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Abstract

Inspired by marine mussel adhesives, the dopamine (DA) polymerization process has been introduced as a
versatile deposition method to coat almost all kinds of material surfaces and form a nanoscale
polydopamine (PDA) thin film. Although the DA polymerization mechanism and the PDA structure have
not been fully explored, PDA films have gained great interest for their promising applications, such as
anti-corrosion coating, drug delivery, biosensing and nanocomposite functionalization. In this project, we
started with the fundamental investigations of the surface, adhesion, friction and cracking properties of
PDA thin films. A series of surface characterizations and mechanical tests were performed to reveal the
static and dynamic properties of PDA films coated on glass, polydimethylsiloxane (PDMS) and epoxy
substrates in both dry and wet conditions. The systematic studies of the PDA film provide insights into its
stability, mechanical and adhesive properties; further investigations are focused on the effective
transferring of this nano-material to functional devices and biocompatible coatings. To achieve this goal,
we combined PDA with polypyrrole (PPy), which is one of the most extensively investigated electrically
conductive polymers because of its economic preparation, long-term stability and good biocompatiablity.
After being functionalized by PDA, the PPy morphology changed from globular to fibrous; the adhesion
between PPy film and glass substrates was enhanced due to the PDA self-adhesion property and the use of
proper DA/pyrrole (Py) ratios also improved PPy conductivity. All of these new features significantly
improve PPy processability and broaden its potential applications. In order to understand the effect of DA
on Py polymerization, we performed a detailed and systematic investigation using three types of
bioinspired catechol derivatives simple catechol (CA), L-3,4-dihydroxyphenylalanine (DOPA) in addition
to the dopamine and 2-pheny-lethylamine (PA) in the synthesis of PPy. These studies provided strong

evidence that catechol modification can be applied as a general protocol to functionalize conducting



polymers to overcome their poor water dispersibility and low interfacial adhesion of PPy. Although
DA-PPy has shown promise in many biological applications, its conductivity still requires further
improvement, especially at higher DA/Py mole ratios. As a result, we developed new synthetic approaches
to the preparation of DA-PPy nanostructures, which have both improved electrical conductivity and water
dispersibility. Moreover, we explored the suitable application of each as-fabricated nanomaterials
depending on the DA/Py reacting mole ratio. In particular, DA-PPy produced using a 0.032 DA/Py mole
ratio demonstrated superior capacitance for supercapacitors, DA-PPy obtained from a 0.064 DA/Py mole
ratio can be used as co-fillers in the epoxy network to prepare functional composites for electrically
conductive adhesives (ECAs), DA-PPy synthesized from a 0.64 DA/Py mole ratio was found to have the
impressive capability of absorbing electromagnetic microwaves for electro-magnetic interference (EMI)
shielding applications. Due to the synergetic effect of DA modification, conducting polymer DA-PPy
exhibit multifunctional and unique properties, which opens a brand new field of nanomaterial syntheses

and applications.
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CHAPTER 1. INTRODUCTION

Inspired by the chemistry of the adhesive plaques of marine mussels, dopamine (DA), a
biological neurotransmitter, has been found to have a remarkable capability to adhere and
self-polymerize to form nanoscale polydopamine (PDA) films on supporting surfaces.' DA has a
chemical structure of catecholamine. It can be regarded as a small molecule that mimics the
adhesive component L-DOPA in marine mussels.” Based on the assumption that the coexistence
of the amine and catechol groups is important for achieving underwater adhesion, DA has been
proposed and demonstrated by Lee ef al. as a multifunctional coating on various substrates,
including both inorganic and organic materials.™* Since then, interest has been shown in the
exploration of PDA film for a range of applications, including conventional surface and material
engineering and bio- and nanotechnology.”® Nevertheless, the most fundamental aspect of a PDA
thin film, its chemical structure, is still under debate at presen‘[.1 Moreover, the mechanical and
adhesion properties of the PDA films, which are almost equally essential as the function of the
thin film itself, are still largely unexplored, even though its importance for applications has been
realized.” A typical study on this aspect involves the contact angle measurement of the PDA film,
which reveals its hydrophilic nature and associated surface energy to be 40 mJ/m>.® The effects of
coating temperature and DA concentration on hydrophobic polymers were also investigated,
revealing that the PDA films became thicker with higher coating temperature and dopamine
concentrations.”

The overall objective of this research is to use PDA to modify electrically conductive

polymers to develop functional nanocomposites with desired properties. In order to achieve this



goal, four related topics have been identified and investigated:

e systematic investigations of the fundamental properties of the PDA film both in air and

under water.

e application of DA for PPy functionalization.

e studies of the mechanism of the difference of DA on PPy adhesion and conductivity.

e improvement of DA-PPy synthesis to enhance conductivity and its potential application in

advanced electronics.

At first, we performed a series of surface characterizations and mechanical tests to reveal the
static and dynamic properties of PDA films coated on three typical well-defined substrates - glass,
polydimethylsiloxane (PDMS) and epoxy. We found that PDA films are highly hydrated under
wet conditions because of their porous membrane-like nanostructure and hydrophilic functional
groups. Upon dehydration, the films form cracks when they are coated on soft substrates due to
internal stresses and the large mismatch in elastic modulus. The adhesive pull-off force or the
effective work of adhesion increased with the contact time, suggesting dynamic interactions at
the interface. A significant decrease in friction forces in water was observed on all three material
surfaces coated with PDA; thus, the film could serve as a water-based lubrication coating. We
attributed the different behavior of PDA films in air and water to hydration effects.

The first part of the research findings provided insight into PDA film stability, mechanical
and adhesive properties, which are critical for using PDA films as a general protocol to modify
material surface chemistry. The effective transfer of this nano-material to practical engineering
has also been attempted. One such application is the combination of PDA with polypyrrole (PPy),

which has been extensively studied due to its economic preparation, long-term stability and good



biocompatiablity. In the second part, we incorporated DA into a typical pyrrole (Py)
polymerization reaction; the resultant DA-PPy material exhibited improved dispersion
characteristics, significantly enhanced electrical conductivity and a fibrillar morphology when
compared to a PPy (no DA) control.'” All of these new features make DA-PPy stand out as a
promising candidate for many innovative applications.

While most of the earlier investigations were primarily focused on the performance of
DA-PPy, much effort is necessary to explain their synthetic mechanism. The most important
challenges would be to understand: (1) effect of DA/PDA on Py polymerization; (2) explanation
of fiber structure of DA-modified PPy, (3) roles of DA in regulating PPy particle size and (4) the
role of amine group in DA for PPy modification and enhancing adhesion. To address these
questions, three bio-inspired catechol derivatives dopamine (DA), 1,2-dihydroxybenzene or
catechol (CA), and L-3,4-dihydroxyphenylalanine (DOPA) were introduced and reacted with Py
respectively in the third part of this research. It was found that PPy functionalized with these
catechol derivatives (DA, CA, and DOPA) exhibited fibrous structure, smaller particle size, good
water dispersibility and enhanced film adhesion. We also found that adding a small amount of
catechols can improve PPy electrical conductivity. This rapid one-step in sifu template-free
method provided an alternative strategy for the facile production of PPy fibers. Among these
three catechols, DA-PPy exhibits the smallest particle size and highest adhesion to glass substrate
and electrical conductivity. In contrast, the control phenylethlamine (PA) modification had
almost negligible influence on the PPy properties, which provides strong evidence that the
catechol itself is responsible for the successful functionalization of PPy and overall performance

improvement, instead of amine functional group or coexistence of both catechol and amine



moieties.''

Although DA-PPy has shown promise in many biological applications, its conductivity still
requires further improvement, especially at higher DA/Py mole ratios. It has been found that the
maximum conductivity of DA-modified PPy was 3.8 S/cm for the compressed pellets and 0.2
S/cm for the film, which are not adequate for high-performance electronics. Also, the maximum
conductivity was only obtained at low DA/Py mole ratios, where the adhesion and particle size of
PPy are relatively weak and large compared with the properties at higher DA concentration. As a
result, in the last part of this research, we developed new synthetic approaches to prepare
DA-PPy nanostructures, with higher electrical conductivity and water dispersibility. Moreover,
we explored the suitable application of each as-fabricated nanomaterial depending on the DA/Py
reacting mole ratio. In particular, DA-PPy produced using from a 0.032 DA/Py mole ratio
demonstrates superior capacitance for supercapacitors; DA-PPy obtained from 0.064 DA/Py
mole ratio can be implemented as co-fillers in an epoxy network of functional composites for
electrically conductive adhesives (ECAs); DA-PPy synthesized from 0.64 DA/Py mole ratio
reveals an impressive capability of absorbing electromagnetic microwaves for electro-magnetic
interference (EMI) shielding applications. Due to the synergetic effects of DA modification,
conducting polymer PPy exhibit multifunctional and unique properties, which opens a brand new
field in nanomaterial syntheses and applications.

Overall, the fundamental properties of PDA, challenge of effective transfer to applications
and open questions surrounding the mechanism of DA polymerization have attracted intense
attention from many researchers. The results presented in this thesis have provided a useful

foundation for further investigations into the PDA properties. This work and that which follows,



will also benefit applications that make use of PDA-functionalized conducting nanocomposites,
which seem destined to play an important role in many new technologies in future. We believe
our efforts and focus areas are distinct from those of other researchers and will provide
complementary contributions to this field.

In the following Chapter 2, the principles of DA and Py polymerization and their polymer
structures will be explained. Moreover, the most recent literature on the development of hybrid
PDA functional nanomaterials will be discussed. Chapters 3 to 6 present the investigation results
of our four research steps, which were identified and presented at the beginning of this chapter.
The dissertation ends with Chapter 7, with the main concluding remarks based on the results
obtained in this study, the main contributions of the thesis and also some recommendations for

future work.



CHAPTER 2. LITERATURE BACKGROUND

2.1 Marine Mussel Adhesive

Biological systems have evolved well-adapted structures and materials at macro-, micro-
and nano-scales through natural selection.'” The observation and investigation of principles and
functions found in these systems have inspired the development of a wide range of advanced

. 113,14
materials. ™

The fabrication of polymer micro-pillars that replicate the dry adhesive of gecko
toe pads and the construction of superhydrophobic surfaces that mimic the self-cleaning of lotus
leaves are outstanding examples nature solving engineering problems."” In material science,
researchers have also looked at nature to search for an universal and efficient coating strategy
applicable to materials with any surface chemistry. More recently, biomimetic studies have
opened a new route to the modification of various substrates inspired by the adhesive property of
mussels.’

Water affects the mechanical, physical and chemical properties of an adhesive joint in
several pathways: (1) boundary layer formation, (2) interfacial wicking and crazing, (3)
hydrolysis and (4) moisture-induced plasticization or swelling.'*'® All of these mechanisms may
lead to the deterioration of adhesive performance and make water a surface contaminant.
However, mussels can attach to all types of wet surfaces both permanently and temporarily,
inspiring the design of novel underwater adhesives.’” Many of the current biomimetic
applications were inspired by mussels: they can secrete glue proteins, which will rapidly harden

to form a solid adhesive, bind strongly to all kinds of surfaces and resist the deterioration of

water.”' A range of different proteins (Mefp-1 to Mefp-5), located at the interface of plaque and



substratum has been isolated from the blue mussel Mytilusedulis (Figure 2.1a).” Studies of these
adhesive proteins revealed the presence of a unique amino acid 3,4-dihydroxy-L-phenylalanine
(DOPA), which is formed by post-translational oxidation of tyrosine and ranges from 3 mole%
Mefp-2 to 30 mole% Mefp-5 (Figure 2.1b).>*

To examine the functionality of DOPA in mussel adhesives, Messersmith and co-workers
synthesized a series of DOPA-containing biodegradable block copolymers that can rapidly
photo-polymerize into adhesive hydrogels.**After carefully studying the work of adhesion
between the DOPA-containing hydrogels and a Ti surface, they found that the work of adhesion
rose with increasing DOPA content in the hydrogels and the oxidation of the hydrogel

significantly reduced the work of adhesion to Ti, suggesting that catechol is critical to this

process.
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Figure 2.1. (a) Schematic illustrations of the interfacial location of Mefp-5 and the amino acid sequence of Mefp-S.22 (b)
Proposed three DOPA-protein coordinated Fe** center.” (c) Chemical structure of DOPA and lysine.6 Reprinted with
permission from ref 22. Copyright 2004 Wiley-VCH.



Similar investigations have also been conducted by Lee et al., who studied the adhesive strength
between a single-molecule DOPA residue and different substrates by atomic force microscopy
(AFM) (Figure 2.2).” A DOPA-modified AFM tip was brought into contact with a wet TiOx
surface; about 500 uN pull-off force was reversibly measured, revealing the possible
non-covalent bond between catechol-DOPA and inorganic surfaces. Auto-oxidation of
catechol-DOPA to quinone-DOPA decreased the pull-off force with inorganic surfaces, but
formed irreversible, high strength covalent bonds with organic surfaces. Although the mussel
adhesion mechanism has not been fully explained yet, it is likely to involve the reactive oxidation

of catechol-DOPA to quinone-DOPA.
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Figure 2.2. Schematic of catechol-DOPA-functionalized AFM tip interacted with inorganic surfaces and quinone-DOPA-
functionalized AFM tip interacted with organic surfaces.” Reprinted with permission from ref 25. Copyright 2007

National Academy of Sciences.

Another interesting aspect of mussel adhesives is that their plaques are rich in transition
metals, such as iron.”! Thus, the potential role of iron in mussel adhesives has been considered.
By investigating the metal-DOPA interactions in mussel adhesive plaques through electron

paramagnetic resonance spectroscopy (EPR) and infrared spectroscopy (IR) techniques, Sever et
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al. proposed a iron-DOPA complex structure, which involved Fe’" bringing together three
DOPA-protein chains to form Fe(DOPA); (Figure 2.1¢).”* The coupling of the mussel proteins
generates cross-links for further adhesive solidification and cohesive bonding. To test this
hypothesis, Zeng et al. employed surface force apparatus to examine the bridging between two
adjacent Mefp-1-coated mica surfaces in the absence and presence of two different Fe’*
concentrations (Figure 2.3).2* Mefp-1 has shown strong adsorption to the mica surfaces, but the
adhesive bridging in between two surfaces was almost negligible when no Fe** was present at the
interface. After adding a small amount of Fe** (10 uM), significant cohesive bridging (W.q ~ 4.3
mJ/m®) between two non-contacting Mefp-1 films was detected. This bridging was fully
reversible in water. With further increase in the amount of Fe** (100 puM) at the interface, the
bridging adhesion diminished. Depending on the pH and the iron-to-DOPA ratio, each iron
nucleus can either bind to one, two, or three DOPA ligands. Since protein cross-links can only
occur at two or three DOPA-Fe’™ coordination, the monocatecholato-Fe* complexes formed at
high Fe*" concentrations are not capable of bridging. These research findings suggest that

DOPA-metal interactions may also contribute to the strong underwater adhesion of mussels.



4
OH HO
OH HO Fe3+
OH OH
+6 OH™!
High Fe3+
Without Fe3+ Low Fe3+concentration concentration

Figure 2.3. Schematic showing two Mefp-1 film coated mica surfaces: (1) without Fe*, (2) with 10 pM Fe*', and (3) with
100 pM Fe**. Also shown are the proposed chemical interactions between DOPA and Fe*: (4) no Fe**, (5) tris-DOPA-Fe**
complexes, and (6) mono-DOPA-Fe** complexes.26 Reprinted with permission from ref 26. Copyright 2010 National

Academy of Sciences.

Mussel adhesive proteins have been found to be positively charged overall because their
cationic amino acid residues lysine and arginine are approximately 18-23% more than the anionic
counterparts.”’ In order to explore the potential influences of electrostatic charges on mussel
adhesion, a set of copolymers combining both a DOPA motif and cationic charges has been
developed by Wilker et al®® Styrene, dihydroxystyrene and p-vinyltolyltriethylammonium
chloride were co-polymerized into a terpolymer (Figure 2.4), in which ammonium groups were
introduced as cationic charge carriers. By measuring the lap shear adhesion of these co-polymers
with varied cationic monomer mole ratios in the total composition, the highest degree of adhesion

of 2.8 MPa in dry conditions and 0.4 MPa in wet conditions on aluminum substrates were
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identified. The adhesion was then decreased with increasing content of the cationic monomer,
probably due to electrostatic repulsion. It was concluded that positive electrostatic charge might
provide additional surface interaction and bonding that further benefit the adhesion of mussel

proteins.
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Figure 2.4. Chemical structure of poly[(3,4-dihydroxystyrene)-co- (p-vinyltolyltriethylammonium chloride)-co-styrene]

copolymers.28

2.2 Mussel-Inspired DOPA-Containing Synthetic Adhesive

Due to the excellent adhesion performance of marine mussels displayed on virtually all
surfaces and the multi-functional roles of DOPA in the adhesive proteins, significant biomimetic
efforts have been made to synthesize underwater adhesives.”?° One simplified synthetic
approach is to combine random linear or branched polymers with DOPA moieties. For example,
biocompatible poly(ethylene glycol) (PEG) has been modified with DOPA. The structures of four

such DOPA-modified PEGs are shown in Figure 2.5.%*
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Figure 2.5. Chemical structures of DOPA-modified PEGs with four different ligands.24
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Upon oxidizing with NalO,, HRP/H,0,, and MT/O,, they polymerized into hydrogels, which
exhibited enhanced mucoadhesivity and can be used for medical applications. Alternatively,
DOPA moieties can be directly incorporated into the polymer backbone. One such example is
poly[(3,4-dihydroxystyrene)-co-styrene)], which mimics the catechol side chain of DOPA. The
synthetic strategy of this co-polymer is illustrated in Scheme 2.1 and could be utilized as a new

approach to design DOPA-containing biomimetic adhesives.”'

Scheme 2.1. Synthesis of poly[(3,4-dihydr0xystyrene)-co-styrene)].31
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Scheme 2.2. Synthesis of adhesive co-polypeptides using N-carboxyanhydride monomers.*
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The synthesis of DOPA-containing polypeptides by copolymerization of
N-carboxyanhydride monomers of lysine and DOPA is summarized in Scheme 2.2.%” Tensile
shear strength measurements were performed to evaluate the adhesion properties of
L-lysine/DOPA binary copolymers. When suitably oxidized, such co-polymers exhibited
moisture-resistant adhesive properties; the adhesive strength was proportional to the amount of

DOPA in the co-polymer, but independent of the choice of oxidizing agents. The synthesis and
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characterization of DOPA-containing copolymers not only inspired the design of adhesive
materials for practical applications, but also yielded additional insights into the key features of
DOPA in natural proteins.”

Another interesting application of DOPA is the combination of mussel-mimetic polymer
with the gecko-inspired pillar structure. The remarkable adhesive ability of geckos is believed to
rely on the sophisticated structure of their footpads. In order to achieve strong reversible wet/dry
adhesion, Lee and coworkers developed a hybrid material consisting of an array of
nanofabricated polydimethylsiloxane (PDMS) pillars coated with a 20 nm layer of
poly(dopamine methacrylamide-co-methoxyethyl acrylate) film."> The adhesive forces between
coated patterned surface and different substrates under dry/wet conditions were determined by
AFM. It was found that after coating with the mussel-mimetic polymer, the adhesion of patterned
PDMS npillar arrays increased nearly 15-fold in water. This behavior was also shown to be
reversible over more than 1000 cycles in both dry and wet environments. This hybrid adhesive,
which yielded strong reversible wet/dry adhesion, might open the door to the development of

. .. . . 34
next generation bio-inspired adhesives.

2.3 Dopamine Polymerization — Polydopamine

The most widely used PDA preparation strategy is the oxidation of a DA monomer solution
under alkaline conditions (pH > 8.5). DA can be oxidized and spontaneously self-polymerize to
form a deep brown film. The thickness of the PDA film can be precisely controlled by tuning the
initial DA concentration, reaction time, temperature and the solubility of oxygen in solution.*® In

addition to atmospheric oxygen, other oxidants such as sodium periodate, potassium chlorate and
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ammonium persulfate (APS) have been shown able to induce DA polymerization at high reaction
rates in all acidic, neutral and alkaline aqueous media.”*® Moreover, PDA films deposited on
polymer substrates were found to be thicker and smoother than that on glass at the same reaction
conditions, suggesting that PDA film thickness might be related to the surface roughness and
surface chemistry of the substrates. Instead of adding different oxidants into the DA solution, DA
polymerization can be triggered by UV irradiation, which generates singlet oxygen, superoxide
radicals or hydroxyl radicals to oxidize DA at both acidic and basic conditions.”” This method
can be combined with photopatterning and has the advantage of fabricating PDA micropatterns
on different materials. Alternatively, the biosynthesis of PDA involves an enzymatic oxidation of
tyrosine or DOPA initiated by tyrosinase-related protein 2 (Tyrp2). This approach leads to the
entrapment of active enzyme in the resulting PDA matrix, which is beneficial for potential

. . . . 38
biosensing applications.
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Figure 2.6. Dopamine polymerization mechanism: route 1, “eumelanin-like” oxidative polymerization cross-linked by
covalent bonds;"® route 2, oxidative monomers from cross-linked primarily via strong, noncovalent forces including
charge transfer, n-stacking, and hydrogen bonding interactions.*’
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In recent years, the deposition of PDA thin films has emerged as a common surface
functionalization method in many applications.” However, the PDA film assembly mechanism
and the chemical structure are still not entirely understood due to its complicated redox process
and the formation of many intermediates during DA polymerization.”” Furthermore, the
characterization of PDA structure by common analytical techniques is difficult because of its
insolubility in water and most organic solvents.

Since PDA was first discovered in 2007, numerous different PDA structures have been
proposed in the literature. Following Messersmith and coworkers’ research findings,
time-of-flight secondary ion mass spectra (ToF-SIMS) of the PDA films have shown the
existence of a variety of dihyroxyindoles and derivatives, which are analogues and intermediates
of melanin species.' As a result, the oxidative polymerization process of DA has been proposed
to be similar to the formation of melanin. Under oxidizing conditions, catechol group protons in
DA deprotonate to DA-quinone, which can be structurally rearranged into cyclic intermediates.
Then the monomers are covalently linked through coupling reactions at the positions adjacent to
the catechol functional groups or on the nitrogen heterocycle to form the PDA structures (Figure
2.6, route 2). Another proposal for PDA formation involves three characteristic steps: (1)
oxidation of catechol to quinine, (2) cyclization of amine to a five-membered a-hydroxyketone
and (3) supermolecular aggregation through charge transfer, n-stacking and hydrogen bonding
interactions (Figure 2,6, route 2).% Solid-state '°N nuclear magnetic resonance (NMR) confirmed
the first two steps, which are also consistent with the previous model. However, solid-state *C
NMR analysis indicated that the cyclized, nitrogenous species were saturated indoline structures.

On the basis of their research findings, Bielawski et al. demonstrated that the monomers were
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cross-linked primarily via strong noncovalent forces instead of the covalent bonds between the

aryl rings.

