cary Eclipse fluorescence spectrophotometer,
respectively. UV-vis and fluorescence measurements were obtained using polymer solutions in
CHCls, and thin films were drop casted from these solutions. Cyclic voltammetry was performed
on a BASI CV-50W Version instrument with 0.1 M tetrabutylammonium hexafluorophosphate as
the supporting electrolyte in dry acetonitrile using a platinum working electrode, platinum wire as
the counter electrode, and Ag/Ag* as the reference electrode with a scan rate of 100 mV s. The

CV experiment was performed by drop casting a thin film of the polymer on the platinum
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working electrode. TGA measurements were performed using a high-resolution
thermogravimetric analyzer TA instrument Model Q-50, within the temperature interval of 30—
900 °C, with a rate of 20 °C min'* under continuous nitrogen flow. DSC was performed using a
TA Instruments Model Q-2000 from -80 °C to 200 °C at a heating rate of 3 °C mintina
modulated mode. The second cooling cycle was chosen to observe the thermal transitions in

polymers. All runs were performed under nitrogen.

6.5.3 Synthesis

Synthesis of 4,8-bis(dodecyloxy)-2,6-diiodobenzo[1,2-b:4,5-b"]dithiophene 1,1,5,5-tetraoxide (3):
To a solution of 4,8-bis(dodecyloxy)benzo[1,2-b:4,5-bdithiophene 1,1,5,5-tetraoxide (BDTT)
(100 mg, 0.16 mmol) in toluene (0.2 M) were added iodopentafluorobenzene (188 mg, 0.64
mmol), and potassium t-butoxide (9.0 mg, 0.08 mmol), and the mixture was stirred at room
temperature for 30 min. After the reaction was completed, the solution was filtered through
Celite®, concentrated and subjected to chromatography on silica gel with DCM and hexanes
(1:2) as the eluent. The product 3 was isolated as a yellow solid (104 mg, 86%). Mp. 100-103
°C. 'H NMR (400 MHz, CDCl5) 6 7.59 (s, 2H), 4.43 (t, J = 6.5 Hz, 4H), 1.86 (p, J = 6.6 Hz, 4H),
1.48 (m, 4H), 1.38-1.27 (m, 32H), 0.88 (t, J = 6.5 Hz, 6H). *C NMR (101 MHz, CDCI3) §
144.48, 132.97, 130.34, 129.49, 94.28, 31.92, 29.87, 29.65, 29.63, 29.57, 29.50, 29.35, 29.25,
25.67, 22.69, 14.13. HRMS (ESI) [M]* calcd for CasHs1,06S, m/z 874.1295, m/z found

874.1307.

General procedure for the Stille polycondensation reactions: In a 10-mL oven-dried Schlenk
flask were placed, 4,8-bis(dodecyloxy)-2,6-diiodobenzo[1,2-b:4,5-b"]dithiophene 1,1,5,5-
tetraoxide (100 mg, 0.11 mmol), Pd,(dba)s (6.2 mg, 2 mol%) and tri-tert-butylphosphine (8.2 mg,
8 mol%) and put under vacuum for 5 minutes then purged with argon. This was repeated three

times. Bis(trimethylstannyl)-substituted monomers (0.11 mmol) and chlorobenzene (3 mL) were
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added inside the glove box, the solution was purged with Ar for 15 min and then heated at reflux
for 2 days. The reaction mixture was cooled to room temperature and precipitated in methanol
(20 mL) to give a black precipitate. The resulting precipitate was filtered through a Soxhlet
thimble, which was then subjected to successive methanol, hexane, acetone and chloroform
extractions. Finally, the chloroform extraction was evaporated to dryness and reprecipitated from

methanol to yield black polymers.

Polymer, PBDTT-Th: Black powder (66 mg, 87% yield). *H NMR (400 MHz, CDCls) § 7.71
(brs, 2H), 7.32 (b, 2H), 4.52 (br s, 4H), 1.93 (b, 4H), 1.27 (b, 36H), 0.88 (b, 6H). Mn = 10.7 kDa

and PDI = 3.6.

