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ABSTRACT

This dissertation is focused on synthesis of a new class of polyphenol polymers with
antioxidant properties which are potentially useful in adhesives, anticorrosion coatings, food
packaging, and biomedical applications. It also explores the effect of chemical structure of the
polyphenol pendant groups and polymer backbone on the layer-by-layer (LbL) assembly of these
polymers, and the performance of the resultant films in radical scavenging and self-healing
applications.

Linear polymeric polyphenol antioxidants with designed molecular weights and narrow
molecular weight distributions were synthesized using reversible addition-fragmentation chain
transfer (RAFT) polymerization. The polymers were based on the polymethacrylamide or the
polyacrylamide backbone and contained functional catechol-, gallol-, or bromocathechol-
polyphenol moieties. The developed synthetic routes enabled controlling antioxidant activity and
hydrophobicity of these polymers simultaneously. That was achieved via variation of the chemical
structure of the polyphenol groups and the introduction of non-oxidant hydrophobic units via
copolymerization.

Linear homopolymers of gallol-based and catechol-based polyphenols were assembled
with a neutral polymer within hydrogen-bonded LbL films, revealing drastic differences in film
growth modes and the internal film structure for the films built with different polyphenols.
Spectroscopic ellipsometry was used to determine growth regimes and swelling characteristics of
these films, while neutron reflectometry involving deuterated marker layers enabled studies of
internal film structure. Differences in the film structure strongly affected antioxidant performance
and dynamics of hydrogen-bonded films in aqueous environment. In particular, gallol-based

polymethacrylamide demonstrated the highest antioxidant activity because of self-association of
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gallol units and weaker intermolecular binding within LbL films, which allowed deeper
penetration of radicals and their more efficient interactions with polyphenol moieties. In contrast,
catechol-containing LbL films demonstrated lowest activity due to densely assembled layered
structure, which limit interactions between assembled polyphenols and free radicals in solution.
Additionally, differences in strength of intermolecular binding resulted in diverse self-healing
behavior. As demonstrated by in situ atomic force microscopy (AFM), while robust self-healing
of gallol-containing films occurred at the time scale of minutes, no healing was observed in the
case of catechol-containing films. These results are rationalized through differences in the polymer
chain mobility in these two cases, which are further quantified by in situ ellipsometry and neutron

reflectometry studies.
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NOMENCLATURE
ABTS 2,2'-Azino-bis(3-Ethylbenzothiazoline-6-Sulfonic Acid)
AFM Atomic Force Microscopy
AIBN Azobisisobutyronitrile
ATR Attenuated Total Reflection
BPEI Branched Poly(Ethylene Imine)
CA  Contact Angle
CPD-TTC 2-Cyano-2-Propyl Dodecyl Trithiocarbonate
CTA Chain Transferring Agent
DDMAT 2-(Dodecylthiocarbonothioylthio)-2-Methylpropionic Acid
DI Deionized
DMF Dimethylformamide
DMSO Dimethylsulfoxide
DOPA 3,4-Dihydroxy-L-phenylalanine
DPPH 2,2-Diphenyl-1-Picrylhydrazyl
DSC Differential Scanning Calorimetry
FTIR Fourier Transform Infrared Spectroscopy
FRAP Fluorescence Recovery After Photobleaching
GPC Gel Permeation Chromatography
HB  Hydrogen Bond
IR Infrared
LbL Layer-by-layer
[PPh  Linear Synthetic Polyphenol Polymer

NMR Nuclear Magnetic Resonance
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NR  Neutron Reflectometry

MCT Mercury Cadmium Telluride Detector

ORNL Oak Ridge National Laboratory

P2MAA

P2MMA

P3IMAA

P3IMMA

PBrMMA

P2HAA

P2HMA

P3HAA

P3HMA

PBrHMA

Poly (N-(3,4-Dimethoxybenzyl) Acrylamide)

Poly (N-(3,4-Dimethoxybenzyl) Methacrylamide)

Poly (N-(3,4,5-Trimethoxybenzyl) Acrylamide)

Poly (N-(3,4,5-Trimethoxybenzyl) Methacrylamide)

Poly (N-(3,4-Dimethoxy-5-Bromobenzyl) Methacrylamide)
Poly (N-(3,4-Dihydroxybenzyl) Acrylamide)

Poly (N-(3,4-Dihydroxybenzyl) Methacrylamide)

Poly (N-(3,4,5-Trihydroxybenzyl) Acrylamide)

Poly (N-(3,4,5-Trihydroxybenzyl) Methacrylamide)

Poly (N-(3,4-Dihydroxy-5-Bromobenzyl) Methacrylamide)

PVP Poly (Vinyl Pyrrolidone)

PDI  Polydispersity Index

PEO Polyethylene Oxide

dPEO Deuterated Polyethylene Oxide

PHex Poly (N-Hexyl Methacrylamide)

PVP  Poly (N-Vinyl Pyrrolidone)

RAFT Reversible Addition Fragmentation Chain Transfer

RI Refractive Index

ROS Reactive Oxygen Species

RT  Room Temperature

SLD Scattering Length Density

vil



SNS-LR Spallation Neutron Source Liquids Reflectometer
TA  Tannic Acid

TEA Triethylamine

TGA Thermal Gravimetric Analysis

THF Tetrahydrofuran

UV Ultraviolet

VASE Variable Angle Spectroscopic Ellipsometer

QCM Quartz Crystal Microbalance
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1. INTRODUCTION

1.1. Polyphenols

Antioxidants are an important class of organic compounds which can react with radicals,
protecting other molecules from oxidative damage.! One abundant class of antioxidants is
represented by polyphenols, which contain moieties with two or more phenol groups in the
benzene ring. Natural polyphenols can be found in many products such as fruits,? vegetables,’
spices,* teas,” and wines.® In plants, polyphenol compounds are known for exhibiting the
antioxidant activity by quenching reactive oxygen species (ROSs)’ and thus preventing the
oxidative damage in living cells that can be caused by pathogens or ultraviolet radiation.® Besides
plants, polyphenols can be found in some marine organisms. For example, the red algae is rich

with numerous natural bromophenols,’!°

while marine mollusks use 3,4-dihydroxy-L-
phenylalanine (DOPA) as a component of an adhesive protein involved in their attachment to
surfaces.!!

