Polydopamine Chemistry:
Adhesion Mechanism, Copolymerization, and Application

by

Jiwon Lim

A dissertation submitted in partial fulfillment
of the requirements for the degree of
Doctor of Philosophy
(Macromolecular Science and Engineering)
in the University of Michigan
2024

Doctoral Committee:

Professor Jinsang Kim, Chair
Professor Kevin P. Pipe
Professor Pramod Sangi Reddy
Professor Alan I. Taub



Jiwon Lim
limjw@umich.edu

ORCID iD: 0000-0001-6196-4426

© Jiwon Lim 2024



Acknowledgements

I’ve had the distinct honor of studying under Prof. Kim's guidance. His mentorship has
been invaluable—not only in advancing my academic knowledge but also in influencing my
personal development. | am deeply appreciative of your steadfast guidance. Over the past five
years, | have found our discussions to be incredibly enriching. Your counsel has consistently
provided me with a sense of relief and clarity, especially when | have encountered the inevitable
challenges of academic research. While juggling my commitment to my family, he has shown
remarkable understanding and generosity. His support has been unwavering, for which | am
eternally grateful.

My sincere thanks also go to my collaborators and friends, notably Boonjae, Shuo,
Matthew, Deokwon, Jungmoo, John, Joonsoo, Choongman, Mira, Minsang, and many others who
shall remain unnamed but not unappreciated. Their camaraderie, intellectual curiosity, and
collaborative spirit have significantly enriched my research experience. Their insights and
encouragement have been a wellspring of motivation and discovery.

| extend my appreciation to my dissertation committee—Prof. Alan Taub, Prof. Kevin Pipe,
and Prof. Pramod Reddy—for their discerning guidance and constructive critiques that were
pivotal in refining my research.

My church community has been a cornerstone of support, providing for my family in

countless ways during my Ph.D. journey. Their unfailing presence and solidarity have meant the



world to me. They have proven to be far more than friends; they are the family I chose, my true
brothers and sisters in spirit.

To my wife, Jihye Ju, words fail to encapsulate my gratitude. Her resilience and
unwavering support, being the companion and neighborly friend in the backdrop of Ann Arbor,
have been life-affirming. The joy she cultivates, the countless events she has lovingly orchestrated
for our children and me, are cherished. My love for her knows no bounds.

And to my beloved children, Dahee, Daeun, and Damin, you are my heart and joy. These
past five years in Ann Arbor, being close to you, witnessing your smiles, growth, and devotion,
have been the most rewarding. | am immensely proud of each of you and will forever treasure our
time together in this chapter of our lives.

With each of you, | share the successes and all the fruits that this journey has yielded.

Thank you all.

Jiwon Lim

Ann Arbor, Ml

March 2024



Table of Contents

ACKNOWIBAGEMENTS ...ttt et e e s be et e e re e s beesbeeneesreeseeaneesnaenreas I

LISt OF TADIES ... bbbt e bbbt vii

TS 0 T TN =TSRSS viii

AADSTIACT ...t bbbttt X

Chapter 1 Introduction to Polydopaming ChemisStry .........ccccccevveiiiieiiecie e 1

1.1 MUSSEI FOOL PIOTEIN ..ottt bbb 1

1.2 Polydopaming ChEMISIIY ........c.ciiiiiieie ettt re e ns 3

1.2.1 Self-polymerization of POlydOpamine ...........ccooueieiiiiniienirieiee e 4

1.2.2 Structure of POIYAOPAMINE ........oovieieiieieece e 5

1.2.3 POSt-MOTITICALION ..ottt 8

I N o o] [ Tor: £ ] OSSPSR 9

1.3 CONCIUSION ...t bbbttt n bbbt b e 13

LA RETEIBICE ...t bbbt 14
Chapter 2 Polydopamine Adhesion: Catechol, Amine, Dihydroxyindole, and Aggregation

Y T U0 oSS SO SRR 20

2.1 INEFOUUCTION ...ttt bbbttt et bbb b b eneas 21

2.2 ReSUIt AN DISCUSSTION ..ottt bbb 25

2.2.1 Molecular Design PriNCIPIE .......coviiiiii e 25

2.2.2 Structure Analysis by FTIR, and XPS, and SSNMR ............ccccoiiiiiiiiiicieccec 26

2.2.3 Adhesion MechaniSm STUAY .......ccoouiiiiiiiiinieee e 29

2.3 CONCIUSION ...ttt bbbttt ne b bbb ene s 34



2.4 PUBLICAtioN INTOIMALION ...t e e e e e e e e e e e e eeeeeaann 35

2.5 EXPEriMENntal SECTION .....c.oiuiiiiiiiicieieie e 35
2.5. 1 MAEETTALS ... 35
2.5.2 Preparation of the PDA Series Coatings on Various Substrates.............cccccceveennene. 35
2.5.3 CharaCteriZatiON .........cceiveiiiiiieieesest et 35
2.5.4 Quaternized Poly(4-vinylpyriding) Preparation............c.ccocovreiinieeienencnesesenins 36
2.5.5 PDA1-Quaternized Poly(4-vinylpyridine) Film Preparation...........c.cccccccevvevieennnnn. 36

2.6 Supplementary INFOIMALION ...........oviiiiiieier e 37
2.6.1 Material SYNTNESIS........cciviiiiieie e 37
2.6.213C S0lid StAte NIMIR ......cocvvvieceeee ettt ettt en st en s en s 38
2.6.3 XPS Spectra of PDA1 Coating on Glass SUbStrates...........c.cccccvvvvervenesiiesiesieennn 39

2.7 RETEIBICE ...ttt bbbttt ettt bt be et 39

Chapter 3 Sequential Self-polymerization of Phenolic Compounds with Alkanedithiol Linkers
as a Surface-independent and Solvent-resistant Surface Functionalization Strategy .................... 45

.1 INEFOAUCTION ...ttt nn et 46

3.2 RESUIT AN DISCUSSION ...ttt ettt sttt ettt 49
3.2.1 Reaction Mechanism and Molecular Structure of Copolymer ..........ccccccevvevieenen. 49
3.2.2 Surface-independent Coating on Various Phenolic Compounds............ccccccevueenee. 51
3.2.3 Achieving Solvent Resistance by Crosslinking ...........cccooevveiiiiciiciecce e, 56

BB CONCIUSION ...ttt bbbttt et b et nb e b eneas 59

3.4 Publication INFOrMALION ..........coiiiiiiicie e 60

3.5 EXPEriMENtal SECHION .....cuiitiiiiiiiiiieee et sb et 60
3.5, L CNEMICAIS. ... 60
3.5.2 Materials CharaCterization ...........cccoeruereiiniiiieieiee e 60
3.5.3 Self-polymerization of POlyphenols ... 61
3.5.4 Preparation of Polyphenol-ADT Copolymers Coatings on Various Substrates...... 61



3.5.5 Preparation of Polyphenol-ODT-TT Copolymers Coatings on Various Substrates 62

3.5.6 SOIVENt RESISTANCE TS ....c.viiiiieieiieie e 62
3.6 SuppOrting INFOrMAtION.........c.coiii e 63
BT RETEIBICE ...t bbbttt bbbt 65
Chapter 4 Dihydroxy Indole-free Poly(catecholamine) for Smooth Surface Coating with Amine
oo o gL 1) RS TRRTR 75
AL INEFOTUCTION ...ttt b ettt 76
4.2 RESUIT ANT DISCUSSION ...ttt sttt bbbt eneas 78
4.2.1 Design of DHI-FTEE PCA ...ttt 78
4.2.2 Surface Independent Coating of DHI-free PCA and Morphology ..........cccccocvvvnen. 83
4.2.3 Primary Amine Functionalization via DHI-free PCA ... 85
4.2.4 DHI-free PCA-coated Graphene for Polymer Composites with Enhanced Thermal
(@0 0o 101 £ 1Y/ USSR 87
4.3 CONCIUSTON ...ttt bbbttt e bbbt bbb eneas 92
4.4 Publication INFOrMELION .........cc.oiiiiiiiiee e 92
4.5 EXPEriMENTAl SECTION .....ocuiiiiiiiiiiie ettt 93
A.5. 1 MALEITAIS ....oeieiece e 93
A.5.2 IMBINOT ...t 93
4.6 SUPPOrting INFOrMALION...........coiiiiiei e 96
4.6.1 Proposed structure of 3,4-dihydroxybenzylamine Oligomers Based on the ToF
Y 01101 1 1 OSSPSR 96
4.6.2'H NMR spectra of DHI-free PCA During 7 hrs in NaHCO3/D20 ............ccceuuec... 97
4.6.3 Solid-state NMR SPECLIOSCOPY ....ecviiiuiieiieiieeitee et e st et et srae s sbeesraeenae 98
4.6.4 Synthesis of 10,12-pentacosadiynoic Acid (PCDA)-NHS .........cccccooiiiiiininnnns 99
A7 RETEIEINCE ... bbbttt b bbb 99
Chapter 5 Summary and OULIOOK ...........ccooiiiiiiiiii e 108

Vi



List of Tables
Table 3-1 Atomic ratio of N 1s to S 2s via XPS survey spectra after 24hrs of reaction for
various molar feed ratios between ODT and DBA ..o e 55

Table 3-2 Atomic ratio of N 1s to S 2s over the reaction time after the addition of ODT, as
determined by XPS survey spectra (ODT/DBA ratio iS 0.5/1)......cccccevvieiviieiiieiieesiese e 55

Table 4-1 Thermal conductivity of graphene nanoplatelet-poly(acrylic acid) composites .......... 91

vii



List of Figures

Figure 1-1 Attachment process of Mytilus mussels to a SUrface ..........ccccevvevevievi e 2
Figure 1-2 Schematic representation of the four main catechol—surface interactions................... 3
Figure 1-3 Polymerization mechanism of dopamine. ..........ccccceiieiieiiiieene e 5
Figure 1-4 Amine-based reaction of dopaming MONOMET ..........ccceoiieiiririnieiee e 6
Figure 1-5 Some structures of PDA 1-10 and eumelanin 11-14 proposed in the literature.......... 7
Figure 1-6 Dopamine oligomers IN HEEIAtUIES ...........oiiiiiiiieiee e 8
Figure 1-7 Reactions of N- and S-nucleophiles with 0-QUINONE...........cccoveieiieiecc e, 9
Figure 2-1 Structural analysis of the PDA series by FTIR and XPS........cccocoiviiiiiiiniiee 28

Figure 2-2 (A) Evaluation of coating behaviors of the PDA series on different substrates. (B)
Particle size analysis by using DLS. (C) SEM images showing the PDA series coating on glass

SUDSEIALES. ...ttt bbbt b bbb e bbb R bR bbb n e 31
Figure 2-3 3D AFM images of the surface morphology of PDA SEriesS.........cccceveierenenenennnnn 32
Figure 2-4 Aggregation induced adhesion via PDAL-gPVP MiXtUre.........ccccoevvivieiieieeieieenns 33
Figure S2-1 Solid-state NMR analysis Of the PDA SEIES .........c.ccoeriiiriiiniieeeiee e 38
Figure S2-2 High-resolution XPS spectra of the O 1s region for PDAL drop-casted (Pink) and

dip-coated (Gray) 0N glass SUDSIIALES ........cuiiiiriiiiiiii e 39
Figure 3-1 Reaction mechanism of copolymer and characterization..............cccccooeevveveiieieennns 51
Figure 3-2 Copolymerization of various phenolic compounds with ODT ........ccccceeeveniieninnnnnn 53
Figure 3-3 XPS spectra 0f COPOIYMEIS .......ooiieiiecie e 54
Figure 3-4 Solvent resistance 0f COPOIYMEIS........ccoiiiiiiiiicee e 58

Figure S3-1 Various oxidation states of 4-ethylcatechol and the proposed structures of its
dimer through aryl-aryl COUPTING ......c.ooiiiiiiie e 63

Figure S3-2 SEM images showing the copolymer coating on glass substrates...........c.cccccevvvenne. 64

viii



Figure S3-3 Stability test results of PDBA, PDBA_ODT, and PDBA_EGDT coatings on glass
substrates with different ratio of monomer to linker in NaOH(ag.), DMSO and chloroform ...... 64

Figure S3-4 Stability test results of PDBA, PDBA_ODT, and PDBA_EGDT coatings with

different ratio of monomer to linker in NaOH(aq.), DMSO and chloroform...........c.cccccvevviennee. 65
Figure 4-1 Structure analysis Of DHI-Free PCA ..o 82
Figure 4-2 Carbon-*CP-MAS NMR spectra of a powder sample of PDA polymer obtained

UNAEN 15 KHZ IMAS ..ottt bbbt n e 82
Figure 4-3 Surface independent coating of polydopamine and DHI-free PCA...........ccccoovivnnee. 84
Figure 4-4 Primary amine functionalization by using DHI-free PCA ..o iievecic e 87
Figure 4-5 DHI-free PCA c0ating 0N graphene ...t 89
Figure 4-6 Thermal conductivities of GnP-poly(acrylic acid) composites as a function of
GrAPNENE CONTENT ...ttt bbbttt nb e bt eneeneas 91
Figure S4-1 H NMR spectra of DHI-free PCA after 0 min ..o e 97
Figure S4-2 H NMR spectra of DHI-free PCA after 3Nrs ..o 97
Figure S4-3 H NMR spectra of DHI-free PCA after 7 Nrs.......ocovvvieiiecciicceece e 98



Abstract

Polydopamine (PDA), inspired by mussel adhesive proteins, has garnered significant
interest for its ability to coat surfaces independently of their nature, using a simple and
environmentally friendly process in basic aqueous solutions. However, understanding its binding
and polymerization mechanisms remains challenging due to the numerous reactive sites of the
dopamine monomer and the insoluble nature of the resulting polymer film. Additionally, PDA's
short, rigid backbone differs from the long, flexible sequences found in mussel-binding proteins,
which limits its effectiveness in achieving the conformal contact necessary for efficient adhesion.

In this dissertation, | systematically investigate the roles of PDA's building blocks—
poly(catechol), poly(catecholamine), and PDA—to enhance our understanding of their binding
mechanisms. Contrary to initial expectations, we find that PDA's adhesion primarily arises from
the solubility limits of catecholamine oligomers in aqueous environments, complemented by
catechol's multiple binding modes. Notably, in the absence of amines, poly(catechol) remains in
solution or forms minor suspensions without surface coating, emphasizing the crucial role of
amines in facilitating insoluble aggregate formation for adhesion. We validate our findings by
inducing poly(catechol) aggregation with quaternized poly(4-vinylpyridine) (gPVP),
demonstrating adhesion upon agglomerate formation.

Based on these insights, we develop a sequential self-polymerization strategy of phenolic
compounds combined with alkanedithiol (ADT) crosslinkers for versatile surface-independent

coating and functionalization. The resulting copolymer leverages phenol's diverse binding modes



and ADT's flexible aliphatic chain for conformal substrate contact, with Michael addition reactions
yielding solvent-resistant crosslinked polymer films. This approach successfully functionalizes
various surfaces with phenolic monomers, overcoming stability issues encountered with
conventional polydopamine derivatives.

Furthermore, we achieve 5,6-dihydroxyindole (DHI)-free poly(catecholamine) (PCA)
coating using 3,4-dihydroxybenzylamine hydrobromide, yielding smooth, uniform surfaces. The
suppressed indole ring formation preserves primary amine groups, offering an alternative surface
functionalization strategy, particularly for hydroxyl-containing surfaces. DHI-free PCA
modification enhances the thermal conductivity of graphene-polymer composites, achieving a
significant increase compared to untreated graphene controls.