Polymer, PBDTT-BDT: Black powder (93 mg, 82% yield). *H NMR (400 MHz, CDCls3) § 8.09
(b, 2H), 7.68 (b, 2H), 4.55 (b, 4H) 4.18 (b, 4H), 2.02 (b, 6H), 1.82-1.26 (b, 44H), 1.12-1.04 (b,

6H), 0.88 (b, 12H). Mn = 14.4 kDa and PDI = 2.6.

Synthesis of 5-iodothiophene-2-carbaldehyde (7): In 100 ml three-necked round bottomed
flask, dry diisopropylamine (0.074 mL, 0.523 mmol) was added to an inert environment and dry
THF (15 mL) was added. The reaction mixture was cooled down to -78 °C and 2.5 M n-BuL.i
(0.476 mmol) was added dropwise. It was then stirred for 10-15 minutes at -78 °C and warmed
to -40 °C. 2-iodothiophene (100 mg, 0.476 mmol) was added in one portion to the reaction
mixture and stirred for 15 minutes at -40 °C. The solution was then warmed to -10 °C and stirred
until the solution turned a dark red color indicating the complete lithiation of iodothiophene
(about 30-45 minutes). The reaction mixture was again cooled down to -40 °C and added dry
DMF (0.074 mL, 0.952 mmol). After addition of DMF, the reaction temperature was slowly
warmed to 0 °C and the reaction was quenched by addition of saturated NH4Cl (1 mL) solution.
After extraction of the reaction mixture with Et,O (3 x 10 mL), drying the combined extracts in

MgSO, and removal of solvent in vacuo, a brown solid was obtained. The crude product was
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purified by column chromatography on silica gel using hexane/ethyl acetate (9:1) as eluent to get
pale yellow solid. Yield (83 mg, 74%). Mp. 43-45 °C. *H NMR (400 MHz, CDCls)  9.78 (s,

1H), 7.39 (s, 2H).

Synthesis of 2-((5-iodothiophen-2-yl)methylene)malononitrile (9): In a 25 mL Schenk flask
was added compound 7 (100 mg, 0.42 mmol), malononitrile (34 mg, 0.504 mmol) and dry CHCl;
(1.5 mL) and purge with nitrogen gas for 15 minutes while stirring. A drop of piperidine was
added and the reaction mixture was heated to reflux for overnight. The reaction mixture was
cooled down and precipitated with 10 mL of methanol to get a brown solid. Yield (50 mg, 41%).
Mp. 183-186 °C. *H NMR (400 MHz, CDCls) § 7.76 (s, 1H), 7.43 (d, J = 4.0 Hz, 1H), 7.36 (d, J

= 4.0 Hz, 1H).

Synthesis of 3-ethyl-5-((5-iodothiophen-2-yl)methylene)-2-thioxothiazolidin-4-one (11): Ina
25 mL Schenk flask was added compound 7 (100 mg, 0.42 mmol), 3-ethylrhodanine (82 mg,
0.504 mmol) and dry CHCI; (1.5 mL) and purge with nitrogen gas for 15 minutes while stirring.
A drop of piperidine was added to the reaction mixture and was heated to reflux for overnight.
The reaction mixture was cooled down and precipitated in 10 mL of methanol to get shiny black
solid. Yield (150 mg, 93%). Mp. 189-192 °C. *H NMR (400 MHz, CDCl3) § 7.79 (s, 1H), 7.35

(d, J =3.9Hz, 1H), 7.12 (d, J = 3.9Hz, 1H), 4.18 (q, J = 7.0Hz, 2H), 1.28 (t, J = 7.1Hz, 3H).