In the world of synthetic products, the use of antioxidants enhances performance of

12-15 and biomedical applications.!® Since natural polyphenols

polymers in food packaging
represent non-polymeric, low molecular weight compounds, blending is the most common way to
introducing them into a polymer matrix.!”"!” However, leaching of antioxidants is a well-known
issue for blends.?’ To prevent leaching, antioxidant groups have been introduced into polymeric

materials via covalent modification of pre-synthesized polymers,'®-2!-24

such as synthetic reaction
with DOPA or dopamine moieties.”>* Similarly, gallol functional groups were incorporated
through chemical modification of some natural polymers, such as gelatin, chitin, chitosan or

hyaluronic acid.??>*333> A more controllable way to introduce antioxidant units within polymer

chains is direct polymerization of antioxidant-bearing monomers.*%3” The latter approach allows
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for greater control of distribution of the polyphenol species along the polymer chain and yields
synthetic polymers which are highly suitable for preparation of antioxidant materials and coatings
through sequential assembly of polymers at surfaces.
1.2. Layer-by-layer assembly

A powerful technique to introduce antioxidant species into a surface coating is layer-by-
layer assembly.’®* LbL assembly is generally driven by electrostatic interactions,*®* hydrogen

40-45 and/or hydrophobic interactions.*® Deposition of LbL films is often achieved by

bonding,
alternating dipping of a substrate in solutions of interacting polymers with an application of rinsing
steps in between. A polymer monolayer is adsorbed at each deposition step, leading to a gradual
thickness increase. The technique can be used with substrates of various shapes*’ and provides

$ and structure*® via selection of polymer

precise control over film thickness, composition,*
chemistry and assembly conditions. The level of such a control depends on strength of binding
between the film components. Strong interpolymer interactions usually lead to kinetically trapped
conformations of adsorbed chains, which preserve film layered structure. Such films usually
demonstrate linear growth mode with a constant amount of material deposited per each step.’%!
In contrast, weak binding enables chain mobility and results in significant polymer intermixing.
Such films often exhibit non-linear or exponential growth behavior, with the amount of deposited
material increasing per each immersion step.***>* Exponentially growing films are not only
highly diffusive, but also contain sufficient free volume, swell by entrapping large amounts of a

solvent, and exhibit self-healing behavior.>>-°



1.3. Goal and Objectives

In this work we focused on how chemistry of the polyphenol ring affects layer-by-layer
assemblies of polyphenolic polymers, including their internal structure, swelling behavior, chain
dynamics, as well as their functionality, i.e. antioxidant activity. To achieve these goals, the
following objectives were pursued:
1. To develop a synthetic procedure for preparation of linear polyphenol polymers (/PPhs)
with controllable composition, hydrophobicity, adsorption, and antioxidant properties. To that end,
reversible addition-fragmentation chain transfer polymerization procedures were developed to
include catechol, bromocatechol or gallol moieties within polymer chains.
2. To understand the effect of the chemical structure of polyphenol ring and the content of
hydrophobic non-phenolic hydrocarbon units on surface adsorption properties of /PPhs and their
ability to alter and control surface wettability.
3. To study hydrogen-bonded assembly of /PPhs with a neutral hydrogen-bonded acceptor
polymer within LbL films, explore the effect of chemical structure of polyphenol ring (gallol vs
catechol) on polymer-polymer binding, polymer chain mobility, film internal structure, antioxidant

activity and self-healing behavior.



2. SYNTHESIS OF LINEAR POLYPHENOL POLYMERS"

2.1. Abstract

A series of linear polymeric antioxidants with controllable antioxidant, hydrophobicity and
surface adsorption properties was synthesized using reversible addition—fragmentation chain
transfer (RAFT) polymerization. The polymers had a poly(methacrylamide) backbone and
contained functional catechol-like 3,4-dihydroxybenzyl-, gallol-like 3,4,5-trihydroxybenzyl- and
bromo-substituted 3,4-dihydroxy-5-bromobenzyl-(2H, 3H and BrH, respectively) groups, as well
as N-hexyl (Hex) moieties. The polymers were abbreviated as P2HzHex, P3HzHex or PBrHzHex,
where Z is the molar percentage of the polyphenol units in the polymer chains. Both the chemical
functionality and the relative content of the polyphenol and hexyl units governed the
hydrophobicity, adsorption and antiradical activity of these polymers. An increase in the content
of the hexyl units in the polymer chains resulted in higher thicknesses of the adsorbed polymer
monolayers and an increase in the water contact angles of the gold surface. Importantly, polymers
with gallol-like side groups exhibited antioxidant activity (as determined using the DPPH assay in
methanol solutions) and affinity to metal substrates that were superior to those of their catechol-
like and bromo-substituted counterparts. The tunability of interfacial binding, hydrophobicity and
antioxidant properties of these polymers are properties essential for the use of these polymers in
coating applications.
2.2. Introduction

Inspiration for synthesis of phenolic polymers stems from natural polyphenols — low

molecular weight compounds containing di- or trihydroxy benzene moieties that demonstrate

*A family of linear phenolic polymers with controlled hydrophobicity, adsorption and antioxidant properties. R.
Hlushko, H. Hlushko and S. A. Sukhishvili, Polym. Chem., 2018, 9, 506 — Reproduced in part by permission of The
Royal Society of Chemistry
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radical scavenging, antioxidant activity, and metal-binding properties.!>’*! In the most part,
natural polyphenols are known as low molecular weight antioxidants abundant in plants,®? fruits,%
or marine algae.”!® One well-known antioxidant natural polyphenol — tannic acid (TA) — contains
multiple 3,4,5-trihydroxybenzoyl (galloyl) groups arranged in a star-shaped molecular

architecture. TA has been extensively studied in its free form in solution,** as well as in its

65-67 68,69

complexes and layer-by-layer films with polymers and/or metal ions.