Overall, this work advances understanding of PDA's binding mechanisms and offers novel
strategies for surface coating and functionalization with broad implications across material science
and engineering. By elucidating the intricate processes involved in PDA adhesion and developing
innovative coating techniques, this research opens avenues for the design of advanced materials

with tailored properties and enhanced performance in various applications.

Xi



Chapter 1 Introduction to Polydopamine Chemistry

Bioinspired materials have captivated the field of materials science, presenting innovative
solutions to a broad spectrum of engineering obstacles. Nature has crafted materials and
methodologies that often exceed the performance and sustainability of their artificial equivalents.
Among the notable achievements of natural design are the adhesive proteins located in the
holdfasts of mussel byssal threads, which are renowned for their exceptional adhesion qualities,
particularly in moist and marine settings.

This chapter is dedicated to exploring the realm of polydopamine chemistry, which draws
inspiration from the binding process of mussel adhesive proteins. Initially, I will lay out the
historical context of polydopamine and its roots in biological adhesive systems. Subsequent
sections will cover the polymerization process of polydopamine, including its structure and
potential applications. Despite polydopamine’s distinct qualities, its comprehensive understanding

is hindered by its complex structure, a challenge that underpins the motivation behind this study.

1.1 Mussel Foot Protein

Mussel foot protein (mfp) has been studied for their unique ability to firmly adhere to
substrates in aqueous conditions, which traditionally challenge synthetic adhesives. Intrigued by
the extraordinary adhesive properties exhibited by mussels in seawater, researchers initiated a
study to understand the biological features of mussel®, as depicted in Figure 1-1A. Subsequent
investigations delved into the binding behaviors of mussels across different substrates and

examined various conditions, including the contact angle between the thread, plaque, and



substrate.? In 1980s, scientists also investigated the protein sequence of mfp.3* They found Mytilus
byssus contains roughly 25-30 different proteins. Perhaps 7 or 8 of these are present in the plaque,
but only 5 are associated with the binding process as described in Figure 1-1B. Mfp-1 is the key
protein of the byssal cuticle. The other proteins that assemble to make up the thread. Those proteins
confined to plaques are mfp-2, -3, -4, -5, and -6. Among the identified mussel foot proteins, mfp-
5 and mfp-6 have been found to play a pivotal role in adhesion. Their protein sequences have been
analyzed and are presented in Figures 1-1C and 1-1D, respectively. Notably, all these proteins
include the post-translationally modified amino acid 3,4-dihydroxyphenyl-L-alanine (DOPA)

which allows surface-independent adhesion.
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Figure 1-1 Attachment process of Mytilus mussels to a surface.® (A) The byssus of the mussel comprises several
threads that are integrally connected to a muscle at the mussel's foot base and extend outward to anchor to surfaces.
(B) A schematic illustration details the positions of identified proteins within the byssal plaque. (C) The amino acid
composition of Mfp-5 from the Mytilus edulis. (D) The protein Mfp-6 from the Mytilus californianus.



The significance of mussel protein is not limited to underwater adhesion, but a surface-
independent adhesion. The catechol side chains of DOPA were found to play a crucial role in the
adhesion process through a combination of non-covalent and covalent interactions with the
substrate surface.® This unique property is mainly associated with multiple binding modes such as
H-bond, n- & interaction, coordination, hydrophobic interaction, and even covalent bonding as

shown in Figure 1-2.

He + H
N o < d Y% NH
| | | | |
H- bonding -1 stacking Coordination Covalent bonding

Figure 1-2 Schematic representation of the four main catechol-surface interactions described in this section.®

1.2 Polydopamine Chemistry

Since the adhesion property of mussel protein is unique and interesting, many attempts
were made to obtain the same adhesion property. However, these efforts often run into issues with
scalability and expense, as peptide bond formation is required. Recognizing these limitations, the
Messersmith group highlighted PDA as an economically viable and simple substitute to dopa-
containing peptides, usually synthesized through the straightforward autoxidation of dopamine in
air as depicted in Figure 1-3.” PDA shares structural similarity with mussel proteins, which confer
its ability to adhere to a wide range of materials, including ceramics, metals, polymers, and even

Teflon. The dopamine monomer, which contains both catechol and amine groups, can form



coatings through oxidative polymerization and the resulting polymer exhibits universal coating
capability. Although the process is straightforward and the coating capabilities of PDA are
exceptional, a comprehensive understanding of the mechanisms underlying polydopamine
formation remains elusive. This is due to the complex reactivity of the dopamine monomer, which

has multiple reactive sites, and the formation of various intermediates during polymerization.

1.2.1 Self-polymerization of Polydopamine

The self-polymerization simply initiated by the oxidation and coating layers were formed
in aqueous condition in few hours. The presence of the uncyclized, oxidized form of dopamine,
which provides primary amine groups on the surface, is observed upon oxidation. This form can
undergo dopamine—quinone formation and further react through catechol-to-catechol couplings
with either DHI or unoxidized dopamine.® Upon exposure to external stimuli, such as light
irradiation, the catechol rings of dopamine can lose an electron to form a dopamine—semiquinone
radical. This dopamine—semiquinone radical can then either oxidize intramolecularly to form
dopamine—quinone, leading to DHI formation, or oxidize intermolecularly to induce dimerization,
resulting in a catechol—catechol dimer.® Research has shown that catechol monomers, even in the
absence of nucleophiles like amine groups, can be successfully polymerized on functionalized
surfaces through a radical-initiating pathway. Additionally, the formation of 5,6-dihydroxyindole
(DHI) through the cyclization reaction of dopaquinone introduces variability in PDA's building
blocks. This diversity of building blocks, which possess different oxidation states, contributes to

the characteristic dark color of PDA, as it correlates with visible light absorption.
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Figure 1-3 Polymerization mechanism of dopamine.*°

1.2.2 Structure of Polydopamine

Unraveling PDA structure has been an enduring pursuit, one that has yet to reach a
definitive conclusion—Ilikely due to the inherent complexity of PDA. The structure of PDA is
highly dependent on the specifics of its preparation, as well as whether it is formed as a coating on
a surface or as particles/aggregates in suspension. The formation of DHI exacerbates the situation
by instigating crosslinking and rendering the polymer insoluble, thereby hindering the separation
of polymers and impeding structural analysis in a solution state. Moreover, oxidative degradation
of the indole structure's phenyl ring results in the production of terminal pyrrole carboxylic
acid.'>*2 Besides, amine functionality could react with the oxidized catechol via Michael addition
and Schiff base reaction as shown in Figure 1-4. Therefore, the chemical structure of PDA has not

yet been completely elucidated due to its complexity. Although attempts have been made to



1. Michael addition

OH
H,N
f@""” e &
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HO (0]

H,N OH HaN
NH,* N
HO O HO N_\__Q—OH

OH

Figure 1-4 Amine-based reaction of dopamine monomer.

characterize its composition, what have primarily been identified using mass spectrometry are
oligomeric species or intermediate products rather than the fully formed polymer. Once the PDA
polymerizes, the analytical techniques that can be applied are somewhat restricted. These include
solid-state nuclear magnetic resonance (NMR) spectroscopy, X-ray crystallography, Fourier-
transform infrared (FTIR) spectroscopy, ultraviolet-visible (UV/Vis) spectroscopy, and atomic
force microscopy (AFM). These methods allow for the proposal of possible structures, but they do
not provide a definitive picture of the polymer’s complete structure. These findings have been
reported and are exemplified in Figure 1-5.33 Another point of contention that has arisen concerns
the molecular weight of polydopamine (PDA). As polymerization progresses, the extension of the
PDA backbone's m-conjugated system promotes m-m interactions, which in turn increase the
hydrophobicity of the molecule and may lead to the exceeding of its solubility threshold in aqueous
solutions.  Additionally, previous research, which employed matrix-assisted laser
desorption/ionization (MALDI) and is depicted in Figure 1-6.1* predominantly identified

oligomeric species, casting doubt on the polymeric nature of PDA. It is worth noting, however,



that there is a singular study asserting the polymeric status of PDA, which is based on evidence

from single-molecule force spectroscopy (SMFS).
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Figure 1-5 Some structures of PDA 1-10 and eumelanin 11-14 proposed in the literature.'®



o N r H
=
o] \ ¢ " H
HO~”
6 <1 5
N
HO OH

m/z402 miz 402 Tetramer Cyclotetramer

Calcd. for Ca;Hp7N,Og (M* + H) = 595.1823)
found: 595.18454 Q + 12H

Octamer
Calcd. for CggHgaNgO4g (M* + H) = 1199.4362)
found: 1199.4348 8 Q + 36H

H Tetramer

Caled. for C3,Hy3N4Og (M* + H) = 601.2293)
found: 602.2316 4 Q + 18H

Figure 1-6 Dopamine oligomers in literatures.'*

1.2.3 Post-modification

The o-quinone moieties present in polydopamine (PDA), which arise from the oxidation
of catechol, introduce additional reactive sites due to their carbonyl functionalities and properties
as Michael acceptors. The carbonyl functionalities and Michael acceptor properties of these groups
facilitate their participation in nucleophilic addition reactions, which can involve 1,2- and/or 1,4-
additions within a basic aqueous solution at room temperature as depicted in Figure 1-7. Each
quinone moiety in PDA formally possesses two Michael systems, but it is generally believed that
the reaction primarily occurs at the less hindered system. In practical applications, thiol or amine
reaction with PDA is highly valued for attaching various functional groups because of the
ubiquitous presence of amino and thiol groups in peptides and proteins, or because these groups
can be readily introduced to the entity intended for PDA linkage. These applications have been

extensively explored.’>1" Moreover, the in-situ integration of NH, or SH containing nucleophiles



during the PDA polymerization process allows for the concurrent formation and functionalization

of PDA.18

m
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Figure 1-7 Reactions of N- and S-nucleophiles with o-quinone.*®

1.2.4 Applications

Enhancing material surfaces is essential for tailoring their properties, improving their
performance, and expanding their application scope. Polydopamine (PDA) coatings are
remarkably versatile and can be readily applied to a diverse array of surfaces. Moreover, they offer
a platform for various post-modifications through Michael addition reactions involving amines
and thiols. Before PDA coatings became prevalent, the landscape of surface functionalization was
dominated by four principal methods: Silane coupling agents were among the most popular choices,

offering a variety of functionalities to modify surfaces containing hydroxy groups. The Layer-by-



Layer (LbL) technique was also prominent but necessitated numerous coating cycles and a
meticulous process. Self-Assembled Monolayers (SAMSs) required precise matching of surface-
adsorbate chemistry, exemplified by the thiol-gold interaction, to be effective. Meanwhile, plasma
treatments provided temporary solutions as the beneficial properties imparted to surfaces often
deteriorated over time.

In contrast, polydopamine (PDA) coating has gained widespread usage due to its surface
independent adhesion and the presence of various functional groups. Unlike the more selective
silane coupling agents, LbL assembly, SAMs, and plasma treatments, PDA coating is not confined
to substrates like noble metals and metal oxides. It can also effectively bind to materials with
inherently low surface energy, including polyolefins. This makes PDA a highly adaptable and
durable option for enhancing and customizing the surfaces of an extensive range of materials such

as metal oxides, carbon nanomaterials, and polymers.

1.2.4.1 Metal Oxides

Iron (111) oxide, a widely utilized metal oxide for PDA surface modification, is especially
valued for its magnetic properties that enable easy collection and purification by external magnetic
fields. Mrowczynski et al. coated FesO4 nanoparticles with a PDA film that have a diameter of
about 8 nm. These served as vehicles for drug delivery.?° Similarly, Wu et al. produced PDA-
modified FesOs nanoparticles, later embedded in natural killer (NK) cells, which exhibited
enhanced tumor targeting and growth inhibition when used in conjunction with an external
magnetic field.?! Expanding beyond single nanoparticles, researchers have also employed PDA

with Fe3Os nanoparticle clusters, creating core-shell nanocomposites that exhibited superior

10



photothermal effects for cancer cell eradication compared to unenhanced clusters. This enhanced
effect is partly attributed to the combination of iron oxide and PDA's photothermal properties.??
In addition to the widely implemented iron oxide, various metal oxides have also been
coupled with PDA to develop versatile functional nanoplatforms. Lee et al. produced carbon-
coated Mn304 nanocrystals with a PDA-derived carbon layer, enhancing the electrical conductivity
for Pt electrocatalyst support, resulting in significantly improved performance in oxygen reduction
reactions.?® In parallel, Park et al. reported PDA-coated WO3 nanoparticles conjugated with

hyaluronic acid for targeted photothermal therapy with excellent biocompatibility.?*

1.2.4.2 Carbon Nanomaterials

Carbon nanomaterials, encompassing carbon dots, nanotubes, fullerenes, graphene, and
carbon spheres, possess remarkable physical and chemical properties. However, surfaces with
limited functionality and low surface energy pose challenges to effective functionalization.
Furthermore, carbon nanomaterials face biomedical application limitations due to toxicity
concerns. Addressing this challenge, PDA surface modification are effective strategies,
particularly for carbon nanotubes (single-walled and multiwalled), which are extensively
researched in nanomedicine and biosensor applications. Liu et al. created an SWNT@PDA
nanocomposite for simultaneous radioisotope cancer therapy. The PDA coating enhances SWNT
stability and solubility, enables MRI contrast enhancement.?> Moreover, graphene oxide coated
with PDA induces N-containing active sites, as investigated by Wang et al., exhibits enhanced
electrocatalytic activity for oxygen reduction, outperforming platinum-based catalysts in stability

and methanol tolerance.2®
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1.2.4.3 Polymers

Polymers, particularly common types like polyolefins, typically exhibit low surface energy,
which creates obstacles for surface modification. The ability of polydopamine (PDA) to adhere to
surfaces regardless of their energy levels presents a viable solution for functionalizing these
otherwise inert polymers. For example, poly(lactic-co-glycolic) acid (PLGA) are being coated with
PDA to enhance drug delivery systems in nanomedicine. Tao et al. developed a PDA-coated,
cholic acid-functionalized PLGA platform for targeted breast cancer therapy with an aptamer
conjugated to the PDA layer, facilitating the delivery of the anticancer drug docetaxel. In this
application, PDA serves as a linker to introduce the tumor-targeting aptamer.?” Polystyrene (PS)
also is modified with polydopamine (PDA) to create novel nanostructures to create raspberry-like
nanoparticles are reported by Kohri et al.®® Furthermore, Deng group developed PS/silver
nanocomposite particles via PDA coating on PS nanoparticle to improve antibacterial property.
Silver precursor [Ag(NHs3)2]" ions are subsequently attracted to and held by the catechol and amine

groups in the PDA coating on the PS/PDA composite spheres.?°

1.2.4.4 Other Biomedical Applications

PDA has gained attention for its biocompatibility, adhesive properties, antioxidant
capabilities, and efficient photothermal conversion. These features have showcased its vast
potential across diverse applications within the field of biomedical applications. PDA functions as
a versatile element in regenerative medicine, where it can be utilized as a surface treatment and as
an integral part of scaffolding structures to aid in wound healing.33? In the field of tissue
engineering, PDA can promote cell adhesion and proliferation, making it a valuable component in

the creation of scaffolds for growing tissues.334
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1.3 Conclusion

The journey through the realm of polydopamine (PDA) chemistry in this introduction
chapter reveals not only the bioinspired origins of PDA but also its transformative impact on
materials science. Drawing from the exceptional adhesion capabilities of mussel foot proteins,
PDA has emerged as a highly adaptable material capable of universal coating and functionalization
across a myriad of substrates without the constraints of surface energy.