Synthesis of 2-(5-iodothiophene-2-yl)-1,3-dioxolane (12): In a 100 mL one-necked round-
bottomed flask, 5-iodothiophene-2-carbaldehyde (1g, 4.2 mmol) was dissolved in dry toluene (30
mL) and then ethylene glycol (0.704 mL, 12.6 mmol) and p-toluenesulfonic acid monohydrate (8
mg, 0.042 mmol) were added. The flask was equipped with a Dean-Stark trap and the reaction
was refluxed overnight. The reaction mixture was then cooled to room temperature, washed with
deionized water and extracted with ethyl acetate. The organic layer was dried (MgSO,) and

concentrated in vacuo to afforded 3 as a light brown liquid. From the *H NMR, the product was
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found to contain 3% of the starting material, which was used for next step without further
purification. Yield (1.1 g, 99%). To get rid of the staring material the reaction was worked up
with the saturated sodium bicarbonate, but still starting material was present on the product. H
NMR (400 MHz, CDCl3) § 7.13 (d, J = 3.7 Hz, 1H), 6.83 (d, J = 3.7 Hz, 1H), 6.07 (s, 1H), 4.11-

3.98 (m, 4H).

Synthesis of 5,5'-(4,8-Bis(dodecyloxy)benzo[1,2-b:4,5-b']dithiophene-2,6-diyl)bis(thiophene-
2-carbaldehyde) (13): 4,8-Didodecyloxybenzo[1,2-b;3,4- b]dithiophene-1,1,5,5-tetraoxide (500
mg, 0.80 mmol) was added in a glovebox to a 50 mL reaction vessel, followed by 2-(5-
iodothiophene-2-yl)-1,3-dioxolane (0.45 mg, 1.60 mmol), Cul (46 mg, 0.24 mmol), 1,10-
phenanthroline (87 mg, 0.48 mmol), Ag.CO3(221 mg, 0.80 mmol), KsPO4 (349 mg, 1.61 mmol),
and dry DMF (20 mL). The reaction vessel was sealed, removed from the glovebox, and stirred
at 140 °C for 2 h. The reaction mixture was allowed to cool to room temperature, poured into 6
M HCI solution (5 mL) and stirred for overnight. The reaction mixture was then extracted with
dichloromethane and the organic layer was washed with deionized water, dried (MgSQ.) and
concentrated in vacuo. The residue was purified by dissolving in DCM/methanol (1:1) mixture
and subsequent rotary evaporation to precipitate the product. The suspension was filtered, and
washed with cold methanol to obtain the pure product (orange solid). Yield (301 mg, 45%). Mp.
246-250 °C. 'H NMR (400 MHz, CDCl3) § 9.97 (s, 2H), 7.80 (d, J = 4.1 Hz, 2H), 7.76 (d, J =
4.1 Hz, 2H), 7.44 (s, 2H), 4.52 (t, J = 6.6 Hz, 4H), 1.94 (p, J = 6.7 Hz, 4H), 1.43 — 1.27 (m, 32H),
0.88 (t, J = 6.8 Hz, 6H). *C NMR (101 MHz, CDCl3) 6 182.42, 145.48, 145.15, 137.05, 136.94,
136.65, 131.01, 129.03, 127.68, 119.62, 31.93, 29.95, 29.68, 29.66, 26.63, 29.56, 29.37, 29.32,

25.77,22.70, 14.14.

Synthesis of 2,2'-(((4,8-bis(tridecyloxy)benzo[1,2-b:4,5-b"]dithiophene-2,6-
diyl)bis(thiophene-5,2-diyl))bis(methaneylylidene))dimalononitrile (Mn-BDTT): To a 100-