Incorporation of polyphenol moieties within synthetic polymers provides polymer
materials with controllable properties, such as adhesive and gelation. So far, this strategy has been

primarily explored with polymers that contain dihydroxybenzyl (catechol) moiety that mimics

70,71

mussel adhesive proteins — the strongest natural adhesive materials containing up to 30%

percent of 3,4-dihydroxy-L-phenylalanine.”>’* Synthetic polymers that contain DOPA or

25,27,28,75

dopamine moieties constitute the basis for novel “wet” adhesives and self-healing

7

materials.?>>* Several polymerization routes including free-radical,’® anionic,”’” and reversible

78,79

addition-fragmentation chain transfer polymerization were developed to introduce catechol

groups to synthetic polymers. In particular, catechol functionality was included in carbon-

76,79,80

chain and biodegradable polymers®! and was made part of copolymers,’®”’ block

copolymers,’® or homopolymers.”®
While low-molecular-weight natural polyphenols containing gallol moieties or highly

abundant bromocatechol antioxidants extracted from Red Algae®'® have been known to exhibit

82,83

high antioxidant activity, in contrast to catechol moieties they are rarely used in a buildup of

polymer chains. In existing reports on synthetic polymers containing gallol groups, these

functional groups were introduced in polymers or hydrogels by chemical modification of natural

22-24,35

polymers rather than by direct polymerization of synthetic monomers. To the best of our

5



knowledge, synthetic polymers with bromo-polyphenol side groups have not been previously
reported, whereas only two studies describe incorporation of gallol functionality in synthetic
polymers with well-defined molecular architecture and composition. In one of these studies, gallol
moiety was linked to imidazolium units to enable simultaneous electronic and ionic conductivities
in a poly(ionic liquid).** In another related work, polyphenol moieties were included within
polymers, whose preparation involves the use of organophosphorus compounds for monomer
synthesis.?”% Moreover, this earlier work was restricted to polymers with the polystyrene
backbone.

Here we report a synthetically simple yet versatile procedure to synthesize a broad range
of linear antioxidant homo- and copolymers with controlled hydrophobicity, adsorption and
antioxidant properties that include catechol, gallol, or bromocatechol moieties. This study explores
the effects of the chemical structure and content of polyphenol groups in polymer chains on their
antioxidant activity in solution and the capability to adsorb on and modify wettability of solid
surfaces.

2.3. Experimental Section
2.3.1. Materials

1,4-Dioxane, azobisisobutyronitrile (AIBN), 2-cyano-2-propyl dodecyl trithiocarbonate
(CPD-TTC), deuterated chloroform (CDCIl3), deuterated dimethyl sulfoxide (DMSO-Dg),
deuterated methanol (CD3OD), bromine, sodium hydroxide (NaOH), hydrochloric acid (HCI),
boron tribromide, and polystyrene standards were purchased from Sigma Aldrich. Acetone and
hexylamine were purchased from EMD Millipore. Sodium carbonate, glacial acetic acid, and
methanol were purchased from Avantor Performance Materials, Inc. Diphenyl-1-picrylhydrazyl

(DPPH), sodium tetraborate decahydrate (borax), aluminum oxide, methacrylic anhydride, 3,4-
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dimethoxybezylamine, 3,4,5-trimethoxybezylamine, magnesium sulfate, tetrahydrofuran (THF),
and dichloromethane were purchased from Alfa Aesar. Dimethylformamide (DMF) was purchased
from BDH VWR Analytical. AIBN was recrystallized from methanol prior to use. All solvents
and monomers were purified from stabilizers by passing through a column packed with basic
aluminum oxide with pore size of 58 A. All other chemicals were used as received.

QCM O100RX1 chromium-gold crystals were purchased from Stanford Research Systems
and used as substrate to study adsorption of polymers using ellipsometry.

2.3.2. Characterization Methods

Gel Permeation Chromatography (GPC) was performed using an Agilent Technologies
GPC system equipped with Agilent 1260 infinity multi suite (refractive index and viscosity)
detectors at 30°C. A Phenogel™ column (Phenomenex) with the particle size of 5 pum and the pore
size of 10° A was used for characterization of 1 to 5 g L™ polymer solutions. THF was used as an
eluent for kinetics studies. 0.01 M LiBr in DMF was used for characterization polyphenol
precursors as well as deprotected polymers. All solutions were eluted at a rate of 0.15 mL min!
and 0.10 mL min’!, at a temperature of 30°C. The presence of 0.01 LiBr has enabled disruption of
hydrogen bonds between polyphenol groups of unprotected polymers.

"H Nuclear Magnetic Resonance ('H NMR) characterization of monomers and polymers
was performed with a VARIAN Mercury 300 NMR SPECTROMETER with an Oxford
Instruments Ltd. superconducting magnet, using CDCl3, DMSO-Ds, or methanol-D4 as solvents.
The data were processed with a VarianJ software.

Fourier transform infrared (FTIR) analysis was performed using a Bruker Tensor II

spectrometer equipped with a mercury cadmium telluride (MCT) detector. The spectra were



recorded by accumulating 96 scans within a spectral range of 900-4000 cm™ at a resolution of
4 cm’,

Polymer adsorption. QCM O100RX1 chromium-gold crystals were used as a substrate in
the studies of polymer adsorption. Prior to experiments, the substrates were cleaned by an
overnight exposure to UV radiation at a wavelength of 185 nm supplied by a Mercury Grid Lamp,
BHK Inc. The crystals were then rinsed with deionized water, dried in a flow of dry nitrogen gas,
and additionally exposed to UV for 5 min prior to the adsorption experiments. All polymers were
allowed to adsorb on gold substrates from 1.0 mg mL !solutions in methanol for 60 minutes. The
substrates were then rinsed three times with methanol and dried in a flow of dry nitrogen gas prior
to measurements.

Spectroscopic ellipsometry. Dry thicknesses of polymer monolayers adsorbed on gold
substrates were determined using a variable angle spectroscopic ellipsometer (VASE) M-2000V
(J. A. Woollam Co., Inc.). Measurements were performed at four incidence angles of 45°, 55°,
65°, and 75°. The gold surface was fitted as B-spline material with the complex dielectric function
e = g1 + ie2. Prior to the film thickness measurements, the values ¢; and the amplitude of a zero
energy oscillator (Drude term) for the Kramers-Kronig transformation of &> were determined for
each gold substrate.

Thin polymer films were treated as a Cauchy material with a thickness d and the
wavelength dependence of the refractive index n described by the following equation: n(4) = 4 +
B/J? + C/A?, where 1 is a wavelength; and 4, B, and C are fitting coefficients. The refractive index
for dry polymer films was fixed at 1.50.