The examination of PDA's polymerization process emphasized the complexity and
versatility of its structure and highlighted the elusive nature of unraveling its exact molecular
makeup. Even so, the utilization of PDA in various applications has not been hindered—its
potential continues to be realized in fields ranging from energy conversion and storage to targeted
drug delivery and regenerative medicine.

PDA coatings have surpassed traditional methods of surface modification, offering
economic and scalable alternatives for enhancing biocompatibility and adhesive strength. Notably,
its integration with metal oxides, carbon nanomaterials, and polymers underscores the breadth of
its applicability.

This dissertation aims to further dissect the intricacies of PDA chemistry to better harness
its potential. Through a comprehensive understanding of PDA’s binding mechanism, we can
extend its applications and elevate the standard of bioinspired material science to new heights,

mirroring nature's own unrivaled designs.
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Chapter 2 Polydopamine Adhesion: Catechol, Amine, Dihydroxyindole, and Aggregation

Dynamics

Contents in this chapter has been submitted to publish in ACS Appl. Mater. Inter. (manuscript

ID: adfm.202201256)

Abstract

Polydopamine (PDA) mimics the adhesion of mussel-binding proteins but with a shorter
and more rigid backbone, limiting its effectiveness as an adhesive due to reduced conformal
contact with surfaces. Our research investigated the adhesion properties of PDA's components:
poly(catechol), poly(catecholamine), and PDA itself. Contrary to the expectation that
catecholamine oligomers would specifically bind to substrates, we found that PDA's widespread
adhesion is due to the oligomers' limited solubility in water and the versatile binding of catechol.
Without amines, poly(catechol) failed to adhere, staying in solution or forming negligible
suspensions, emphasizing amines' critical role in creating insoluble aggregates that stick to
surfaces. We demonstrated this by inducing poly(catechol) to form aggregates with quaternized
poly(4-vinylpyridine) (gPVP), which then adhered to surfaces. However, using gPVP with high
molecular weight resulted in larger aggregates that remained suspended, not coating the surface,

thus illustrating the importance of aggregate size for adhesion.
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2.1 Introduction

Mussels exhibit an exceptional adhesion capability even in the challenging environment,
seawater. Despite the inhibitory effects of salt water on intermolecular interactions, mussels
demonstrate remarkably rapid adhesion with excellent strength and durability to rocks and hull of
ships. Extensive research on these organisms has unveiled the critical role played by specific
constituents within mussel adhesive plaques, particularly the abundant presence of DOPA (3,4-
dihydroxyphenylalanine), lysine, and cysteine units, which feature prominently as catechol and
amine moieties.’® Although the adhesion mechanism of mussel has not been fully understood,
catechol plays a pivotal role by forming various chemical (Metal chelation* and covalent bonding
by Michael-type addition and Shiff-base formation) and physical (Hydrogen bonding, n—n
interaction, and Van der Waals (VdW) interaction)® interactions with substrates. However, the role
of amine in lysine had remained poorly understood until Butler's group unveiled that the amine
played a pivotal role in enhancing wet adhesion through surface salt displacement.®

In this context, the pioneering work of Messersmith's group in 2007 led to the development
of self-polymerizable polydopamine (PDA), incorporating catecholamine moieties.” PDA's
structural similarity to mussel-binding proteins facilitates surface-independent adhesion through
simple application methods. This universal applicability sets PDA apart from conventional coating
techniques, such as self-assembled monolayers (SAMs),% silane, Langmuir Blodgett, and layer-
by-layer polyelectrolyte depositions, which rely heavily on specific surface conditions. However,
there are distinct differences between PDA and mussel-binding proteins. Unlike mussel-binding
proteins, which possess a long flexible polypeptide backbone, PDA features a rigid aromatic
backbone that impedes seamless adhesion to rough surfaces. Furthermore, prior research has

consistently reported the oligomeric nature of PDA with the majority being trimers and

21



tetramers, 913 with the exception of a study conducted by the Messersmith group.** The heightened
hydrophobicity in the growing PDA chains and consequently developed limited solubility in
aqueous solution seem to hinder aryl-aryl coupling reactions, likely ceasing the chain growth at a
low molecular weight. Those characteristics of PDA, distinct from mussel-binding proteins, might
necessitate supplementary features to compensate its short and rigid backbone structure for a good
adhesion. Some prior studies have examined the relationship between aggregation and binding of
PDA in the presence of amine-containing compounds, such as PEI*® or hexamethylenediamine.®
However, there has been no systematic investigation into the connection between aggregate
formation and adhesion in PDA.

The other unique feature of PDA is electron-rich 5,6-dihydroxyindole (DHI) units formed
through the annulation of dopamine.!” Regarding the role of DHI, Zhang et al. investigated
adhesion strength of PDA derivatives and found that extended aromaticity of DHI plays a crucial
role for cohesion strength by cation—r interaction.'® Additional intermolecular interactions, such
as m—7 interactions and cation—m interactions, resulting from DHI, contribute to the enhanced
robust coating.*® While DHI provides cohesive interaction to PDA, surface-independent adhesion
stems from its catecholamine moiety as recently Hemmatpour et al. revealed that the early stage
of polydopamine deposition is a poly(catecholamine), followed by DHI formation by cyclization,
implying the initial binding occurs by catecholamine units.?® Nonetheless, the specific functions
of catechol and amine in the PDA adhesion process remained not fully comprehended.

In this study, we proposed that adhesion of PDA is initiated when the solubility limit of
PDA agglomerate is reached, and this process is facilitated by the primary amine and DHI
components. (Scheme 2-1) We employed a rational design approach to investigate the individual

contributions of amine and catechol in the formation of PDA agglomerates. In addition to the
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dopamine monomer, we prepared catechol and catecholamine monomers to isolate the role of each
unit during particle formation and coating processes. Under oxidative conditions, these compounds
undergo self-polymerization, and we subsequently prepared and characterized the corresponding
polymer layers. Scanning electron microscopy (SEM), dynamic light scattering (DLS), and atomic
force microscopy (AFM) studies revealed the significance of the solubility limit of growing
oligomers in relation to their surface coating. Throughout the polymerization process, amine plays
a pivotal role by facilitating aggregation, causing the hydrophobic PDA agglomerates to reach
their solubility limit in polar solvents. The developed insoluble nature of the agglomerates enhance
their affinity for the substrate during the self-coating process. To validate our hypothesis, we
prepared poly(catechol)-PVP agglomerates that exhibited particle formation and adhesion while

poly(catechol) only did not form any surface coating.
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Scheme 2-1 Schematic illustration of the solubility limit triggered adhesion mechanism of PDA. While
mussel-binding proteins with their long and flexible polymer sequences as well as catechol side groups, exhibit
robust adhesion, the short and rigid structure of PDA is not ideal for conformal coating on substrates. In order to
offset this drawback, PDA facilitates intermolecular interactions through n-w interactions, cation-m interactions,
and hydrogen bonding. As growing oligomers agglomerate and approach the solubility limit in aqueous solutions,
they promote adhesion that is thermodynamically stable. We have elucidated the relationship between particle
size and adhesion in the PDA series through a rational design approach. Finally, the formation of gPVP/PDA1
agglomerates has confirmed that catechol is primarily responsible for adhesion, while the aggregation of
gPVP/PDAL in aqueous solutions leads to reaching the solubility limit.
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2.3 Result and Discusstion

2.3.1 Molecular Design Principle

Initially, we investigated the role of primary amine in PDA by using poly(4-ethylcatechol)
(PDAL1), which does not have amine functionality. Interestingly, catechol has been understood as
an adhesion part of mussel-binding protein, and catechol-containing polymers have exhibited
surface-independent adhesion without amine.?"? In the majority of these systems, catechol is
incorporated as a side group on a flexible polymer backbone. Furthermore, the role of amines in
mussel-binding proteins was originally investigated not primarily for adhesion but within the
context of underwater adhesion and the reinforcement of PDA cohesion through cation-n
interactions.?’2¢ Nevertheless, within PDA, amines hold a significance beyond mere salt cleaning.
This study systematically compared poly(catechol), poly(catecholamine), and PDA, shedding light
on the role of amines in PDA during both aggregation and adhesion processes.

One significant distinction between PDA and mussel-binding proteins lies in the absence
of DHI in the latter. Even though DHI exclusively exists in PDA, it provides unique features to
PDA through its extended aromaticity. Consequently, it becomes essential to investigate the
surface-independent adhesive characteristics of DHI-free poly(catecholamine). The chemical
structures of the catechol-containing monomers used in this study are shown in Scheme 2-1. We
pursued two distinct design strategies to obtain poly(catecholamine). PDA2 incorporates a methyl
group at position 5 to prevent the ring closure to make DHI while preserving the catechol-
ethylamine structure. On the other hand, PDA3 features a 4-aminomethylcatechol unit where the
amine cannot reach the benzene ring for annulation due to the one-carbon short linker length.

Therefore, in the absence of DHI, PDA2 and PDA3 allowed us to isolate and study the binding
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properties of catecholamine exclusively. To better understand the role of DHI, we added
conventional polydopamine (PDA4).

Scheme 2-1 provides a schematic illustration of our understandings. Poly(catechol) (PDA1)
exhibits a lack of strong intermolecular interactions, leading to particle dispersion in polar solvents
due to solvation effects. Poly(catecholamine) (PDA2 and PDAS3) possesses larger polarity than
PDAL1 due to the presence of amine groups. However, under mild basic conditions (pH 8.5), the
positively charged ammonium (-NH3") groups of PDA2 and PDA3 engage in cation-x interactions,
resulting in particle aggregation. Furthermore, the cyclization of catecholamine of PDA4 leads to
the formation of DHI, which possesses an increased number of @ electrons. This facilitates both n-
T interactions and cation-m interactions, leading to the formation of larger aggregates which is

thermodynamically unstable in polar solvents and thereby causing adhesion to substrates.

2.3.2 Structure Analysis by FTIR, and XPS, and ssNMR

The polymerization of the DA series was conducted in a Tris-HCI aqueous solution with a
pH of 8.5, rendering the generation of polymers with different oxidation states. We purchased DAL,
DA3, and DA4 monomers and synthesized DAZ2. Self-polymerization of polydopamine,
poly(catechol), and poly(catecholamine) were reported?® and we confirmed the structures via
spectroscopic methods. To investigate the chemical structures of the PDA series, we examined the
coated film on glass substrates. However, because the lack of amine functionality of PDA1 did not
make film formation, we analyzed a drop-casted film on a glass substrate instead. First, we
investigated the oxidation state of the PDA series since it determines binding modes, such as
catechol forms hydrogen bonding while quinone facilitates coordination bonding with metals. The

FTIR spectra of PDAL, PDA2, PDA3, and PDA4 (Figure 2-1A) exhibited a broad band at
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3600—3200 cm * that is assigned to v(N—H) or v(O—H) stretching modes. The peak at 1650 cm ™+
corresponding to v(C=0) groups was observed in PDA1, while PDA2, PDA3, and PDA4 exhibited
weak stretching modes in this region indicating variations in oxidation states within the PDA series
likely due to the difference in the form of amine group. The high-resolution XPS spectra of O 1s
(Figure 2-1B) and C 1s (Figure 2-1C) were consistent with the FTIR results that exhibit the
coexistence of catechol and quinone that allow multiple bonding to the substrates. FTIR and XPS
spectra of PDAL exhibited a notably different ratio between catechol and quinone compared to the
others because DA1 monomer is neutral while the other monomers are acid salt form, which would
decrease the pH of the buffer solution, leading to a relatively weaker oxidation condition and
consequently larger portion of catechol than quinone. This implies that we can manipulate the
catechol/quinone ratio by pH control. We also examined nitrogen functionalities through the FTIR
(Figure 2-1A) that exhibits an aromatic C-C/C=C band (1608cm™) associated with DHI and
catechol, whereas the amine band is detected as well at 1510cm™. The presence of DHI in PDA4
is confirmed by the increase in the peak intensity at 1608cm™, characterized by the augmented
aromaticity. Meanwhile, PDA2 and PDA3 showed relatively reduced peak intensity at the
aromatic region due to the lack of DHI. Furthermore, the N 1s region of the high-resolution XPS
spectra confirmed the absence of DHI in PDA2 and PDAS3. (Figure 2-1D)

We further investigated the polymer structure via 3C CP-MAS NMR. Based on the
structural features observed within each PDA series, as depicted in Figure S2-1a, it is reasonable
to infer that the *C peaks within the chemical shift range of 100-150 ppm primarily correspond to
carbon atoms of aromatic rings (Figure S2-1b) and 0- 50 ppm correspond to the aliphatic carbon
atoms. The chemical shift distribution exhibits broadening because of variations in polymer chain

length. A contact time of 2 ms facilitates magnetization transfer from abundant protons to natural-
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abundance **C enabling not only the transfer of magnetization from directly bonded C-H protons

but also for C-O-H groups. The line-broadening observed for ~160 to ~180 ppm could be attributed

to a combination of heterogeneous structure and slow motion of the corresponding chemical

groups. The up-field shifts in chemical shift values can be attributed to extended m-m stacking

interactions present in both PDAL and PDA4 (parallel, anti-parallel, slipped parallel, and slipped

anti-parallel, etc.), which could also contribute to the heterogeneous line-broadenings.*® In

summary, the 3C CP-MAS NMR spectra of the synthesized PDA powder samples suggest the

presence of structurally intricate oligomers.
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Figure 2- 1 Structural analysis of the PDA series by FTIR and XPS. (A) FTIR spectra of PDAL, PDA2,
PDAZ3, and PDA4. (B) High-resolution XPS spectra of O 1s region for PDAL, PDA2, PDA3, and PDA4. (C)
High-resolution XPS spectra of C 1s region for PDA1, PDA2, PDA3, and PDA4 (D) High-resolution XPS spectra

of N 1s region for PDAL, PDA2, PDAS3, and PDAA4.

28



2.3.3 Adhesion Mechanism Study

Despite the surface independent coating behavior of PDA is indisputable, roles of catechol,
amine, and DHI in PDA are not clear during the adhesion process. To understand the coating
mechanism, the PDA series were deposited on polyamide (nylon), polyethylene terephthalate
(PET), and glass, representing hydrophilic, hydrophobic, and ceramic substrates, respectively. As
depicted in Figure 2-2A, the entire PDA series successfully coated the nylon substrate, regardless
of the presence of amine functionality. This suggests that catechol alone is capable of forming
effective interactions with high surface energy substrates. However, it's important to note that only
amine-containing polymers were able to form coatings on glass and PET substrates. The high-
resolution XPS spectra of O 1s confirmed the absence of PDA1 on glass substrate as shown in
Figure S2-2. On the contrary, the other PDA analogs having amine functionality showed an
efficient coating on all substrates and were confirmed by the high-resolution XPS of N 1s (Figure
2-1C). As we discussed, some catechol-containing polymeric adhesives have an unconditional
coating property like PDA due to the various binding modes (H-bonding, - 7 interaction, metal
chelation and etc.) even without amine functionality.???* However, we observed that the presence
of amines is pivotal for achieving universal adhesion in the PDA analogues, as they compensate
for the limited cohesion strength of PDA caused by its short polymer chain. These results support
the notion that surface-independent adhesion is initiated by catecholamine units, while particle
aggregation through m-m interactions and cation-m interactions plays an important role.?’ We
conducted additional water contact angle measurements on dip-coated PDA series on glass
substrates, as illustrated in Figure S2-3. The lack of a PDAL layer on the glass led to similar angles
as the pristine glass, measuring 55°and 54°, respectively. For PDA2, PDA3, and PDA4, the angles

were 22°, 7°, and 23°, indicating hydrophilic properties of the PDA series. Interestingly, PDA3
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exhibited the lowest water contact angle, attributed to the absence of DHI units and a uniform
coating, as explained below.