Figure 2.7. Two proposed PDA structures: a, covalently linked monomers through C—C bonds between benzene rings;41 b,
(DA),/DHI trimer entrapped within PDA complex.42

The debate over the previous two PDA structural models focuses on whether the monomers
are cross-linked via covalent bonds or noncovalent forces. The “eumelanin-like” model (Figure
2.6, Route 1) was supported by Buehler et al.; they performed a series of computational
calculations on PDA and observed a Young’s modulus of 4.1-4.4 GPa at a high degree of
polymerization (70%), which is in agreement with the 4.3—10.5 GPa of natural eumelanin films
and synthesized PDA films obtained by nano-indentation experiments. On the other hand,
computational calculations on the "non-covalent aggregate" model (Figure 2.6, Route 2) yielded
a much lower Young’s modulus than that obtained experimentally.*’ Thus, the second model
might not accurately represent the overall PDA structure due to the large mismatch between the

simulated Young’s modulus of pure aggregates and the experimental values of the PDA film. In
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addition, Beck et al. also supported the alternative of covalent bonding of monomers based on the
unambiguous results obtained by different analytical methods (Figure 2.7a).** They found that: (1)
PDA oligomers occurred in a different state of unsaturation, (2) DA units exist and (3)
open-chain dopamine units exist. Thus, they proposed an alternative PDA structure in which all
monomers are covalently linked by C—C bonds between their benzene rings instead of the
nitrogen heterocycles.

In parallel with the “eumelanin-like” model and the "non-covalent aggregate" model, Lee et
al. believed that the formation of PDA involved the combination of both oxidative
polymerization and non-covalent stacking. High-performance liquid chromatography (HPLC)
coupled with mass spectrometry analysis confirmed that the previously proposed PDA oxidative
polymerization through covalent bonds also occurred in this model.* Simultaneously, a
significant amount of unpolymerized DA and its oxidative product 5,6-dihydroxyindole (DHI)
were detected. In the final structure, they formed a stable complex (DA),/DHI, which was tightly
entrapped within PDA complex, as depicted in Figure 2.7b. Further investigations revealed that
the encapsulation of the (DA),/DHI trimer was quite stable and not easily released from the PDA

system.

2.4 Polydopamine Thin Film

Many coating strategies can be used to deposit thin films with precisely controlled thickness
and functionality. However, most of these methods have limitations with respect to material
compositions, deposition conditions and/or process costs. For example, layer-by-layer deposition

can only be performed on a charged surface,” monolayer self-assembly requires noble metal
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substrates or surfaces of oxides,* Langmuir-Blodgett films are formed by repeating exposures of
the solid substrate to liquid*® and plasma deposition normally requires high temperatures and
sometimes a vacuum.”’ In this regard, the emerging PDA coatings have been developed to
modify almost all known materials surfaces under mild conditions. Significant efforts have been
directed toward understanding the fundamental properties of this nanoscale polymer thin film for

the effective transfer to functional devices and biocompatible coatings.***

2.4.1 Surface Properties

PDA thin films are most commonly prepared by immersing the substrates in a dilute aqueous
Tris solution of DA hydrochloride at a marine pH environment.” The self-polymerization and
deposition processes on various substrates under different reaction conditions have been
investigated. It has been found thicker PDA films were deposited by increasing the initial
concentration of DA, reaction time, temperature and the solubility of oxygen in solution.*>*
Besides using atmosphere O,, other oxidants such as sodium periodate, potassium chlorate and
ammonium persulfate have shown remarkable ability to induce DA polymerization at higher
reaction rate in all acidic, neutral and alkaline aqueous media.*® Moreover, PDA films deposited
on PDMS and epoxy substrates were found to be thicker and smoother than that on the glass at
the same reaction conditions, which indicated that PDA film thickness might be related to the
surface roughness and surface chemistry of the substrates.” The surfaces of the PDA films tend to
be rough due to the formation of agglomerates in solution, which deposit onto the film surface to

form a heterogeneous morphology. However, compared with PDA films deposited under ambient

air, more uniform and smooth PDA coatings were obtained by polymerization under a pure O,
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atmosphere. An explanation for this behavior is that, the conjugated planar supermolecular
structures are more regularly stacked under a pure O, atmosphere, which leads to much less
polymer aggregation.”!

The surface energy is considered to play an important role in the surface properties of
polymer films, such as the wettability and adhesion. Yang et al. performed a series of contact
angle measurements on PDA-coated PDMS surface to evaluate the surface energy of PDA films.®
The static water contact angle was measured to be 65°, revealing the hydrophilic nature of this
PDA coating. The water contact angle hysteresis was determined to be 60° by dynamic contact
angle measurement, suggesting dynamic interactions occurred between water molecules and PDA
film.® Other probe liquids were dispersed on the PDA surface. The resulting contact angles

measured with these liquids are shown in Table 2.1 and were used to estimate the surface energy

y according to van Oss’ method and Wu’s method with water as one of the pairing parameters.

Table 2.1. Surface energy of PDA films determined from contact angle measurements.®

Yiw Yag v ' Y (mJ/m?) 0 (°)
Diidomethane 50.8 0.0 0 0 50.8 51.2+£2.6
DMSO 36 8.0 0.5 32 44 233+1.9
Ethylene glycol 29 19.0 1.92 47 48 433+1.2
Formamide 39 19.0 2.28 39.6 58 425+£2.6
Glycerol 34 30.0 3.92 57.4 64 67.2+4.5
Hexadecane 27.5 0.0 0 0 27.5 16.4+1.2
Water 21.8 51.0 25.5 25.5 72.8 64.8 £3.7
Polydopamine
Van Oss 30+ 3.9 10+5.0 14+14 17.7£4.3 40 + 8.9
Wu 22.5+89 222457

Surface free energy (¥), apolar component (¥ ) of V, polar component (¥ 4g) of ¥, electron-acceptor (y+) and
electron-donor (Y ) parameters of ¥ 45 were obtained from ref8. Y, p = 2(y+y_)1/2; Y= Yiw + VasB-
The contact angles (0) were obtained on polydopamine coated PDMS substrates using different liquids and were

interpreted according to the VanOss and Wu methods with water as one of the pairing parameters.
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2.4.2 Biocompatibility

The catechol derivatives, including PDA, exist in a variety of living systems and participate
in a broad range of biochemical processes. For example, catecholamines including epinephrine,
noradrenaline and DA are biologically significant hormones and neurotransmitters that are
responsible for conveying nerve impulses, regulating heart rate and controlling the oxygen supply
to the brain in the human body. PDA is a major component of naturally occurring melanin and so
shows excellent biocompatibility. To determine the possible toxicity of PDA, Ku et al. adhered
mammalian cells such as fibroblasts, osteoblasts, neurons and endothelial cells to PDA surfaces
and found that PDA did not hinder the viability or proliferation of mammalian cells, indicating its
non-toxic nature.’ In line with these results, a complicated PDA capsule structure assembled
using a calcium carbonate template under mild conditions was reported by Zhang and
coworkers.” They accommodated three different enzymes including glucosidase, a-amylase and
[-amylase into a single PDA capsule. This system displayed enhanced enzymatic activity, which

further reflected the negligible cytotoxicity of PDA.

2.4.3 Stability

The stability of PDA films deposited on silica in aqueous solutions at different pH has been
investigated by Bernsmann ez al.>*> They found that the thickness of the PDA film formed at pH
= 1 and then measured in the dry state decreased by 14% after 54 h. The films also showed no
measurable changes in thickness when formed at pH = 3 and 11 for more than 24 h. In contrast,
the PDA films were quantitatively removed within 15 min of exposure to sodium hydroxide

solutions at pH 13. This can be attributed to either the dissociation of the silicon oxide layer
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covering the silicon slide or the fact that PDA is stable in acidic and neutral solutions but

becomes soluble in strongly alkaline solutions.

2.5 Applications of Polydopamine

In recent years, PDA thin films have emerged as an important multifunctional bio-inspired
coating material since the pioneering work reported by Messersmith and coworkers in 2007."
Compared with bulk materials, PDA thin films are almost 2-D and have a larger
surface-to-volume ratio, which make them more sensitive to surface properties and interactions.’’
Because PDA films contain a high density of biological-relevant catechol functional groups, they
have a remarkable ability to render materials biocompatible via immobilizing, regulating or
sensing biomolecules.”™ Moreover, catechols can interact with both organic and inorganic
substrates through covalent bonds, making PDA film a universal anchor for surface
modifications.”

Beside the intrinsic di-catechol functional groups, the co-existing o-quinone groups can also
be modified to form new surfaces with additional properties. Figure 2.8 summarizes the PDA
modification protocols based on Schiff base formation and Michael type addition.*® o-quinone
functional groups are generally sensitive to both thiols and nitrogen derivatives under basic
conditions to form a thiol adduct, amine adduct or o-quinonimine. The post-modification of PDA
surfaces was first demonstrated by Lee er al,) who reacted PDA films with
thiolatedmethoxy-PEG, aminatedmethoxy-PEG and 50% thiolated hyaluronic acid to form

different organic add-layers on top. This approach was then adopted for grafting molecules of

interest on thiol or amine post-modified PDA surfaces, including the bioconjunction of
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thermolysin enzyme, amphotericin B or poly(L-lysine).*’
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Figure 2.8. Possible reaction pathways of oxidized catechol though Schiff base reaction and Michael addition.”

With the help of PDA films, Lee et al. developed a general modification strategy for

functionalizing diverse surfaces (Figure 2.9).°"%

This strategy involved one-step immersion of
substrates in a mixture of DA and desired molecules. The molecules were then dissolved with
DA and immobilized onto substrate surfaces during DA polymerization. Depending on the
chemical and biological properties of immobilized molecules, surfaces with different functions
could be obtained for many applications, such as tissue regeneration, hematopoietic cell adhesion,
anti-bacterial surface preparation, surface-initiated polymerization and silicification.”*As a result
of such broad ranges of functionalities, PDA films have proven to be a versatile platforms for the
development of new functional materials and coatings with unique structures and fascinating
properties of potential application to biomedical-, electronic- or energy-related industries. The

state-of-the-art PDA film will be discussed in the following sections to give specific examples of

the effect of PDA coatings on interfacial properties.
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Figure 2.9. Schematics of the one-step modification of solid substrates.®! Reprinted with permission from ref 61. Copyright
2012 Wiley-VCH.

2.5.1 Polydopamine Films for General Biological Applications

PDA films have been proved useful for grafting of biomolecules because the
catechol/quinone groups may form covalent bonds with nucleophilic molecules.®”** One
protein-binding example is trypsin, which can conjugate on a variety of PDA-coated surfaces and
still remain enzymatically active.* Due to the negative charge at physiological pH, PDA is also
able to facilitate biomineralization processes by reacting with metallic cations.”’ Indeed,
inorganic hydroxyapatite crystals can be mineralized on versatile PDA-coated materials.®
Moreover, the adhesion of different mammalian cells to a PDA-coated micropatterned PDMS

substrate has been tested. It was found that the cells selectively adhered only to the
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PDA-modified regions of the substrate and aligned with the PDA patterns.®” The enhanced cell
adhesion to PDA coating may be potentially useful for 3D tissue fabrication. Furthermore, the
PDA coating has also been found useful in biosensing techniques. One such example is the
attachment of a single live E. coli cell to the tip of a PDA-modified AFM cantilever. This novel
single-cell probe preparation method is versatile and may have great potential for exploring
cell-cell interactions. Instead of modifying deposition substrates, PDA can be directly coated on
biomolecules. For instance, yeast cells was coated with a PDA layer and subsequently modified
with an avidin ad-layer. The functionalized PDA coating was able to physically stabilize, protect
and control living yeast cells. In addition, the encapsulated yeast cells can be effectively

immobilized on any biotin-functionalized surface via avidin-biotin complexes formation.

2.5.2 Polydopamine Films for Advanced Drug Delivery Systems

Pioneering works have successfully demonstrated that adherent PDA-based coating can be
deposited on many substrates. Alternatively, the substrates may also serve as sacrificial templates,
which can be removed after PDA film formation in order to yield stable hollow PDA capsules.
These capsules, with the advantages of controllable film thickness and high biocompatibility,
may offer a new polymer capsule fabrication method for drug/gene delivery.**”

The first PDA capsule assembly strategy was reported by Caruso and coworkers, who coated
silica spheres with a thin layer of PDA film by oxidative self-polymerization of DA in Tris buffer
(10 mM, pH 8.5), followed by hydrofluoric acid/ammonium fluoride solution etching to remove

silica particle cores and form robust capsules.”' This approach was proven to work well on Si0O,

particles with different sizes and mesoporous structures. Biocompatibility tests have shown
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almost no toxicity of the PDA capsules to living cells, which is important for drug delivery. This
work first demonstrated the possibility of applying PDA to construct versatile nanocapsules,
which opens the door to the development of more sophisticated PDA-based DDS.
Biodegradability has always been considered as an important criterion for designing novel drug
delivery vehicles.”” As a result, Caruso et al. developed a range of biodegradable poly(L-glutamic
acid) (PGA)-conjugated PDA capsules using the preparation process illustrated in Figure 2.10a.”
At first, different amounts of DA monomer were conjugated with PGA via amide bond formation.
These PGA-PDA polymers were then assembled and deposited onto silica particles at 10 mg/mL
solution (pH = 9) for 12 h. Stable PGA-PDA capsules with tailored film thickness were obtained
after the silica core was removed, as confirmed by AFM and TEM (Figure 2.10b and 2.10c).
Capsules obtained from this method were exposed to protease solution to investigate their
degradation behavior. Fluorescently labeled lysozyme was preloaded in the PDA capsules and
degradation was monitored via the release of the enzyme. Lysozyme release reached equilibrium
after 15 h, indicating the degradation of the PGA-PDA shells, which enabled the diffusion of the
encapsulated cargo. This capsule fabrication method, which combined the advantages of a
biodegradable material with the spontaneous self-polymerization of DA, made a significant

contribution to the assembly of degradable capsules.
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Figure 2.10. (a) Preparation protocol of PGA-PDA capsules; (b) AFM and (¢c) TEM images of PGA-PDA nanocapsules.72
Reprinted with permission from ref 72. Copyright 2011 American Chemical Society.
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Recently, a more complicated PDA capsule structure assembled using a calcium carbonate
template under mild conditions was reported by Zhang and coworkers (Figure 2.11).° The
capsule assembly process involved three steps: (1) glucosidase was encapsulated in the lumen of
a capsule containing a calcium carbonate template; (2) f-amylase was entrapped with the PDA
capsule membrane; and (3) a-amylase was covalently attached onto the outer surface of the PDA
layer. The diameter and shell thickness of the capsules can be controlled by the choice of
template size and DA concentration. The successful development of this novel cascade system,
which accommodated three different enzymes in separable locations with a single PDA capsule,
demonstrated the possibility of using a PDA capsule as a standard platform for drug delivery of

multienzyme systems.
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Figure 2.11. Schematic for the construction process of multienzyme PDA capsule system.53 Reprinted with permission

from ref 53. Copyright 2011 RSC.

Instead of using “hard” silica as template, the same group also reported the preparation of

monodisperse PDA capsules by using “soft” emulsion droplet cores (Figure 2.12a).” In this work
monodisperse and stable emulsion templates were first prepared by base-catalyzed hydrolysis and
partial condensation of dimethyldiethoxysilane (DMDES).After controlled deposition of PDA on
the surfaces of the emulsion droplets, the PDA-coated emulsion droplets were isolated by

centrifugation. Similar to the removable silica cores, the emulsion templates were dissolved by

e

aqueous ethanol under mild conditions to form PDA capsules with precisely controlled diameter

and shell thickness in the range of 400 nm to 2.4 mm and 10 to 140 nm, respectively (Figure
2.12b-d). Many functional components, such as magnetic Fe,O nanoparticles, fluorescent
quantum dots (QDs) and hydrophobic anti-cancer drugs (thiocoraline, TC) could be preloaded in
the emulsion droplets and then subsequently entrapped in the PDA capsules. Along with the
excellent biocompatibility of PDA, this simple and versatile method is potentially useful to
assemble nanocarriers loaded with different drugs. In the following section, we will dedicate

more space to discuss a particular drug delivery application of PDA nanocapsules prepared by

this method.
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Figure 2.12. (a) Schematic representation of the encapsulation of hydrophobic species in PDA capsules, obtained by using
DMDES emulsion templates; TEM images of PDA capsules prepared from emulsion templates at different DMDES
emulsion condensation times: (b) 4 h, (c) 8 h, and (d) 24 h.” Reprinted with permission from ref 73. Copyright 2010
Wiley-VCH.

In order to achieve controlled and targeted drug release, PDA capsules should be
functionalized with various functional moieties such as targeting ligands, pH-sensitive functional
groups and enzymes with redox behavior, to respond to intracellular stimuli. Caruso and
coworkers reported a facile approach to immobilize a pH-cleavable polymer-drug conjugate on
PDA capsules for intracellular drug delivery.”* In this work, pre-synthesized poly(methacrylic
acid) (PMAsyh) with 13.5% thiol-modification and a maleimide hydrazine derivative of an
anticancer drug doxorubicin (Dox) were conjugated. Then monodispersed PDA capsules

prepared by the aforementioned method (Figure 2.12a) were incubated with the polymer-drug
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conjugates (PMAgsy-Dox) at pH = 8. This resulted in the coupling of thiol and quinone functional
groups to form PMAgu-Dox immobilized PDA capsules (Scheme 2.3). The Dox loading capacity
in each PDA capsule was determined to be 6.45 x 107'° g by ultraviolet-visible (UV-Vis)

spectrophotometry and flow cytometry.

Scheme 2.3. Immobilization and pH-depend release of Dox (labeled as red dots) from PDA capsules.74 Reprinted with
permission from ref 74. Copyright 2012 American Chemical Society.
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2.5.3 Polydopamine Films for Hydrophobic/Hydrophilic Coatings

Due to their hydrophilic and self-adhesion nature, PDA films can form as a generic coating
to modify surfaces and make them hydrophilic. Lee and coworkers reported a straightforward
solution-based modification method that transformed superhydrophobic surfaces into hydrophilic
substrates (Figure 2.13a). Polyfluorosilane-coated anodic aluminum oxide membranes were
coated with PDA thin films. The resulting water-adhesive but hydrophobic surfaces, which could
retain water droplets at a high water/surface contact angle even when the surfaces were tilted to
180° (Figure 2.13b). This dip-coating surface modification approach was also applied to

overcome the poor wetting capabilities of polyethylene (PE). After depositing a thin layer of
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PDA, the functionalized hydrophilic PE can be used as separators to improve power performance
in Li-ion batteries (Figure 2.13c).”

Alternatively, PDA films can also serve as mediator to bond to hydrophobic ad-layers. Xu
and coworkers combined the adhesive ability of PDA with a lotus-leaf-inspired hierarchical
structure to develop highly water repellent microparticles. PDA films were deposited on core
particles and then used as templates to adhere silver nanoparticles. The resulting
core/shell/satellite composites exhibited extremely water repellence after further treating with
alkanethiol.”This strategy can be applied to diverse surfaces due to the nonselective adhesion of

PDA coatings. As a result, bio-inspired PDA coating can produce either hydrophobic or
C
n 108" - 39"

Figure 2.13. (a) Schematic illustration of the PDA surface treatment using a simple dip-coating. (b) Water droplet on the

hydrophilic functionalized surfaces.

a

PDA-coated superhydrophobic surface remained attached at 90° and 180°. (¢) Contact angle images of PE separators
before (left) and after (right) the PDA coating.75 Reprinted with permission from ref 75. Copyright 2011 Wiley-VCH.

2.5.4 Polydopamine Films for Nanocomposites Functionalization
Due to their high biocompatibility and superparamagnetic behavior, iron oxide nanoparticles
have attracted much interest in many fields, such as terabit magnetic storage devices, catalysis,

sensors and magnetic resonance imaging.’’ Since di-catechol functional groups can be effectively
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chelated to the ferric ions, PDA film is considered a high affinity coating to modify iron oxide
nanoparticles. For example, y-Fe,Os; nanoparticles were deposited with a reactive PDA-based
polymer, capable of binding His-tagged silicatein.” The surface-bound silicatein has been shown
to actively catalyze polycondensation of silicon alkoxides in solution, forming a protective silica
shell around the iron oxide nanoparticles. These results suggested the possibility of bridging

biomolecules with inorganic nanomaterials by PDA surface functionalization.

Scheme 2.4. Synthesis procedure for water-dispersible PDA-modified CNTs.® Reprinted with permission from ref 81.
Copyright 2013 American Chemical Society.
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PDA has also found applications in the use of carbon nanotubes (CNTs), which normally
require surface modification to ensure their wide applications.””* Traditional CNT
functionalization methods often involve harsh reaction conditions that may destroy their
structures and subsequently compromise their high conductivity and excellent thermal stability.
To this end, Yang et al. reported a facile multi-wall carbon nanotube (MWCNT) surface
modification strategy under mild conditions (Scheme 2.4).* DA monomer was first adsorbed

onto the MWCNTs via m-n stacking interactions. The oxidative polymerization of adhered
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monomer was then triggered by adjusting the solution pH. As a result, a layer of PDA film was
deposited on the surface of MWCNTs, forming a water-dispersible core/shell MWCNTSs structure

with the inherent properties of the pristine MWCNTs remaining intact.
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Figure 2.14. (a) Schematic illustration of the preparation of PDA-coated graphene and PEG-graphene. (b) Proposed
schematic view for the assembly of graphene film on a silicon wafer through PDA coating.85 Reprinted with permission

from ref 85. Copyright 2012 American Chemical Society.

Graphene is another carbon-based nanomaterial that can be functionalized by PDA

g, 82,83
chemistry.”™

Fu et al. reported a facile method that can reduce graphene oxide and form an
adhesive layer on its surface simultaneously via DA polymerization.** The modified surface was
then grafted with PEG brushes, resulting in water-dispersible graphene (Figure 2.14a). Another
DA-inspired reagent norepinephrine has also shown similar functionality. Graphene oxide can be
reduced and coated with poly(norepinephrine) though pH-triggered oxidative polymerization.
Further investigations revealed poly(norepinephrine)-coated graphene to be a versatile platform
for secondary modifications, such as ring-opening polymerization of carprolactone or formation

of gold nanoparticles on surfaces, that provide antibacterial properties.*> The poor adhesion

between graphene and substrates due to the weak interfacial bonding is a major drawback for
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many applications. To solve this problem, Wang and coworkers introduced a PDA coating as an
adhesive layer firmly bonded onto a wide range of substrates and acting as an active platform for
graphene oxide reduction and deposition (Figure 2.14b).* Thus, the assembled graphene films
were able to adhere onto various substrates and exhibit unique tribological properties, such as

friction reduction and wear resistance.