Contact angle (CA) measurements of bare gold substrates as well as substrates covered

with adsorbed polymer monolayers were performed using an optical contact angle meter CAM
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101 (KSV Instruments). Milli-Q water with resistivity of 18.2 MQ cm (EMD Millipore) was used
for CA measurements.
2.4. Synthetic Protocols
2.4.1. Synthesis of Monomers

Synthesis of N-hexyl methacrylamide (1). First, 15.0 g of borax (decahydrate) [39.3 mmol]
and 15.0 g of anhydrous sodium carbonate [142 mmol] were dissolved in 400 ml of deionized
water, and the solution was purged with argon gas for 120 min. Then 13.2 mL [99.9 mmol] of
hexyl amine was slowly added to the solution during 15 min under continuous stirring. In a
separate flask, 17.0 mL of methacrylic anhydride [97.4 mmol] was dissolved in 30.0 mL of THF;
this solution was added dropwise to the hexyl amine solution under vigorous stirring at ~1000 rpm.
The mixture was stirred for 24 h at room temperature, and the product was extracted in 150 mL of
dichloromethane three times. The extract was washed with 0.1 M NaOH and 0.1 M HCI, while
applying repeated washing steps after both basic and acidic treatments, and finally dried over
anhydrous MgSOs. The residual solvent was removed under vacuum to yield viscous colorless
liquid (yield 74.6%).

N-hexyl methacrylamide (1) "H-NMR (300 MHz,CDCl;): §: 7.26 (solvent), 5.72-5.94 m
(1H, -NH-), 5.65 s (1IH,CHH=); 5.29 s (1H, CHH=); 3.27 t (2H,~NHCH>CH>-); 1.94 s (3H, CHz3-
C(CH2)CO-); 1.52 m (2H, -NHCH2CH>2-); 1.29 m (6H, -NHCH>CH>(CH2);CH3); 0.87 t (3H, —
NHCH2CH>(CH2)3:CH3)

It should be noted that while 3,4-dimethoxybezyl amine (2) and 3,4,5-trimethoxybezyl
amine (4) used for polymer synthesis are commercially available, 3,4-dimethoxy-5-bromobenzyl

amine (3) is not commercially available and was synthesized as described below.



Synthesis of 3,4-dimethoxy-5-bromobenzyl amine (3). 1.00 g of 3,4-diethoxybezylamine
(2) [6.63 mmol] was dissolved in 10.0 mL of glacial acetic acid. Then 0.342 mL of liquid bromine
was added dropwise to thaw solution under rigorous steering, and the mixture was heated at 50°C
for 3 hours. The product was dried under vacuum to yield a white solid (yield 98.8%). 'H-NMR,
(300 MHz, DMSO-d6): 6 6.72 d (1H, CéHHBr(OCH3s)2); 6.63 d (1H, CcHHBr(OCH3)2); 3.76 s

(2H,—CH»>-); 3.68 s (6H, CsH2Br(OCHs)2); 2.49 s (solvent).

07 SNH

X methacrylic anhydride,
borax, Na,CO5 X
B — .
~o RT, 24h
o
~
~
X=H 2 X=H 5
X =Br 3 X=Br 6
X=CH;O 4 X=CH;0 7

Figure 2-1 Generalized representation of synthesis of precursors of phenolic monomers.

Synthesis of monomers. In a typical procedure, Figure 2-1, 5.00 g of borax (decahydrate)
[13.1 mmol] and 5.00 g of anhydrous sodium carbonate [47.2 mmol] were dissolved in 150 mL of
water in a 250-mL two-neck round-bottom flask. The solution was purged with argon for two
hours prior to the addition of one of the following amines: 3,4-dimethoxybenzyl amine (2)
(2.00 mL [13.3 mmol]), 3,4-dimethoxy-5-bromobenzyl amine (3) (2.00 g [6.37 mmol]), or 3,4,5-
trimethoxybenzyl amine (4) (2.80 g [10.6 mmol]). After complete dissolution of amines, a
stoichiometric amount of methacrylic anhydride in 10.0 mL of THF was slowly added to the
mixture under intense stirring. The solution was continuously stirred for 24 hours at room
temperature, and the reaction products extracted with dichloromethane (50 mL) three times. The

extract was sequentially washed with 0.1 M NaOH, 0.1 M HCI, and deionized water, and dried
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over anhydrous MgSO4. The residual solvent was removed under vacuum to yield a white solid
[yield: 74.7% for N-(3,4-dimethoxybenzyl) methacrylamide (5), 73.8% for N-(3,4-dimethoxy-5-
bromobenzyl) methacrylamide (6), and 73.5% for N-(3,4-trimethoxybenzyl) methacrylamide (7)].

N-(3,4-dimethoxybenzyl) methacrylamide (5) 'H-NMR (300 MHz, DMSO-d¢): § 8.2 t
(1H, -NH-); 6.5 - 6.6 d (3H, CsH3(OCHas)2); 5.69 s (1H, CHH=); 5.35 s (1H, CHH=); 4.23 -4.25
d (2H, -CH»>-); 3.71 — 3.73 d (6H, —CsH3(OCHs)2); 2.49 s (solvent), 1.87 s (3H,CHs-).

N-(3,4-dimethoxy-5-bromobenzyl) methacrylamide (6) '"H-NMR (300 MHz, DMSO-ds):
0 8.2t (1H,-NH-); 6.5 - 6.6 d (2H, CsH2Br(OCHs)2); 5.69 s (1H, CHH=); 5.35 s (1H, CHH=);
4.23-4.25d (2H, -CH>-); 3.71 —3.73 d (6H, —C¢H2Br(OCHs)2); 2.49 s (solvent), 1.87 s (3H,CHs—
).