Following the verification of the coating layers using spectroscopic methods and water
contact angle measurement, we proceeded with a surface morphology analysis using DLS and
SEM, as illustrated in Figure 2-2B and Figure 2-2C. As the XPS results confirmed, PDAL did not
adhere to the glass and PET substrates, whereas PDA4 coated all substrates successfully.
Interestingly, the two poly(catecholamine) variants, PDA2 and PDA3, demonstrated different
coating capabilities on glass substrates. PDA2 exhibited sparse attachment, while PDA3 formed a
uniform coating, indicating poly(catecholamine)s do not assure a universally effective coating. We
investigated the particle size and adhesion relationship by employing DLS analysis to gain some
insights. As shown in the DLS and SEM data consistently, the particle size exhibited a gradual
increase from the amine-free poly(catechol) (PDAL) to DHI-free poly(catecholamine)s (PDA2 and
PDAB3), and finally to polydopamine (PDAA4). The presence of larger particles in PDA4 (1590 nm)
can be attributed to the efficient intra- and intermolecular interactions of DHI units. Additionally,
the existence of medium-sized particles in PDA3 (410 nm), which has catecholamine unit,
contributes to its universal adhesion. It is worth noting that the absence of DHI in PDA3 resulted
in a smooth coating. Conversely, the formation of small particles in PDA2 (230 nm) and PDA1
(137 nm) results in only sparse coating or no adhesion. The extended conjugation of DHI results
in substantial aggregation, whereas the cation-r interaction between NH3* and catechol of the DHI-
free catecholamines was comparatively weaker than that of DHI. Although large agglomerates

were loosely adhered to the surface, they could be detached through ultrasonication.?®
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different substrates. (B) Particle size analysis by using DLS. (C) SEM images showing the PDA series
coating on glass substrates.

In addition to the SEM analysis, we conducted a more in-depth examination of the surface

morphologies beneath these coated agglomerates using atomic force microscopy. Following the

removal of agglomerates via ultrasonication for 10 min in DI water, we assessed the surface

morphologies using the tapping mode of AFM as shown in Figure 2-3. First, the absence of a

poly(catechol) (PDA1) coating was verified by the low average roughness (Ra) of 0.1 nm.

Adhesion began to manifest gradually with PDA2, which displayed a sparse coating due to the

weak intra- and intermolecular interaction. In contrast, PDA3 and PDA4, possessing strong intra-

and intermolecular interactions, appeared to adhere thoroughly. We subsequently hypothesized
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Figure 2- 3 3D AFM images of the surface morphology of PDA series: (A) PDAL, (B) PDA2, (C) PDA3, and (D) PDA4
after applying 10 minutes of ultrasonication in DI water. Scan size 250 x 250 nm?. The average roughness (Ra) for the full
image is shown in each figure.

that approaching the solubility limit of growing PDA agglomerates in polar protic solvents
facilitates adhesion. In contrast, when the intra-intermolecular interaction of catechol oligomers is
not strong enough to reach their solubility limit in mild basic conditions the oligomers either
remain in solution or exist as a minor suspension.

To validate the concept of aggregation-induced solubility limit-based adhesion mechanism,
we incorporated quaternized poly(4-vinyl pyridine) (gPVP) in the amine-free poly(catechol)
(PDAL1) solution at pH 8 to ensure cation-r interactions and coulombic interactions?”?® as depicted
in Figure 2-4A. Both PDA1 and qPVP are soluble in water, and none of them can establish coating
on glass separately. Nevertheless, upon the interaction of PDA1 with gPVP, the resulting

agglomerates formed a coating layer via multiple binding modes of catechol as shown in Figure
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2-4B. The presence of the coating layer was confirmed through SEM images and high-resolution
N 1s XPS spectra from quarternary amine, as illustrated in Figure 2-4C and Figure 2-4D,
respectively. While gPVP could potentially form a binding with a negatively charged glass under
mild basic conditions, the absence of quaternary amine in XPS suggests that gPVP is solvated in
the agqueous solution rather than deposited on the glass. To further explore the impact of particle
size, we varied the molecular weights of gPVP. As we raised the molecular weights of gPVP from
1400 Da to 60 kDa, the particle size of the agglomerates also increased up to 3050 nm (Figure 2-
4E). Large agglomerates induced by high-molecular-weight polymers formed precipitated
particles rather than forming surface coatings due to their bulky and heavy characteristics. (Figure
2-4F) In summary, the aggregation of PDAL leads to adhesion unless the particles are excessively

large and heavy.
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Figure 2-4 Aggregation induced adhesion via PDA1-gPVP mixture. Aggregation process of PDA1l/ qPVP.
Solubilized PDA1 and gPVP engaged in cation-r interactions and coulombic interactions, subsequently leading to
aggregation-induced adhesion. B Coating test of PDA1 and PDA1/gPVP agglomerate on glass substrates. C SEM
images reveal the absence of a coating when PDAL is applied to a glass substrate, while the combination of
PDA1/gPVP (Mw1400) demonstrates adhesion on the glass substrate. D High-resolution N 1s XPS spectra of
PDA1/gPVP agglomerates and qPVP (Mw1400) on the glass substrate. E DLS analysis of PDA1/gPVP agglomerates
with various molecular weight range. F PDA1/gPVP agglomerates suspension in water. Large molecular weight of
gPVP (60K Da) lead large particle formation (3050 nm), followed by precipitation without coating.
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2.4 Conclusion

We explored the binding mechanism of polydopamine (PDA) by a rationally designed
PDA derivative. These analogs are designed to investigate the role of catechol, amine functionality,
and DHI in the unique material-independent surface coating feature of PDA. Our investigation
encompassing various substrate materials unveiled an important distinction: amine-containing
polymers exhibited an exceptional capacity for surface-independent adhesion, whereas amine-free
poly(catechol) exclusively yielded coating layers on only hydrophilic substrates, exemplified by
nylon. Furthermore, our SEM, DLS, and AFM analyses elucidated the role of aggregation
formation in initiating surface adhesion. While the monomeric catechol derivatives used in this
study are all soluble in aqueous solution, as the molecular weight increases by self-polymerization,
the growing oligomers reach an insoluble length limit, haltering further growth. The size of the
insoluble oligomers without having amine group is small enough to stably stay in solution while
protonated amine groups (NHs*) of poly(catecholamine)s form cation-w interactions with catechol
or DHI, making the resulting aggregates to coat on a substrate. Notably, the particle size emerged
as a critical factor influencing this process, as exemplified by the contrasting behavior of PDA2
and PDA3; while smaller aggregates of PDA2 (240nm) gave only sparse coating, larger aggregates
(410nm) of PDA3 made a uniform surface coating. To substantiate the observed solubility limit
effect on surface coating, we induced the aggregation of amine-free poly(catechol), PDA1, by
means of adding quaternized poly(4-vinylpyridine) (qPVP). This strategic blending of cationic
gPVP and poly(catechol) in solution fostered cation-m and coulombic interactions among them,
ultimately resulting in the formation of agglomerates that constituted a coating layer, supporting

our proposed aggregation-induced solubility limit-based adhesion mechanism of PDA.
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2.5 Publication Information

Jiwon Lim, Shuo Zhang, Jung-Moo Heo, Kalitha C. Dickwella Widanage, Ayyalusamy

Ramamoorthy and Jinsang Kim*, “Polydopamine Adhesion: Catechol, Amine, Dihydroxyindole,

and Aggregation Dynamics” revision submitted.

2.6 Experimental Section

2.6.1 Materials

All the chemicals and solvents for the synthesis were purchased from commercial suppliers
(TCI, Acros, Sigma-Aldrich, and Fisher Sci. and 4-Ethylcatechol (DA1), 3,4-
Dihydroxybenzylamine hydrobromide (DA3), and Dopamine hydrochloride (DA4), were
purchased from Sigma-Aldrich. 2-(4,5-dihydroxy-2-methylphenyl)ethan-1-aminium bromide

(DAZ2) was synthesized as shown in Scheme S2-2.

2.6.2 Preparation of the PDA Series Coatings on Various Substrates

First, a monomer solution (2 mg/mL) dissolved in tris buffer (pH 8.5) was prepared
(DA/Tris solution). Then various substrates (1x1 cm?) were placed in a petri dish containing 5 mL
of the monomer/Tris solution. After 24h, the coated substrates were rinsed with DI water and

methanol and then dried by blowing air.

2.6.3 Characterization

Scanning electron microscope (SEM) was carried out by using Tescan Mira3 FEGSEM.

Atomic force microscope (AFM) was carried out by using Veeco Dimension Icon Atomic Force
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Microscope. AFM images were acquired in amplitude modulated AC mode (aka tapping mode) in
air, under ambient conditions, with silicon tip SCANASYST-AIR (Bruker). X-Ray photoelectron
spectroscopy (XPS) spectra were obtained by Kratos Axis Ultra XPS using Monochromatic Al
source. The base pressure in the analysis chamber was typically 1 x 107° mbar. All spectra were
collected with the charge neutralization. The collected data were processed using the CasaxXPS
software package. Spectral charge correction was performed using the main C 1s peak due to
hydrocarbon (C-C/C-H bonds) set to 284.5 eV. FTIR was conducted by using NicoletTM iS20 FT-
IR spectrometer. The Adv ATR mode of OMNIC software was used for the baseline collection.
XPS and FT-IR spectra were collected from dip-coated surfaces for all samples except PDAL. Due
to the poor coating capability of PDAL, the spectra for PDAL were obtained from a drop-casted

film. DLS were conducted by using Malvern zetasizer nano ZSP.

2.6.4 Quaternized Poly(4-vinylpyridine) Preparation

200 mg of Poly(4-vinylpyridine)(1.9 mmol) was dissolved into 20ml of methanol, and the
solution was refluxed in the presence of 0.23 mL (3.8 mmol) of iodomethane for 24 h. The obtained
polymer were precipitated from the reaction mixtures using diethyl ether, filtered, and washed with
methanol and diethyl ether to yield a yellowish polymer product. The obtained polymer product

was dried in the oven (60°C) for overnight.

2.6.5 PDA1-Quaternized Poly(4-vinylpyridine) Film Preparation

First, DAL monomer (2 mg/mL) dissolved in tris buffer (pH 8.5) was prepared (DA/Tris

solution). Glass substrate was placed in a vial containing 2 mL of the DA1/Tris solution for 1 day.
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Then gPVP (2 mg/ml) was dissolved in water, and 0.5 ml of gPVP solution was added to the
DA/Tris solution. After 24h, the coated substrate was rinsed with DI water and methanol and then

dried by blowing air.

2.7 Supplementary Information

2.7.1 Material Synthesis

NH, NH,
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Scheme S2- 1 Monomer scructures of PDA series.
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Scheme S2- 2 Synthetic route of a monomer for DA2
2-(4,5-dihydroxy-2-methylphenyl)ethan-1-aminium bromide (DA2) was synthesized by

previously described synthetic routes.3!
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2.7.2 13C Solid State NMR
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Figure S2- 1 Solid-state NMR analysis of the PDA series. a, Chemical structures of monomers and polymers in
PDA series. b, Proton-decoupled 3C Ramp-CP spectra of powered PDA complexes under 6-8 kHz MAS. ¢, Possible
structural oligomers of PDA series. Carbon atoms that are discernible through the utilization of the cross-polarization
(CP) MAS experiments are color-coded as follows: yellow for aliphatic, cyan for aromatic, and magenta for those
linked to -OH groups.

Solid-state NMR experiments were carried out on a 600 MHz (14.1 T) Bruker Avance
NMR spectrometer operating at 600.12 MHz and 150.91 MHz resonance frequencies for *H and
13C nuclei, respectively. A 3.2 mm HCN triple-resonance MAS probe was used to acquire *3C CP-
MAS NMR spectra under 8-9 kHz MAS at room temperature. The ramp-cross-polarization®? was
used with the experimental parameters: a 83.3 kHz 1H 90° pulse followed by a simultaneous 1H
spin-lock field of 62.5 kHz and **C RF field ramped from 53 to 76 kHz for 2 ms, with 10,000-
21,000 scans and a recycle delay of 3.5 s. Protons were decoupled using 83.3 kHz RF SPINALG64
pulse sequence. The *C chemical shifts were externally referenced to adamantane’s CH2 peak at
38.48 ppm with 0 ppm for *C peak of tetramethylsilane (TMS). 3C CP-MAS NMR of PDA3 was

assigned in our previous study.'?
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2.7.3 XPS Spectra of PDAL Coating on Glass Substrates
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Figure S2- 2 High-resolution XPS spectra of the O 1s region for PDA1 drop-casted (Pink) and dip-coated
(Gray) on glass substrates reveal that PDAL did not bind to the glass substrate.
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Chapter 3 Sequential Self-polymerization of Phenolic Compounds with Alkanedithiol

Linkers as a Surface-independent and Solvent-resistant Surface Functionalization Strategy

Contents in this chapter has been submitted to publish in Angewandte Chemie. (manuscript ID:

202319088)

Abstract

We developed a versatile surface coating technique based on sequential self-
polymerization of phenolic compounds with alkanedithiol (ADT) crosslinkers. This method
utilizes the synergy of phenol's diverse binding and ADT's flexible aliphatic chain to ensure
conformal substrate contact. Michael addition between the components creates crosslinked
polymer films, enhancing solvent resistance of the coatings. We applied this technique to various
surfaces, including glass, aluminum, polyethylene, and Teflon, using different phenolic monomers
like dopamine and tannic acid. The hydrophobic nature of ADT grants the copolymer insolubility
in polar solvents, ensuring substrate adhesion during the coating process. X-ray photoelectron
spectroscopy (XPS) analysis confirmed the presence of functional groups (amine, carboxylic acid,
aldehyde) with at least a 0.35:0.65 ratio of phenol monomer to ADT linker on the substrates, using
a monomer to ADT feed ratio of 1:0.5. The copolymer exhibited impressive solvent resistance,
including against NaOH (ag.), DMSO, and chloroform, providing a solution to the stability

challenges of traditional polydopamine-based coatings.
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3.1 Introduction

Phenolic compounds are a diverse group of phytochemicals that are ubiquitous in nature
and over 8000 polyphenol families have been identified so far. In addition to plant-based phenolic
compounds, various living organisms contain catecholamines like dopamine and melanin.
Messersmith group utilized polyphenols as a universal coating material by leveraging the self-
polymerization of dopamine in 2007.* Due to its structural similarity to mussel binding protein
(catechol and amine), polydopamine exhibits surface-independent coating behavior allowing wide
adoption as a surface functionalization method in energy, environmental, and biomedical.?> The
unique binding properties of polydopamine mainly arise from the physical interactions (m-m
interaction, H-bonding, and Van der Waals interaction) and chemical bonding (ionic bonding and
covalent bonding) of catechol.®'* Moreover, Caruso group introduced metal-phenolic networks
(MPN) as a rapid and low cost coating methodology in 2013. Nonetheless, the selection of phenols
is predominantly confined to tannic acid.*>® Interestingly, various phenolic compounds, not just
dopamine, can undergo self-polymerization by oxidative coupling that was first discovered in
1959.1416 However, simply forming polyphenols is not enough to render the substrate coating
capability.l” Although phenolic compounds can bind to substrates through multiple binding modes,
their hydrophilic nature enables them to remain in a thermodynamically stable solution state. The
addition of an amine group can promote the surface coating of catechol, as evidenced by previous
studies  utilizing  polydopamine,  poly(levodopa),'’®  poly(catecholamine)'®?°,  and
polynorepinephrine.?! Hong et al revealed that the presence of amine plays a crucial role in
promoting aggregation of polydopamine (PDA) through cation-n interaction.?? Furthermore, we
recently discovered that the aggregation of dopamine oligomer is crucial to reach their solubility

limit in the solution for initiating the surface coating. Building upon the polydopamine adhesion
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mechanism driven by the solubility limit, we anticipated that utilizing a hydrophobic crosslinker
to bridge phenolic oligomers could lead surface-independent adhesion even in the absence of
amine functionality. This approach potentially extends the unique surface-independent coating of
polydopamine to encompass general phenolic compounds.