2.6 Polypyrrole: A Conducting Polymer

In recent years, PDA has arisen as a promising research subject in various fields ranging
from the fabrication of energetic coatings to the preparation of functional composite materials.
We have applied PDA to the syntheses of functional conducting polymer nanocomposites.
Conducting polymers are organic polymers that conduct electricity similar to metals, but at the
same time retain the mechanical properties of conventional polymers.*” In the last two decades,
over 25 conducting polymers have been reported since polyacetylene was first found conductive
after halogen doping in 1977.*® Typical examples of this system include poly(p-phenylene),
polypyrrole, polythiophene and polyaniline. One of the common features of these conjugated
structures is the alternating carbon—carbon double bonds or p-system in their backbones.* Their
electrical conductivity can change from insulating or semiconducting to highly conductive
depending on the level of doping. The doping process is performed by chemical or
electrochemical oxidation (p-doping) or reduction (n-doping) of a polymer, which subsequently
acquire positive or negative charges in their polyconjugated matrix.”” This process is also
reversible; the initial polymer structure can be recovered after removal of the dopant. Conductive

polymers have been attracted more and more attention since Heeger, MacDiarmid and Shirakawa
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were awarded the Nobel Prize in Chemistry in 2000 “for the discovery and the development of
electrically conductive polymers”.”’ Among these conductive polymers, polypyrrole (PPy) has
been extensively investigated because of its unique electrical properties and its potential
applications in a variety of technological areas, such as anti-corrosive coatings, batteries,

- - 92-95
supercapacitors and biosenors.

2.6.1 Polypyrrole Synthesis and Conduction Mechanism

Two common methods of synthesis of PPy exist: electrochemical and chemical.”® The former
method produces a PPy film with high conductivity, but is limited by low yields,
difficult-to-control film growth and heterogeneity. In order to produce PPy more practically,
chemical synthesis has been attempted for the large-scale production. Both methods involve the
oxidative polymerization of pyrrole monomer according to the proposed reaction mechanism
illustrated in Scheme 2.5.%**2At first, the oxidation of Py molecules yields delocalized radical
cations, which resonate between three different states. The most stable radical cation dimerises
and expels two protons to form a bi-pyrrole dimer, which can react with a newly formed radical
cation to continue chain growth. The final form of PPy is a long conjugated backbone with two
resonance structures including aromatic and quinoid. These two states are neutral and cannot
conduct electrons.”’Upon further oxidation, the positive charges associated with the oxidized
state are delocalized over several Py units and form a radical cation (polaron) or a dication
(bipolaron). This produces negatively charged counterions in solution to maintain the charge
balance. This process is referred to as doping, and leads to the absence of electrons in the PPy

polymer chain and the formation of "holes" (p-type conduction).’®*®
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Scheme 2.5. Polypyrrole formation mechanism and its neutral aromatic and quinoid states, and chemical structures of
oxidized polaron and bipolaron forms.***"”2
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2.6.2 Properties of Polypyrrole

The electrical conductivity of PPy at room temperature varies from 107* to 10> S/cm,
depending on the preparation method. The stability in air of doped PPy is relatively high, but
starts to degrade above 150 °C depending on the dopant anion. The PPy films obtained by
electrodeposition are relatively brittle; their tensile strength and Young's modulus with different
dopants vary from 8 to 100 MPa and 0.4 to 4 GPa respectively.”” X-ray diffraction investigations
indicate PPy is mostly amorphous and usually yields only a diffuse halo. Crystalline domains
make up only 15% of the total volume. PPy obtained by chemical oxidation appears as a black
precipitate, which is insoluble in water and most organic solvents due to its rigid structure and

cross-linking. This makes it extremely difficult to process and functionalize.'®

2.6.3 Modification of Polypyrrole
To broaden PPy applications, researchers have modified and elaborated its chemical

101192 The fabrication of

syntheses in many different ways to achieve PPy with desired properties.
different PPy nanostructures has already been demonstrated since controlled its morphology and
shape is a key criterion for integration into microelectronic devices. Several methods of
template-directed synthesis have been developed. For example, Zhang et al. prepared wire-,
ribbon-, and sphere-like PPy nanostructures by using different types of surfactants and lamellar
inorganic/organic mesostructure templates formed during in-situ polymerization and
automatically degraded after completion of polymerization.'”'** Other templates including
anodic aluminum oxide (AAO), V,0s nanofibers and MnO, nanowires, which were adopted to

prepare PPy nanotube structures must be removed by solvent etching or chemical reactions.'®
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Another important aspect of PPy modification is electrical conductivity improvement. As a
conducting polymer, many of its applications require high electrical conductivity. Thus many
attempts namely in-situ modification or post-modification have been made to improve PPy
conductivity.'” For instance, Lim et al. incorporated iron oxide nanocomposites as an additive
into PPy to give the resulting nanocomposites both magnetic properties and high conductivity.'”’
Schnoor ef al. demonstrated a simple and versatile route to attach PPy to the surface of CNT and
subsequently increase the conductivity of the nanocomposites.'” Chen er al. applied chemical
oxidation to synthesize graphene quantum dots (GQDs), which can be used to dope PPy and
improve its conductivity for high-performance dye-sensitized solar cell applications.'” Zhang et
al. prepared PPy/Ni/GNs (nickel graphite nanosheets) composites by oxidative polymerization of
Py monomer in the presence of Ni/GNs. The electrical conductivity of such composites reached
as high as 5.0 x 10* S/cm, which is two orders of magnitude higher than that of undoped PPy.'"°

Solubility is another drawback that limits the wide application of PPy. In order to improve
the PPy processability and dispersibility, Liebscher et al. copolymerized pyrrole and
3-(1-pyrrolyl)-propanoic acid to achieve smaller and more uniform particles, that were more

soluble in organic solvents and water compared to PPy.'"

Kim et al. developed a soluble and
conducting PPy doped with dodecylbenzenesulfonate (DBS) sodium salt and covalently linked
poly(ethylene glycol) (PEG). The PPy-DBS-PEG composite synthesized by co-polymerization

12 Hsu et al.

was soluble in m-cresol, in amounts proportional to the DBS molar percentage.
prepared PPy/graphene composites through a simple procedure that involved in-situ chemical

oxidative polymerization of Py in the presence of various amounts of poly(styrenesulfonate) Such

composites processed in this manner exhibited high conductivity, water dispersibility and ethanol
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'3 Although the aforementioned examples combined the merits of PPy with different

solubility.
materials, its poor mechanical and adhesion properties are still major obstacles for further usage.
Also, most of the modifications reported in the literature involve harsh post-treatment conditions

(low pH, toxic additives and non-environmentally friendly solvents), which drastically damage

the biocompatibility of PPy and limit its bio-related applications.
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CHAPTER 3. FUNDAMENTAL INVESTIGATIONS OF
POLYDOPAMINE THIN FILMS IN DRY AND WET CONDITIONS®

3.1 Introduction

With the rapidly growing demand to miniaturize the devices in biomedical, electronic or
energy related industries, thin film technologies have been developed and extensively used in the
application of such advanced functional materials as semiconductors, biosensors, corrosion
resistant coatings and medical polymers.''*'"> Compared with bulk materials, thin films are
almost two-dimensional and have larger surface-to-volume ratios, which make them more

"¢ Many coating strategies exist to deposit thin

sensitive to surface properties and interactions.
films with precisely-controlled thickness and functionality: plasma deposition, layer-by-layer
deposition, deposition of Langmuir-Blodgett films, monolayer self-assembly and emerging
polydopamine (PDA) coating.**"'”''® Among these techniques, PDA coatings has been proven to
be “versatile” and “multifunctional”. In order to effectively transfer the PDA coating into
engineering applications, the stability, mechanical and adhesion properties of the coating films
are almost equally important as the function of the thin film itself. In this article, we report an
experimental study of the surface and material properties of PDA thin films deposited on
different substrates both in air and in water.

Inspired by the chemistry of the adhesive plaques of marine mussels, dopamine, a biological

neurotransmitter, has been found to have a remarkable ability to adhere and self-polymerize to

" This chapter has been published in Biomacromolecules 2013, 14, 349-405.
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form a nanoscale PDA film on support surfaces.” Dopamine, with the chemical structure of
catecholamine, can be regarded as a small molecule mimic of the adhesive component L-DOPA,
of marine mussels.® Based on the assumption that the co-existence of the amine and catechol
groups is important for achieving underwater adhesion, dopamine has been proposed and
demonstrated by Lee ef al. as a multifunctional coating for various substrates, including both
inorganic and organic materials (Figure 2.1a)." Since then, we have seen an increasing interest in
the exploration of PDA film in a range of applications, including conventional surface and
material engineering and emerging bio- and nanotechnology. Nevertheless, the most fundamental
aspect of PDA thin film, its structure, is still under debate at present. The well-accepted
dopamine polymerization mechanism is shown in Figure 2.6 (route 1), where catechol is
oxidized to a quinone, followed by its structural rearrangement and polymerization; an alternative
pathway for PDA formation involves supermolecular aggregation achieved through charge
transfer, n-stacking and hydrogen bonding interactions (Figure 2.6, route 2).*°

Since PDA films contain a high density of functional groups (amino and catechol) on their
surfaces, they can be used to immobilize, regulate and sense biomolecules, e.g. cells, proteins and
amino acids.”®'" A large number of studies have been conducted on the surface modification
with PDA on various substrates for bioengineering, including biomolecule grafting, cell adhesion,

S e . 66,71,120
biomineralization and drug encapsulation.”™ "

These studies have provided strong evidence
that the use of PDA films is promising way to modify material surface chemistry. In contrast, the
mechanical and adhesion properties of the PDA film are still largely unexplored even though

their importance has been realized.”®'*'"'*> A typical study on this aspect was the contact angle

measurement of PDA films, which revealed their hydrophilic nature and the associated surface
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energy to be 40 mJ/m>>* The effect of coating temperature and dopamine concentration on

hydrophobic polymers has also been investigated. It was shown that the PDA films became
thicker with higher coating temperature and dopamine concentration.® Our previous research
focused on studying the properties of the PDA coating with contact adhesion and adhesive
bonding tests. However, these PDA thin film investigations so far have been concerned only with
the film itself instead of the influence of the substrates. Furthermore, most of those studies
focused on PDA in dry conditions. However, it is important to measure the mechanical and
adhesion properties of PDA thin films in wet conditions since this is usually how they are used in
bioengineering applications. From our studies and other recent reports in literature, we
hypothesize that the material properties of hydrated PDA films are significantly different from
those of dehydrated ones, affecting their mechanical stability and functionalities.

The objective of this study is to investigate the mechanical stability and durability of PDA
films, which are essential to the successes of their applications. A series of experimental studies
were carried out to characterize the PDA thin film coated on three typical well-defined substrates,
glass, polydimethylsiloxane (PDMS) and epoxy to investigate the material behavior of PDA
films under a mechanical stress/strain field and the effects of coating substrates.
Micro-indentation measurements, combined with Johnson—Kendall-Roberts (JKR) contact
mechanics theory were used to systematically study the tribological properties (i.e. adhesion,
friction and wear) of the PDA thin films when they are dry and immersed in water. We found that
the fundamental properties of PDA under water are not equal compared to those exhibited in dry
conditions, revealing a significant hydration effect on the surface chemistry and qualities of the

coatings.
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3.2 Experimental
3.2.1 Materials

The PDMS (Sylgard 184 elastomer kit, Dow Corning Corp.) solution was prepared by
mixing the elastomer base and crosslinker at a weight ratio of 10:1. The flat sheet of PDMS was
made by casting 2 ml of PDMS solution onto a microscope slide and curing at 90 °C for 1.5
hours in ambient air. The epoxy (322, Dow Corning Corp.) solution used for making elastomers
was prepared by mixing the elastomer base and crosslinker at a weight ratio of 100:13. The flat
sheet of epoxy was made by casting 2 ml of epoxy solution onto a microscope slide and curing at
70 °C for 10 min and 130 °C for 1 hour in ambient air. The hemispherical tip of PDMS with a
diameter of 3 mm was made by first molding the PDMS solution into a hemispherical shape
using a custom-made Teflon mold and then coating the resulting tip with another layer of PDMS
solution to make the tip surface smooth. The tip core was cured at 90 °C for 15 min and the tip
coating along with the core was then cured at 90 °C for 1.5 hours. The radii of the tips were about
2.9 mm, varying slightly from batch to batch; the exact values were determined by analyzing the
side view images taken during each indentation test.

The coating of PDA thin films on glass, PDMS, and epoxy substrates was performed inside a
petri dish by immersing the substrates in a dilute aqueous solution of dopamine hydrochloride
(Fisher BioReagents), buffered to pH 8.5 (2 mg of dopamine per milliliter of 10 mM tris). To
minimize the deposition of PDA micro/nano aggregates formed during the coating process, all
samples were placed upside down in the buffer solution. After 24 hours of coating, the samples
were rinsed with ultrapure water and dried in air or stored in ultrapure water.

PDA nanoparticles were synthesized via the oxidation of dopamine solution (2 mg of
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dopamine per milliliter of 10 mM tris) by atmospheric oxygen in an open vessel at room
temperature for 24 hours. The black nanoparticles were collected from the solution by
centrifugation (8000 rpm) for 15 minutes, then washed with ultrapure water for 3 times, and

stored in ultrapure water.

3.2.2 Methods

The surface characteristics of the PDA thin film were examined by optical microscopy (Carl
Zeiss Axio Observer. Z1m), scanning electron microscopy (SEM; Zeiss LEO 1550) and two
types of atomic force microscopy (NanoWizard II AFM, JPK Instruments AG, Berlin; and
Dimension 3100 AFM, Veeco Metrology Group). The adhesion and friction tests were performed
on a custom-made micro-indentation apparatus, as illustrated in Figure 3.1. A hemispherical
PDMS tip or probe was mounted on a load cell (Transducer Techniques TMO-2) that was
attached to a compact nanopositioner (PI P-611. XZS) with a resolution of 0.2 nm and a 100 um
travel distance. The nanopositioner was fixed on a movable linear stage (Newport ESP-MFA-CC)
with a range of 25 mm. The movement of the PDMS tip was controlled by the nanopositioner and
a displacement controller (PI E-625. PZT). An inverted optical microscope (Carl Zeiss Axio
Observer. Z1m) equipped with a CCD camera (Carl Zeiss Axio Cam 1Cm1) was used to monitor
the area of the contact spot and its deformations. The load, displacement, contact area and time

were recorded using a custom-written LabVIEW program.
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Figure 3.1. Schematic of the microindentation apparatus consisting of a hemispherical elastomer probe attached to a load
cell and displacement controllers (a nanopositioner and motorized linear stage), a sample stage (with a water bath)
attached on an inverted optical microscope, a standalone side-view camera, and a LabVIEW controlling program with a

computer and monitor.

Micro-indentation measurements of the PDMS tip on glass, PDMS and epoxy substrates
were done at room temperature. In each experiment, a tip was brought into contact with a flat
substrate at 0.1 um/sec until a preload force of 5 mN, then held in contact for 120 sec and finally
refracted at the same speed. The bottom view of the contact spot between a probe and a substrate
was recorded during the test. The associated force and contact radius were analyzed in the
framework of JKR contact mechanics. For friction tests, a PDMS probe was brought into contact
with a substrate until a normal force of 0.1g, 0.5g, 1g or 2g was reached. Then, three cyclic

reciprocating lateral movements of the substrate were carried out with a sliding speed of 30 um/s
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while keeping the normal force constant using a force-controlling feedback system. During the
underwater indentation and friction tests, a stronger light source, polarizer and image filter were
utilized to obtain high quality images of the contact spots. Both tips and substrates were
immersed in water for half an hour before testing.

For contact angle measurements, a syringe pump was used to inject and withdraw water or
diiodomethane at a constant rate of 100 uL/min on PDA coated epoxy substrates. Advancing and
receding angles were measured by expanding the volume of a 5 pL water or diiodomethane
droplet and subsequently withdrawing the droplet. The images of the drop were recorded and
analyzed by a custom-developed LabVIEW program. All measurements were performed in
ambient air at the room temperature.

For gravimetric experiments, three types of PDA nanoparticles were prepared: (1) hydrated
PDA prepared by blotting the “free water” from the wet fresh powder with a piece of filter paper;
(2) partially-hydrated PDA prepared by evaporating the “surface water” from the first sample in a
95% humidity chamber for 2 days, and (3) dehydrated PDA prepared by air drying the wet fresh
PDA powder at room temperature for 5 days. The weight of each sample was measured by an
analytic balance with 4 decimal unit accuracy (i.e. 0.1 mg). Three repeats of each gravimetric

experiment were performed.
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3.3 Results and Discussion

3.3.1 Surface Characterizations of Polydopamine Thin Films

Uncoated

Height (nm)

Position (um)

Zinm)
00

Uncoated

Figure 3.2. Surface characterizations of polydopamine thin films: (a) a typical AFM topography image of PDA-coated and
uncoated PDMS substrate; (b) cross-section plot from the AFM image showing the thickness of the PDA film deposited on
PDMS substrate; (c) 3-D AFM image of PDA coated PMDS; (d) 3-D AFM image of uncoated PDMS; (e) AFM topography
image of PDA coated glass surfaces showing the nano-porous structures of PDA film; the dark area at the left top corner is

partially-coated surface; (f) SEM image of PDA coated PDMS surface, showing the micro-sized PDA particles.

The surface qualities of PDA thin films coated on the glass, epoxy and PDMS substrates
were characterized by optical, scanning electron and atomic force microscopy. The optical
images of the PDA deposited on glass and epoxy surfaces in dry and wet conditions showed a
smooth and homogeneous surface. In contrast, numerous micro-sized cracks were present in the
PDA film deposited on PDMS surface after dehydration, while no cracks were found when the
film was stored in water. The thickness and surface roughness of the PDA thin films were

determined by AFM as shown in Figure 3.2a-d. The thickness of PDA thin films deposited on
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glass, PDMS and epoxy substrate were found to be 12.4 + 0.9 nm, 16.5 + 1.1 nm, and 15.5 £ 0.5
nm, respectively. The root-mean-square (rms) surface roughness was measured for both uncoated
substrate and PDA coated surface of the three substrates to be 7.4 + 0.2 nm and 15.5 + 0.4 nm for
glass, 3.8 = 0.8 nm and 9.0 + 2.5 nm for PDMS, and 2.3 + 0.4 nm and 8.4 = 0.8 nm for epoxy.
These data reveal that the PDA films on the two polymer substrates are thicker and smoother than
that on the glass. Figure 3.2¢ is a high-resolution AFM image of a PDA thin film coated on glass,
showing its non-continuous membrane-like porous structure at the nanoscale. This porous
structure may have contributed to the relatively high measured roughness, compared to the film
thickness. An SEM image of PDA on PDMS substrate is shown in Figure 3.2f, revealing some
deposited PDA particles with size ranging from 50 nm to 80 nm. It is likely that the deposition of
PDA nanoparticles on the PDA film was inevitable during the polymerization process. The PDA
nanoparticles on the substrates may increase the heterogeneity and roughness of the surface,
which may further influence the adhesion and friction properties of the film. In this work, we
examined the nature of this self-polymerized PDA coating as its own, instead of the ideal
(smooth and homogenous) PDA surface.

We further investigated the cracks on the PDA thin film coated on PDMS in dry conditions.
Estimated from the AFM topographic images (a typical AFM image is shown in Figure 3.3a), the
cracks were about 50 nm in width and 15 nm in depth. The cracking of the PDA films has also
been reported on silicon oxide substrate and poly(L-lactide) fiber surface in dry conditions by
other researchers.’® In the following, we applied the channel cracking model to explain the
cracking mechanism of PDA thin films on PDMS substrates in dry conditions. For a thin elastic

film bonded to a thick elastic substrate (Figure 3.3b), the driving force for the growth of cracks is
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defined as an energy release rate, as expressed in Equation 3.1:

0.2

G=72
"2 E*

(Equation 3.1)

where o, h, and E* represent the residual stress, film thickness, and plane-strain elastic modulus,
respectively.'?® In the case of PDA film, the residual stress comes from the dehydration process
during drying. The crack geometric factor Z depends on the elastic mismatch between the film

127128 Beuth calculated Z as a function of the two

and the substrate, and the precise geometry.
Dundurs parameters a and £ for most practical material combinations and planar geometry: the
parameter a characterizes the elasticity mismatch between the film and the substrate as defined in
Equation 3.2; its numerical value ranges from —1 (which corresponds to an elastic film on a rigid
substrate) to 1 (which corresponds to a rigid film on an elastic substrate). The parameter f is
determined by the shear modulus and the Poisson’s ratios of both the film and substrate; its value

is well approximated by a/4.'%

_ Ef —E;
~ Ej +E;

a (Equation 3.2)

Beuth rigorously calculated Z(a, f) values as a function of a (the effect of f on the results is

minor and can be neglected) as shown in Figure 3.3c."*°

It is noted that Z does not change
significantly when a is negative, but increase rapidly when a > 0, especially in the range from 0.5
to 1. Based on his data, we simplified the relationship between Z and « and fit it into a power-law
function (Equation 3.3) that is also plotted in Figure 3.3c. This power-law fitting curve overlaps
with the Beuth’s original plot.

Z = 1.2587(1 — a)7%631 (Equation 3.3)

For comparison, Beuth’s original Z, values and the Zs values obtained from our simplified
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Equations are almost identical (insert table of the Figure 3.3c). In the following, we used
Equations 3.1 to 3.3 and the previously determined elastic modulus and surface energy of PDA to

obtain insights into the cracking phenomena of PDA films.
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Figure 3.3. Cracking of dehydrated PDA films on PDMS surface: (a) AFM image of PDA thin film cracks on PDMS
substrate; (b) illustration of a channel crack in PDA thin film on PDMS substrate; (c) values of function Z(a) with respect

to the parameters a, and the comparison with Beuth’s original data.

In our previous study, we determined a =~ —0.8 for PDA coated glass and a = 0.999 for PDA
coated PDMS.* Similarly, for PDA coated epoxy (Es* = 4.57 GPa),"' the elasticity mismatching
parameter « is determined to be 0.4. The Z values were calculated using Equation 3.3 as shown in

Figure 3.3c: Z = 0.87 for PDA-glass, Z = 1.74 for PDA-Epoxy, and Z = 98.38 for PDA-PDMS.
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Assuming the residual stress left after drying is the same on the three different substrates, the fact
that no cracks formed on PDA-glass and PDA-epoxy suggests that their Z values are not high
enough to generate a channel crack. In contrast, the Z value for PDA-PDMS is high enough to
drive a channel crack at the same stress. Tentatively, we further the analysis to estimate the
residual stress ¢ during the drying of PDA film by assuming G to have its minimum value, i.e.
the work of cohesion of PDA film, G = W¢ = 2y (where y = 40 mJ/m?). In this way, the residual
stress can be calculated from Equation 3.1 to be 176 MPa. Note that the real residual stress

should be far above this value since G is often higher than the work of cohesion.