N-(3,4,5-trimethoxybenzyl) methacrylamide (7) 'H-NMR (300 MHz, DMSO-de): § 8.2 t
(1H, -NH-); 6.5 - 6.6 d (2H, C¢H2(OCH3)3); 5.69 s (1H, CHH=); 5.35 s (1H, CHH=); 4.23 -4.25
d (2H, -CH»>-); 3.71 — 3.73 d (9H, —CsH2(OCHz3)3); 2.49 s (solvent), 1.87 s (3H, CH3-).
2.4.2. RAFT Polymerization of Monomers

Individual monomers (5, 6, and 7) or their mixtures with N-hexyl methacrylamide (1) (to
obtain homopolymers or copolymers, respectively) in the total amount of 11.5 mmol were placed
in a Schlenk flask, sealed, deaerated under vacuum, and filled with argon gas. Tables A-1-A-3 in
the Appendix A section specify the amounts of monomers used for synthesis of various polymers.
After addition of 2.00 mL of anhydrous 1,4-dioxane, the solutions were stirred at room
temperature. In a separate container, 20.0 mg of AIBN [0.122 mmol] and 250 uL of CPD-TTC
[0.717 mmol] were dissolved in 5.00 mL of anhydrous 1,4-dioxane, and a 0.400 mL aliquot of this
solution was added to the Schlenk flask. After three vacuum-thaw cycles, the tube was sealed and

polymerization was allowed to proceed at 70°C for 48 hours. After completion of polymerization,
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the reaction mixtures were cooled to room temperature and diluted with 13.0 mL of THF. Polymer
solutions in THF were added drop-by-drop to 200 mL of n-hexane at vigorous stirring, precipitated
polymers were filtered, washed with 100 mL of n-hexane, and dried under vacuum.
2.4.3. Demethylation

Approximately 0.5 g amounts of each polymer (Tables A-1-A-3) were dissolved in 15 mL
of anhydrous CH>Cl, in the Schlenk flask. After three freeze-thaw cycles, the mixtures were placed
in the chlorobenzene slush cooling bath which maintained a temperature of -45°C. Then ~1.5 molar
excess of 2 M BBr3 solution in CH2Cl, (calculated as a molar ratio of BBr3 to -OCH3 groups) was
added drop-by-drop to the reaction mixtures under intense steering. After 30 min, Schlenk flasks
were allowed to slowly warm overnight to room temperature. Then 20 mL of 1% HCl in degassed
water was carefully added to the flask. Finally, the mixture was stirred for 2 hours, filtered in inert
atmosphere, and dried under vacuum. The homopolymers were abbreviated as PXYMA, where X
is used to identify various substituents in the polyphenol ring (X =2 for catechol, X = Br for
bromocatechol, and X = 3 for gallol units), ¥ denotes either methoxy protecting group (¥ = M) or
deprotected hydroxyl group (¥ = H) in the benzene ring of precursor and deprotected polymers,
respectively. Poly(N-hexyl methacrylamide) is abbreviated as PHex. In the case of copolymers, an
abbreviation PXYzHex is used, where Z denotes the molar percentage of polyphenol units in the
polymer chains. For example, poly(N-(3,4-dimethoxy-5-bromobenzyl) methacrylamide and
poly(N-(3,4,5-trihydroxybenzyl) methacrylamide homopolymers are abbreviated as PBrMMA
and P3HMA, respectively. At the same time, poly[(N-(3,4-dimethoxybenzyl) methacrylamide)-
co-(N-hexyl methacrylamide)] copolymer with 10% of phenolic units and poly[(N-(3,4,5-
trihydroxybenzyl) methacrylamide)-co-(N-hexyl methacrylamide)] with 15% of phenolic groups

are abbreviated as P2MoHex and P3HisHex, respectively.
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2.4.4. Studies of polymerization Kinetics

Kinetics of polymerization was studied for copolymers with varied chemistry of
polyphenol units but the same targeted composition. To that end, mixtures with a 1:9 molar ratio
of N-(3,4-dimethoxybenzyl) methacrylamide (5), N-(3,4-dimethoxy-5-bromobenzyl) (6), or N-
(3.,4,5-trimethoxybenzyl) methacrylamide (7) with N-hexyl methacrylamide (1) were prepared to
obtain P2MioHex, PBrMioHex, and P3MioHex copolymers, respectively. In addition to
polyphenolic copolymers, homopolymerization of N-hexyl methacrylamide was explored. To
study the effect of temperature, the polymerization was conducted at 60, 70 or 80°C. In all cases,
100-pl aliquots were taken hourly from the polymerization solutions, diluted with 1 mL of THF
and cooled down to -18°C to stop polymerization. The molecular weights of the polymers at each
time point were determined by GPC equipped with the Phenogel™ column calibrated using
polystyrene standards.
2.5. Results and Discussion
2.5.1. Synthesis and characterization of phenolic polymers

The synthesis of a series of phenolic polymers via RAFT polymerization is summarized in
Figure 2-2. A commercially available chain transfer agent (CTA) — 2-cyano-2-propyl dodecyl
trithiocarbonate — was chosen as being the most suitable for synthesis of methacrylate monomers.*
The [monomer]/[CTA]/[AIBN] ratio was fixed at a constant value of 200/1/0.17 in order to obtain

a polymer series with similar polymerization degrees.
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Figure 2-2 General synthesis of phenolic polymers. (i) AIBN and CPD-TTC as CTA in
dioxane at 70°C for 12-24 hours. (ii) (a) BBr3 in CH2Cl: at -45°C to RT for 2 hours, (b) 1%
HCI for 2 hours.

The polymerization process was strongly affected by temperature. Specifically, the use of
60 or 80 °C did not result in controlled growth of polymer chains. No polymeric products were
formed for as long as 8 hours when polymerization was performed at 60°C (data not shown). At
the same time, an increase in polymerization temperature to 80°C caused fast (completed within
two hours) formation of polymer products with high polydispersity (Figure. A-1). The poor control
of the polymer chain growth at 80°C is likely a result of a high dissociation rate of the initiator and
the fast chain propagation rate.®” In contrast, the use of 70°C for polymerization supported
moderate polymerization rates and enabled good control of the growing chains. Therefore, 70°C
was selected for polymerization of all monomers in this work.

To demonstrate living nature of polymerization, 1:9 molar mixtures of N-(3,4-
dimethoxybenzyl)  methacrylamide, = N-(3,4-dimethoxy-5-bromobenzyl), or  N-(3,4,5-
trimethoxybenzyl) methacrylamide with N-hexyl methacrylamide, or pure N-hexyl
methacrylamide were polymerized to obtain P2MoHex, PBrMioHex, P3MioHex copolymers or
PHex homopolymer, respectively. At specific points of time during polymerization at 70°C, 0.1-

mL aliquots of the reaction mixture were taken, diluted with 1 mL of THF, cooled down to -18°C

to stop polymerization reaction, and polymer products were analyzed using GPC and '"H NMR
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(Figure A-1 and A-2). Figure 2-3 illustrates that the kinetics plots for all polymers were linear up

to 10 hours, indicating good control of chain propagation during polymerization.
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Figure 2-3 Time evolution of In([M]o/[M]¢) during synthesis of PHex homopolymer and
copolymers containing 10% of phenolic precursor groups (A), as well as representative GPC
traces shown for synthesis of P3MioHex interrupted at various polymerization times (B)
when polymerization was carried out at 70°C.