mL three-necked round-bottomed flask were added 4,8-didodecyloxybenzo[1,2-b;3,4-
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b]dithiophene-1,1,5,5-tetraoxide, (300 mg, 0.35 mmol), malononitrile (231 mg, 3.5 mmol) and
chloroform (40 mL). The mixture was deoxygenated with nitrogen for 15 min, pyridine (1.5 mL)
was added and the reaction was refluxed for overnight. After cooling to room temperature, the
mixture was poured into methanol (200 mL) and filtered. The residue was purified by column
chromatography on silica gel using hexane/DCM (1:4) as eluent, yielding a dark blue solid (150
mg, 45%). Mp. 242-244 °C. *H NMR (400 MHz, CDCl5): 8. 7.84 (s, 2H), 7.80 (d, J = 4.1 Hz,
2H), 7.76 (d, J = 4.2 Hz, 2H), 455 (t, J = 6.7 Hz, 4H), 1.98 (p, J = 6.9 Hz, 4H), 1.59-1.52 (m,
4H), 1.41-1.27 (m, 36H), 0.89 (t, J = 6.7 Hz, 6H). 3C NMR (101 MHz, CDCls): & 149.40,
145.87, 139.19, 138.58, 137.17, 136.65, 131.20, 129.25, 128.03, 120.41, 113.19, 112.63, 80.90,

31.94, 29.98, 29.71, 29.65, 29.59, 29.54, 29.35, 29.29, 25.74, 22.67, 14.04.

Synthesis of (5Z,5'Z2)-5,5"-(((4,8-bis(dodecyloxy)benzo[1,2-b:4,5-b"]dithiophene-2,6-
diyl)bis(thiophene-5,2-diyl))bis(methaneylylidene))bis(3-ethyl-2-thioxothiazolidin-4-one)
(Rd-BDTT): To a 100-mL three-necked round-bottomed flask were added 4,8-
didodecyloxybenzo[1,2-b;3,4- b]dithiophene-1,1,5,5-tetraoxide, (100 mg, 0.11 mmol), 3-
ethylrhodanine (177 mg, 1.1 mmol) and chloroform (15 mL). The mixture was deoxygenated
with nitrogen for 15 min, piperidine (1 mL) was added and the reaction was refluxed for
overnight. After cooling to room temperature, the mixture was poured into methanol (75 mL)

and filtered.
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Figure 6.7: CV spectra of (A) Mn-BDTT, (B) PBDTT-Th, and (C) PBDTT-BDT.
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CHAPTER VII

CONCLUSION AND FUTURE DIRECTIONS

7.1 INTRODUCTION

In this chapter, | have described conclusion from the chapter 2 through 6 and have also outlined

the future directions of these projects.

7.2 CHAPTER 2: CONCLUSION AND FUTURE DIRECTIONS

In Chapter 2, the effect of structural variation on the optoelectronic properties of Eumelanin-
inspired indole small molecules was studied by combining both synthetic and computational
techniques. Five new Eumelanin-inspired indole small molecules have been synthesized which
differ by the substituents attached to the para-position of the phenylene ring. The results
suggested that the frontier orbitals, and hence the bandgap and optical properties of the molecules
can be manipulated by substituting different electron donating and electron withdrawing groups at
the para-position of the phenylene ring.! Furthermore, the unique chromic response of one of the
eumelanin-inspired molecule to TFA suggested the potential utility of these type of molecules as
an acidochromic sensor. In general, this chapter demonstrates the utility of the eumelanin-
inspired indole core and opens up the possibility of designing materials with interesting properties
for specific applications by decorating this core with various functionalities. Moreover, this work
brings the field one step closer to elucidating and enhancing the properties of the naturally

occurring eumelanin.
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For future work, the study of the properties of the eumelanin-inspired co-crystals formed between
the two eumelanin inspired small molecules; one having strong electron withdrawing group
(compound 2e from chapter 2) (electron deficient molecule) and the other with strong electron
donating group (compound 2b from chapter 2) (electron donating molecule) could be interesting
in further elucidating and enhancing the properties of naturally occurring eumelanin and in

making bio-inspired electronics.?