3.3.2 Adhesion and Contact Deformation of Polydopamine Thin Film Coatings

The work of adhesion is a key thermodynamic parameter for characterizing the interactions
between two dissimilar surfaces. We employed two methods (thermodynamic calculation and
micro-indentation measurements) to determine the work of adhesion of PDA films and probe the
PDMS surface in air and in water. Our purpose was to elucidate the effect of water on the
adhesive properties of PDA films. Preliminary tests showed the hydrophobic PDMS tips
displayed a moderate adhesion to the substrates, allowing for the examination of the effect of the
PDA films.

The Owens-Wendt method was applied to estimate the work of adhesion from the surface
energy components of the contacting surfaces.'*? For two surfaces « and S contacting in air (A),

assuming air behaves like vacuum, the work of adhesion (W) can be calculated by Equation 3.4:

Waag = Ya + Vg = Yap = 2 ( \/v&v‘é + \/YEYE) (Equation 3.4)

On the other hand, the work of adhesion () between the o and f in water (H) is determined as:
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WocHB = Yo + YgH — YaB

=2 (yﬁ + Vi + \/ngg + JYEYE - \/Yng{ - \/YEYE - \/YEY% - JYEYE) (Equation 3.5)

The surface energy data from the literature are given in Table 3.1; the calculated works of

adhesion between polymer PDMS and different substrates with/without a PDA coating both in air

and in water are summarized in Table 3

6,54,133,134
D 65155,

For uncoated substrates, water increased the

work of adhesion for PDMS and epoxy and decreased it for glass. On the other hand, the works

of adhesion for the three PDA-coated substrates in both air and in water are identical because the

PDA films were assumed to mask the chemical nature of the substrates. These thermodynamic

values are used in the following analysis to compare with the experimentally determined results.

Table 3.1. Dispersion (or non-polar) and polar components of different solid/liquid surface energy at room temperature.

y (mJ/m?) y (mJ/m?) v4 (mJ/m?) v, (mJ/m?)
Water 72.2 21.2 51
PDMS-184 18.0 18.0 0

Epoxy 46.2 41.2 5

Glass 69.79 24.79 45
Polydopamine 40 30 10

Table 3.2. The works of adhesion between a PDMS tip and different substrates in air and in water room temperature.

Work of
Adhesion
(mJ/m?)

PDMS
PDA-PDMS
Glass
PDA-Glass
Epoxy
PDA-Epoxy

Thermodynamic Measured Effective

Work of adhesion Work of adhesion Work of adhesion

In Air In H,O In Air In H,O In Air In H,O
36.00 10236 355+1.9 19.5+2.8 67.3+5.1 113.5+4.7
46.46 56.14  36.1+1.1 2.38+0.9 92.6+21.1 464+11.7
42.24 5.92 413+1.8 3.6+0.8 119.1+20.2 68.5+17.9
46.46 56.14  375+22 48+1.8 1042 +73 95.7+6.1
54.46 68.57 409+2.1 14.8+0.9 1169+ 164 164.8+13.1
46.46 56.14  398+25 2.1+0.1 112.1+18.1 79.4+11.2
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The adhesion contact behaviors of PDA films were investigated by micro-indentation (Figure
3.1) during the compressive loading and the unloading processes. We employed this technique to
examine the dynamic adhesive properties of the PDA coating on glass, PDMS and epoxy
substrates both in air and in water. Figure 3.4 shows the plots of the compressive force vs.
displacement during the loading, contact/holding and unloading processes on the PDA-coated
epoxy surfaces at different contact times (a) in air and (b) under water. For all the experiments
carried out in dry conditions, the surface force induced a “jump-in” mechanical instability when
the surfaces are close enough. While in water, this phenomenon was not observed since the
surface forces are much smaller than those in dry conditions. The shape of the “loading” curve
did not change while the shape of the “unloading curve” changed significantly with contact time,

where the pull-off force increased with time.

0.6 In Air
0.4 15 min 30 min
=
TH 0.2
g 0
.10 0 50
-0.2
-0.4 Displacement, & (um) a
0.6 In Water
2 min S min 15min / 30 min 60 min
o= 0.4
g
& 0.2
§
fre 0 v
-10 0 20 40 50
-0.2
0.4 Displacement, & (um) b

Figure 3.4. Typical plots of the compressive force vs. displacement during the loading, contact/holding and unloading
processes of the micro-indentation measurements on the PDA-coated epoxy surfaces at varied contact time (a) in air and
(b) in water.
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We analyzed these data in the framework of JKR contact mechanics.””> When a
hemispherical probe with radius R and elastic modulus E£; is brought into contact with a flat
surface with elastic modulus E», the work of adhesion (/) and the combined elastic modulus (K)

are related to the applied load (F) and the radius of the contact area (a) by Equation 3.6:

a3 = g [F + 3RW + /6TRWF + (311RW)2] (Equation 3.6)
Figure 3.5 plots the typical cubic contact radius vs. force curve for the contact adhesion between
two surfaces (PDMS tip on PDA-epoxy substrates both in air and in water). During the JKR
experiments, a and R values were obtained by analyzing contact deformation in the bottom view
and tip image in the side view, respectively, F was recorded by the LabVIEW program, and W
and K were determined by fitting the JKR model to the loading curve using. The values of W
obtained this way are summarized in Table 3.2. In dry conditions, the values determined from the
micro-indentation experiments are in the same order of magnitude as the ones determined by the
Owens-Wendt method. Although the three substrates have varied surface energy and work of
adhesion with the PDMS probe, the adhesion properties of their coated surfaces are almost
identical, indicating that the nanoscale PDA film masked the surface chemistry of the substrates.
In contrast, the measured works of adhesion by indentation test were significantly different from
the calculated thermodynamic work of adhesion in wet conditions other than the one on a bare
glass surface. The measured works of adhesion on the three PDA-coated surfaces were similar;
but they were lower by more than one order of magnitude than those in dry conditions, reflecting
the detrimental effects of water on adhesion. It should be noted that although cracks were found
on dry PDA-PDMS, no film delamination occurred during the micro-indentation process. Also,

since the area of the cracks was approximated to be only about 0.1% of the contact area, the
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cracks have a negligible effect on the interactions between the tip and the PDA coating.
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Figure 3.5. Plot of the cubic contact radius vs. the compressive force during the loading, contact/holding and unloading

processes of the micro-indentation measurements on the PDA-coated epoxy surfaces in air and water. The solid lines are

the JKR fitting curves to the loading process.

As shown in Figure 3.4, the loading curves and the unloading curves were not reversible, i.e.,

a significant amount of loading-unloading hysteresis. This hysteresis indicates time- and/or

load-dependent interactions occurred between the PDA films and the PDMS probe surfaces,

which consumed extra energy other than the thermodynamic free energy as predicted by the JKR

theory. It is useful to characterize the effective adhesion energy using the adhesive tensile force

or pull-off force at the separation. This characterization might provide insights into the dynamic

adhesion interactions of the PDA films. To perform further analysis, we extracted the pull-off
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force from Figure 3.4 and converted it into the effective work of adhesion (W.;) using Equation
3.7:'8
Fpull—off = %ﬂRWeff (Equation 3.7)

The effective works of adhesion with 120 s contact/holding time are listed in Table 3.2, which are
much larger than the works of adhesion measured from the loading curve. Figure 3.6 plots the
effective work of adhesion as a function of the contact time. The effective work of adhesion
calculated from unloading is significantly higher than that measured during loading process and
increases nearly linearly with contact time both in air and in water. This trend is reasonable
considering the hysteresis effect and energy dissipation during the JKR loading-unloading cycle.
Also, the changes in the effective work of adhesion with respect to the PDA coating are similar to

those of the thermodynamic and measured work of adhesion.
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Figure 3.6. The effective work of adhesion Wy = 2Fpy;_off/3MR as a function of the contact time for the

micro-indentation tests on PDA-coated epoxy surfaces in air and in water.
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3.3.3 Friction Behavior of Polydopamine Thin Films Coated on Different Substrates

Along with the adhesion properties, friction properties of a thin film are major concerns in
the applications of thin films where both the normal loading force and the lateral shearing force
are involved. The lateral force may damage the coating or even delaminate the film from its
substrate. To the best of the authors’ knowledge, no systematic study of the friction properties of
PDA thin films has been reported. The lateral motion and force sensing components of the
micro-indentation apparatus allowed us to investigate friction properties of the PDA films coated
on the three substrates at different preloads. Figure 3.7 shows the friction traces in term of the
lateral forces as a function of displacement of the PDMS tip on the PDA-PDMS (Figure 3.7a)
and PDA-epoxy (Figure 3.7b) substrates at 0.5 g indentation force in water. The average
frictional force decreased with the number of cycles on PDA-PDMS substrate. This suggests that
the sliding motion damages the PDA film coated on the PDMS substrate. We did not see the
decrease in the friction force for PDA coated on the epoxy and the glass substrates.

Figure 3.7c shows the contact spots obtained from the tests. The contact spot changed during
the sliding process irrespective OF the type of substrates: in air, the initially circular contact spot
was deformed into a gibbous moon shape became smaller. The sliding caused the PDA film
coated on PDMS to crack and delaminate in the region ahead of the contact spot. No invisible
cracks or signs of delamination appeared on the films coated on glass and epoxy surfaces. In

general, the degree of damage was more pronounced in air than in water on PDMS surfaces.
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Figure 3.7. The plots of friction force vs. lateral displacement during three cycles of reciprocating friction tests of (a)
PDA-coated PDMS surfaces in water (b) PDA coated epoxy in water; (c) optical images of PDA-coated surfaces in dry and
wet conditions during reciprocating friction tests including the initial contact (top panels), forward sliding (middle panels),

and the subsequent backward sliding (bottom panels).

Figure 3.8 shows the relationship between the load and the friction forces under different
circumstances. The friction force Fy was calculated by averaging the values of lateral forces
during sliding. It is generally proportional to the load with a finite intercept at zero preload. We
applied the classical Amontons’ Law (Equation 3.8) to these dataset, and the friction coefficient
(u4) between a PDMS tip and PDA coated/uncoated three substrates in dry and wet conditions at
different loading forces were calculated and summarized in Table 3.3."°¢!%

Fr = paFy (Equation 3.8)

The Amontons-type coefficient of friction s at the low preload 0.1 g is significantly larger than
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those at high preloads, indicating the influence of molecular adhesion on friction. A careful
examination reveals that PDA coating significantly reduced z4 in water for all circumstances but
increased 14 for most situations in air other than the glass surface with 1 g preload. In addition to
the Amontons’ Law, the Bowden & Tabor theory (Equation 3.9), which added the adhesion
component “c4” to Equation 3.8, was found to fit the friction behavior of smooth surfaces where
the molecular adhesion effect is pronounced.'**'*’
Fr = ugFy + 05 (Equation 3.9)

It should be noted that the coefficient p4 in Equation 3.8 is not the same as uz in Equation 3.9. 1y
can be determined by Amontons’ Law on each force point in Figure 3.8 and may vary at different
loads, while u3 is identified as the slope of each line and independent of preload. It appears that
Equation 3.9 is more applicable to the friction behaviour of the PDA films, suggesting the

nanoscale porous structures of PDA films have not significantly limited the effect of molecular

adhesion.
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Table 3.3. The friction coefficient (n,) between a PDMS tip and three different substrates (bare and PDA-coated) in air

and in water at four different indentation forces.

Friction 0.1g 05¢g lg 2¢g
coefficient ; ; ; ;

(14 Air H,O Air H,O Air H,O Air H,O
PDMS 5.31 7.26 2.80 2.40 2.30 2.10 1.90 1.75
PDA-PDMS 7.30 4.28 3.70 1.96 3.20 1.60 2.90 1.55
Glass 8.20 6.29 3.26 2.40 3.20 2.30 256  2.33
PDA-Glass 8.93 3.44 3.44 1.84 3.10 1.80 2.86 1.81
Epoxy 8.65 7.66 3.62 3.20 3.30 3.10 294 281

PDA-Epoxy 8.71 4.33 3.64 2.60 3.40 2.40 376 2.55

Table 3.4. The adhesion component (6,) and friction coefficient (ug) between a PDMS tip and three different substrates

(bare and PDA-coated) in air and in water.

a4 (In Air) o4 (In Water) s (In Air) s (In Water)
PDMS 0.6 0.55 1.62 1.48
PDA-PDMS 0.38 0.22 2.74 1.42
Glass 0.65 0.25 2.24 2.16
PDA-Glass 0.54 0.11 2.57 1.73
Epoxy 0.57 0.44 2.66 2.59
PDA-Epoxy 0.2 0.11 3.55 2.41

In the framework of Bowden & Tabor theory (Equation 3.9), a detailed examination of the
friction behaviours of PDA films was performed and the fiction coefficient (uz), adhesion
component (g,) listed in Table 3.4. For PDA-coated glass and epoxy substrates, water changed
both the fiction coefficient (uz) and the adhesion component (¢4); on uncoated surfaces, water
influenced o4 more significantly than up for all three substrates. Compared with dry conditions,
o4 was found to be smaller in water, which indicates that water may deteriorate the adhesion.
Moreover, the PDA coating increased up in air, but decreased them in water for both glass and
epoxy substrates. These trends are also consistent with the effect that PDA coating brought to z4

(friction coefficient from Amontons’ Law) at different indentation forces. It is also interesting to

60



note that although Equation 3.9 was not applicable to PDA-coated PDMS, the frictional data
plotted in Figure 3.8a fell into a similar trend as the other two substrates. Overall, the lower
friction forces and friction coefficients after coating PDA on all three substrates in water suggest
that the PDA thin films might function as lubricant in aqueous environment. It is interesting to
note that the self-polymerized dopamine is not a good adhesive in water although the dopamine is

a “sticky” biomolecule containing the typical functional groups of mussel adhesive proteins.

3.3.4 Hydration of Polydopamine Thin Films

The lubrication function of PDA coatings in water indicates that the PDA films might be
highly hydrated. A direct comparison of the behaviour of PDA films in a dry condition and in
water supports this indication. First, no crack is observed in PDA films in water while numerous
micro-sized cracks occur on the PDA-coated PDMS because of the residual stress due to
dehydration. Second, the work of adhesion measured by micro-indentation in the dry condition is
similar to the corresponding thermodynamic work of adhesion. In contrast, the measured work of
adhesion by indentation test in wet conditions is one order of magnitude lower than the calculated
thermodynamic work of adhesion (Table 3.2). A possible explanation for this is that the water
molecules may have penetrated or diffused into the PDA film so as to alter its surface chemistry
which was not taken into account in the thermodynamic calculation.

The recent water contact angle studies of PDA film coated on PDMS conducted by Yang et
al. revealed the possible formation of a hydration layer on the PDA film. Herein, we performed
water contact angle experiments on PDA-epoxy to further verify the hydration effect of PDA

films. Figures 3.9a and 3.9b present the typical optical water drop images of growing and
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receding processes during the measurement. The advancing contact angle is 46° and the receding
contact angle is about 5°. Thus, the contact angle hysteresis, §,—0, was determined to be about
40°. After the water drop was completely withdrawn, a thin water layer remained on the PDA
surface (Figure 3.9c and 3.9d). For comparison, it is noted that the contact angle hysteresis on a
PDA-coated PDMS substrate was found to be 60°. Both studies showed a large hysteresis, small
receding contact angle, significant pinning effect of the contact line; all of these phenomena are
consistent with hydration or other water-PDA interactions. However, it is likely that surface
roughness due to the PDA nanoparticles may contribute to the large contact angle hysteresis on
PDA-coated PDMS and epoxy substrates. To address this concern, we performed contact angle
measurement of diiodomethane on PDA-epoxy surface; diiodomethane is a non-polar organic
liquid and is not able to hydrate the PDA surface. The hysteresis of its contact angle on the PDA
surface is measured to be only 7° (Figure 3.9e and 3.9f); no diiodomethane trace was left on the
PDA-epoxy surface after withdrawing the liquid (Figure 3.9g and 3.9h). Thus, while the
roughness may affect the contact angle hysteresis, but in the light of the significantly higher
water contact angle hysteresis of 40°, we may conclude that the effect of roughness is minor and

the hydration of the PDA thin films is the dominant factor for water contact angle hysteresis.
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Figure 3.9. (a) Typical optical images of water contact angle at growing state; (b) typical optical images of water contact
angle at receding state; (c) typical optical images of diiodomethane contact angle at growing state; (d) typical optical
images of diiodomethane contact angle at receding state; (e) water drop on PDA coating; (f) water trace on PDA coating.

(g) diiodomethane drop on PDA coating; (h) no trace on PDA coating.

From this study and recent literature, it appears that three types of hydration effects occur, as
illustrated in Figure 3.10. First, at the surface, PDA contains many hydroxyl groups, which would
attract water molecules to the surface and form hydrogen bonds with water molecules. Second,
some water molecules may be trapped in the PDA film during the polymerization. Third, the
water molecules can penetrate or diffuse into the porous membrane-like structure of PDA films
and hydrate the free functional groups inside the films. All these actions may significantly reduce

the rigidity of the PDA films and make it more durable under a mechanical stress field.
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Figure 3.10. Illustrations of the hydration of polydopamine thin films: (a) surface hydration; (b) bulk hydration; (c)

diffusion of water into the nano-pores of polydopamine films.

It is noted that the second and third hydration mechanism occur inside the PDA film and
almost impossible to distinguish experimentally. Thus, to a first approximation, we may conclude
that two types of water associated with hydrated PDA exist: free water and trapped or bonded
water. It would be informative to determine the relative amount of these two types of water to
further elucidate the hydration effects. For this, we assumed the PDA film and nanoparticles have
the same hydration behavior since they formed simultaneously during the self-polymerization of
dopamine. Classical gravimetric measurements were performed with collected PDA
nanoparticles. The following three samples were prepared their weights measured: (1) hydrated,
(2) partially-hydrated and (3) dehydrated PDA nanoparticles. The mass difference between the
first and second sample was attributed to the “surface water”, which was determined to be 248%
+ 40% of the partially hydrated PDA nanoparticle weight. The mass difference between the

second and third sample was attributed to the “bonded or trapped water”, which was determined
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to be 86 + 5%. To fully elucidate the hydration effects and their technical implications, a high
precision microbalance may be required to perform the gravimetric measurement directly on the
PDA nanoscale films. We need also to know the chemical structure of PDA, which is still not
clear at the moment. However, we may get indirect information from its analogue eumelanin.
Eumelanin is a biological complex responsible for the pigmentation of skin, hair and eyes in
human, with mechanical, electrical and optical properties that are strongly dependent on its
hydration state. Based on the high similarities of these two compounds, it is reasonable to expect
that the hydration of PDA films will have significant effects on their mechanical and chemical

properties of the PDA thin films.

3.4 Conclusion

We investigated the surface and material properties of PDA films in terms of their
morphology and adhesion, friction, wear and cracking properties in both dry and wet conditions.
The surface properties were examined by optical, atomic force and scanning electron microscopy,
showing a porous membrane-like structure of the PDA films. Micron-sized cracks were found on
the PDA deposited on PDMS dry surface, which is imposed by the mismatch of elastic modulus
between the rigid film and its soft substrate. Micro-indentation techniques in combination with
thermodynamic calculations and JKR contact mechanics analyses were employed to study the
tribological behaviors — adhesion in normal direction and friction in lateral direction — PDA films
in both dry and aqueous conditions. The measured work of adhesion during loading in air
between the PDMS tip and PDA-coated substrates is close to that of the calculated

thermodynamic work of adhesion; work of adhesive measured on films immersed in water were
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much lower than that the calculated thermodynamic work of adhesion. The adhesive pull-off
force or the effective work of adhesion increased with the contact time, suggesting dynamic
interactions at the interface. Friction properties of the PDA coating were characterized by both
the friction forces and coefficients of friction. A significant decrease of friction forces in water
were observed on all three material surfaces coated with PDA, indicating the PDA might serve as
a water-based lubrication coating. These research findings revealed a strong hydration effect of
the PDA coating in wet conditions, which may be responsible for the observed different adhesion
and friction properties in air and in water.

Finally, it might be useful to summarize the technical implications of these research findings
on PDA films for their effective transfer into practical engineering application. First of all, the
hydrated PDA films are more durable than dry films. Dehydration should be avoided since it may
make the PDA film crack and then lose its integrity when coated on a soft substrate. If a
dehydrated film is to be used, it would be more appropriate to integrate the PDA coating with
rigid substrates such as epoxy or glass. Second, the effective work of adhesion between PDA
films and the contacting probe is lower in water than in air; both increase with time, indicating
dynamic interfacial interactions. These dynamic phenomena and the effect of medium should be
considered when using PDA films as an ad-layer to bond dissimilar materials. It is also
interesting to notice the PDA coating reduced the friction coefficient of all three materials under
water.

Combined with the hydrophilic and biocompatible nature of the PDA, the PDA coating may
potentially function as a water-based lubricant for tissue engineering, e.g., to reduce the contact

stresses and protect the biomaterials from wear and damage. We believe this approach may open
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new paths for designing electrical devices with particular shape and miniaturized size due to its

straightforward coating protocol, biocompatibility and controllable coating thickness.
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CHAPTER 4. DOPAMINE FUNCTIONALIZATION POLYPYRROLE
FOR IMPROVED ADHESION AND CONDUCTIVITY"

4.1 Introduction
With the rapidly growing demand for advanced electronic devices, interconnection

technologies have been extensively used to provide fine conductive pathways between circuit

140,141

elements in electronic manufacturing and packaging industries. In the past decades, tin/lead

solders have dominated the interconnect technologies.'* However, they also are a major

143,144
d™

environment and human health concern due to the high toxicity of lea Therefore, great

efforts have been made to develop novel interconnection materials that can potentially replace the

tin/lead solders.'*>!4®

More recently, electrically conductive adhesives (ECAs) have attracted
considerable attention as promising alternatives to provide robust and environmental-friendly
bonding solutions in interconnection technologies. Compared to traditional soldering technology,
ECAs offer many advantages such as lower processing temperature, simpler processing steps and
finer-pitch interconnection. The application of ECAs can also enable new technology
developments such as wearable electronics and biological sensor devices. '’

The conventional ECAs typically consist of a polymer matrix that provides mechanical

adhesion and good electrical conductivity.'*

The polymer resins are either thermosets or
thermoplastics, containing conductive fillers normally consisting of metals such as gold, silver,

copper and nickel in various shapes and sizes."”' Currently, commercial ECAs mainly consist of

“Parts of this chapter has been published in Macromolecular Rapid Communications 2014, 35,

350-354.
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epoxy resin and silver micro-flakes. However, due to the lack of connection among silver flakes
in the polymer network, their electrical conductivity is too low to completely replace the
traditional solders. Moreover, limited current-carrying capability, unstable contact resistance and
poor impact and mechanical strength are also major obstacles, which have hindered the wide
applications of ECAs as electronic interconnection materials."*>'>* Although the incorporation of
silver-based materials (nanoparticles, nanobelts and nanowires) has a synergetic effect on the
performance of ECAs, their high cost and complicated synthetic procedures are main drawbacks
for wide industrial usage. In this work, we consider the alternation of dopamine-functionalized
polypyrrole (DA-PPy) nanofibers their dispersion in solvents and application as a co-filler in
epoxy-silver micro flake systems as a hybrid nanocomposite adhesive.