After establishing living nature of polymerization, a range of phenolic copolymers with
varied density of phenolic groups in the polymer chains, as well as polyphenolic homopolymers
were synthesized using the established protocol while allowing polymerization to proceed to high

conversion degrees. All polymers were deprotected as described in the Experimental Section to

yield polymers with active phenolic groups.
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Figure 2-4 "TH NMR spectra of PSMMA in CDCIl; (purple) and P3HMA in CD3;OD (blue)
(A); FTIR spectra of PSMMA (purple) and P3HMA (blue) (B). The 3500-1800 cm! region is
shown in the Appendix A, Figure A-3.

Figure 2-4 compares the data of 'H NMR and FTIR characterization of homopolymers
before and after deprotection of phenolic groups, while Figure 2-4 presents typical results of
characterization of protected and deprotected copolymers. In the case of protected P3AMMA and
deprotected P3HMA homopolymers, aromatic protons in polyphenol ring at 6.5-6.6 ppm (Figure
2-4A, d) aliphatic protons of the polymer backbone at 0.7-2 ppm (Figure 2-4A, a and b) are clearly
seen in both cases. However, the spectra are clearly distinct in the 3.6-3.9 ppm range characteristic
of methoxy protons (e and f), suggesting complete removal of methoxy protection and conversion
of PAMMA to P3HMA. Additionally, complete deprotection of polyphenol units was confirmed
by FTIR analysis. Figure 2-4B shows that vibrational bands at 1127 cm™, 1237 cm™, and 1423 cm
!associated with O—CHj (ether) stretching, aryl-O (ether) stretching, and —CH3 rocking vibrations
and characteristic of the protected polymers have disappeared in the deprotected polymer.

1

Moreover, an additional wide band at =3200 cm™ associated with O-H stretching vibrations®

emerged in the FTIR spectra of the deprotected polymer (Figure A-3).

16



1237 em™ 1127 e
CH,OH 0 "NH ©
1 P3M,;Hex

' P3H,;Hex

15‘00 I 12‘00 I QEIJU
Chemical shift (ppm) Hoohoon Wavenumber (cm™')

Figure 2-5 "TH NMR spectra of P3MisHex (maroon) and P3HisHex (blue) in CD30D, as well
as PHex (green) in CDCl3 (A); FTIR spectra of P3MisHex (maroon), P3HisHex (blue), and
PHex (green) (B).

Typical results of characterization of the copolymers are shown in Figure 2-5 for the case
of a precursor P3M;sHex and a deprotected P3H;sHex copolymers. The 'H NMR data confirm the
presence of both phenolic and hexyl monomeric units in the polymer chain. The peaks at 6.5-6.8
ppm characteristic of aromatic protons (Figure 2-5A, d), as well as the peaks at 0.7-1.5 ppm (h)
and 2.9-3.3 ppm (g) characteristic of n-hexyl groups are present in both the protected and
deprotected copolymers. However, similarly to the case of homopolymers, the characteristic peaks
of the methoxy protons at 3.6-3.9 ppm disappeared in the spectra of deprotected P3HsHex,
confirming complete removal of the protecting methyl groups from the phenolic rings. The FTIR
data for the copolymers in Figure 2-5B are fully consistent with '"H NMR results, i.e. they show
absence of 1127 cm™! and 1237 cm! bands associated with O—CHj3 vibrations in the deprotected
polymer. The strong intensities of vibrational bands at 2960-2860 c¢cm™ in both protected and

deprotected P3MisHex and P3HisHex copolymers indicate the presence of hexyl-monomer units

(Figure A-3). FTIR spectra of all other homopolymers and copolymers are shown in the Supporting
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Information section (Figure A-4 and A-5, respectively). FTIR and 'H NMR also confirmed that
demethylation procedure did not result in cleavage of the amide groups.

In the copolymer synthesis, a varied molar content of phenolic units of 5, 10 and 15% was
targeted via the use of the feed ratios of the phenolic monomer precursors to hexyl monomer of
1:19, 1:9, and 3:17, respectively. For all the copolymers, the compositions calculated from the
integrated peak intensities of methoxy groups (3.6-3.9 ppm, e+f) and n-hexyl groups (2.9-3.3 ppm,
g) in the 'TH NMR spectra were in good agreement with the designed polymer composition (Table
2.1). Note that while all polymers were soluble in a range of polar solvents, including ethanol,
methanol, isopropyl alcohol and DMSO, their solubility in less polar tetrahydrofuran was limited
to the polymers that contain hexyl moieties. Specifically, P3HMA and P2ZHMA homopolymers

that lacked hexyl groups were not soluble in THF. All polymers were not soluble in water.
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Table 2-1 Compositions, Molecular Weight and Polydispersity of Antioxidant Polymers

Actual molar Protected polymers Deprotected polymers
Designed| percent of
molar |phenolic units
percent of| (based on 'H o M, o M,
ph@nohc NMR of | Abbreviation ke-mol D | Abbreviation ke'mol” b
units, % | protected
polymers), %

0 - PHex 29.2 | 1.19 - - -

5 4.9+0.2 P2MsHex 244 |1.21 P2HsHex 24.4 1.22
10 11.0£0.1 P2MioHex | 26.1 |1.18| P2HjoHex 26.5 1.27
15 19.4£2.0 P2MisHex | 21.9 |1.26| P2HisHex 29.2 1.12
100 - P2MMA 38.1 |1.15 P2HMA 35.9 1.20
5 5.7¢1.0 PBrMsHex | 24.2 |1.46| PBrHsHex 21.6 1.64
10 8.1+1.8 PBrMioHex | 30.3 |1.21| PBrHioHex 27.7 1.37
15 14.0+£2.0 PBrMisHex | 26.6 |1.25| PBrHisHex 27.1 1.38
100 - PBrMMA 54,5 |1.10| PBrHMA 64.1 1.11
5 6.0+1.9 P3MsHex 244 |1.26 P3HsHex 26.3 1.24
10 8.743.6 P3MjoHex | 26.6 |1.28| P3HjoHex 32.5 1.19
15 14.8+4.0 P3MisHex | 25.9 |1.27| P3HisHex 31.9 1.23
100 - P3IMMA 49.6 |1.17 P3HMA 43.4 1.45
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2.6. Surface Adsorption of Polyphenolic Polymers