Taking into account reactivity with phenols, amine and thiol emerged as suitable candidates
for serving as crosslinkers, owing to their potential covalent linkage with the phenol through
Michael addition or Schiff base reactions.?>?® Along with oxidation of phenols, the electron-
withdrawing property of carbonyl groups lead Michael addition with nucleophiles such as amine
and thiol. This chemistry has been introduced as a post-modification method of polydopamine
coating, allowing additional functionalities at the coating surface.?’?° Amine-based Michael
addition with polydopamine has been extensively studied with polyethylene imine (PEI) for
membrane applications.®*3? Besides, thiol-modified PDA coating has been adopted in surface
post-modification, 3% catalyst,3 membrane,®* hydrogel,3*4° and drug delivery.** However, this
chemistry hasn't been recognized as a crosslinking strategy for connecting phenolic oligomers for
solvent resistive surface coating. Among amine and thiol crosslinkers, thiol possesses advantages
due to its rapid reaction with phenol facilitated by its inherent weak sulfur-hydrogen bond and the
high electron density of sulfur, promoting efficient Michael addition with alkenes.*>*3 Additionally,
the formation of disulfide bonds enables the extension of hydrophobic portions, resulting in rapidly
built insolubility in a polar environment.*44
Herein, we present a versatile polyphenol-alkanedithiol (ADT) copolymer system that can be
easily applied to a wide range of phenolic compounds using a simple sequential addition method

and provides solvent-resistive stability to the resulting surface coating. Our sequential one-pot
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Scheme 3-1 Binding mechanism of polyphenol-alkanedithiol copolymers. (A) Solubilized phenolic oligomer in
polar solvents. (B) Hydrophobic nature of the alkanedithiol (ADT) linker causes the copolymer to reach its solubility
limit in polar solvent. (C) Solubilized copolymer films in nonpolar solvent.

reaction scheme involves self-polymerization of phenols, particularly catechol and gallol
compounds, self-polymerization of ADT, and covalent linkage of ADT to polyphenol via Michael
addition, resulting in a copolymer with universal coating capability for various substrates. Self-
polymerization of ADT increases hydrophobicity of the copolymer promptly, which makes the
resulting polyphenol-ADT copolymer to reach its solubility limit in the polar solvent as well as
gives backbone flexibility. Consequently, the combined effects lead to the adhesion of the
copolymer to various substrates as illustrated in Scheme 3-1. We extended this strategy to a series
of phenolic compounds such as dopamine, 3,4-dihydroxybenzylamine, 4-ethylcatechol, levodopa,
tannic acid, caffeic acid, and 3,4-dihydroxybenzylaldehyde and demonstrated the universal coating
capability of the resulting copolymers with ADT. Qualitative and quantitative analysis using XPS
confirmed the functionalization of the surface. Furthermore, the resulting copolymer coating
exhibited robust solvent resistivity in strong base (pH 14), DMSO, and chloroform whereas the
stability of the surface coating from polydopamine derivatives was notably lower. We conducted
solvent-resistance tests of the copolymer films to assess their stability and robustness arising from

the covalent linkage under various conditions.
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3.2 Result and Discussion

3.2.1 Reaction Mechanism and Molecular Structure of Copolymer

We aimed to develop a copolymer system comprising phenolic compounds and ADTSs to
achieve solvent resistivity of the resulting film as well as surface-independent coating capability
because conventional phenol-based surface coating, such as dopamine chemistry, is fragile in a
wide range of solvents. It is worth noting that the reaction conditions for the self-polymerization
of phenolic compound, dithiol self-polymerization, and thiol-phenol Michael addition are similar
to each other as shown in Figure 3-1A. The self-polymerization of catechol has been extensively
reported in the synthesis of polydopamine under mild alkaline conditions.}#® Under basic
conditions, oxidation creates a radical that initiates the polymerization of catechol via aryl-aryl
coupling as shown in Figure S3-1.4"8 Moreover, the diverse oxidation states of catechol cause
increased structural complexity.*®°! In this study, we opted for simplified polymer structures. In
the same condition, oxidation of sulfhydryl group of alkanedithiol (ADT) yields a thiyl radical,
and undergo dimerization with another thiyl radical to create a disulfide bond,> and consequently
form polyalkanedithiol (PADT).>** In addition, the thiol-Michael addition reaction connects
polyphenols and PADTSs. Although position 5 of catechol is more favorable for the formation of a
covalent linkage with ADT through oxidative coupling with a thiyl radical.>>%®, the steric effects
of phenolic oligomers may hinder thiol linkage at position 5, necessitating consideration of linkage
at position 6 through Michael addition as well. While these three reactions occur simultaneously,
their distinct reaction kinetics may impede the formation of the catechol-alkanedithiol copolymers.
Initially, we anticipated that the copolymer could be formed through a one-pot reaction. However,

we later realized that thiol acts as a radical scavenger,®’ inhibiting the polymerization of phenolic
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compounds. Eventually, we employed a sequential addition method, where we initiated the
formation of polyphenol first, and after an hour added ADT to prepare the copolymer.

We prepared the desired copolymer using 4-ethylcatechol (EC) and 1,8-octanedithiol
(ODT) in a mild basic methanol solution. The reaction yielded a yellowish solid, which we
identified as PEC_ODT (Figure 3-1A). Fourier-transform infrared spectra (FTIR) of PEC_ODT
exhibited a broad band at 3600-3200 cm™ that is assigned to O—H stretching modes, an aromatic
hydrocarbon region at 1587 cm™, and a C-O region at 1231 cm™* from the catechol unit. Moreover,
strong aliphatic C-H signals of ODT were detected at 2923 cm™ and 2854 cm™ (Figure 3-1B). The
FTIR analysis confirmed the presence of EC and ODT units. However, it was challenging to assign
the thioether (C-S-C) stretching vibrations due to the weak signal resulting from the relatively
small amount in the copolymer. Hence, we conducted the thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC) to verify the copolymer formation. The TGA results
showed that PEC starts to decompose at 178 °C, while PODT and PEC_ODT start to decompose
at around 284 °C. PEC_ODT did not show the decomposition at 178 °C, indicating the absence of
PEC homopolymer in the resulting copolymers (Figure 3-1C). Additionally, the 2nd heating DSC
curve of PEC_ODT did not exhibit the melting peaks of PODT at around 50 °C, confirming the
successful formation of the copolymers having chemically connected PEC and ODT (Figure 3-

1D).
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Figure 3-1 Reaction mechanism of copolymer and characterization. (A) a) poly(catechol), b)
poly(alkanedithiol), and c¢) Michael addition between catechol and thiol. d) PEC_ODT structure. ) Suggested
structure of the catechol-alkanedithiol copolymer. (B) FTIR spectra of polyethylcatechol (PEC), polyoctanedithiol
(PODT), and polyethylcatechol_octaneditiol (PEC_ODT). (C) Thermogravimetric analysis (TGA) for PEC, PODT,
and PEC_ODT. (D) 2nd Heating dynamic scanning calorimetry (DSC) plots of PEC, PODT, and PEC_ODT.

3.2.2 Surface-independent Coating on Various Phenolic Compounds

We prepared a series of phenolic compounds including dopamine (DA), 3,4-
dihydroxybenzylamine (DBA), ethylcatechol (EC), caffeic acid (CAC), tannic acid (TA),
levodopa (LD), and catecholaldehyde (CAD), and conducted coating tests on various substrates
(Figure 3-2A). First, we monitored the self-polymerization of the phenolic monomers by observing
the color change in methanol/ammonia solutions. All monomer solutions were initially transparent

and gradually developed a color over time, indicating a reduced bandgap change due to the
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formation of conjugated oligo-phenolic compounds during the self-polymerization (Figure 3-
2B).%8 Then we polymerized those polyphenols in the same condition but with a glass substrate in
the vials, and observed that only the amine-containing phenols made the glass substrate coating as
shown in the top row of the photos in Figure 3-2C. Interestingly, additional incorporation of ODT
made all tested phenolic compounds to adhere to the glass substrate (the bottom row of the photos
in Figure 3-2C). The surface morphology of the coating layer on glass substrates was examined
via SEM, as depicted in Figure S3-2. Particle merging observed on the surface indicated adhesion
based on the solubility limit, as revealed in our previous study.!” We further explored the surface-
independent adhesion of the polyphenol-ADT copolymer on glass, aluminum (Al), polyethylene
(PE), which represent ceramic, metal, and polymer with low surface energy, respectively (Figure
3-2D). The results clearly demonstrated that with the ODT linker the polyphenols regardless of
having amine functionality have surface-independent universal adhesion properties.

We utilized X-ray photoelectron spectroscopy (XPS) to analyze the surface functionalities
of the resulting coating of polyphenol-ODT copolymers as shown in Figure 3-3. High-resolution
C 1s spectra of PCAC_ODT, PTA_ODT, and PLD_ODT revealed the presence of carboxylic acid
(-COOH) or ester (-COO-) groups, indicated by the peaks at 284.4 eV (C-C), 286.2 eV (C=0), and
288.4 eV (0O-C=0). The C-C and C=0 peaks of PCAD_ODT confirmed the presence of aldehyde
(-CHO) groups, as depicted in Figure 3-3A. High-resolution N 1s spectra showed primary amine

(-NH) or secondary amine (-NH-) bonds at 399.4 eV and 401.1 eV, respectively, indicating the
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Figure 3-2 Copolymerization of various phenolic compounds with ODT. (A) Chemical structure of the phenolic
monomers and (B) their corresponding polymers formed in mild alkaline solution (NH4OH in MeOH). (C) Coating
behaviors of the polyphenols and polyphenol-ADT copolymers on glass substrates. (D) Surface-independent Coating
of polyphenol-ADT copolymers on Glass, Aluminum (Al), Teflon (PTFE), and Polyethylene (PE) substrates.

presence of amine functionalities (Figure 3-3B). PDBA_ODT possessed only primary amine,
while PDA_ODT had both primary and secondary amine due to the formation of 5,6-
dihydroxyindole (DHI). PLD_ODT could have both primary and secondary amine due to DHI
formation as outlined by the Raper-Mason scheme for melanin synthesis in the body.>*° Under
synthetic conditions, however, the primary amine is the predominant species presentin PLD_ODT,
as evidenced by earlier research.®

We further conducted quantitative analysis through XPS survey scans and compared N 1s
and S 2s signals from PDBA_ODT to quantify the effective functional groups on the copolymer
surface. We varied the molar feed ratio between DBA and ODT and found a direct proportional
trend of surface amine with the amount of DBA (Figure 3-3C and Table 3-1 We also studied

coating uniformity through a time-study of PDBA_ODT, as described in Figure 3-3D. We
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collected PDBA_ODT copolymer films at different time intervals after the addition of ODT (2h,
4h, 6h, 8h, and 10h) with a fixed DBA:ODT feed ratio of 1:0.5 considering that each DBA has one
amine group whereas ODT has two thiols. The XPS results showed a sulfur-rich composition for
the first 8hrs, indicating that ODT polymerization was faster than Michael addition. However, the
relative amount of sulfur peak gradually decreased after 6hrs, implying that once majority of ODT
was consumed, PDBA became the major component in the later stage of the copolymerization.
Although the chemical composition of the film was not perfectly uniform, more than 35% of amine

functionality was maintained on the surface regardless of the reaction time (see Table 3-2 for

details).
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Figure 3-3 XPS spectra of copolymers. (A)High-resolution C 1s in polyphenol-ODT copolymers. (B) High-
resolution XPS spectra of N 1s in polyphenol-ODT copolymers. (C) Atomic ratio of N 1s to S 2s via XPS survey
spectra after 24hrs of reaction for various molar ratios between ODT and DBA. (D) Atomic ratio of N 1sto S 2s
over the reaction time after the addition of ODT, as determined by XPS survey spectra (ODT/DBA feed ratio is
0.5/1).
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Table 3-1 Atomic ratio of N 1s to S 2s via XPS survey spectra after 24hrs of reaction for various molar feed
ratios between ODT and DBA

Atomic ratio, At% (o)
DBA:ODT Ratio

N 1s S2s

1:0 100 (0) 0(0)
1:0.2 91 (1.1) 9(1.2)
1:0.4 75 (1.2) 25 (1.2)
1:0.6 69 (1.2) 31(1.2)
1:0.8 58 (1.2) 41 (1.2)
1:1 48 (1.2) 51 (1.2)

Table 3-2 Atomic ratio of N 1s to S 2s over the reaction time after the addition of ODT, as determined by XPS
survey spectra (ODT/DBA ratio is 0.5/1)

Atomic ratio, At%
Time after ODT omic ratio, At% (o)

addition
N 1s S2s
2h 47 (1.2) 53 (2.0)
4h 37 (1.3) 63 (1.4)
6h 35(1.1) 65 (1.2)
8h 41 (1.3) 59 (1.3)
10h 54 (1.3) 46 1.4)
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3.2.3 Achieving Solvent Resistance by Crosslinking

PDA coating mainly relies on cation - 7 interactions between ammonium cation (NHz")
and DHI, leading to coating stability issues in highly basic conditions and in certain organic
solvents like DMSO or DMF.%” Hong et al. demonstrated the delamination of the PDA coating
under basic conditions (pH ~ 9.8). This delamination was triggered by the disappearance of cation-
7 interactions due to the deprotonation of ammonium cation (NHs") within the PDA coating.?
Furthermore, Yang et al performed a stability test of PDA coating on gold with ten organic solvents
and showed that DMSO can trigger the serious detachment of PDA coating by hyper-solvation of
PDA.%2 Moreover, Park et al found that DMSO can disrupt the hydrogen bonding between PDA
and specific substrates such as SiO», leading to selective PDA coating on metals through
coordination bonding.%® This problem can be exacerbated in the linear structure of polyphenols
when compared to the crosslinked structure of amine-containing PDA.