Polypyrrole (PPy) is a unique conducting polymer, which has been extensively investigated

101,154

because of its relatively low cost, long-term stability and good biocompatibility. However,

PPy forms as a precipitate that is insoluble in water and in most organic solvents, making further

functionalization and processing difficult.'

Moreover, PPy has poor mechanical and adhesion
properties, which are major obstacles for industrial usage. For example, Pyo et al. reported the
self-delamination of PPy films deposited on actuators.'**Faverolleer al. found that the adhesion

between PPy coatings and bare glasses was practically non-existent.'>

Although researchers have
been modifying PPy to address this adhesion problem, most of the modifications so far involved
harsh post-treatment conditions (e.g. low pH, toxic additives and non-environmental friendly
solvents). These harsh treatments reduce the biocompatibility of PPy and limit its potential

applications. Thus, it is desired to develop a benign approach to modify PPy with good

dispersibility and additional chemical and physical properties wider applications."’
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More recently, inspired by marine mussel adhesive chemistry, researchers have investigated
the use of dopamine (DA), a small biomolecule with a structure similar to that of the essential
adhesive component of mussel protein, to self-polymerize to form nanoscale polydopamine (PDA)
films on almost all support surfaces under alkaline conditions."*’ Since then, PDA has been
intensively studied as a functional coating and adhesion improvement of numerous bio- and

nano-related materials, as recently reviewed by Lee et al. and Dreyer et al.*'**

In this regard,
herein we report the synergetic combination of DA with PPy, to produce additional functional
groups that improve the adhesion properties of PPy without limiting its biocompatibility. We
found that the combination makes PPy more hydrophilic, so that it can be dispersed in water
more uniformly, and unexpectedly, more electrically conductive by almost 2 orders of magnitude.
To the best knowledge of the authors, this is the first time DA has been used to functionalize PPy.
The new features of DA-PPy make the material stand out as a promising candidate for practical
applications in ECA composites. In this work, DA-PPy nanofibers were implemented as co-fillers
into the epoxy network; we found that the introduction of a small amount of DA-PPy nanofibers
(1 wt%) resulted in a large improvement in conductivity of about 10 times relative to that
achieved using conventional ECAs with the same silver flake weight fraction (56 wt%).

Furthermore, such a conductivity enhancement can be achieved at a relatively low curing

temperature of 150 °C without sintering.

4.2 Experimental
4.2.1 Materials

Pyrrol, ammonium persulfate (APS) and dopamine hydrochloride were purchased from
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Sigma-Aldrich and used without further purification. DA-PPy powder was prepared by the
following procedure (Figure 4.1). In a typical experiment, 0.05 g pyrrole monomer and 0.05 g
dopamine hydrochloride were dissolved in 25 ml tris solution (pH = 8.5, 10 mM) and cooled
down to 8 °C on a cooling plate. APS/Tris solution (0.5 g, 5 ml) was added to the DA/Py solution
dropwise under vigorous stirring for 18 hrs at a reaction temperature maintained at 8 °C. Finally,
the filtered precipitates were collected by centrifuging the resulting solution and sequentially
washing with deionized water for 5 times. The washed precipitates were then freeze-dried for 24

hrs to produce powder.

Pyrrole  Dopamine  Polypyrrole
\ >

12 hours reaction time

Stir and cooling
plate

- - o
« _-+~ nanofibers s,
.

Figure 4.1. In situ polymerization setup for the synthesis of DA-PPy nanofibers (the pyrrole solution was in the flask; the

oxidant solution was in the dripping funnel).

For the nanocomposite preparation, silver micro-flakes (10 um, resistivity 1.59 pQ/cm,
density 10.49 g/cm’) were purchased from Sigma-Aldrich as the main conductive filler in epoxy

resin (DER 322; Dow Chemical). Triethylenetetramine (TETA) containing crosslinking agent
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(DEH 24; Dow Chemical) was used to cure the epoxy. In a typical experiment, a small amount of
acetone (6 wt% of the epoxy) was added to dilute the epoxy and then 5 mg of synthesized
DA-PPy nanofibers along with 200 mg of silver flakes were added directly into the epoxy. The
composite was agitated for 45 min using a vortex mixer followed by 45 min of sonication. After
mixing, the curing agent TETA was added to the composite and the final mixture was poured into
amoldof7x7x0.5mm’ (LxWxD) made by adhesive tape on a pre-cleaned microscope glass slide.
To make a smooth surface with controlled thickness, a clean copper plate was placed on top of
the mold to squeeze out extra material. The sample was pre-cured for 30 min at 60 °C and then
cured at 150 °C for 2 hrs. After curing, the copper plate and adhesive tape were peeled off. The

above procedures were also applied to prepare other pastes at different DA-PPy weight ratios.

4.2.2 Methods

The electrical resistivity of the DA-PPy composite and film were measured by a four-point
probe setup consisting of a fixture (Cascade Microtech Inc.) and a source meter (Keithley 2440
5A Source Meter, Keithley Instruments Inc.), as illustrated in Figure 4.2. The resistivity can be

calculated by the following equation

it

= mR (2 - em) (Equation 4.1)

p

Where ¢ represents the pellet thickness and R is the measured resistance.
Washed and dried DA-PPy powder was examined using high resolution transmission
electron microscopy (HRTEM, JEOL 2010F FEG) and scanning electron microscopy (SEM,

Zeiss LEO 1550) experiments. For the dynamic light scattering (DLS, Malvern Zetasize

nano-series Nano ZS90) and Zeta potential tests, freeze-dried powder was re-dispersed in water
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before measuring. Fourier Transform Infrared Spectroscopy (FT-IR) measurements were
performed on the compressed DA-PPy pellets using a NICOLET AVATAR 360 unit in

absorption mode.

Voltage
Probes

Conductive Nanocomposite

Figure 4.2. (a) Electrical conductivity measurement setup consisting of a four-point probe and source meter; (b) schematic

—_— Current
Probes

illustration showing the circuit to measure the bulk resistivity of nanocomposites.

For the peel test, 1 ml of DA-PPy solution was directly cast into film on a 2 cm x 4 cm glass
slide and dried at 80 °C for 5 hrs The samples were tested within 30 min after taking out from the
oven to avoid moisture accumulation on the film. 180° peeling tests were performed using an
Instron-like material tester (Texture Technologies Corp.). In a typical experiment, the glass
substrate was fixed to a stainless steel panel with double-sided tape. The backing of the tape was
attached to the DA-PPy film with about 200 N force to remove any trapped air bubbles. The top
of the tape was gently folded back by 180°, and the tape was peeled from the bottom toward top
of the film at a speed of 5 or 15 mm/s. The displacement, peeling force and time were recorded

by a commercial UMT program for further analyses.
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4.3 Results and Discussion
4.3.1 Morphological Characteristics of DA-PPy

The DA-PPy powder structures were characterized by scanning electron microscopy (SEM)
(Figure 4.3). Figure 4.3a shows that pure PPy microstructure is globular shape with a diameter of
about 300 nm. It is interesting to note that the DA-modified PPy has a fibrous morphology
(Figure 4.3b). Although the mechanism of polymerization of DA and the structures of the
resulting PDA are still under debate at present, it is clear that the polymerization of DA plays a
vital role in the formation of the DA-PPy nanostructure. As the DA/Py mole ratio increases, the
fibers become more twisted and tangled and their aggregations become more compact (Figure
4.3c). It is likely that the fibers are coated with PDA though strong hydrogen bonding and n-n
interactions between the catechol functional groups of dopamine that are responsible for the
better packing. The TEM image (Figure 4.3d) shows the morphology of a single core/shell
DA-PPy fiber at 0.64 DA/Py mole ratio. The diameter and length of this nano-fiber are about 50

nm and 1 pm, in agreement with the dimensions estimated from SEM.
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Figure 4.3. SEM images of (a) PPy with globular shape; (b) fibrous DA-PPy morphology obtained at 0.16 DA/Py mole
ratio; (c) more compact fibrous DA-PPy morphology obtained at 0.64 DA/Py mole ratio and (d) TEM topography image of

a single DA-PPy fiber obtained at 0.64 DA/Py mole ratio.
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Figure 4.4. FT-IR spectra of: (a) pure PPy, (b) 0.64 DA/Py mole ratio DA-PPy and (c) pure PDA with their characteristic

peak assignments.
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The FT-IR spectra of pure PPy, DA-PPy obtained at 0.64 DA/Py mole ratio and pure PDA
are presented in Figure 4.4. In the pure PPy spectrum (Figure 4.4a), the typical absorbance
associated with asymmetric and symmetric ring stretching and C—N stretching are found at 1550
cm ' and 1428 cm™'. The peaks at 987 cm ™' and 1023 cm ' region correspond to the C—H

159

in-plane bending vibration.”” The band of N—H stretching in the Py ring is located close to 1670

cm "% The characteristic signal of pure PDA (Figure 4.4c) appears at 1495 cm™' and 2946 cm ',
which are due to the C=C stretching in the aromatic ring and C—H stretching of the aromatic side
chain, respectively.*” The broad band in the range of 3040 — 3400 cm ' can be assigned to the
peak of hydroxyl functional group.'®’ By comparing the three spectra, it can be concluded that
DA-PPy (Figure 4.4b) exhibits the characteristics of both pure PPy and PDA, supporting the
observation that PDA has been successfully incorporated into the PPy network.

To check the dispersion of DA-PPy particles, 0.005 g washed powder was added into 3 ml of
deionized water and mixed in an ultrasonic bath for 5 min. It was found that pure PPy is
de-stabilized and precipitates immediately after mixing, while DA-modified PPy tends to remain
dispersed uniformly. Figure 4.5a shows a digital image of the dispersion of the DA-PPy powders
in deionized water after 6 hrs. It can be seen that a higher DA/Py mole ratio leads to better
dispersion, while phase separation occurs at lower DA/Py mole ratio. Dynamic light scattering
(DLS) experiments were performed to examine the change of particle size with respect to the
DA/Py mole ratio. Note that DA-PPy dispersions at low mole ratio of 0 to 0.064 cannot be
measured by DLS due to the aggregation of particles. Figure 4.5b showed that the particle size of

DA-PPy decreased from 430 nm to 110 nm as the DA/Py mole ratio increased from 0.16 to 0.64.

The result suggests that PPy becomes more hydrophilic with DA modification.
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Figure 4.5. (a) Typical plot of practical size verses DA/Py mole ratio of DLS experiment; and (b) digital photo of vials with
3 ml water-dispersed DA-PPy solution after 6 hrs.

4.3.2 Adhesion Properties of DA-Modified PPy

A lack of good adhesion is one of the main problems of PPy films, which significantly limits
their applications. To overcome this problem, we combined mussel-adhesive inspired DA with
Py. The adhesion of PDA-modified PPy to a glass substrate was characterized by 180° peeling
tests with the tape/PPy/glass system. In a typical experiment, 1 ml of a PDA-PPy reacted solution
was directly cast into a film by drying the solution on a 2 cm x 4 cm glass slide at 80 °C for 5 hrs.
The samples were tested within 30 min after drying to avoid moisture accumulating in the film.
To test the bonding strength of the film on the glass, the DA-PPy film was taped by pressing a
piece of Scotch tape with a pressure of 20 KPa. The pressure helps remove air bubbles trapped
and establish good contact between the tape and the film. The bottom of the tape was gently

folded back at 180°and the tape was peeled from the bottom upwards at a speed of 15 mm/s. The
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delamination occurred either at the tape/PPy interface or PPy/glass interface. In our system, the
peak force, which is defined as the force required to initiate peeling, is utilized to compare the
adhesion between glasses and DA-PPy films.

Figure 4.6 presents a plot of the peak force versus DA/Py mole ratio at a constant peeling
rate of 15 mm/s. The figure also shows the corresponding tape surfaces after peeling. We
observed a clear trend whereby F), increases with the DA percentage. At 0 and 0.032 mole ratios,
interfacial failure mostly occurred at the film/glass interface where most of the film stuck to the
tape after peeling. At 0.064 to 0.16 mole ratios, the failure occurred at both tape/film and
film/glass interfaces. At 0.32 and 0.64 mole ratios, the failure occurred only at the tape/film
interface since the tape after peeling appeared to be clean. It is important to note that pure PPy
film can easily delimitate from glass, while the bond between PDA-PPy film formed at 0.64
DA/Py mole ratio and glass becomes so strong that the bond remained intact even at a peeling
force of 350 N/m; this significant adhesion improvement can be attributed to the di-catechol
functional groups in PDA, which are known for adhesion. Enhanced adhesion and particle
dispersion of DA-PPy would make the material more useful for a number of engineering

applications.
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Figure 4.6. Typical plots of peak force verses DA/Py mole ratio at a constant peeling speed rate 15 mm/s, and the digital

photo of corresponding tape surfaces after peeling were shown.

4.3.3 Electrical Properties of DA-Modified PPy

The electrical conductivities of PDA-PPy powder in the form of a compressed pellet and
solution-casted films at various DA/Py mole ratios were characterized using a standard four-point
probe setup to give the results shown in Figure 4.7. It was found that the mole ratio of DA/Py
affected conductivity. A maximum conductivity of 3.8 S/cm for the compressed pellets and 0.2
S/cm for the film were measured at a 0.032 mole ratio, which are about two orders of magnitude
higher than that of the pure PPy. We attribute the improvement in the PPy conductivity to the fact
that PDA is negatively charged with a Zeta potential of —34.7 mV in water, and therefore may
counterbalance the positive charge of PPy and act as a “dopant” to further improve the
conductivity. The conductivities of PPy drop to 1.5 x 10~ S/cm for the compressed pellets and

1.1 x 10~ S/cm for the film at 0.32 DA/Py mole ratio, and reach almost non-conductive levels at
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a ratio of 0.64. It is important to note that PDA by itself has been shown by to be non-conductive
by four-point probe measurements of its compressed pellet and therefore, the phenomenon might
be explained by the fact that there are more DA at higher DA/Py mole ratio, leading to thicker
depositions of PDA on PPy and insulation. The conductivity of PPy compressed pellets has been
found to be slightly higher than that of the films. This can be explained that by the fact that the
film was directly casted from the product solution without purification to remove unreacted Py,

PPy with short chains, and salt, all of which are detrimental to conductivity.
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Figure 4.7. Electrical conductivity of the DA-PPy compressed pellets and film at various DA/Py mole ratio.

It is also worthwhile to mention that DA-PPy with higher conductivity can be obtained by

combining PPy with other highly conductive materials, such as silver nanoparticles, graphene,
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and iron oxides; the applications of these materials in biotechnology are limited due to poor
processability, high cost and harsh reaction conditions. To achieve better biocompatibility,
conductive PPy/cellulose-derivatives composites with a conductivity ranging from 107 to 100
S/cm have been prepared and investigated intensively by others. In comparison to the
PPy/cellulose composition, our DA-modified PPy materials have similar conductivities but are

much easier to prepare and process.

4.3.4 Electrical Properties of the Hybrid Electrically Conductive Adhesives

The improved dispersibility and electrical conductivity of DA-PPy nanofibers make them
ideal as a co-filler inside the conventional formulation of ECAs. In order to investigate how
DA-PPy nanofibers influence the overall electrical conductivity of the polymer composites, we
used conventional ECAs containing only silver flakes at various weight fractions as a control.
Figure 4.8 presents the electrical conductivity of conventional ECA versus the silver weight
fraction. When the silver flake filler loading level exceeds the percolation threshold (40 wt%), the
composites become conductive. the addition of any more silver flakes into epoxy does not
significantly improve the electrical conductivity. For all hybrid ECA samples with DA-PPy
nanofiber co-fillers, the absolute amount of silver flakes was kept constant, whereas the amount

of DA-PPy was increased.

Table 4.1. Electrically conductive adhesive samples and the weight fraction of the silver flakes and DA-PPy cofillers.

Samples Composition Silver flakes wt% DA-PPy wt%
Sample-1  Epoxy + 200 mg silver flakes + 5 mg DA-PPy 58.8 1.5
Sample-2  Epoxy + 200 mg silver flakes + 10 mg DA-PPy 57.9 3
Sample-3  Epoxy + 200 mg silver flakes + 15 mg DA-PPy 57.1 4.3
Sample-4  Epoxy + 200 mg silver flakes + 20 mg DA-PPy 56.3 5.6
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Table 4.1 presents the quantities of silver flakes and DA-PPy nanofibers in the composite
samples. The addition of DA-PPy nanofibers decreased the silver flake weight fraction from 58.2%
to 56.4%, which is small enough not to affect the overall conductivity of the composites. The
electrical conductivities of the hybrid ECAs with a fixed mass of silver flakes at various DA-PPy
weight concentrations are plotted in Figure 4.8. It can be found that adding a small amount of
DA-PPy nanofibers (1.5 wt%) remarkably improved the electrical conductivity to 1077 S/cm,
which is 10 times higher than that of the conventional ECA containing 60 wt% silver flakes. The
maximum conductivity of 2400 S/cm was achieved at 3 wt% DA-PPy nanofiber concentration.
When more DA-PPy was added into the system, the electrical conductivity began to decrease, but
still remained one order of magnitude higher than that of the conventional ECA with the same
amount of silver. The electrical conductivity decrease at higher DA-PPy concentration can be
attributed to the increase in number of contact points (contact resistance) resulting from the
presence of more nanofibers, which may counter-balance the electrical conductive pathways that

DA-PPy nanofibers added to the ECA.

1.0E+04 1.0E+04

1.0E+02 ¥ // /-
1.0E+03 § \
1.0E+00 ¥

1.0E-02 9
1.0E+02 ¢
1.0E-04 o

1.0E-06 +
1.0E+01 A

—o—d [*]

T r T T 1.0E+00 T T T T T
0% 20% 40% 60% 80% 100% 0% 1% 2% 3% 4% 5% 6%

Electrical Conductivity (S/cm)
Electrical Conductivity (S/cm)

1.0E-08 1

1.0E-10

Silver Flake wt% in Conventional ECA DA-PPy nanofibers wt% in Conventional ECA

Figure 4.8. Electrical conductivity as a function of filler fraction for both the conventional adhesives filled only with

micron silver flakes and the hybrid composites.
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Implementation of hybrid filler systems composed of two or more components is one of the
most commonly used strategies to develop novel ECAs with desired properties. For example,
Jiang et al. incorporated surface functionalized silver nanoparticles into the silver flakes/epoxy
ECA and low-temperature sintering of silver nanoparticles to decrease the number of contact
points in the polymer matrix in order to improve the electrical conductivity of the ECA. Amoli et
al. prepared a hybrid ECA that consisted of high aspect-ratio silver nanobelts and silver flakes.
This hybrid system displayed a superior electrical conductivity comparable to that of a eutectic
solder but with only a small amount of silver fillers. Zhang ef al. combined silver nanowires with
silver flakes in the epoxy blend and reported a significant improvement in electrical conductivity
of the fabricated ECA. Compared to these studies, we used a conducting polymer instead of
silver-based materials as a co-filler to reduce the total amount of silver as well as the final cost.
Moreover, the nanocomposite conductivity at 3 wt% DA- PPy nanofiber and 57.9 wt% silver
flakes was measured to be 2400 S/cm, which is comparable to that of conventional ECA with 80
wt% silver flake fillers. To obtain insights into the interaction DA-PPy nanofibers of with other
conductive fillers within the conductive composite, SEM images of a conventional ECA and a
hybrid ECA containing 3% DA-PPy nanofibers were examined. Figure 4.9a shows that silver
flakes in the conventional ECA are separated by epoxy, indicating a non-continuous electrical
network. In contrast, in the hybrid ECA, DA-PPy nanofibers were distributed evenly throughout
the epoxy network without noticeable aggregation as illustrated in Figure 4.9b, ¢ and d. Due to
the homogenous dispersion of the nanofibers in the nanocomposite, the separated silver flakes

were effectively connected, which led to the overall electrical conductivity improvement.
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200 nm

Figure 4.9. SEM images of (a) conventional ECA with only silver flake filler and (b, ¢ and d) hybrid ECA containing 3%
DA-PPy nanofibers.

4.4 Conclusion

PPy was functionalized with a “sticky” biomolecule DA. We found that the incorporation of
PDA can: (1) change morphology of PPy structure from globular to fibrous; (2) increase adhesion
of PPy proportionally to the DA/Py mole ratio; (3) alter electrical properties by raising the
conductivity of PPy to a maximum value before decreasing with increasing PDA concentration
and (4) decreasing particle size. All of these new features, combined with the biocompatible
nature of these two molecules, significantly improved the processability of PPy and broadened

their potential applications. Moreover, the modified DA-PPy nanofibers were successfully
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incorporated into the system of conventional ECAs consisting of silver flakes and epoxy to make
hybrid ECAs. Due to the bridging effect of DA-PPy nanofibers among the silver flakes in the
epoxy network, hybrid ECAs displayed much higher electrical conductivity compared to the
conventional ECAs. In particular, the introduction of 3 wt% nanofibers into a conventional ECA
with 57.9 wt% silver flakes resulted in an electrical conductivity enhancement to 2400 S/cm,
comparable to the electrical conductivity of an ECA filled with 80 wt% silver flakes. This
functional inorganic/organic hybrid ECA significantly reduced the usage of silver-based
nanofillers and may open the possibility of developing the next generation of innovative bio-

nano electronic devices.
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CHAPTER 5. MECHNISAM STUDY: HOW DOPAMINE AFFECTS
POLYPYRROLE ADHESION AND CONDUCTIVITY"

5.1 Introduction

The catechol derivatives, which contain a distinct structure of a benzene ring with two
neighboring hydroxyl groups, are found ubiquitously in nature. They exist in a variety of living
systems and participate in a broad range of biochemical processes.’”® For example,
catecholamines including epinephrine, noradrenaline and dopamine (DA) are biologically
significant hormones and neurotransmitters that are responsible for conveying nerve impulses,

162 .
Marine

regulating the heart rate and controlling the brain oxygen supply in the human body.
mussels secrete L-3,4-dihydroxyphenylalanine (DOPA) containing adhesive proteins to adhere on
different surfaces under wet conditions.® Catechol-based materials are commonly prepared by
self-assembly of catechol functional groups induced by alkaline pH, enzymatic oxidation or
electropolymerization. More recently, Ruiz-Molina developed a novel strategy that
catechol-based materials can be obtained by the polymerization of functionalized catechols with
ammonia, significantly broadening the potential applications of such materials.'® Catechol
moieties are remarkably reactive and can undergo many types of chemical reactions including
those summarized in Figure 5.1.>* The presence of the hydroxyl groups at the ortho-position

makes this moiety ideal for chelating many di- or tri- valent metal ions to form stable

complexes.”' Also, they can strongly interact with various organic materials through covalent

* This chapter has been published in Advanced Functional Materials 2015, 25, 1588-1597.
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bonding, n-n stacking and hydrogen bonding.”® Moreover, upon oxidation, catechols can be
oxidized into semiquinone radicals and o-benzoquinones, which are sensitive to both thiols and
nitrogen derivatives such as proteins and amino acid, to form thiol adduct, amine adduct or
o-quinonimine via Schiff base formation and Michael type addition under basic conditions.’* Due
to such versatility, catechol-based materials have been subjected to intense investigations, leading
to the design and development of a large number of applications in biomedical engineering,

nanotechnology and material science.

o--M OH o N
O Metal OH oxidation o ™M NH; o
- Y -
reduction Schiff base
formation

TN

OH Michael type N OH
addition W

Figure 5.1. Possible chemical reactive pathways of catechol functional group.