The capability of polyphenol groups to adhere to surfaces has been explored in many
mussel-mimicking catechol-containing polymers.?>27%7> Here, we explored the effect of the
polyphenol unit chemical structure and their content in the polymer chains on the capability to
adsorb to a gold substrate. To that end, the surface of gold-sputtered QCM crystals was pre-cleaned
as described in the Experimental Section, brought in contact with 1.0 mg mL™! polymer solutions
in methanol for 1 hour, and thoroughly rinsed with methanol. The amounts of polymers adsorbed
within surface monolayers were then determined from ellipsometric measurements of thicknesses
of adsorbed layers when fixing the refractive index of adsorbed polymers at 1.50, and assuming
the density of dry polymer films of 1 g cm™. Fig. 2-6A shows ellipsometric thicknesses of adsorbed
polymer monolayers for a series homopolymers. Thicknesses of adsorbed polymer monolayers are
defined by the conformation of polymer chains that can be represented by loops, trains, and tails
of polymer units.* Among polyphenolic homopolymers, PAHMA homopolymer formed the
thickest monolayer of ~ 3.3+1.0 nm, P2ZHMA showed an intermediate thickness of 2.0+0.7 nm,
and PBrHMA homopolymer formed the thinnest layer with 1.3+0.4 nm thickness. This trend can
be explained by a varied strength of intramolecular hydrogen bonding between polyphenolic units
included within loops of the adsorbed polymers. P3HMA homopolymer can form stronger
hydrogen bonds within the polymer loops because of larger number of hydroxy groups per polymer
ring,”® and therefore yields thicker adsorbed layers. Note that control PHex polymer that did not

contain phenolic groups formed the thinnest layers with the average thickness of 0.6+0.3 nm. This
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is likely due to an incomplete monolayer coverage caused by low affinity of nonpolar hydrocarbon

units to gold surface.
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Figure 2-6 Adsorption of polymers at the surface of gold substrates: dry thicknesses of
monolayers of homopolymers (A) and copolymers (B) adsorbed from 1.0 mg mL-! methanol
solutions.

Fig. 2-6B shows that a similar trend was also observed for a series of copolymers. The
highest amounts adsorbed were detected for gallol-containing polymers within copolymers with
the same content of phenolic groups (5, 10 or 15%). Another trend is that the copolymers with the
same chemistry of phenolic units formed thinner monolayers as content of phenolic groups in the
polymer chains increased. For example, gallol-containing copolymers yielded monolayers with
dry thicknesses 1.65+0.50, 1.3+0.40, and 1.0+0.30 nm in the case of P3HsHex, P3HioHex, and
P3HisHex, respectively. Such a dependence is reminiscent of a decrease in layer thickness with an
increase of charge density of polyelectrolytes,’ and reflects flattening of polymer chains when the
density of surface-adsorbing groups is increased. Taken together, these results indicate that the
polyphenol rings play a central role in binding at surfaces and defining the amount of adsorbed
polymers, while hexyl and bromide functionalities do not significantly contribute to the interfacial

activity of the polymers.
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The capability of polyphenol polymers to adsorb to substrates can be used to control the
surface wettability. Bare pre-cleaned gold substrates before or after exposure to pure methanol and
drying remained fully wettable by deionized water, i.e. water contact angles on these surfaces were
close to 0°. However, wettability of surfaces was significantly affected by polymer adsorption
(Figure 2-7). As the most hydrophobic of the polymers, PHex caused the largest increase in the

surface contact angle despite its smallest amount adsorbed.
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Figure 2-7 The effect of adsorbed polymer monolayers on water contact angles measured on
gold surfaces coated with adsorbed monolayers of the antioxidant homopolymers and
copolymers.

An increase in the content of polyphenol units up to 10% did not significantly alter surface
wettability which remained similar to that resulted from PHex adsorption. A larger than 10%
increase in the percentage of phenolic units in the copolymers caused a pronounced increase in
surface wettability, with the strongest effect observed with polyphenolic homopolymers. The
contact angles of water measured with monolayers of gallol- and catechol-containing polymers
increased from 0° for bare gold surface to 37+4° and 424+3° for PZHMA and P2HMA, respectively,
reflecting higher hydrophobicity of catechol groups as compared to gallol moieties. A
homopolymer with bromocatechol groups (PBrHMA) resulted in contact angles which were

similar to those observed with P2ZHMA. Importantly, among various copolymers, the copolymers
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containing gallol groups were unique in their capability to alter surface wettability in the widest
range of polymer compositions. This is illustrated by the capability of P3HxHex copolymers to
fine tune the surface wettability between 78+3° and 37+4° when the content of gallol groups was
varied between 0 and 100%.
2.7. Conclusions

This work demonstrates a facile synthesis of a family of polyphenolic polymers with
various chemistries of the polyphenol groups, whose antioxidant properties and the capability to
adsorb at surfaces and alter the surface wettability can be pre-programmed at the step of polymer
synthesis. Several types of antioxidant groups including catechol, bromocatechol, and gallol were
introduced in homopolymers and copolymers via RAFT polymerization. A comparative study of
the antioxidant activity and surface adsorption properties of the polymers revealed the superior
performance of the gallol-type polymers as compared to those of the catechol- and bromocatechol-
type polymers. The capability of tuning the functionality of the antioxidant copolymers via
“diluting” the polyphenol groups within the polymer chains through copolymerization with inert
hydrophobic polymer units enables the control of the adsorption of these polymers at solid surfaces
and allows the creation of antioxidant surfaces with controlled wettability. These features might
be useful in many future applications of these polymers, especially those related to food packaging,

pharmaceuticals, and anticorrosion coatings.
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3. LAYER-BY-LAYER HYDROGEN-BONDED ANTIOXIDANT FILMS OF LINEAR
SYNTHETIC POLYPHENOLS®

3.1. Abstract

We report on the role of the chemical structure of polyphenol pendant groups in linear
antioxidant polymers on their assembly and chain intermixing within layer-by-layer films, as well
as on the antioxidant performance of the interfacial assemblies. When assembled with poly(ethylene
oxide) (PEO) within hydrogen-bonded films, the antioxidant polymers — poly(3,4-dihydroxybenzyl
methacrylamide) and poly(3.4,5-trihydroxybenzyl methacrylamide) — which contained catechol-like
and gallol-like moieties, respectively, generated films with drastically different structure and
functionality. Specifically, while catechol-based P2ZHMA deposited within LbL films linearly with
a low increment of mass increase per step, growth of PHMA/PEO films was strongly exponential,
probably because of self-association of gallol-like polyphenol units in P3HMA. Dramatic
differences in chain intermixing and layering in these films are revealed by the application of
neutron reflectometry using deuterated PEO, dPEOQ, to create marker layers. The differences in the
film structure strongly affected film antioxidant performance, as demonstrated by radical
scavenging assay. While assembled P3HMA was fully available for scavenging 2,2'-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS™) radical cations, in assembled P2HMA radical
scavenging was restricted to the top ~35 nm of the LbL film, highlighting the effect of the LbL

film structure on its antioxidant performance.