7.3 CHAPTER 3 CONCLUSION AND FUTURE DIRECTIONS

Chapter 3 demonstrated the intrinsic antimicrobial activity of eumelanin-inspired indole core
(DBI) and the enhancement of its antimicrobial activity with the incorporation of bacteria
targeting sites. A novel eumelanin-inspired antimicrobial (EIPE-1) was synthesized which was
found to have antimicrobial activity against gram-positive bacteria. Specifically EIPE-1
demonstrated activity against S. aureus with a minimum inhibitory concentration of 16 pg/mL.
The bactericidal activity of EIPE-1 against S. aureus was confirmed by Live/Dead staining
experiments and scanning electron micrographs suggested that membrane damage of S. aureus

was occurring with EIPE-1 treatment.

Since, EIPE-1 did not show any activity against gram-negative bacteria including Pseudomonas
aeruginosa, the future work could be designing and synthesizing eumelanin-inspired
antimicrobials with broad bactericidal spectrum that target both gram-positive as well as gram-
negative bacteria. It would be also important to investigate the antifungal activities of eumelanin-

inspired indole core and its derivatives.

7.4 CHAPTER 4 CONCLUSION AND FUTURE DIRECTIONS

In chapter 4, a series of conjugated polymers based on the Eumelanin-inspired indole core were
synthesized differing by the arylene and carbon—carbon bond linkages and the effect of these

differences on the optoelectronic properties of the conjugated polymers were studied.®> Also an
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effort to synthesize high molecular weight poly(indoyleneethynylene) and
poly(indoylenevinylene) polymers was attempted by putting solubilizing group on the eumelanin-
inspired indole core. In future, different reactions conditions could be employed in order to
synthesize high molecular weight conjugated polymers from eumelanin-inspired indole core

having long or branched alkyl chains as a solubilizing groups (compound 10 from chapter 4).

7.5 CHAPTER 5 CONCLUSION AND FUTURE DIRECTIONS

Chapter 5 demonstrated the very simple, scalable, and economical method for the fabrication of
organic electrically conductive fibers (ECFs) by coating commercially available non-conducting
fibers such as cotton, polyester, and silk with the conductive ink composed of two intrinsically
conductive materials viz: single walled carbon nanotubes (SWCNTSs) and poly(3-hexylthiophene)
(P3HT). These organic ECFs were found to retain the native materials mechanical and physical
properties and were successfully used to record skin surface biological signals with signal to
noise ratios that were similar and exceeded the data by standard metal electrodes illustrating the

promise of these materials to be used in modern medical diagnostic and treatment.

One of the drawbacks of our organic conductive fibers is that the conductive materials are only
adsorbed on the fibers so they may come off during use. Future work could be focused on
forming covalent bond between the conductive ink components and original fibers. It could be
achieved by functionalizing SWCNTSs and/or P3HT such that they can form covalent bonds on
the surface of the original fibers. One way could be end chain functionalization of P3HT with
trimethoxysilane groups and use these groups to covalently bond with the hydroxyl groups on the
cotton fibers. The other method could be the use of carboxylic acid functionalized SWCNTs

which could form hydrogen bonding with the hydroxyl groups present on the cotton fibers.
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7.6 CHAPTER 6 CONCLUSION AND FUTURE DIRECTIONS

In chapter 6, benzodithiophene-S,S-tetraoxide (BDTT) based novel n-type organic
semiconductors (OSCs) both small molecules as well as polymers were synthesized and
characterized. BDTT based n-type small molecules were synthesized by the copper catalyzed
regio-selective C-H direct arylation reaction developed in our lab. BDTT based n-type polymers
were achieved by synthesizing donor-acceptor polymers under Stille polymerization conditions
using BDTT core as electron deficient unit. These polymers were illustrated as a good electron
accepting materials by performing fluorescence quenching experiments with prototypical donor

material P3HT.

In future, the BDTT core could be further explored to synthesize donor-acceptor conjugated
polymers with narrow bandgaps. Some narrow bandgap conjugated polymers have been known
to possess ambipolar (electron and hole) mobility and also can be used in making infrared light
sensing devices. Furthermore, the 3-position on rhodadine could be substituted with long alky!l
chain to make the final BDTT based molecule more soluble. This could help to purify the final

BDTT based small molecules.
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