Excellent adhesion is one of the most astonishing properties offered by catechol
compounds.'® Great efforts have been devoted to exploiting catechol to enhance interfacial
adhesion of synthetic materials.'® The general strategy of formulating adherent materials is that
catechol moieties can either be directly incorporated into the polymer backbone or grafted onto
macromolecules as side and end-chain groups. Lee ef al. prepared a series of linear and branched
poly(ethylene glycol) hydrogels modified with one to four catechol end groups, which exhibited

enhanced mucoadhesivity that can be used for medical applications.”* Westwood et al. distributed
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catechol groups into polystyrene backbone to form a class of block co-polymers with improved
adhesive strength.’' On the other hand, catechols can act as cross-linkers in the framework of 2D
or 3D architectures either by self-polymerization or coordination to metal irons. In particular,
catechol-functionalized cellulose nanofibers displayed much stronger adhesive forces to
inorganic surfaces in the presence of Fe’" ions, which can be attributed to the bridging force
provided by the formation of a Fe(catechol); complex.'®

In addition to being used as a universal platform for developing adherent complexes,
catechol moieties have also emerged as multifunctional coating materials for the surface
modification of various substrates.” DA can be oxidized and self-polymerize to form a nanoscale
polydopamine (PDA) film on virtually all surfaces at basic conditions.' Notwithstanding that the
DA polymerization mechanism is still not clear, PDA has arisen as a promising research subject
in various fields ranging from the fabrication of energetic coatings to the preparation of

'8 We have applied PDA to the syntheses of functional

functional composite materials.
nanocomposites. We reported some preliminary results of using dopamine to modify electrically
conductive polypyrrole (PPy), which resulted in the improved dispersion in water and film
adhesion.

PPy displays many striking properties, such as facile synthesis, long-term stability, high

167-169 - - -
However, this unique conducting polymer has

conductivity, and good biocompatiablity.
major downsides: PPy forms large particles that precipitate in water and in most organic solvents,
and has poor mechanical and adhesion properties, making it difficult to process and functionalize

155,156

for practical engineering. In the previous studies, we employed in-situ polymerization of

pyrrole (Py) with DA, and discovered that the morphology of PPy changed from globular to
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fibrous after being functionalized by DA; the adhesion between PPy film and glass substrates was
enhanced. In this work, we report a detailed and systematic investigation using three types of
bio-inspired catechol derivatives (simple catechol (CA) and DOPA in addition to the dopamine)
and 2-phenylethylamine (PA) in the synthesis of polypyrrole (PPy). These studies have provided
strong evidence that catechol modification can be applied as a general protocol to functionalize
conducting polymers to overcome the problem of poor water dispersibility and low interfacial
adhesion. As a result of improved adhesion and dispersion, we demonstrated that modified PPy
can be uniformly dispersed into polyvinyl alcohol (PVA) polymer matrix and casted into thin
films, that can maintain mechanical integrity at much higher load and stress levels compared with
DA-PPy films cast in water. With the capability of resisting mechanical strains and stresses,
combined with high conductivity, as-fabricated DA-PPy/PAV coating could find broad

applications in electronic device manufacturing.

5.2 Experimental
5.2.1 Materials

Pyrrole (Py, 98%), ammonium persulfate (APS), dopamine hydrochloride (DA),
1,2-dihydroxybenzene (CA), L-3,4-dihydroxyphenylalanine (DOPA), 2-phenylethylamine
hydrochloride (PA) and polyvinyl alcohol (PVA) were purchased from Sigma-Aldrich and used
as received. Modified DA-PPy was prepared by the following procedure. In a typical experiment,
0.12 ml or 0.116 gram pyrrole monomer and certain amount of dopamine hydrochloride (0.01 g,
0.02 g, 0.05 g, 0.1 g and 0.2 g) were dissolved in 25 ml Tris solution (pH = 8.5, 10 mM) and

cooled down to 8 °C on a cooling plate. APS/Tris solution (0.5 g/5 ml) was added to the DA/Py
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solution dropwise while stirring vigorously for 18 hrs at a reaction temperature maintained at
8 °C. The precipitates were filtered and collected by centrifuging the resulting solution and
sequentially washing with deionized water for 5 times. The washed precipitates were then
freeze-dried for 24 hrs to produce powder materials. The above procedure was also applied to

prepare CA-PPy, DOPA-PPy and PA-PPy nanofibers at different mole ratios.

5.2.2 Film Fabrication

Modified PPy films were prepared by solution casting. In a typical experiment, 1 ml of
DA-PPy solution was directly cast into film on a 2 cm x 4 cm glass slide and dried at 80 °C for 5
hrs. The samples were tested within 30 min after taking out from the oven to avoid moisture
accumulation on the film. For fabricating DA-PPy/PVA films, 20 wt% DA-PPy dry powders
were dispersed in 1 wt% PVA and 2 wt% PVA aqueous solutions, respectively; then 1 ml
as-prepared solution was directly cast into film on a 2 cm x 4 cm glass slide and dried at 80 °C
for 5 hrs. The film thicknesses of DA-PPy, DA-PPy prepared with 1% PVA and DA-PPy with 2%
PVA solutions were measured to be 30 + 2 um by an optical profiler (MFP-D WLI 3D surface

profilometer, Rtec Instruments Inc, USA).

5.2.3 Methods

After drying, the DA-PPy powders were examined using for high-resolution transmission
electron microscopy (HRTEM, JEOL 2010F FEG) and scanning electron microscopy (SEM,
Zeiss LEO 1550). In the dynamic light scattering (DLS, Malvern Zetasize nano series Nano ZS90)

and UV-Vis spectroscopy (Agilent 8453A) experiments, freeze-dried powder was re-dispersed in
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water and measured as quickly as possible to avoid particle aggregation. On average, each
spectrum was completely recorded within three minutes. X-ray photoelectron spectroscopy (XPS,
monochromatic Al Ka X-ray source, Thermo Scientific Alpha) was used to analyze the surface
atomic composition of the modified PPy samples. The electrical resistivity of PPy composites
and films was measured by a four-point probe setup consisting of a probe fixture (Cascade
microtech Inc.) and a source meter (Keithley 2440 5A Source Meter, Keithley Instruments Inc.).
The resistivity was calculated by using a standard method in literature:'”°
nt V
p= Fﬁ X T(Q -cm) (Equation 5.1)

where ¢, I, V and F represent the pellet/film thickness, applied current, read-out voltage and
dimensionless correction factor, respectively. The value of F' depends on the ratio of #s, where s
is the probe spacing (s = 0.1 mm). From the four-point probe theory, F equals 1 as #/s approaches
0. In our system, since #/s = 0.1 for pellet and #/s = 0.015 for film, we approximate F'= 1.

Peeling tests were performed on the Universal Materials Tester (UMR-1, CERT) shown in
Figure 5.2a. A schematic illustration of the 180° peeling is presented in Figure 5.2b. In a typical
experiment, a glass substrate was fixed to a stainless steel panel with double-sided tape. The
backing of Scotch tape was placed onto the PPy film with about 200 g pressing force to remove
the air bubbles between the tap and the film. The top of the tape was gently folded back at 180°;
the tapes were then peeled from the bottom toward the top of the film at a speed of 5 or 15 mm/s.
The displacement, peeling forces and time were recorded by a commercial UMT program for
further analyses.

Scratch tests were performed on the same Universal Materials Tester (UMR-1, CERT)

shown in Figure 5.2c. A schematic illustration of the scratch tests is presented in Figure 5.2d. The
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scratch indenter was an ASTM standard 1 mm diameter stainless steel ball, which was mounted
to a 10kg load cell. In a typical experiment, the indenter was brought into contact with a substrate
at a speed rate of 5 um/s until a normal force of 1g was reached. Then, the indenter was moved
20 mm horizontally along the film surface at a sliding speed of 0.1 mm/s while increasing the
normal force linearly at a rate of 25 g/s to a maximum of 5 kg. The scratch track was then
examined under a digital microscope (AD4113ZT, Dino-Lite) and analyzed by ASTM standard

methods (D7027-test mode A).

Motorized
Stage

<«— Scotch Tape

——— Glass Slide
PPy Film
d
«— Stainless Steel Sliding ASTM Standard
Panel <> <€—  Indenter

H Manual

Stage

W b (1333333333313 331331 32

Figure 5.2. (a) Digital photo of a typical peeling test set-up; (b) A schematic illustration of the 180° peeling test; (c¢) digital

photo of a typical scratch test set up; and (d) a schematic illustration of the scratch test.

5.3 Results and Discussion
5.3.1 Morphological and Structural Characteristics of Functionalized PPy

To investigate the effect of different functional groups (di-catechol and amine) on the
morphologies of the resulting PPy nanostructures, pyrrole was polymerized in the presence of

each of the following species: DA, CA, DOPA and PA. All the experiments were carried out

92



under the same reaction conditions so as to compare the modified PPy powder structures. SEM
images of these structures are shown in Figure 5.3. As evident in Figures 5.3a, 5.3b and 5.3c, PPy
modified by DA, CA and DOPA exhibits fibrous morphology, while the nanostructures of
PA-modified PPy is globular with features having a diameter of about 250 nm (Figure 5.3d) and
is almost identical to that of pure PPy. The PPy fibers obtained by reacting with catechol
derivatives are twisted, tangled into compact aggregates due to the strong hydrogen bonding and
n—7 interactions. Further analysis of individual fibers by TEM as (Figure 5.3e, f, g), it shows that
they have a diameter ranging from 40 nm to 70 nm and a length up to 1 um. The TEM image in
Figure 5.4a shows a single DA-PPy fiber morphology obtained at a 0.64 DA/Py mole ratio.
Higher resolution images reveal a core/shell structure of the fiber (Figure 5.4b) and the coating
shell (Figure 5.4c). These images suggest possible phase segregation between PPy and catechol.
The fabrication of fibrillar PPy has already been demonstrated in previous studies since
controlling the morphology and shape is a key criterion when integrating PPy into
microelectronic devices. For example, Martin et al. prepared PPy tubes using an anodic

171

aluminum oxide (AAO) template; " Manoharet al. reported the syntheses of PPy nanotubes with

104

narrow pore size (10 nm) using a V,0s nanofiber template;  Wu et al. employed MnO,

172
However, these approaches are

nanowires as a reactive template to yield PPy fiber.
allsomewhat complicated since they require removal of sacrificial templates. Our approach is

rapid, one-step, in-situ and template-free; it provides an alternative strategy for the facile

production of PPy nanofibers.
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Figure 5.3. SEM images of (a) fibrous DA-PPy morphology; (b) fibrous CA-PPy morphology; (c¢) fibrous DOPA-PPy
morphology and (d) PA-PPy with globular shape. TEM topography images of a single fiber resulted from (e) 0.16 DA/Py

reacting mole ratio; (f) 0.16 CA/Py reacting mole ratio; and (g) 0.16 DOPA/Py reacting mole ratio.

Since no template guides the Py growth, we attributed the formation of catechol-PPy fibrous

structures to the following phenomena and facts as observed in our experiments and reported in

the literature. First, as revealed in Figure 5.3, the fibrillar morphology of catechol-PPy can only

be obtained by in situ polymerization of Py in the presence of catechol derivatives. Thus, those

catechol-PPy fibers likely contain catechol derivatives. Second, during the polymerization

process, di-catechol functional groups can be oxidized to o-quinonimine, which can chemically

react with the Py ring to minimize the formation of interchain links and side chains in the PPy

network.



Figure 5.4. (a) TEM topography image of a single DA-PPy fiber resulted from 0.64 DA/Py reacting mole ratio; (b) the
core/shell structure of the DA-PPy fiber; (c) a detailed image of the PDA coating.

Figure 5.5a illustrates the chemical structures of possible interchain links (connecting the nearest
PPy backbones) and side chains (connecting to one PPy backbone) through 2,3/3,3 coupling of
the Py.'”> Although most of the PPy chains are straight and Py rings are linked at the 2,5
positions, Pfluger and co-workers found that 33% the Py rings were structurally disordered
(cross-linked or chain-terminating) based on X-ray photoelectron spectroscopy (XPS)
studies.** Thus, by reacting with o-quinonimine functional group, S-sites of the Py can be blocked
to ensure a complete a-a linear chain, leading to an ordered fibrous structure. Due to the
universal driving force by surface energy minimization, the long hydrophobic polymer chains
tend to entangle and twist in water. In the case of pristine PPy, this phenomenon may be more
pronounced because of the strong hydrogen bonding and n-m interactions between each Py unit
(Figure 5.5b). Therefore, pristine PPy exhibits granular morphology. However, after

incorporating catechol derivatives, PPy polymer chains became shorter, more hydrophilic and
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more sterically hindered. All of these changes may effectively prevent the agglomeration and

entanglement of PPy chains and lead to the fibrous morphology of catechol-PPy.
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Figure 5.5. (a) Chemical structures of interchain links and side chains, and their formation mechanism, (b) a schematic

illustration PPy globular and fibrous morphology formation.

DLS analyses were performed to investigate the effect of the catechol/Py mole ratio on the
hydrodynamic diameter of the corresponding dispersion. Note that catechol-PPy synthesized with
low catechol/Py mole ratios from 0 to 0.064, PA-PPy and pristine PPy could not be measured by
the DLS due to the rapid aggregation of the particles. Figure 5.6a shows that the hydrodynamic
diameter of DA-PPy, CA-PPy and DOPA-PPy decreases from 430 to 110 nm, 420 to 220 nm and
380 to 250 nm, respectively, when the catechol/Py reaction mole ratio increases from 0.16 to 0.64.
The smaller hydrodynamic diameter at higher catechol/Py mole ratio may contribute to the better
dispersion of functionalized PPy. To examine the dispersion of modified PPy, the pristine PPy,

DA-PPy, CA-PPy, DOPA-PPy and PA-PPy composites were separately mixed in water. After
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ultrasonication for 5 min, the samples were allowed to rest at room temperature. Figure 5.6b
presents digital photos of each dispersion in deionized water after 5 h. Both the pure PPy and
PA-PPy mixtures became unstable and precipitated immediately. By contrast, the catechol
derivative-modified PPy formed excellent water dispersions due to the presence of the
hydrophilic catechol groups. Moreover, for these composites, a higher catechol/Py mole ratio
also led to better dispersions. The improved water dispersibility of the catechol-modified PPy

composite is beneficial for its applications in practical engineering.
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Figure 5.6. (a) Effect of catechol/Py mole ratio on hydrodynamic radius determined by DLS and (b) digital photo of vials

with 3 mL water-dispersed pure and modified PPy suspension after 5 h.

To further analyze the PPy system, we performed X-ray photoelectron spectroscopy
measurements on pure PPy and (DA, CA, DOPA and PA)-PPy composites at different
compositions to obtain their surface compositions. The oxygen content of DA-PPy increased

from 22.3% to 28.4%, CA-PPy increased from 19.9% to 23.6% and DOPA-PPy increased from
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19.1% to 21.9% when the catechol/Py reaction mole ratio increased from 0.032 to 0.64. Due to
the fact that no oxygen species is contained in pristine PPy, the oxygen content increase is
presumably due to the fact that catechols were successfully grafted onto the PPy surface, likely
through both covalent and noncovalent forces (charge transfer, n-stacking and hydrogen bonding
interactions). Furthermore, compared with pure PPy, the N/C atomic ratio increased for all three
catechol derivatives modified PPy at 0.64 catechol/Py reaction mole ratio, which is consistent
with the theoretical values that catechols have higher N/C ratio than PPy. The above results
further confirmed the presence of catechols on the modified PPy surface. For PA-modified PPy at
both low and high PA concentration, no significant changes on the surface composition are
observed compared with pure PPy, indicating PA had a negligible influence on PPy structure. It
is noted that the pure PPy surface showed the presence of oxygen (530 eV, O 1s) and sulfur (170

eV, S 2p), which might be introduced from the oxidizing agent ammonium persulfate.

5.3.2 Adhesion Properties of Functionalized PPy

Our previous research findings indicated that the adhesion strength between DA-PPy film
and a glass substrate was significantly improved by combining mussel-adhesive inspired
molecule DA into the PPy nanofibers. In this work, we investigated the adhesion properties of
DA-, CA-, DOPA- and PA-modified PPy films, respectively, and determine which functional

component is critical for achieving strong adhesion.
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Figure 5.7. (a) Peeling curves of PPy films obtained at 0.032 and 0.64 DA/Py mole ratio at 15 mm/s peeling speed and the
illustration of four peeling parameters: peak peel force (Fp), steady-state force (F,), initiation distance (D;), and transition
distance (D). (b) Plots of the peak force versus (DA, CA, DOPA and PA) /Py mole ratio at a constant peeling speed rate of

15 mm/s.
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The adhesion properties of modified PPy were characterized by 180° peeling test, which is
applied to examine the bonding strength between the modified PPy film and glass substrate. We
have examined the tape/PPy/glass system, where the failure may occur either at the tape/PPy
interface or PPy/glass interface. Two examples are presented in Figure 5.7a, which are the typical
force-displacement curves obtained by peeling PPy nanofiber films at 0.032 and 0.64 DA/Py
mole ratio from a glass substrate at 15 mm/s speed. Curve 1 shows the case of an interfacial
failure between the glass slide and PPy film, i.e. the delamination of PPy film from glass; curve 2
shows the case of a failure at tape/PPy film interface at a higher DA/Py mole ratio. Four peeling
parameters depicted in Figure 5.7a, can be extracted from curve 1: peak peel force (£)),
steady-state force (Fj), initiation distance (D;) and transition distance (D;). In our system, the
peak force (F),) (i.e. the force required to initiate failure) has been utilized to compare the
adhesion between glass and modified PPy films.

Figure 5.7b plots the peak force versus catechol/Py mole ratio of four modified PPy films
at a constant peeling rate of 15 mm/s. For catechol-functionalized PPy films, F), increases with
the catechol mole percentage. Moreover, the interfacial failure shifted from film/glass to
tape/film interfaces with increased catechol/Py mole ratio, indicating the rise in bonding strength
between catechol-PPy and glass. It is also important to note that adding only a small amount of
catechol derivatives can dramatically improve the adhesion by about three orders of magnitude.
On the other hand, PA modification had almost a negligible influence on the adhesion.
Furthermore, the PA-PPy film delaminated from the glass at all PA/Py mole ratios. It is
concluded that catechol functional group itself is responsible for the adhesion improvement of

PPy film instead of the amine functional group or coexistence of both catechol and amine
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moieties. Such a finding is consistent with that reported in the literature. Deming and co-workers
performed tensile shear strength measurements on a catechol-containing polypeptide to evaluate
its adhesion property. They also found that the adhesive strength of this co-polymer was
proportional to the amount of catechol moieties in the polymer backbone, but independent of the
choice of oxidizing agents.”” Smaller particle size is another factor that may contribute to the
strong catechol-PPy adhesion. Smaller sized particles provide larger surface area for interactions
such as hydrogen bonding and van der Waals forces at the film/glass interface. Moreover, it was
noticed that solution with a smaller particle size yielded smoother and more uniform films with
less roughness. As a result, the effective contact area between the modified PPy film and the tape
would increase with rise in the catechol/Py mole ratio, responsible for the increased adhesion

force F, shown in Figure 5.7b.

5.3.3 Electrical Properties of Functionalized PPy

To investigate the effect of different functional groups on PPy material properties, the
electrical conductivity of catechol- and PA-modified PPy with various (DA, CA, DOPA, PA)/Py
mole ratios were measured using a standard four-point probe setup. Due to the fact that porosity,
density and packing structure may affect the overall conductivity of PPy nanofibers, both
compressed pellets and solution-cast film were prepared their conductivities measured to yield

the data shown in Figure 5.8.
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Figure 5.8. Electrical conductivity of DA-, CA-, DOPA- and PA-modified PPy compressed pellets (a) and casted films (b)
as a function of (DA, CA, DOPA and PA)/Py mole ratio.
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The electrical conductivity of a pristine PPy pellet and film is about 0.04 S/cm and 0.01 S/cm,
respectively. For all three catechol derivatives, as the catechol/Py mole ratio increases, the
electrical conductivity first increases to a maximum value of 3.8 S/cm for DA-PPy pellet, 1.1
S/cm for DA-PPy film, 2.2 S/cm for CA-PPy pellet, 0.6 S/cm for CA-PPy film, 1.4 S/cm for
DOPA-PPy pellet and 0.7 S/cm for DOPA-PPy film. We attributed the conductivity improvement
to the following reasons. (1) PPy morphology shifts from globular into fibrous after catechol
modification, which is a more effective structure for charge transport. (2) Since catechol
derivatives are acidic in water, they may act as a dopant to provide more positive charges on the
polymer backbone for electrical conduction. (3) The intrinsic adhesion properties of catechol
moieties bring PPy fibers more closely together, increase the contact area among individual fibers
and produce a stronger conductive network for electron movement. However, the conductivities
of both PPy compressed pellets and films decreased as the catechol/Py mole ratio increased from
0.064 to 0.64. It can be explained by the fact that catechol functional groups may adhere to the
PPy surface via covalent bonding, n-n stacking and hydrogen bonding. As a result, the insulating
catechol moieties may block the electron transfer between PPy polymer chains at high
catechol/Py mole ratio. Moreover, after incorporating catechol derivatives into the PPy chain,
especially at high catechol concentration, the PPy chain length was significantly reduced, which
may decrease the effective conjugation length and minimize the efficiency of charge hopping to
lower the overall conductivity.

For PA-modified PPy, no chemical reactions presumably occur between PA and P.
Nevertheless, the conductivity of the PA-PPy composite and film increase when the content of

PA is increased as shown in Figure 5.8. One possible explanation is that PA is present where
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hydrochloride can dope the system to increase the PPy conductivity. However, it should be noted
that DA is also in a form of a hydrochloride salt, but compared with PA-PPy system, acid doping
is not the only factor that may affect the DA-PPy conductivity, other reasons including
morphology change and DA adhesion property should also be considered to explain the overall
DA-PPy conductivity change as discussed above.