Unlike the secondary interaction observed in PDA coating, the introduction of ADT into
polyphenol enhances copolymer stability through covalent linkage, as depicted in Figure 3-4A. To
conduct a quantitative analysis of solvent resistance, we applied PDA and PDBA copolymer
coatings onto aluminum and glass substrates. The chemical structure of the monomers and linkers
used in this study is shown in Figure 3-4B. Subsequently, we conducted the stability test by
measuring weight changes of the samples before and after exposure to NaOH (ag.), DMSO, and
chloroform treatments using both a microbalance and TGA and the results are summarized in
Figure 3-4C. Initially, we immersed PDA and PDA_ODT coated glass substrates in a 1N sodium
hydroxide aqueous solution. The PDA coating was delaminated due to the nullified cation-n
interaction, resulting in only 30% of the PDA coating remaining. Nevertheless, PDA still exhibited

solvent resistance in DMSO and chloroform with 76% and 84% of the coating remaining,
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respectively. The incorporation of ODT into PDA leads to extended crosslinking through DHI and
ODT, resulting in robustness across all conditions. Unlike PDA, other polyphenols are mostly
linear due to the lack of DHI or amine functionality and can be easily detached under certain
conditions. For instance, the PDBA layer exhibited significant detachment from the substrates in
both sodium hydroxide aqueous solution and DMSO. While copolymerization of PDBA with ODT
appeared to resolve the stability issue, we discovered that the linear PDBA_ODT could be
solubilized in organic solvents like chloroform as illustrated in Scheme 3-1C and shown in Figure
3-4C. Although the Michael addition occurs, the short chain length of phenolic oligomers impedes
the creation of an effective network structure, resulting in the prevalence of linear polymers. We
explored the correlation between the monomer:linker ratio and solvent resistance. In the case of
PDBA_ODT, we noted a distinct trend wherein the coating exhibited increased stability in sodium
hydroxide aqueous solution and DMSO as the amount of ODT linker was raised from 1:0.5 to 1:5,
as depicted in Figure S3-3 and Figure S3-4. Nevertheless, with the increase in ODT linker
concentration, the resulting copolymer became soluble in chloroform, indicating the solubility
issue of a hydrophobic linker in chloroform. Consequently, we further investigated a hydrophilic
ethylene glycol type dithiol (EGDT) linker, 3,6-Dioxa-1,8-octane-dithiol, to manipulate the
stability of PDBA-based copolymer in non-polar organic solvents. Even though PDBA_EGDT
exhibited poor stability in DMSO, it showed enhanced stability in chloroform as shown in Figure
S3-3 and Figure S3-4. These findings support the proposition that the polyphenol-ADT
copolymers exhibit a linear polymer structure rather than a crosslinked network. To transition from
a linear to a network polymer structure with enhanced solvent resistance under diverse conditions,
we introduced trimethylolpropane tris(3-mercaptopropionate) (TT) as a multi-functional

crosslinker and prepared a copolymer using a 1:1:1 molar ration of monomer:ODT:TT. The
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solvent resistance tests on the resulting copolymer on aluminum demonstrated exceptional
robustness in NaOH(ag.), DMSO, and chloroform. The same test results on glass substrates are
presented in Figure 3-4D. The exceptional solvent-resistance of this coating indirectly verifies the
successful formation of a network polymer, achieved through the extension of polyphenols

facilitated by the trithiol crosslinkers.
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Figure 3-4 Solvent resistance of copolymers. (A) Schematic illustration of copolymer structures alongside their
corresponding chemical structures. (B) Chemical structure of monomers and linkers in the solvent resistance study.
(C) Solvent resistance test results of PDA, PDA_ODT, PDBA, PDBA_ODT, and PDA_ODT_TT coatings in
NaOH(ag.), DMSO and chloroform. The molar ratio between monomer and ODT is 1:1. The PDBA_ODT_TT sample
was prepared using a 1:1:1 molar ratio of monomer, ODT, and trithiol (TT) crosslinker. (D) Solvent resistance test
results of PDA, PDA_ODT, PDBA, PDBA_ODT, and PDA_ODT_TT coatings on glass substrates.
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3.3 Conclusion

We developed a sequential polymerization of polyphenol-ADT copolymer via thiol-
Michael addition under mild alkaline conditions to achieve solvent-resistive robust as well as
substrate-independent surface coating and functionalization. The aliphatic groups of ODT provide
flexibility to the rigid aromatic backbone of polyphenol, while the catechol groups of polyphenols
render unique multiple binding modes (H-bond, van der Waals, n-r interaction, and metal
chelation) with substrates, resulting in a robust and enhanced adhesion. By introducing flexible
aliphatic linkers, this work extends the surface-independent coating capability previously limited
to catecholamines to various amine-free phenolic compounds. We applied the phenol-ADT
copolymer strategy to various phenolic monomers (DBA, EC, TA, CAC, and CAD), providing
coating with diverse functionality, such as carboxylic acid, amine, and aldehyde on ceramic (glass),
metal (Al), polymer (PE) and even Teflon. The covalently bound PEC and PODT exhibited
remarkable robustness in strong basic conditions, unlike polydopamine coatings that are removed
due to disassembled cation-n interaction. ADT selection and content were optimized in various
solvents conditions. Ultimately, the synergy between ADT and trimethylolpropane tris(3-
mercaptopropionate) crosslinkers results in robust solvent resistance against NaOH(ag.), DMSO,
and chloroform. The developed strategy is readily applicable for various surface modification

schemes.
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3.4 Publication Information

Jiwon Lim, Meng-Hsun Lee, Abigail Ahn, and Jinsang Kim, “Sequential Self-polymerization of
Phenolic Compounds with Alkanedithiol Linkers as a Surface-independent and Solvent-resistant

Surface Functionalization Strategy” revision submitted.

3.5 Experimental Section

3.5.1 Chemicals

Dopamine hydrochloride, 3,4-dihydroxybenzylamine hydrobromide, 4-ethylcatechol,
caffeic acid, tannic acid, 3,4-dihydroxybenzaldehyde, 1,8-octanedithiol 3,6-Dioxa-1,8-octane-
dithiol, Trimethylolpropane tris(3-mercaptopropionate), and Ammonia solution 25% were
purchased from Millipore Sigma. 3-(3,4-Dihydroxyphenyl)-L-alanine was purchased from TCI

America. All chemicals and solvents were used without further purification.

3.5.2 Materials Characterization

FT-IR was conducted by using Nicolet iS20 spectrometer with a platinum ATR accessory.
The FTIR spectra were performed with 64 scans at 4 cm™ resolution. The Adv ATR mode of
OMNIC software was used for the baseline collection. The thermal properties of the copolymer
were investigated using a Discovery Differential Scanning Calorimeter (DSC) from TA Instrument.
Prior to analysis, the samples were dried in vacuum oven at 40°C for overnight. Measurements
were performed over a temperature range from 25°C to 250°C at a heating rate of 10°C/min. An
initial equilibration period of 5 min was allowed before each run. Thermogravimetric Analysis

(TGA) was conducted with TA Instrument Discovery TGA. Measurements were performed over
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a temperature range from 25°C to 350°C at a heating rate of 10°C/min. X-Ray photoelectron
spectroscopy (XPS) spectra were obtained by Kratos Axis Ultra XPS using monochromatic Al
source. The base pressure in the analysis chamber was typically 1 x 107° mbar. All spectra were
collected with the charge neutralization. The collected data were processed using the CasaxXPS
software package. Spectral charge correction was performed using the main C 1s peak due to

hydrocarbon (C-C/C-H bonds) set to 284.5 eV.

3.5.3 Self-polymerization of Polyphenols

The polyphenol coatings were prepared using the following methods. Firstly, glass slides
were rinsed with acetone and methanol before use. Next, dopamine hydrochloride, 3,4-
dihydroxybenzylamine hydrobromide, 4-ethylcatechol, caffeic acid, Tannic acid, 3-(3,4-
dihydroxyphenyl)-L-alanine, and 3,4-dihydroxybenzylaldehyde were each dissolved separately in
methanol at a concentration of 40mg/20ml. The glass slides were then immersed in the dopamine
solution, followed by the addition of 0.8ml of 25% ammonium solution to the solution. The
solution was allowed to react for one day with stirring, and then rinsed with methanol. Due to the
poor coating capability, PEC was prepared by reprecipitation with methanol (good solvent) and

tetrahydrofuran (bad solvent) for the further analysis.

3.5.4 Preparation of Polyphenol-ADT Copolymers Coatings on Various Substrates
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The polyphenol-ODT copolymers were prepared using the following methods. Firstly,
dopamine hydrochloride, 3,4-dihydroxybenzylamine hydrobromide, 4-ethylcatechol, caffeic acid,
Tannic acid, 3-(3,4-dihydroxyphenyl)-L-alanine, and 3,4-dihydroxybenzylaldehyde were each
dissolved separately in methanol at a concentration of 40mg/20ml. Next, slide glass, aluminum
foil, polyethylene film, and PTFE film were immersed in the monomer solution, followed by the
addition of 0.8ml of 25% ammonium solution to the solution. The solution was allowed to react
for one hour, after which 1,8-octanedithiol was added with stirring. The molar ratio of monomer
to ODT used were 1:0.2, 1:0.4, 1:0.5, 1:0.6, 1:0.8, 1:1, and 1:5. The solution was then allowed to

react for one day, and then rinsed with methanol.

3.5.5 Preparation of Polyphenol-ODT-TT Copolymers Coatings on Various Substrates

3,4-dihydroxybenzylamine hydrobromide was dissolved in methanol at a concentration of
40mg/20ml, followed by the addition of 0.8ml of 25% ammonium solution to the mixture. The
solution was allowed to react for one hour, then 1,8-octanedithiol was added while stirring. After
12h, slide glass and aluminum foil were immersed in the solution, followed by 72mg of
trimethylolpropane tris(3-mercaptopropionate) addition. After 12h, the substrates were rinsed with

methanol and then dried by blowing air.

3.5.6 Solvent Resistance Test
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Glass and aluminum foil substrates measuring 1x1 cm? were prepared with PDA, PCA,
PDA_ODT, PCA_ODT, and PCA_EGDT coatings using the previously described method. The
total weight of each substrate was measured using a microbalance of TGA. The substrates were
then immersed in 1IN NaOH(aqg.), DMSO, and chloroform, and stirred for 1 minute. After rinsing
the substrates with acetone and MeOH, they were dried in a vacuum oven for 2 hours at 50°C.
To determine the stability of the coatings, the coating layers were completely decomposed using
TGA at a heating rate of 10°C/min from 30°C up to 600°C. The weight of the aluminum substrate
was measured by TGA before treatment, after treatment, and at the end of the experiment. The

stability was calculated as follows.

Stability (%) = (1- Weightinitial -Weightireated + 2Weightsina)/(Weightinitial — Weightfina)) *100

3.6 Supporting Information

Oxidation states

L
oxidation i dati
. oxidation
E— - - —
HO OH HO o] HO (o] HO o)

Aryl-aryl coupling

HO OH HO

Figure S3-1 Various oxidation states of 4-ethylcatechol and the proposed structures of its dimer through aryl-
aryl coupling.
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PCAC ODT

¢

Figure S3-2 SEM images showing the copolymer coating on glass substrates.

PDBA_ODTPDBA_ODT PDBA_ODT PDBA_EGDT
PDBA (1:0.5) (1:1) (1:5) (1:1)

No

Chloroform DMSO NaOH (aq.) Treatment

Figure S3-3 Stability test results of PDBA, PDBA_ODT, and PDBA_EGDT coatings on glass substrates with
different ratio of monomer to linker in NaOH(ag.), DMSO and chloroform.
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Figure S3-4 Stability test results of PDBA, PDBA_ODT, and PDBA_EGDT coatings with different ratio of
monomer to linker in NaOH(aqg.), DMSO and chloroform.
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Chapter 4 Dihydroxy Indole-free Poly(catecholamine) for Smooth Surface Coating with

Amine Functionality

Contents in this chapter was published in ACS Appl. Polym. Mater. 2023, 5, 8, 6133-6142.

Abstract

The catecholamine of polydopamine (PDA) is associated with adhesion and self-
polymerization. However, 5,6-dihydroxyindole (DHI) of polydopamine inevitably consumes
primary amine groups. Furthermore, DHI leads to particle aggregation by causing 7 - 7 interaction
and cation- w interaction. Here, we used 3,4-dihydroxybenzylamine hydrobromide to achieve DHI-
free poly(catecholamine) (PCA) coating by self-polymerization. The DHI-free nature renders a
smooth and uniform surface. Moreover, the suppressed indole ring formation preserves the
primary amine groups after the DHI-free PCA coating, suggesting an alternative surface amine
functionalization strategy to the conventional silane-based. Surface amine functionality of DHI-
free poly(catecholamine) is confirmed by fluorescence image of the tethered NHS ester-
functionalized polydiacetylene liposome by NHS ester-amine coupling reaction. Furthermore,
DHI-free PCA was used to modify the surface properties of graphene to enhance the thermal
conductivity of graphene-polymer composites. Graphene nanoplatelets (GnP) coated with DHI-
free PCA formed adequate intermolecular bonding with poly(acrylic acid) (PAA) matrix, which
reduces interfacial thermal resistance. The resulting graphene-polymer composites achieved a
sharp increase in thermal conductivity, reaching 2.9W/mK at 15wt% of graphene content, which

is 87% larger than the thermal conductivity of control composites with untreated graphene.
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4.1 Introduction

Dopamine, a catechol-containing monomer, was demonstrated to undergo self-
polymerization to form substrate-independent adhesive coatings by the Messersmith group in 2007.
! Compared to other coating methods based on self-assembled monolayers (SAMs), functionalized
silanes, Langmuir Blodgett, layer-by-layer polyelectrolytes deposition, and engineered peptides,
polydopamine is neither limited by substrate types nor does require time-consuming multi-step
processes or costly equipment to generate effective coating. Accordingly, the versatility of
dopamine chemistry has been applied for many purposes, including surface functionalization, >3
co-deposition with functional chemicals*®, and post-polymerization modification of polymers for
adhesive properties. "8 Additionally, various modified polymerization conditions, such as oxidant
variation, ® pH control,*® and incorporating UV photopatterning capability,'! have been extensively
explored.

To understand the adhesion mechanism of PDA, we need to begin with mussel binding
protein which motivated the use of PDA. Previous studies have shown that the unique adhesion
property of mussel-binding proteins is derived from 3,4-dihydroxy-L-phenylalanine (DOPA, non-
proteinogenic amino acid) and lysine amino acids that are uniquely rich in the plaque of mussels.?
By forming strong covalent and noncovalent interactions with substrates, DOPA and lysine ensure
unique surface-independent adhesion. ** Since the pioneering work by the Messersmith group,
extensive studies have been devoted to understanding the origin of PDA adhesion behavior. First,
phenolic compounds are investigated due to their universal adhesion by forming metal-phenolic
network (MPN) assembly, 14 Layer by Layer (LbL) assembly®®, and PDA coatings. The catechol
group of dopamine and its oxidized quinone were elucidated as the main chemical attributes owing

to their capability of hydrogen bonding,'® " metal chelating,*® as well as aryl-aryl coupling.3*
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Recent studies suggested that the presence of the amine group is crucial to exhibit surface-
independent coating properties via ionic bonding to negatively charged surfaces?®?* and to
crosslink with quinones through Schiff-base reaction or Michael addition. Thus, it is postulated
that both catechol and amine would synergistically aid the adhesion of PDA.

Although dopamine monomer consists of catechol and ethylamine, catecholamine is not
the only building block of PDA. Dopamine monomer possesses several reactive sites (amine,
benzene, or hydroxy), which are electrophiles or nucleophiles, respectively, and thus are prone to
create various building blocks such as catecholamine, 5,6-dihydroxy indole (DHI), and dopamine
quinone during self-polymerization.?> Among these components, catecholamine plays a crucial
role in adhesion?, whereas DHI interferes with adherence.?*?> Although DHI provides a cohesive
behavior by promoting intermolecular n-m interaction, cation-n interactions through abundant -
electrons as well as covalent crosslinking at its 2-position, an abundance of DHIs decreases the
adhesion behavior of PDA.?® Therefore, we hypothesized that highly functionalized surface
modification could be achieved by eliminating DHI units.

In this study, we utilized a PDA derivative, 3,4-dihydroxybenzylamine, containing
aminomethyl group instead of the aminoethyl group in dopamine to prevent cyclization from
forming DHI (Scheme 4-1). Recently, Liebscher group reported oxidative polymerization of 3,4-
dihydroxybenzylamine in Tris buffer solution and confirmed the absence of DHI.?" The
conventional oxidative self-polymerization prepared the corresponding DHI-free
poly(catecholamine) (PCA) and the resulting polymer was capable of surface-independent coating
while showing more uniform morphology than PDA owing to the suppressed aggregation
formation on the surface in the absence of DHI. We applied 3,4-dihydroxybenzylamine to

graphene surface modification to achieve an interactive interface in the polymer-graphene
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composites. The surface-functionalized graphene by DHI-free PCA exhibits, on average, 59%
higher (maximum 87% higher) thermal conductivity than the untreated graphene-polymer
composites having 5 — 10wt% graphene. We also investigated the possible application of 3,4-
dihydroxybenzylamine as an amine functionalization agent to take advantage of its material-
independent coating capability by conducting fluorescent dye attachment on the resulting DHI-

free PCA surface.

a NH, NH,
Tris
DI water, r.t. HNT
m n
HO OH HO OH HO OH
H,N H,N
b : Tris z
DI water, r.t.
n
HO OH HO OH

Scheme 4-1 Self-polymerization of (a) dopamine and (b) 3,4-dihydroxybenzylamine in aqueous solution.

4.2 Result and Discussion

4.2.1 Design of DHI-free PCA

In conventional PDA synthesis, DHI is inevitably formed by oxidative ring closure of
dopamine via the dopaquinone form. Although DHI enhances robust coating capability by
facilitating various secondary interactions (n- & staking, cation- @ interaction, as well as covalent
crosslinking), there are some noticeable downsides of DHI. First, DHI limits the length of a

polymer chain. Even though earlier models suggested that PDA should have a large molecular
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weight with covalently linked catecholamine and DHI, recent studies predicted that a large amount
of DHI would limit the degree of polymerization. Chen et al. employed computational methods to
explore possible DHI oligomer formation. They concluded that DHI polymers are likely to have a
low molecular weight due to the stable tetramer formation.?® Secondly, DHI is less likely to have
good adhesion. Della Vecchia et al. successfully synthesized a series of PDA with different
building block ratios of uncyclized catecholamine/quinones to cyclized DHI units?® and compared
the adhesion of those three components on PET and PE substrates. They concluded that
catecholamine has a superior coating capability than DHI. Lastly, the surface morphology of PDA
depends on the presence of DHI. Due to the abundant n-electrons, DHI has a strong cohesion
ability by m-m stacking and cation-m interaction®® besides covalent crosslinking, thereby
accelerating particle formation, which gives rise to a rough surface.

Considering the effects mentioned above of DHI, we wanted to explore a simple DHI-free
PCA with surface-independent coating capability without forming DHI. A commercially available
3,4-dihydroxybenzylamine is an excellent candidate to exhibit self-polymerization and surface-
independent coating without DHI formation in a conventional alkaline aqueous solution. UV-vis
spectroscopy was used to monitor the polymerization progress.*3' Figure 4-1a, b show time-
dependent absorption spectra of PDA and DHI-free PCA, respectively. The observed increased
absorption confirms the formation of these polymers. PDA has a broad absorption owing to its
various building blocks having varying conjugation lengths and ensuring different absorptions
(Figure 4-1a).

In contrast, DHI-free PCA exhibits distinct absorption at around 350 nm (Figure 4-1Db),
mainly attributed to the quinone units and a narrower absorption range. Hence, black color (PDA)

and brown color (DHI-free PCA) were observed, respectively, after the polymerization. X-ray
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Photoelectron Spectroscopy (XPS) was employed to analyze the potential amine based linkages.
(Figure 4-1c). Due to the coexistence of catecholamine and DHI, the PDA coating exhibits both
primary amines (-NH., 399.4 eV) and secondary aromatic amines (-NH-401.1 eV). Although 3,4-
dihydroxybenzylamine is not able to close the ring, the primary amine of 34-
dihydroxybenzylamine can undergo Michael addition with the electrophilic carbon of quinone or
participate in a Schiff-base reaction with the oxygen of quinone. Additionally, Tris can be
incorporated into the catechol units by nucleophilic attack.3?** However, the high-resolution N 1s
XPS spectra of DHI-free PCA exhibited predominant primary amine (-NH. 399.4 eV), suggesting
the absence of DHI and minimal formation of secondary amines through side reactions.

Investigation of the polymeric nature of PDA has been hindered by its poor solubility in
both agueous and organic solvents. Previous studies have used mass spectrometry to identify
soluble oligomers in the early stages of polymerization.?®3* However, conventional mass
spectroscopy can be used for oligomers only. Interestingly, Messersmith group analyzed the
polymeric nature of polydopamine by applying single-molecule force spectroscopy (SMFS).® In
our study, we employed the time-of-flight (ToF) method to elucidate the structural models of 3,4-
dihydroxybenzylamine under mild basic conditions. As shown in Figure 4-1d, oligomeric
components up to the pentamer level were detected at m/z values of 413.2, 551.6, and 683.4. The
suggested corresponding structures are available in the Supporting Information (Scheme S4-1).
While ToF detects only oligomers, it is possible that longer oligomers or even polymers may also
exist.

The polymerization process of DHI-free PCA was monitored using 1H NMR in
bicarbonate buffer (NaHCO3) with D20 at a pH of 8.5. As depicted in Figure 4-1e, the aromatic

hydrogen shifted to the downfield due to increased electron density, and the monomer was
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completely consumed after 7 hours. Additionally, the overall intensity gradually decreased due to
the precipitation of oligomers as their molecular weight increased. As shown in Figure 4-2 we
further conducted 3C CP-MAS solid-state NMR of DHI-free PCA. The NMR spectra exhibit
peaks in the aliphatic (~15-65 ppm) and aromatic (~100 to 155 ppm) regions. Since MAS averages
the anisotropic chemical shift interaction and proton RF decoupling removes the dipolar couplings
between 13C nuclei and protons, the observed broad peaks could be attributed to the presence of a
mixture of species due to the heterogeneous nature of the polymerization chemical reaction; this
is also confirmed by the multiple poorly resolved peaks at ~110 to ~130 ppm. According to the
chemical reaction shown in Scheme 4-1b, the *3C peaks at ~58 ppm, ~45 ppm, and ~19 ppm in the
aliphatic region should be from the CH groups derived from imines, the CH; moiety of 3,4-
dihydroxybenzylamine, and the CH3 moiety at the terminal of the polymer. In an attempt to further
enhance the spectral resolution, a short contact time (250us) was used to reduce any 3C peaks
associated with weaker dipolar couplings with protons. The resultant 3C CP-MAS spectrum (the
bottom trace) showed a significant reduction in the intensities of peaks at ~19 ppm and ~145 ppm.
Overall, 1*C CP-MAS solid-state NMR spectra of DHI-free PCA supports the existence of DHI-
free PCA subunits than other byproducts. In the ToF study, we observed that the majority of
oligomers existed as a trimer, while tetramer and pentamer are relatively less abundant due to the
increased hydrophobicity. The 1H NMR spectra of DHI-free PCA after 7 hours match well with
aromatic hydrogens (6 =6.5 -6.6 ppm) of the trimer (Figure 4-1f). Furthermore, appearance of new
peaks of methyl (6 =2.5 -4.3 ppm) indicated the aliphatic hydrogens from trimer, tetramer and

pentamer (Full spectra are available in the Supporting information Figure S4-3).
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Figure 4-1 Structure analysis of DHI-free PCA. UV-vis spectra of (a) PDA and (b) DHI-free PCA in aqueous
solution. (c) High-resolution XPS spectra of N 1s in the PDA and DHI-free PCA coatings. (d) Spectrum of ToF
characterizations of DHI-free PCA film, () 1H NMR spectra monitoring the reaction of DHI-free PCA in 10 mM
NaHCOs/D,0 with time. (f) The aromatic region of the 1H NMR spectra of DHI-free PCA after 7 hrs in
NaHCOs/D,0
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Figure 4-2 Carbon-13CP-MAS NMR spectra of a powder sample of PDA polymer obtained under 15 kHz MAS.
A ramp-CP pulse sequence was used with 2 ms (top trace) and 250 s (bottom trace) contact times. The arrows indicate
peaks from carbon nuclei associated with lesser 1H-13C dipolar couplings.
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4.2.2 Surface Independent Coating of DHI-free PCA and Morphology

As discussed above, the surface-independent coating capability stems from the
combination of catechol and amine. Recently, Huamin et al. synthesized a series of dopamine
analogs containing catechol and amine units as a building block. They revealed that the universal
coating capability of dopamine could be reproduced as far as the dopamine analogs have both
catechol and amine regardless of the aliphatic carbon length in the dopamine analogs. ?° Thus, we
anticipated that 3,4-dihydroxybenzylamine would show good coating capability on various
substrates. To confirm the coating capability of poly(3,4-dihydroxybenzylamine) in an alkaline
solution, we dip-coated multiple substrates such as polymer, metal, and ceramic surfaces in the
alkaline solution (Figure 4-3a, b). Both dopamine hydrochloride and 3,4-dihydroxybenzylamine
hydrobromide exhibit good coating properties on all substrates, including adhesion-resistant
materials such as poly(tetrafluoroethylene) (PTFE). Dark brown color of PDA represents the
presence of DHI. In contrast, the orange color of DHI-free PCA indicates the presence of a

catecholamine unit only.
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Figure 4- 3 Surface independent coating of polydopamine and DHI-free PCA. Polydopamine coating on Nylon,
PTFE, Glass, and Aluminum (a) and the corresponding SEM image on the glass substrate (c). DHI-free PCA coating
on various substrates (b) and its corresponding SEM image on the glass substrate (d).

The most visible difference between PDA and DHI-free PCA we observed is that uneven
PDA coating was formed on each substrate while DHI-free PCA coating was relatively smoother
and more uniform (Figure 4-3 c, d). As we discussed, during the deposition of PDA on a substrate,
DHI enables diverse intermolecular interactions, inducing aggregation and ensuring a rough

surface morphology (Scheme 4-2). Therefore, a smoother and more homogeneous surface is
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anticipated when PCA is free of DHI. The scanning
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electron microscope (SEM) image (Figure 4-3c) of
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Scheme 4-2 Diverse interactions of DHI.

4.2.3 Primary Amine Functionalization via DHI-free PCA

We further investigated a potential application of the universal coating capability of DHI-
free PCA having abundant primary amine groups as a surface modifying strategy to endow surface
amine-functionalization. Primary amine functionalization is widely used in various fields owing
to the reactivity of amine with diverse groups (e.g., carboxylic acids, alkyl halides, sulfonyl
chloride, etc.), its ability to form hydrogen bonding and electrostatic interactions, * and the
abundance of available amine group in biological tissues.3"*° Furthermore, primary amine coating
on porous materials efficiently captures carbon dioxide (CO2) by forming carbamate through
reversible reactions with C0..*° Aminoalkyl-containing silanes are the most widely used
chemicals to achieve an amine-rich surface due to their simplicity and affordability.***> The
process generates amine functionalized monolayer by covalent silanization. However, silanization
requires hydroxyl groups on the substrate for surface modification, usually formed by hydrolysis

of alkoxy groups, thereby limiting the applicable substrates to glass or silicon wafers.
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Polyethyleneimine (PEI) coating is another method to give an amine rich surface. Abundant
primary and secondary amine provide hydrophilic property as well as superior CO2 capturing
behavior.*®* Nevertheless, PEI is a viscous liquid at room temperature and is soluble in water, that
restricts its application.

Therefore, DHI-free PCA's material-independent amine coating capability has immense
potential as a universal surface amine functionalization agent. Hence, we attached a fluorescence
dye on the DHI-free PCA-coated glass to verify the primary amine functionality using N-
hydroxysuccinimide (NHS) esters reaction. Because of the fluorescence quenching effect of PDA
by Forster resonance energy transfer (FRET)* and photoinduced electron transfer (PET),* we
carefully chose the polydiacetylene liposome as a fluorescence dye because the supramolecular
structure of the polydiacetylene liposome effectively prevents fluorescence quenching. As shown
in Figure 4-4a, amine groups of DHI-free PCA react with NHS-ester-modified polydiacetylene
liposome exhibiting red fluorescence (Figure 4-4c), while bare glass did not show any fluorescence
(Figure 4-4a). Moreover, carboxylic acid functionalized polydiacetylene liposome was added as a
negative control to check the physisorption of the liposome. Although carboxylic acid of the
polydiacetylene liposome could form hydrogen bonding with amine groups, only a tiny amount of
the liposomes were observed after rinsing the surface with deionized water (Figure 4-4d),
indicating that the non-specific binding of a liposome is negligible. Consequently, DHI-free PCA's

simple and surface-independent amine functionalization method was verified.
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Figure 4-4 Primary amine functionalization by using DHI-free PCA. (a) Schematic illustration of polydiacetylene
dye tethering procedure on DHI-free PCA. Fluorescence microscopy images on (b) NHS-ester polydiacetylene@bare
glass, (c) NHS-ester-polydiacetylene@DHI-free PCA coated glass, and (d) COOH-polydiacetylene@DHI-free PCA
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4.2.4 DHI-free PCA-coated Graphene for Polymer Composites with Enhanced Thermal

Conductivity

We investigated DHI-free PCA's application to develop graphene-polymer composites
with enhanced thermal conductivity. We anticipated an amine functionalization of the graphene to
alleviate thermal resistance at the interface with PAA. Owing to the ultra-high thermal
conductivity (1500 to 5800 W/mK),*4® graphene has been used as a thermal filler in polymer
composites.®>>* However, when graphene is mixed with a polymer, the thermal conductivity of
the resulting composite does not increase significantly because the graphene-polymer composite
does not follow the rule-of-mixture due to the interfacial thermal resistance (or Kapitza resistance®*)

which means a large portion of thermal energy is scattered at the dissimilar interface. Therefore,
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reducing the thermal barrier at the interface by inducing strong interaction is crucial to achieving
high thermal conductivity of composites.®>>" PDA-assisted graphene modification has been
elucidated due to its strong m- m bonding capability with graphene.’®% Unlike the covalent
functionalization of graphene via graphene oxide, PDA coating does not sacrifice the intrinsic
thermal conductivity of graphene by preserving the homogeneous sp? carbons of pristine graphene.
Two times higher thermal conductivity has been reported from the poly(vinyl alcohol) (PVA)
composite having PDA-passivated graphene compared to pure PVA. The enhanced thermal
conductivity was attributed to the H-bonding among NH and OH groups in PDA and OH of PVA.
We hypothesized that DHI-free PCA would facilitate efficient heat transfer at the graphene-
polymer interface by providing smooth contact and strong secondary binding via hydrogen
bonding and electrostatic interaction. To validate our hypothesis, we prepared a series of
composites using PAA, which has carboxylic acid (-COOH) side groups that can be ionized to a
carboxylate (-COO-) at a pH above its pKa value. Considering the basicity of primary amine, we
anticipate that strong coulombic interactions would be formed between carboxylate(-COO-) and
ammoniumyl (-NHsz*), which would closely bind the polymer and graphene together. For this
purpose, graphene was coated with PDA and DHI-free PCA by the conventional self-
polymerization in an alkaline aqueous solution with vigorous stirring. The surface modification of
graphene was then confirmed by SEM/EDX and Thermogravimetric Analysis (TGA). SEM/EDX
results (Figure 4-5e-h) show widespread nitrogen atoms, which represent the presence of PDA and
DHI-free PCA on the graphene surface. Although both PDA and DHI-free PCA successfully
covered graphene, PDA aggregates on the surface were observed due to the DHI-induced
aggregation that prevents close contact with a matrix polymer. (Figure 4-5¢). On the other hand,

uniform coating of DHI-free PCA (Figure 4-5g) enables direct contact with a matrix polymer that
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would facilitate better heat transfer at the interface. TGA results supported that PDA formed a
relatively thicker coating (8 wt%) due to surface aggregation compared to DHI-free PCA, which

formed 5wt% coating on the graphene surface (Figure 4-5i).
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Figure 4-5 DHI-free PCA coating on graphene. Schematic illustration of (a) conventional PDA and (b) DHI-free
PCA coating on graphene and (c, d) Corresponding intermolecular interaction (H-bonding, electrostatic interaction)
between functionalized graphene and PAA. DHI-free PCA coating on graphene. SEM images of () PDA and (g)
DHI-free PCA-coated graphene and their corresponding EDX images (f, h) confirming the presence of nitrogen from
the surface. (i) Thermogravimetric Analysis (TGA) on PDA and DHI-free PCA-coated graphene.
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PAA-graphene composites with different graphene contents were fabricated by solution
processing and subsequent hot-pressing, which are described in the experimental section. Then, a
differential 3-» method®®®! was applied to measure the thermal conductivity after gold electrode
deposition. The measurement details are described in the experimental section. Table 4-1 and
Figure 4-6 summarize the measured thermal conductivities of the PAA composites with pristine
GnP, PDA-coated GnP, and DHI-free PCA-coated GnP, having various graphene contents.
PDA/GnP shows a trend of increased k (avg. 39%7), which we attribute to efficient interface heat
transport by hydrogen bonding and electrostatic interaction between PDA and PAA (Figure 4-5
c,d). Further increase in k was observed in DHI-free PCA/GnP (avg. 59%1), and the maximally
increased k was found at 15wt% PCA coating (87%71). The enhanced k from PCA/GnP is attributed
to the abundant primary amine, which forms strong electrostatic interaction with carboxylate (-

COO0-) in an aqueous condition to reduce the interfacial thermal resistance.
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Figure 4-6 Thermal conductivities of GnP-poly(acrylic acid) composites as a function of graphene content.