Figure 5.9 shows the UV-Vis absorption spectra of the modified PPy at different catechol/Py
molar ratios. Note that PA-PPy and pristine PPy cannot be measured by UV-Vis spectroscopy
due to their poor dispersion in water. All spectra displayed two distinct peaks close to 350 nm
and 700 nm. The first absorption band is associated with the n-n* transition from the valence
band to the polaron/bipolaron bands, while the second feature is due to the conduction electrons
at the bipolaron state of PPy. For DA-modified PPy, a significant blue-shift of the n-n* transition
peak from 450 nm to 351 nm was observed with increasing DA/Py mole ratio. The blue shift of
n-m* transition absorption suggests that the conjugation degree of DA-modified PPy is becoming
lower. For CA- and DOPA-modified PPy, we found a slight red-shift of the peak with increasing
CA/Py and DOPA/Py mole ratio from 0.032 to 0.064. However, when the CA/Py and DOPA/Py
mole ratio increased from 0.064 to 0.64, a blue-shift of the peak from 359 nm to 351 nm for
CA-PPy and from 377 nm to 349 nm for DOPA-PPy are observed. These observations agree with
our four-point probe measurement that the conductivity of DA-PPy decreased with increasing
DA/Py ratio from 0.032 to 0.64, while the conductivity of CA-PPy and DA-PPy increased to a
maximum value and then decreased with increasing CA/Py and DA/Py mole ratio. It is noted that
Wu et al. also reported a blue shift in the UV-Vis spectra for PPy-cellulose nanocrystal (CNC)

system with increasing Py/CNC mole ratio. They attributed the blue shift into the disorder and
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defects introduced to the polymeric chains, resulting in the decrease of overall conductivity.'™
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Figure 5.9. UV-Vis spectra of catechol-PPy synthesized with various catechol/Py ratios. The n-n* transition peaks are

obtained at local maxima and indicated in black circles.

To further investigate the electrical properties of catechol-modified PPy, their band gap

energies (E;) were calculated from the UV-Vis spectra by the Tauc plot, which is described as:'”
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(ahv)™ = Cx (hv — Eg) (Equation 5.2)
where a is the absorption coefficient, 4 is Planck’s constant, v is the frequency of light, C is a
proportionality constant, E, is the band gap and » is the exponent denoting the optical transition
process. The values of n can be 1/2, 3/2, 2 and 3, indicating direct allowed, direct forbidden,

176

indirect allowed and indirect forbidden transitions, respectively.” > The absorption coefficient is

defined by the following equation deduced from Beer—Lambert’s relation:'”’

1 I 1
a=-< X In (I—t) =7 X A X log,o e (Equation 5.3)
0

where 4, t, I, and I represent the absorbance determined from the UV—visible spectrum, path
length of the quartz cuvette, intensity of transmitted light and intensity of incident light,
respectively. The band gap E,; can be estimated by extrapolating the straight part of (ahv)™
versus hv curve to the hv axis by linear fitting. Figures 5.10a to 5.10c show plots of (ahv)?
versus photon energy (hv), where n = 2 since the optical transitions for amorphous
semiconductors are described as indirect allowed transitions; the linear extrapolated lines are
shown as black dash lines. From Tauc plots, the optical band gaps of DA-PPy, CA-PPy and
DOPA-PPy at varied catechol/Py reacting mole ratios are summarized in Figure 5.10d. E,
increases from 3.46 eV to 4.94 eV for DA-PPy, indicating that more energy is needed to promote
an electron from the valence to the conduction band and the electronic conductivity drops with
increasing DA/Py mole ratio. For the CA-PPy and DOPA-PPy systems, E; value decreases first
and then becomes larger with increasing CA/Py and DOPA/Py mole ratio, in agreement with the

conductivity results of Figure 5.8.
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Figure 5.10. Plots of optical band gap of (a) DA-PPy; (b) CA-PPy, and (¢) DOPA-PPy. (d) Plot of the band gap energy of
DA-PPy, CA-PPy, and DOPA-PPy versus catechol/Py ratios.

5.3.4 Scratch resistances of DA-PPy and its PVA nanocomposite films

Both improved adhesion and conductivity make catechol-PPy a promising candidate for thin
coatings in micro-electrical applications, where the durability and mechanical behavior of the
coating are almost as important as the function of the thin film itself. As a result, we employed
the ASTM standard scratch test to produce and evaluate PPy film surface damage under
controlled stress or load.'”® The tests were performed on a DA-PPy film produced at a 0.064

DA/Py mole ratio. We choose this sample because it exhibits the smallest particle size and best
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adhesion and electrical conductivity. Figure 5.11a presents a typical scratch track of induced
damage on a DA-PPy film as the load is increased under an optical microscope. The critical load
- the maximum load that a DA-PPy film can withstand prior to delamination - was determined to
obtain the conditions in which the PPy coating can be safely used. As shown in the image, film

delamination began almost immediately after scratch started at about 76 g, suggesting a relatively

poor scratch resistance.
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Figure 5.11. Damage observed on test film surface using the scratch test: (a) DA-PPy film, (b) DA-PPy film prepared with
1 wt% PVA solution. Different failures observed on DA-PPy film prepared with 1 wt% PVA solution: (¢) plowing, (d)
stick-slip behavior, (e) snag point and (f) film delamination. (g) Plot of critical load and conductivity for pure DA-PPy film,
DA-PPy film prepared with 1 wt% PVA and DA-PPy film prepared with 2 wt% PVA solutions.

In order to enhance the mechanical properties of the PPy film, we dispersed DA-PPy

nanofibers into PVA, which is an excellent polymer binder due to its high water solubility, good
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adhesion and biocompatibility. Due to the catechol modification, the hydroxyl groups in PVA
could strongly interact with DA-PPy, forming a uniform dispersion that was readily cast into thin
films. Two DA-PPy/PVA polymer films were prepared by casting the as-synthesized DA-PPy
dispersed in 1 wt% and 2 wt% PVA aqueous solutions. Figure 5.11b displays the optical images
of the scratch trace on DA-PPy film prepared with 1 wt% PVA solution deposited on glass
substrate. A small amount of deformation, including fully recoverable elastic, time-dependent
viscoelastic and non-recoverable plastic deformation, is observed under low loads (0 - 420 g).
During the period in which the normal load of the tip is linearly ramped from the minimum to the
maximum during sliding, the film damages evolved into plowing (Figure 5.11¢, 420 g - 1323 g),
stick-slip behavior (Figure 5.11d, 1323 - 1655 g), snag point (Figure 5.11e, 2037 g) and finally
film delamination (Figure 5.11f, 2901 g). The critical load and conductivity of the films casted
from DA-PPy dispersed in pure water and DA-PPy dispersed in 1 wt% PVA and 2 wt% PVA
aqueous solutions are compared in Figure 5.11g. It is clear that the PVA matrix significantly
improved the DA-PPy film scratch resistance and maintained high mechanical integrity. Since
the film thickness of three samples were measured to be almost identical, this factor has been
eliminated. The electrical conductivity of DA-PPy film and DA-PPy film prepared with 1 wt%
PVA solution were measured to be 0.056 S/cm and 0.039 S/cm, but the conductivity dropped to
1.6 x 107> S/cm for DA-PPy film prepared with 2 wt% PVA solution. It is also informative to
notice that film casted by unmodified PPy prepared with 1 wt% PVA solution showed
non-uniform dispersibility and almost insulating behavior.

Finally, it would be useful to discuss the technical implications of the DA-PPy combined

with PVA for its practical applications. Recently, Hu et al. reported that polydopamine (PDA)
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itself could be used as a filler to improve the thermal, mechanical and adhesive performance of
PVA polymers.'” Our DA-PPy nanofibers could be used to replace the PDA in order to
introduce an additional function of high electrical conductivity to this composite and further
widen its potential applications, such as electrical conductive adhesives (ECAs). Traditional
ECAs are based on silver-filled polymer composites, which are relatively expensive and not
environmentally friendly.'> Their preparation processes also require the use of solvent, curing
agent and stabilizer so that their applications in biotechnology are limited. To achieve better
biocompatibility, another conducting polymer polyaniline based PVA composite was prepared,
but it suffers from poor conductivity (4.3 x 10° S/cm)."™ In this respect, biocompatible
DA-PPy/PV A materials with moderate conductivity (0.039 S/cm), could replace traditional ECAs
for use in many biological-relevant applications, including artificial muscles, scaffold and

biosensors.

5.4 CONCLUSION

In summary, we reported a benign one-step approach to synthesize novel catechol-PPy
nanofibers. After comparing the morphology, particle size, dispersibility, adhesion and electrical
conductivity of the PPy modified by dopamine hydrochloride (DA), 1,2-dihydroxybenzene (CA),
L-3,4-dihydroxyphenylalanine (DOPA), and phenylethylamine (PA), respectively, we
demonstrated that the di-catechol functional group is responsible for most of the PPy property
changes. The catechol moieties can be oxidized into o-quinonimine, which can react with the Py
ring to regulate polymer chain growth and form a unique fibrous PPy structure and smaller PPy

particle size. The catechol-PPy also exhibited the intrinsic adhesion properties of catechols

110



whereby the bonding strength between catechol-PPy and glass substrate was significantly
enhanced. Due to the strong adhesion and acidic nature of catechol, the electrical conductivity of
modified PPy also improved at low catechol/Py mole ratios. Moreover, we found that modified
PPy can be uniformly dispersed into a PVA polymer matrix and cast into thin film coating via a
convenient solution-cast method. This as-prepared coating exhibited high scratch resistance,
biocompatibility and conductivity suitable for broad industrial applications. In addition, this work
could open new opportunities of using catechol derivatives to functionalize other conductive

polymers for better mechanical and electrical performance.
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CHAPTER 6. MODIFICATION OF DOPAMINE FUNCTIONALIZED
POLYPYRROLE FOR THE APPLICATIONS OF ADVANCED
ELECTRONICS®

6.1 Introduction
With the rapidly growing demand for advanced electronic devices at an ever-small scale, we
have witnessed many breakthroughs in electronics miniaturization technology that have provided

further strong motivation for developing novel materials and structures approaching the

181-184
1.

molecular leve During the past decade, nanomaterials such as carbon nanotubes (CNTs)

and graphene have arisen as promising research subjects in electrical engineering and materials

science due to their superior intrinsic properties including mechanical strength, surface area,

185-187

electrical and thermal conductivity. This success suggests that nanomaterials could replace

traditional materials in various existing applications ranging from energy harvesting and

188,189

biochemical sensing to semi-conductors and electronic devices. The continuous

miniaturization of the electronics sets new standards for material science and engineering and has

created challenges in the area of developing functional nanostructures with controllable size,

190,191

composition, morphology and interface. Despite these advantages, the use of CNTs and

graphene has some disadvantages such as self-aggregation, non-dispersibility in aqueous media
and unchangeable morphology, which significantly limit their potential applications in

- 192-194
nanoelectronics and systems.

" This chapter has been submitted to Advanced Electronic Materials.
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In recent years, conducting polymers (CPs) have drawn considerable attention in

nanomaterials because of their unique properties, such as high conductivity, long-term stability,

89,195

easy processability and reversible doping-dedoping process. In order to successfully transfer

these promising materials into practical engineering applications, great effort has been devoted to

93,169
" F

improving synthetic methods and assembly technologies to better control CP properties. or

instance, their morphology and shape can be manipulated by physical template-guided

104,196

synthesis, their particle size can be regulated by electro-polymerization or emulsion

197,198

polymerization, their dispersibility can be improved by hydrophilic surface

. . 106,199
modification

and their electrical conductivity can be varied based on the choice of
dopants.””® Although extensively investigated, many current techniques have drawbacks for
widespread application. Specific examples include the requirement for multi-step procedures,
harsh reaction conditions and complicated instrumentation.”””'®® As a result, the development of
simple and versatile strategies for facile, efficient and large-scale synthesis of nanostructures of
CPs with advanced properties is highly desirable. We have reported a template-free benign
method to modify one of the most popular CPs, polypyrrole, with a bio-inspired catechol
derivative dopamine, which provided an alternative approach to the facile fabrication of PPy
nanomaterials.'?

Dopamine, with the chemical structure of catecholamine, is a biological neurotransmitter that

plays a number of vital roles in the human body.162’201

It can self-polymerize to form a nanoscale
polydopamine film that binds on almost any surface with controllable film thickness and good

stability.”” PDA is a dark, insoluble, eumelanin-like pigment material, which has valuable

adhesive, electrical conductivity and anti-oxidative properties.” Because PDA contains a high
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density of reactive functional groups (catechol, amine, and imine), it has the strong ability to
modify surfaces.”” As a consequence of the tremendous potential of PDA as a versatile and

- - - . 182133
multifunctional coating material,"

we employed in situ polymerization of pyrrole (Py) with
DA. After being functionalized by DA, PPy exhibited fibrous morphology, smaller particle size,
better water dispersibility, enhanced adhesion and electrical conductivity.'' Most importantly, the
degree of these modifications can be precisely controlled by the DA/Py mole ratio, which make it
stand out as an ideal candidate for a variety of electrical applications. Although DA-PPy has
many advantages, its conductivity still requires further improvement, especially at higher DA/Py
mole ratio. We found that the maximum conductivity of DA-modified PPy was 3.8 S/cm for
compressed pellets, which is not adequate for use in electronics. Also, the maximum conductivity
was only obtained at low DA/Py mole ratios, where the dispersibility and particle size of DA-PPy
are inferior to that achieved at higher DA concentration. In this regard, it is essential to optimize
DA-PPy synthesis to achieve excellent conductivity and dispersibility at the same time.

In this research, we develop new synthetic approaches to the preparation of DA-PPy
nanostructures, which have improved both electrical conductivity and water dispersibility
compared with the DA-PPy reported in our previous work.'™'' Moreover, we also explore the
suitable application of each as-fabricated nanomaterial depending on the DA/Py mole ratio, as
illustrated in Figure 6.1. In particular, DA-PPy produced from a 0.032 DA/Py mole ratio exhibits
superior capacitance for supercapacitors; DA-PPy obtained from a 0.064 DA/Py mole ratio can
be implemented as a co-filler into the epoxy network in preparation of functional composites for

electrically conductive adhesives (ECAs); and DA-PPy synthesized from a 0.64 DA/Py mole

ratio can absorb electromagnetic microwaves for electro-magnetic interference (EMI) shielding
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applications. This synergetic effect of DA modification, gives PPy unique multifunctional
properties, which opens a brand new field in the frontier of nanomaterial synthesis and

applications.
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Figure 6.1. Suitable application of each as-fabricated nanomaterials depending on the DA/Py reacting mole ratio.

6.2 Experimental
6.2.1 Synthesis of DA-PPy and its Nanocomposite

Pyrrole (Py, 98%), ferric chloride (FeCls), dopamine hydrochloride (DA) and silver micro
flake (10 pm) were purchased from Sigma-Aldrich and used as-received. Epoxy resin (DER 322)
and triethylenetetramine (TETA) containing the crosslinking agent DEH 24 were obtained from
Dow Chemical for ECA preparation. The synthesis of dopamine-functionalized polypyrrole was
achieved by the following procedure. In a typical experiment to prepare 0.032 DA-PPy, 0.12 ml
or 0.116 gram pyrrole monomer and 0.01 g dopamine hydrochloride were dissolved in 20 ml 1 M

HCI and cooled down to 8 °C. FeCl3/HCI solution (0.4 g/5 ml) was added to the DA/Py solution
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dropwise while stirring vigorously for 12 hr at a reaction temperature of 8 °C. The resulting
precipitates were filtered and collected by centrifuging the solution and sequentially washed 5
times with deionized water. The washed precipitates were then freeze-dried for 24 hours to
produce a powdered material.

The fabrication of the ECA composite followed our previously established procedure.'”® At
first, a small amount of acetone was added to produce a 6 wt% solution. Then 5 mg of
synthesized DA-PPy nanofibers along with 200 mg silver flakes were added directly into the
epoxy solutions. The composite was agitated for 45 min using a vortex mixer followed by 45 min
of sonication. After this mixing, the curing agent TETA was added to the composite and the final
mixture was filled into 7 x 7 x 0.5 mm’ (LxWxD) mold made by adhesive tape on a pre-cleaned
microscope glass slide. In order to make a smooth surface with controlled thickness, a clean
copper plate was placed on top of the mold to squeeze out extra material. The sample was
pre-cured at 60 °C for 30 min and then cured at 150 °C for 2 hrs. After curing, the copper plate
and adhesive tape were peeled off. The above procedure was also applied to prepare other pastes
at different DA-PPy weight ratios. For all hybrid ECA samples with DA-PPy nanofiber co-fillers,

the absolute mass of silver flakes was kept constant, whereas the amount of DA-PPy was varied.

6.2.2 Characterization methods

The morphology of the DA-PPy nanomaterials was examined by scanning electron
microscopy (SEM, Zeiss LEO 1550) operating at 5 kV and high-resolution transmission electron
microscopy (HRTEM, JEOL 2010F FEG). The electrical resistivity of DA-PPy nanofibers

(compressed pellet under 500 MPa pressure) and cured nanocomposites were measured by a
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four-point setup that consists of a probe fixture (Cascade Microtech Inc.) and a source meter
(Keithley 2440 5A Source Meter, Keithley Instruments Inc.). The conductivity (o) was calculated
by using the following equation:'’

o=FX E X L (Equation 6.1)

nxt V

where ¢, I, V and F represent the sample thickness, applied current, read-out voltage and
dimensionless correction factor, respectively. The value of F depends on the ratio of #s, where s
is the probe spacing (s = 0.1 mm). From four-point probe theory, F' approaches 1 as t/s
approaches 0. Since #/s = 0.1 in our system, we approximate F' = 1.

All electrochemical tests were performed on a VSP-300 potentiost at electrochemical station
(BioLogic Science Instruments, France) equipped with a three-electrode half-cell configuration.
The three electrodes included a platinum counter electrode, a saturated calomel reference
electrode (SCE), and a working electrode, which was fabricated by coating DA-PPy (1 mg/mL in
50% water/ethanol dispersion) onto a glassy carbon electrode. The experiments were measured
following a 5-cycle cyclic voltammetry (CV) activation between —0.6 and 0.4 V versus SCE in
2M KCI electrolyte. Cyclic voltammetry tests were performed at scan rates of 1, 10, and 100

mV/s. The capacitance can be calculated from Equation 6.2:'™

[idv

= m (Equatlon 62)

S

where [ idV is the integrated area under the CV curve, m is the mass of DA-PPy, AV is the
potential range, S is the scan rate, and Cs is the specific capacitance. Charge and discharge (CD)
tests were conducted by applying current densities of 1, 2 and 5 A/g. The cell capacitance

determined from CD curves was calculated from equation 6.3:*
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C (Equation 6.3)

~dv/de
where I and dV/dt are charge current density (A/g) and the slope of the CD discharge curve.
Indentation measurements of an AISI Type 440-C stainless steel probe (4.63 x 10™* m) on
ECA substrates were performed at room temperature. In each experiment, a probe was brought
into contact with a flat ECA surface at 1pm/sec until a preload of 750 g was reached and then
separated at the same speed. The associated force and displacement were analyzed in the
framework of the Hertzian indentation model. The electro-magnetic parameters were measured
with an Agilent HP 8722ES vector network analyzer over the 2-18 GHz range. The samples were
prepared by mixing the DA-PPy composites and paraffin wax at 40% weight fraction of each and

then pressed into a cylindrical shape with thickness of 2 mm.

6.3 Results and Discussion
6.3.1 Fabrication of DA-PPy Nanostructures with Controllable Morphology

The modified strategy to the synthesis of DA-PPy is illustrated in Figure 6.2a. Compared
with our previous method, the reaction was carried out in 1M hydrochloric acid (HCI) instead of
Tris-buffer and the oxidant ammonium persulfate (APS) was replaced by FeCls;. HCI acted as a
protonic acid to dope PPy for higher electrical conductivity; at the meantime, it also provided low
pH environment to prevent DA polymerization, which could form an insulated polydopamine

(PDA) layer on PPy surface and decrease the electrical conductivity.'"'>®

FeCl; was applied to
improve electromagnetic properties, and potentially influence PPy morphology through chelate

interaction between Fe’ and catechol functional groups from DA.*'*” The surface morphology

was characterized by scanning electron microscopy (SEM) (Figure 6.2b-e), which revealed a
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striking contrast in DA-PPy nanostructures prepared at different DA/Py reacting mole ratios.
Pure PPy showed large, granular particles with a diameter of about 300 nm due to the PPy
interchain links (connecting the adjacent PPy backbones) and side chains (connecting to one PPy
backbone) during Py polymerization. In the presence of only a small amount of DA, which may
minimize the interchain links and side chain formation by chemically reacting with the Py ring,
the architecture shifted to a highly interconnected network of nanofibers. As the DA/Py mole
ratio continuously increased, PPy polymer chains became much shorter after incorporating more

DA and a nanorod morphology developed.

H al
NH
iN] HO 2 IM HCI
\ / (Pyrrole, Py) + (Dopamine, DA) —— > DA/Pysolution + FeCls ————— Functionalized DA-PPy

HO 8°C

DA/Py =0 DA/Py = 0.032
NG

Figure 6.2. (a) The modified strategy to the synthesis of DA-PPy nanostructures; SEM images of DA-PPy with (b) globular
morphology; (c) fibrous morphology; (d) nanorod morphology; and (e) nanoflake morphology depending on DA/Py ratio;

(f-i) TEM topography images that further confirmed as-prepared nanostructures.
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When the DA/Py mole ratio reached 0.64, PPy aggregates formed and merged into flakes
due the strong adhesion property of catechol functional groups and the possible formation of
Fe(DA-PPy)s.° High-resolution transmission electron microscope (TEM) images presented in
Figure 6.2f-1 shows similar trends to the SEM images. It was found that nanofibers (Figure 6.2g)
with a diameter of 80 nm and a length up to several microns can form at a DA/Py ratio of 0.032,
while nanorods (Figure 6.2h) with similar diameter but much shorter length of about 300 nm
form when DA/Py = 0.16. Although different PPy morphologies using different methods have

102,103,204

been reported in literature, our versatile approach demonstrated the ability to produce a

wide range of PPy nanostrctrues using a single method just by adjusting the DA/PPy molar ratios.
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Figure 6.3. (a) Plots of electrical conductivity versus DA/Py mole ratio (Previous work was adapted from Ref.11) and (b)

digital photo of vials with 2 mL water-dispersed pure and modified PPy suspension after 24 h.

The electrical conductivities of DA-PPy prepared measure at different DA/Py mole ratios are

summarized in Figure 6.3a. The introduction of a small amount of DA significantly improved the
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conductivity of PPy from 0.5 S/cm to a peak value of 42 S/cm at a 0.032 DA/Py mole ratio.
Therefore, it decreased to as low as 0.05 S/cm at 0.64 DA/Py ratio. It is worthwhile to compare
the conductivity results with our previous work. The new synthesis strategy improved the
electrical conductivity of DA-PPy by almost one order of magnitude at each DA/Py mole ratio,
which can be attributed to the HCl acid doping process. Due to the hydrophilic nature of the
catechol groups, modified DA-PPy displayed improved water dispersibility. As shown in Figure
6.3b, a pristine PPy suspension quickly became unstable and precipitated out of the aqueous
dispersion within 2 hr. On the other hand, the addition of only a small amount of DA
functionalization (0.032 DA/Py mole ratio) gave DA-PPy excellent stability in water for at least
24 hr. Higher DA/Py mole ratio also lead to more stable DA-PPy dispersions because of the
abundant amine and hydroxyl groups of DA. These results further indicated that PPy was
successfully functionalized by DA to improve both the electrical conductivity and water

dispersion at a 0.032 DA/Py mole ratio.