Table 4-1 Thermal conductivity of graphene nanoplatelet-poly(acrylic acid) composites

Thermal Conductivity

GNP Content In PAA [WimK]
[Wt%)] (o)
Pristine GnP PDA/GnP PCA/GnP
c 1.069 1.233 1.539
(0.08) (0.08) (0.07)
10 1.298 1.722 1.972
(0.12) (0.13) (0.02)
15 1.556 2.522 2.903
(0.17) (0.29) (0.72)
20 2.261 3.321 3.502
(0.20) (0.26) (0.43)
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4.3 Conclusion

We explored a DHI-free universal coating strategy using 3,4-dihydroxybenzylamine
hydrobromide in a mild basic aqueous solution. 3,4-dihydroxybenzylamine hydrobromide has a
one-carbon length shorter linkage between catechol and amine than conventional dopamine,
thereby cannot form the indole ring. Since the DHI formation is the origin of the polydopamine
aggregation, preventing the DHI formation of DHI-free PCA renders not only smooth and uniform
surface morphology but also primary amine-rich surface coating. The UV-vis spectroscopy,
SEM/EDX, NMR, and XPS results confirmed the absence of DHI and the presence of a primary
amine. We exploited this primary amine functionality to modify the surface of graphene nanoplates
to maintain graphene's high thermal conductivity and lower the thermal barrier at the interface
between the PCA-coated graphene and PAA matrix by inducing strong intermolecular interactions.
Compared to PDA, the PCA-coated graphene exhibited a smoother surface, efficient interfacial
hydrogen bonding, and electrostatic interactions, resulting in a 15% increase in thermal
conductivity of the graphene composite. These results demonstrate the potential of DHI-free PCA

as an unconditional primary amine functionalization method.
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4.5 Experimental Section

4.5.1 Materials

Dopamine hydrochloride, 3,4-dihydroxybenzylamine hydrobromide, tris, and poly(acrylic
acid) (PAA) solution (Mw~100,000, 35wt% in H20O) were purchased from Sigma-Aldrich.
Graphene nanoplates (GnPs) with the size of 25 um (xGnP-M-25) were produced by XG Science.

These chemicals were used without further purification.

4.5.2 Method

4.5.2.1 Preparation of PDA and DHI-free PCA Coatings on Various Substrates

First, a dopamine hydrochloride solution (2 mg/mL) dissolved in tris buffer (pH 8.5) was
prepared (DA/Tris solution). Then various substrates (1x1 cm2) were placed in a petri dish
containing 5 mL of the DA/Tris solution. After 24h, the PDA -coated substrates were rinsed with
DI water and methanol and then dried by blowing air. DHI-free PCA coatings were prepared in

the same way.

4.5.2.2 Polydiacetylene Liposome Assembly

The polydiacetylene liposomes were assembled by the following injection method.%%3
10,12-pentacosadiynoic acid PCDA(3.75 g) were in the 300 pl of tetrahydrofuran and the solution
was injected to 20 ml of 5mM HEPES buffer at pH 8. The liposome solution was probesonicated
at 120 W for 20 min and was filtrated through a 0.8 um cellulose acetate syringe filter. The filtrate

was stored at 5 °C before use.

93



4.5.2.3 10,12-pentacosadiynoic Acid (PCDA)-NHS Liposome Assembly

PCDA (75 mg) and PCDA-NHS (25 mg) were co-dissolved in the 1 ml of dichloromethane
and added to a 20 ml glass vial. The mixture was dried under vacuum and obtained thin white film
from the bottom of the vial. The film was hydrated with 20 ml of 5mM HEPES buffer at pH 8,
and probe-sonicated at 120W for 1 hr. The solution was filtrated through a 0.8 um cellulose acetate

syringe filter and stored at 5 °C before use.

4.5.2.4 Preparation of Polydopamine Derivatives Coated Graphene Nanoplatelets

The reaction was carried out in a 500 ml flask equipped with a magnetic stirrer in room
temperature. Tris (0.3 g) was added to 250 ml of deionized water. GnPs (1 g) was dispersed in the
Tris buffer solution in an ultrasonic bath for 30 min. Then, dopamine (0.25 g) was added under
gentle magnetic stirring. Finally, the mixture was continuously stirred for 24 h. Subsequently, the
suspension was filtered through a 0.22 um polytetrafluoroethylene membranes and washed several
times with deionized water and ethanol until the filtrate became colorless and neutral. Finally, the
resulting product was dried in a vacuum at 40 °C for 24 h to a constant weight. DHI-free PCA-

coated GnPs were prepared in the same way.

4.5.2.5 Preparation of Composites Film

GnPs coated with the PDA derivatives (17mg, 36mg, 58mg, and 83 mg, respectively) were
dispersed in a 20 ml vial having 10 ml of DI water under ultrasonic condition for 30 min. Then an
aqueous PAA solution (0.86g in 2.16 ml of water) was added and vigorously stirred for 24h at
room temperature. After pouring the mixture into a Teflon sheet, the mixture was dried in a vacuum

oven at 60°C for overnight. The resulting composite chunks were placed between two Teflon
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sheets with a 3004+ pum spacer, followed by hot-pressing at 150°C for 1 min to obtain a composite

film having a smooth surface and a uniform thickness (300+£20 pm).

4.5.2.6 Characterization Methods

UV-vis absorbance spectra were obtained on Varian Cary50 UV/Vis spectrophotometer.
XPS analysis were performed using a Kratos Axis Ultra XPS. NMR: 1H spectra were collected at
500 MHz on a Varian Vnmrs 500. 13C cross-polarization Magic angle spinning (CP-MAS) solid-
state NMR experiments were conducted on a 400 MHz (9.4 T) Bruker Avance NMR spectrometer.
Positive ion mode of Time-of-Flight (ToF) was performed using Agilent 6230 TOF. Scanning
Electron Microscopy with Energy Dispersive X-ray spectroscopy (SEM/EDX) results were
prepared by TESCAN MIRA-3 FEG. TGA curves of graphene nanoplatelets were measured under

nitrogen gas by a TA Instruments Discovery Series TGA.

4.5.2.7 Thermal Conductivity Measurement
Thin metal lines were patterned by electron-beam deposition (40 nm thick Ti/400 nm thick
Au) using shadow-masking (50 um) on both sample and reference. k in the composite films was

measured using the conventional differential 3® method in ambient conditions.

95



4.6 Supporting Information

4.6.1 Proposed structure of 3,4-dihydroxybenzylamine Oligomers Based on the ToF Spectrum

*H;N

OH HO OH HO OH HO OH HO OHHO
Calcd. : 413.43 Calcd. : 551.58
Found : 413.21 Found : 551.63
H,N H,N H,N H,N H,N
N\  / >\ /( >\ /< N\ /
0 OH © OH O OH O OHHO OH

Calcd. ; 683.68
Found : 683.36

Scheme S4-1 Calculated and found molecular weight of trimer, tetramer, and pentamer and their
corresponding molecular structures.
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4.6.2 'H NMR spectra of DHI-free PCA During 7 hrs in NaHCO3/D,0
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Figure S4-1'H NMR spectra of DHI-free PCA after 0 min.
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Figure S4-2 'H NMR spectra of DHI-free PCA after 3 hrs.
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Figure S4-3 'H NMR spectra of DHI-free PCA after 7 hrs.

4.6.3 Solid-state NMR Spectroscopy

Proton to carbon-13 cross-polarization Magic angle spinning (CP-MAS) solid-state NMR
experiments were conducted on a 400 MHz (9.4 T) Bruker Avance NMR spectrometer with 400.16
MHz and 100.62 MHz resonance frequencies for *H and *3C nuclei, respectively. A 2.5 mm HCN
triple-resonance MAS probe from Bruker was used to acquire *3C CP-MAS NMR spectra under
15 kHz MAS at 295 K. 13C chemical shifts were externally referenced to adamantane’s **CH, peak
at 38.48 ppm with 0 ppm for 3C peak of tetramethylsilane (TMS). A ramp-CP pulse sequence was
used to enhance the sensitivity with a 100 kHz radiofrequency (RF) field for *H 90° and 1H
decoupling pulses. The RF field on the 1H RF channel was ramped from 42 to 84 kHz, while it
was 63 kHz on the *C RF channel. One-dimensional **C NMR spectra of a powder sample of
PDA polymer were obtained using 2 ms and 250 us contact times with 46,000 scans and a recycle

delay of 2 s.
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4.6.4 Synthesis of 10,12-pentacosadiynoic Acid (PCDA)-NHS?

\

o
o EDC/NHS E:\>
= OH 0

7 Dichloromethane, RT

A\
o

Scheme S4- 2 Synthetic route of PCDA-NHS.

10, 12-pentacosadiynoic acid (2.0 g, 5.34 mmol) was dissolved in dichloromethane (20 ml)
and 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimidethe(EDC) (0.80 g, 6.94 mmol), and N-
Hydroxysuccinimide(NHS) (1.33 g, 6.94 mmol) dissolved in the solution. The mixture was stirred
at room temperature for 2 h. The mixture was dried using rotary evaporation under vacuum at
room temperature. The mixture was transferred to a funnel using 50 ml of Ethyl acetate and washed
with distilled water. The organic phase was concentrated in vacuo and yielded a white solid. 1H
NMR (300 MHz, CDCI3): §(ppm) 0.86 (t, 3H), 1.21-1.65 (m, 32H), 2.21 (t, 4H), 2.60 (t, 2H), 2.87

(s, 4H).
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Chapter 5 Summary and Outlook

In this dissertation, we embarked on a comprehensive exploration of polydopamine (PDA)
chemistry, beginning with its historical context in studies of mussel adhesion mechanisms and its
emergence as a material with a facile application method. Since the introduction of PDA in 2007,
it has inspired over twenty thousand subsequent research efforts, largely due to its unconditional
binding properties. Yet, the intricate chemical structure and structure-property relationships of
PDA continue to elude full comprehension. Existing theories have only partially unraveled binding
mechanisms such as the roles of catechol and dihydroxyindole (DHI), DHI-induced aggregation,
and amine-mediated underwater adhesion.

Chapter 2 contributed fresh insights into the PDA binding mechanism through rational
molecular design. We built on prior models that compared PDA to the combination of DOPA and
lysine in mussel adhesive proteins but lacked a definitive mechanism. Devising a series of
molecular analogs—including catechol, catecholamine, and DHI constituents—allowed us to
deconvolve the building blocks of PDA. By observing particle formation in aqueous solutions and
conducting morphological analyses with scanning electron microscopy (SEM) and atomic force
microscopy (AFM), we discovered that binding occurs beyond the solubility limit of agglomerates
in polar solvents. The pivotal roles of amine and DHI in facilitating particle aggregation via n-n
and cation-rt interactions were identified. We validated our hypothesis by demonstrating the
aggregation-induced adhesion of polycatechol/gPVP nanoparticles upon surface deposition.

Chapter 3 built upon the newfound knowledge of PDA binding to devise a phenolic

compound-alkanedithiol copolymer system, which expands the applicability of PDA chemistry
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to encompass a variety of polyphenols. The adhesive traits of catechol or gallol moieties, in
tandem with hydrophobic linkers, effectively mimic the mussel adhesive protein’s flexible
backbone and its active binding groups, such as DOPA. This system’s remarkable outcome is its
surface-independent coating ability, overcoming categorical limitations associated with
catecholamine-based polymers. By incorporating diverse functionalities, such as amine, acid, and
aldehyde groups, to surfaces, this copolymer enhanced versatility. Moreover, this copolymer
exhibits enhanced solvent resistance, outperforming the PDA, which depends on cohesive forces
derived from secondary interactions, especially upon integrating a multi-functional cross-linker.

In Chapter 4, we introduced a DHI-free polycatecholamine coating that exhibits smoother
surface morphology relative to PDA coatings. This study leveraged our observation from Chapter
1, which highlighted the necessity of particle formation in PDA adhesion, and reinforced the
critical role of amine groups in enabling such aggregates. By preventing DHI production during
self-polymerization, we not only achieved smoother surfaces but also increased primary amine
functionalities, pioneering a potential substitute for conventional amine-functionalizing agents like
APTES. Subsequent applications for surface amine-functionalization validated our approach
through fluorescent dye-based assessments. Extending this innovation to graphene, we applied the
coating method to enhance the thermal conductivity of the polymer-graphene composite, which
exhibited up to an 87% increase when compared to untreated graphene-polymer composites,
thereby markedly reducing interfacial thermal resistance.

Looking ahead, we designed an extended amine-bearing catechol molecule inspired by
DHI-free polycatecholamine. This design stems from the observation that in the latter polymer,

most amines are obscured by the benzene ring or engaged in cation-n interactions, hence
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inaccessible on the surface. Introducing a longer alkyl chain augments the steric freedom of the
amine, potentially maximizing surface functionality for diverse aminations.

Additionally, to augment the polyphenol-alkanedithiol copolymer research, we designed a
monomer incorporating a catechol and a carbene moiety to produce a robust coating. Carbenes,
known for their reactivity with hydrocarbons, should enable adjacent carbon atoms to form
covalent bonds. We hypothesize that combining carbene-catechol with traditional catecholamine
monomers could increase the molecular weight and, consequently, the adhesive layer's
cohesiveness and robustness.

Conclusively, this work provides not only a deeper understanding of PDA and related

systems but also paves the way for future innovations in adhesive chemistry and materials science.
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