6.3.2 DA-PPy for Supercapacitor Applications

In order to investigate the electrochemical performance of DA-PPy nanomaterials, we have
studied their cyclic voltammetry behavior at each DA/Py mole ratio. Figure 6.4a presents the CV
curves at scan rates of 0.01, 0.05 and 0.1 V/s of DA-PPy samples prepared from 0.032 DA/Py
mole ratio. The quasi-rectangular shape of the CV curves indicates standard capacitance behavior
of the electrodes. Also, the integrated charge under the curves is proportional to the scan rate.”””

A higher Cy value is obtained at a slower scan rate, which can be explained by the fact that inner

active sites of the DA-PPy cannot complete the redox process at higher scan rates. As a result, a
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slower scan rate is preferred in order to better utilize the electrode surface material. Figure 6.4b
illustrates the effect of the DA concentration on Cs of DA-PPy at different scan rates. The highest
Cs value of 273 F/g was achieved at DA/Py = 0.032 and a scan rate of 0.01 V/s, which was

almost 4 times higher than that of the unmodified PPy.
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Figure 6.4. (a) CV curves of 0.032 DA-PPy at scan rates of 0.1, 0.05, and 0.01 V/s; (b) effect of DA/Py mole ratio on
DA-PPy capacitance; (c¢) CD curves of 0.032 DA-PPy at 5, 2, and 1 A/g charge currents; and (d) Nyquist plot obtained
from EIS for 0.032 DA-PPy.

It is interesting to compare the DA-PPy Cs values with the electrical conductivity data
(Figure 6.3a). Both increase to a maximum value at DA/Py = 0.032 and then decrease. The

superior DA-PPy Cs can be attributed to the morphology shift from globular to fibrous, which
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might provide a larger active surface area for efficient ion diffusion and higher conductivity for
electron transport. Moreover, strong interactions such as hydrogen forces or n-r stacking between
DA and PPy n-conjugated polymer chains could maintain the structural integrity and facilitate the
charge transport within the DA-PPy nanostructure for enhanced capacitance behavior. On the
other hand, continuous exchanging of ions and electronic charges during the repeated oxidation
and reduction processes of CV, may dramatically influence the unmodified PPy polymer chain
structures due to swelling, distortion, or contraction, resulting in the deterioration of electrical
performance.**

Galvanostatic charge-discharge (CD) process was studied to further characterize the
capacitance of the DA-PPy electrodes. Typical CD curves performed on the best DA-PPy
electrode (DA/Py = 0.032) with various current densities are presented in Figure 6.4c.It can be
seen that the charge curves were almost symmetric to their corresponding discharge counterparts
at current densities of 2 and 5 A/g, indicating excellent electrochemical behavior. At the lower
rate of 1 A/g, the CD curves were not ideal straight lines and there was an initial voltage drop at
the discharging stage caused by internal resistance (IR), resulting the asymmetric shape of the CD
curves, which suggested pseudo-capacitive effects of the DA-PPy and the involvement of a
faradaic reaction. The calculated capacitance from the discharge slope was 252 F/g at 1 A/g
current density, which agreed with the CV results in Figure 6.4b. The improved capacitance
performance with the incorporation of DA at 0.032 mole ratio is also evident from
electrochemical impedance spectroscopy (EIS). Nyquist plots obtained from EIS (Figure 6.4d),
showed a distorted semicircle in the high-frequency region and a steep line in the low-frequency
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region, indicating an approach to ideal capacitance behaviour. " In addition, the semicircle
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intercepted the real axis at the bulk solution resistance (Rs = 5.63 Q) and the charge-transfer
resistance (Rc = 0.44 Q) respectively. On the basis of the above analysis, DA-PPy prepared from
0.032 DA/Py mole ratio yielded a large integrated CV area and small charge-transfer resistance
from EIS and so appears to be a promising nanomaterial for supercapacitor applications. It is
informative to compare the capacitance of DA-PPy nanomaterial developed in this study with
some other similar systems. For example, at the same CV scan rate, the capacitance of
MWCNT-PPy prepared by Zhang et al. was measured to be 200 F/g.*” Davies et al. reported a
graphene-PPy system to have a capacitance of 237 F/g;*® and Wu er al. fabricated CNC-PPy
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nanocomposite with a capacitance of 248 F/g.” "™ It is clear that our DA-PPy system demonstrated

better capacitance performance than most of the other PPy-based materials.

6.3.3 DA-PPy for Electrically Conductive Adhesives (ECAs)

Electrically conductive adhesives (ECAs) have attracted considerable attention as robust and
environmental-friendly bonding materials for interconnection technologies. They typically
consist of a polymer matrix (e.g. epoxy) that provides mechanical adhesion and a conductive
component (e.g. silver flakes) that offers electrical conductivity. In this work, we applied our
DA-PPy as a co-filler in the system of epoxy and silver micro-flakes to develop a hybrid
nanocomposite adhesive. In order to investigate the effect of DA-PPy on the overall electrical
conductivity of their polymer composites, we used conventional ECAs containing 60 wt% silver
flakes as a control. Figure 6.5 presents the electrical conductivity versus concentration of
different DA-PPy composites made at various DA/Py mole ratios. It was observed that adding

pure PPy (DA/Py = 0) decreased the electrical conductivity of the whole composites since
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pristine PPy could aggregate easily and block the effect contact among sliver fakes. For all the
ECAs containing DA-modified PPy (DA/Py = 0.032, 0.064 and 0.16), the conductivity increased
to a peak value when a small amount of DA-PPy was introduced into the epoxy network and then
began to decrease as more DA-PPy is added. The maximum conductivity of 2400 S/cm was

achieved by adding 3 wt% DA-PPy nanofiber obtained using a 0.064 DA/Py mole ratio.
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Figure 6.5. Electrical conductivity as a function of DA-PPy filler fraction for hybrid ECAs. DA-PPy made from 0, 0.032,
0.064, 0.16 DA/Py mole ratios were used as the filler.

Compared with conventional ECA 60 wt% silver flake concentration, which exhibited a
conductivity of 107 S/cm, our hybrid system improved the electrical conductivity by almost 25
times. Furthermore, the nanocomposite conductivity at 3 wt% DA- PPy nanofiber and 60 wt%

silver flakes concentration was similar to the electrical conductivity of conventional ECA with 80
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wt% silver flake filler(3000 S/cm). We attribute the synergic effect of DA-PPy to ECAs
conductivity to the fact that highly dispersed DA-PPy nanofibers can be uniformly distributed
throughout the matrix to bridge the separated silver flakes, providing more electrical paths and as
a result, reducing tunneling resistance in the hybrid ECAs. As DA-PPy weight fraction increases
further, a large amount of DA-PPy could increase the number of contact points by isolating
pre-contacted silver flakes and subsequently increase the constriction resistance among the fillers,
which was detrimental to the overall conductivity of the filler network. Although the electrical
conductivity of DA-PPy prepared at 0.032 DA/Py mole ratio was larger than that obtained at
DA/Py = 0.064, the latter exhibited better water dispersibility because of the higher DA content,
which has been considered as the dominant factor affecting the overall ECA conductivity in this
case. It is important to note that the electrical resistivity of the base ECAs (60 wt% silver flakes)
incorporated with DA-PPy made from 0.32 and 0.64 DA/Py mole ratios were higher than the

upper limit of our four-point probe electrometer (1 x 10°) so are not discussed here.
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Figure 6.6. (a) Indentation curves of a hybrid ECA with 60 wt% silver flakes and 3 wt% 0.064 DA-PPy co-filler; and (b)
illustration of the elastic modulus of different types of ECAs.

Reinforcement of functional composites with short or long fibers has been a significant
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: - 209,210
success in both thermo-plastics and elastomers.”

In this regard, we applied Hertzian theory to
evaluate the mechanical properties of DA-PPy nanofiber-reinforced ECAs. Since the best
electrical conductivity of ECAs was achieved by adding 0.064 DA/Py mole ratio resulted
DA-PPy nanofiber, they have been added into conventional ECAs with 60 wt% silver flakes at
different weight percentages (1.5%, 3%, and 4.3%). The mechanical properties of these ECA
samples were investigated by microindentation during the compressive loading and the unloading
processes. Figure 6.6a showed a typical plot of the compressive force versus displacement during
the loading and unloading processes of the measurements on an ECA sample with 1.5 wt%
DA-PPy and 60 wt% silver flakes. The normal force increases at an approximately linear rate
once the probe contacted with the ECA sample. It was also found that the loading curve and the
unloading curve were not reversible, indicating a significant amount of loading—unloading
hysteresis, which was possibly consumed by the thermodynamic free energy. We analyzed all
data in the framework of the classic Hertzian contact mechanics. When a spherical probe of
radius R indents a flat surface, the applied force F is related to the displacement d by Equation
6.4
4 1 3
F = §E*><R5><d5 (Equation 6.4)

where E* is the effective elastic modulus. During the experiments, F and d were recorded by the
UMT tribological instrument and elastic modulus (E*) was estimated from the loading curve
using the Hertzianmodel (Figure 6.6b). The elastic module of pure epoxy and ECA with 60 wt%
silver flakes were measured as the controls and found to be 0.36 GPa and 0.42 GPa, respectively.
For the DA-PPy-reinforced ECAs, the modulus increased almost linearly with the DA-PPy

content from 0.55 GPa for the 1.5 wt% composite to 0.67 GPa for the 4.3 wt%. The highly
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dispersed DA-PPy nanofibers within the polymer matrix provided a significant surface area for
the fiber-epoxy interaction. Also, a large amount of amine (primary or secondary) functional
groups from DA may further strengthen the epoxy network by cross-linking fiber molecules with
the resins, affording a nanocomposite with exceptional mechanical properties. As proposed in
Figure 6.7a, the ring opening reaction was first achieved between the aliphatic amines and epoxy
groups to form a hydroxyl group and a secondary amine, which can further react with epoxide to
yield a tertiary amine and an additional hydroxyl group. Thereafter, epoxide-(DA-PPy) is
obtained to conduct the polymerization to form a pronounced cross-linked polymer matrix mainly
through the hydrogen bonding among catechol/quinone functional groups (Figure 6.7b). It is
noted that primary amines are also one of the most important components of commercial epoxy
curing agents/hardeners. Mechanically reinforced polymer composites with electrical
conductivities as high as 2400 S/cm were prepared by simply incorporating DA-PPy nanofibers
(DA/Py = 0.064) into the composite formulation, which clearly demonstrated the advantage and

multifunctionality of such material in ECA applications.
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6.3.4 DA-PPy for Electro-Magnetic Interference (EMI) Shielding Application

With the continuously increasing DA/Py mole ratio, the resulting DA-PPy became less
electrically conductive and its morphology emerged as nanoflakes at DA/Py = 0.64. Although
this type of DA-PPy displayed relatively low electrical conductivity, it exhibited an impressive
capability of absorbing electromagnetic microwaves making it potentially useful for
electro-magnetic interference shielding. The complex permittivity (er = €' — je”) and complex
permeability (ur = ' — ju") are two factors that significantly influence the microwave absorption

- 212
properties of an absorber.

The real permittivity (¢') and real permeability (1) represent the
energy storage ability of electric and magnetic fields, while the imaginary parts of the
permittivity (¢”) and permeability (n") symbolize the energy dissipation ability of electric and

magnetic fields.?"

Within an electrically conductive material, conduction and displacement
currents can be generated when exposed to an electromagnetic wave. The first one is induced by
the free electrons and provides electric loss (imaginary permittivity €”), the latter is caused by

polarization of localized charges (real permittivity ¢’).***

Figure 6.8(a, b) presents the variation of
the complex permittivity (¢’ and €") for DA-PPy nanomaterials synthesized from different DA/Py
mole ratios. The real (¢") and imaginary (") permittivity decreased as the frequency increased in
the 2 to 18 GHz range. The real permittivity (¢) was improved dramatically by introducing small
amount of DA (DA/Py = 0.032 and 0.064) on PPy, indicating the polarization degree of the

materials were increased by the hydrophilic functional groups of DA. Moreover, DA-PPy at the

same concentrations also exhibited large imaginary (&”) permittivity values, suggesting their
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strong electric energy loss capability owing to the enhanced electrical conductivity. At the
highest DA/Py = 0.64 mole ratio, the values of both real and imaginary parts of permittivity were
small and almost independent of the frequencies, which is related to its relatively low
conductivity. The complex permeability (n' and p”) of different DA-PPy samples are
demonstrated in Figure 6.8(c, d). The real parts of permeability remained constant with a little
fluctuation in the measured frequency range, showing there was almost no magnetic loss during
the microwave absorption. The imaginary permeability slightly decreased with the frequency,

attributed to the decrease of wavelength in the microwave absorber material.
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Figure 6.8. Electromagnetic properties of DA-PPy nanomaterials in the range of 2-18 GHz (a) real permittivity (¢"); (b)
imaginary permittivity (¢”"); (c) real permeability (n'); and (d) imaginary permeability (n").
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Figure 6.9. (a) Frequency dependence of the reflection loss of DA-PPy samples with a thickness of 3.5 mm in 2-18 GHz; (b)
reflection loss of 0.64 DA-PPy by varying the thickness of the absorbent.

The reflection loss (R;) values of the DA-PPy nanocomposites, which represented the

microwave absorbing ability of the materials, were calculated by the following equations:

R(dB) = 201g

Zi”_1| Equation 6.5
Z 1 (Equation 6.5)
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Zip = (E)l/z tanh [j (@) (,ue)l/z] (Equation 6.6)

where Z;,, f, d and c signify the input impedance of the absorber, frequency of the
electromagnetic waves, thickness of the absorber and velocity of light in free space, respectively.
Figure 6.9a presents the reflection loss characteristics curve of DA-PPy prepared a different mole
ratio with a absorber thicknesses of 3.5 mm. It was found that 0.64 DA-PPy exhibited the best
microwave absorbing ability and the maximum R; reached —54 dB at 8.5 GHz and the absorption
bandwidth exceeding —10 dB was 4 GHz (from 7 GHz to 11 GHz). Figure 6.9b showed the
reflection loss of the DA-PPy prepared from 0.64 DA/Py mole ratio at different thicknesses. The
absorbing peaks shifted toward lower frequency with increasing thickness and the composites
with the thickness of 3.5 mm achieved the maximum absorbing value. We ascribed such
excellent microwave absorption performance to the unique DA-PPy core-shell interfaces, which
could improve dielectric loss through interface polarization and relaxation effects. In addition, the
good dispersion of DA-PPy at high DA/Py mole ratio in epoxy, as well as the excellent dielectric
properties of DA-PPy, may also be beneficial to enhance the electromagnetic absorption. For
microwave absorption materials, R; = —50.0 dB implies 99.999% attenuation of the
electromagnetic wave, therefore the DA-PPy prepared at DA/Py = 0.64 was demonstrated to be a

promising candidate as a microwave absorber material in X-band frequencies.

6.4 Conclusions
In summary, we have prepared a series of DA-PPy nanomaterials with various morphologies
including nanospheres, nanofibers, nanorods and nanoflakes, which can be precisely controlled

by simply varying the DA/Py reacting mole ratio. Moreover, these nanostructures also possessed
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tunable electrical properties. To be specific, 0.032 DA-PPy fabricated electrodes displayed
outstanding supercapacitor behavior with a capacitance of 182 F/g; 0.064 DA-PPy dramatically
improved the electrical conductivity and mechanical properties of conventional ECAs at only 3
wt% loading; and 0.64 DA-PPy displayed excellent electromagnetic microwave absorption
ability and can be applied effectively for shielding purposes. Overall, all of these extreme
properties can be combined in one type of material - DA-PPy. We believe our approach could

develop a promising system for the future technical innovations.
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CHAPTER 7. CONCLUSION AND FUTURE WORK

7.1 Summary of Contributions and Concluding Remarks
This research program aims to investigate polydopamine thin film properties and develop
novel hybrid conductive functional polydopamine-polypyrrole nanocomposites with desired
properties. To achieve the objectives of this project, research on the nature, morphology,
chemical and physical properties of the PDA and DA-PPy has been divided into four sections:
(1) Fundamental Investigations of PDA films
A series of experimental studies were carried out to characterize the PDA thin films
coated on three typical well-defined substrates - glass, polydimethylsiloxane (PDMS) and
epoxy - to investigate their material behavior under a mechanical stress/strain field and
the effects of coating substrates. Micro-indentation measurements combined with
Johnson—Kendall-Roberts (JKR) contact mechanics theory were also wused to
systematically study the tribological properties of PDA thin films in both dry and wet
conditions. This work first reported different properties including adhesion, friction and
cracking of PDA thin film in water and revealed the material properties of hydrated PDA
films are significantly different from those of dehydrated ones. This work also benefits
PDA thin film applications in bioengineering where water is the medium. We published
this work in Biomacromolecules 2013, 14, 349-405.
(2) Dopamine functionalization of PPy and its potential application
Systematic studies of PDA films provide insights into their stability, mechanical and

adhesive properties. Based on these results, we combined DA with a conducting polymer
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polypyrrole (PPy). We found that DA-modified PPy exhibited different morphology,
enhanced adhesion, higher electrical conductivity and smaller particle size. All of these
new features made DA-PPy stand out as a promising candidate for many commercial
applications. In this work, we have developed an effective synthetic approach to the
preparation of DA-PPy nanocomposites. Methods for fabricating these materials were
unknown prior to this work. We published this work in Macromolecular Rapid
Communications 2014, 35, 350-354.
(3) Mechanism Study
DA surface modification of PPy introduces new functional groups and properties for
further reactions without limiting its biocompatibility. This has been shown to provide
additional chemical and physical properties for PPy commercial applications. However,
much effort is still necessary to explain the mechanisms involved in their synthesis. With
this regard, we performed a detailed and systematic investigation using three types of
bio-inspired catechol derivatives - simple catechol (CA), DOPA and dopamine - and
2-phenylethylamine (PA) in the synthesis of PPy. These studies have provided strong
evidence that catechol modification of PPy by a one-step, template-free and benign in-situ
procedure as a general protocol to functionalize conducting polymers to overcome the
problems of poor water dispersibility and low interfacial adhesion of PPy. We published
this work in Advanced Functional Materials 2015, 25, 1588-1597.
(4) Modification of PDA functionalized PPy
After understanding the mechanism of the effect of PDA on the adhesion and

conductivity properties of PPy, further modification of the synthesis of polydopamine
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functionalized polypyrrole was achieved by using a different dopant and oxidizing agent.
The modified DA-PPy exhibited various morphologies including nanospheres, nanofibers,
nanorods, and nanoflakes. All of these nanostructures can be achieved by simply varying
the DA/Py reaction mole ratio. Furthermore, we also explored suitable applications of
each as-fabricated DA-PPy depending on their unique properties. In particular, DA-PPy
obtained at a 0.032 dopamine/pyrrole (DA/Py) mole ratio demonstrated superior
capacitance for supercapacitors; at DA/Py = 0.064, DA-PPy can be implemented as a
co-filler into the epoxy network to prepare hybrid electrically conductive adhesives
(ECAs); and DA-PPy synthesized from 0.64 DA/Py mole ratio revealed impressive
electromagnetic microwave absorption ability, which can be used for electro-magnetic
interference (EMI) shielding applications. Due to the synergistic effect of DA
modification, this one-step procedure for PPy functionalization is able to produce all of
these different properties in one type of material, and open the possibility of using DA to
modify other functional materials. We have submitted this work to Advanced Electronic

Materials.
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7.3 Future Work

This work successfully demonstrated the potential of DA-PPy nanomaterials in a range of
technical areas. However, several additional questions can be answered in future work, which
would broaden the understanding of their potential applications as well as the performance in the
next generation of advanced electronics.

(1) We have proposed several possible DA and PPy reaction models; it is still necessary to
confirm our hypothesis. Molecular weights, molecular weight distributions and chemical
structures of modified PPy are useful information that could help understand the effect of
the presence of dopamine on PPy polymerization and its physical properties. It is not
feasible to perform solution NMR on PPy and PDA since neither of them can be
dissolved in any known organic solvent. Solid stage C'> NMR and N> NMR are two
options that can be performed in the future to determine the chemical structure of DA-PPy.
Elemental analysis may give the C, N and H composition of DA-PPy samples, which
could be used to identify the final ratio of DA to PPy in the product. High temperature gel
permeation chromatography (GPC) experiment of DA-PPy composites, which may yield
the polymer molecular weight and distribution, are also worth investigation.

(2) Since the thermal stability of DA-PPy is essential to its application in ECAs, TGA and
DSC should be conducted on ECAs containing pure PDA, pure PPy, PDA functionalized
PPy and DA-PPy. By examining the decomposition temperatures and transition states of
each sample, we may be able to identify whether DA is covalently linked to Py or
non-covalently by van der Waals forces in either polymeric or oligomeric form. We have

demonstrated that a large amount of amine (primary or secondary) functional groups from
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DA-PPy could further strengthen the epoxy network by cross-linking fiber molecules with
the resins and afford nanocomposites with exceptional mechanical properties. Thus,
systematic TGA and DSC investigations could reveal much useful information regarding
the interaction of DA-PPy with epoxy resin. For example, does the epoxy curing
temperature change after adding different amounts of DA-PPy co-fillers? Could DA-PPy
potentially replace the curing agent in the composite? Does the addition of DA-PPy into
the epoxy/silver system shorten the epoxy curing time or lower epoxy curing temperature?
All of these fundamental questions are extremely helpful for the development of novel
ECA systems.

(3) Although we have characterized the electrical properties of DA-PPy when they were
applied in specific applications, the intrinsic DA-PPy electrical properties are still
unexplored. For example, the electrical conductivity was measured when DA-PPy was
compressed into pellets; the electrochemical properties were characterized when DA-PPy
was fabricated on the electrodes as thin films; the electro-magnetic properties were
investigated when DA-PPy was dispersed into wax. Nevertheless, since the contact of the
individual nanoparticles varies under different pressures and forms, the packaging effect
may have certain influences on the electrical properties of DA-PPy nanomaterial. As a
result, we believe the intrinsic DA-PPy electrical properties, as well as the influence of
sample packaging to their properties and the surface area of each type of the
nanostructures, are worthwhile to investigate in the future.

(4) We hope that by better understanding the effect of DA on the adhesion and conductivity

properties of PPy, it can be applied to functionalize other conducting polymers, such as
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polyaniline. Polyaniline and PPy are both m-conjugated polymers that can be prepared by
chemical oxidative polymerization of the corresponding monomers in an aqueous medium.
Similar to PPy, the physical form of polyaniline is usually an insoluble powder, which
requires further modification before industrial use. Thus, the DA functionalization

strategy may also be applied to polyaniline synthesis to broaden its potential applications.
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