*Reproduced with permission from: Hlushko, R.; Ankner, J. A.; Sukhishvili, S. A. Layer-by-Layer Hydrogen-
Bonded Antioxidant Films of Linear Synthetic Polyphenols, Macromolecules 2020, 53, 3, 1033—1042 Copyright
2020 American Chemical Society.
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3.2. Introduction

Antioxidants can enhance the performance of polymers used in food packaging!*!> or
biomedical applications!®!® by reducing oxidative damage caused by reactive oxygen species. The
most common approach of blending low molecular weight antioxidants into a polymer matrix'"
41718 is often associated, however, with leaching of antioxidants.?® To prevent leaching,
antioxidant groups have been introduced into polymeric materials either via covalent modification

of already synthesized polymers'®-2!-24

or via direct polymerization of antioxidant-bearing
monomers.*®*” The latter approach allows for greater control of the distribution of antioxidant
species along the polymer chain. Using this approach, antioxidant-bearing materials were used in
the preparation of free-standing or substrate-deposited films using solution-casting.”?

Here we present an alternative way to generate antioxidant films, based on layer-by-layer
assembly of synthetic polymeric antioxidant with of polyphenol rings of varying structure
(catechol vs. gallol) and correlate the mechanism of film growth and layering with the antioxidant
activity of these assemblies. The LbL deposition technique is a powerful means of creating
nanoscopic coatings from a diverse set of components.*®3° The most appealing features of the
technique are the control it affords of film composition, structure, and thickness and its enabling
the application of ultrathin coatings to arbitrarily shaped substrates. The degree to which the LbLL
technique can provide such control is strongly dependent on the strength of interpolymer binding
within the films. While strong polymer-polymer pairing usually results in kinetically trapped

conformations of sequentially adsorbed chains and preserves film layering, weak binding enables

chain mobility, resulting in polymer intermixing.**?>* The assembly of LbL films is often

38,39 40-45

supported by electrostatic pairing and/or hydrogen bonding, with both electrostatically

associated and hydrogen bonded films able to be assembled linearly (a constant amount of material
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deposited per immersion step) or exponentially (an increasing amount of material deposited per
immersion step). Because of the large number of unbound polymer units within exponential films,
these assemblies can exhibit high swelling ratios and in extreme cases even approach those
characteristic of densely physically crosslinked, surface-attached gels.”® The polymer units which
do not directly participate in electrostatic or hydrogen bonding polymer-polymer pairing remain
available for supporting film functionality. In the case of electrostatic assemblies, these polymer
units have been utilized, for example, for the capture of metal or organic ions.”*”® For hydrogen-
bonded LbL assemblies, however, such structure-functionality correlations remain unexplored.

Our group has pioneered the deposition of hydrogen-bonded films composed of a small
polyphenol molecule, tannic acid, with neutral polymeric hydrogen-bond acceptors.®>” The low
value of the TA ionization constant (pK, 8.5)% enabled the creation of hydrogen-bonded
assemblies stable at neutral to slightly basic pH® and thus the exploitation of the antioxidant,
antibacterial, anti-inflammatory, and immuno-modulating properties of TA in biological
environments.”®” However, as a small rigid molecule, TA is unable to supply an excess of
unbound functional groups within LbL assemblies.

Here, we focus on hydrogen-bonded coatings created by LbL assembly of synthetic linear

36,100 containing catechol or gallol functionalities.

polyphenols, recently synthesized in our group,
These polymers, specifically those with gallol functional groups, can be viewed as synthetic
analogs of tannic acid. Unlike TA, however, these polymers are flexible and is capable of multisite
binding with hydrogen-bonding partners, leaving some segments unbound to polymer partners.

We aim to explore how the chemistry of polyphenol moieties affected polymer-polymer binding,

chain intermixing and film structure, as well as the availability of polyphenol segments for radical
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scavenging. We believe that this work significantly expands the arsenal of adhesive and
antioxidant films and coatings which are based on phenolic functionality.!?!:192
3.3. Experimental section
3.3.1. Materials

Polyethylene oxide with M, 100 kg/mol, branched polyethylene amine (BPEI) with M, 60
kg/mol, 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) diammonium salt, ethanol,
sodium hydroxide, hydrochloric acid, sodium hydrogen phosphate, and potassium persulfate were
purchased from Sigma-Aldrich and used as received. Deuterated poly(ethylene oxide-d4) (dPEO)
with M, 93.0 kg/mol and a polydispersity index of 1.07 was purchased from Polymer Source Inc.
Linear synthetic polyphenols, poly(3,4-dihydroxybenzyl methacrylamide) (P2ZHMA, M, 35.9
kg/mol, PDI 1.20) and poly(3.4,5-trihydroxybenzyl methacrylamide) (P3HMA, M, 43.4 kg/mol, PDI
1.45), were synthesized and characterized as described in our previous work.>®
3.3.2. Film Deposition

Silicon substrates (<111>) used in neutron refelectivity experiments, as well as 0.5-mm
thick undoped silicon waters, both obtained from Institute of Electronic Materials Technology,
Poland, were cleaned as described elsewhere.!? Prior to film deposition, silicon substrates and/or
wafers were primed with a monolayer of BPEI adsorbed from 0.2 mg/mL solution at pH 9 for
20 min. The LbL films were constructed from 0.2 mg/mL polymer solutions in ethanol or water
for /[PPh or PEO, respectively, immersed for 5 minutes per deposition step, rinsed twice in solvent,
and dried in a gentle flow of nitrogen gas. The substrates were immersed in the deposition solutions
for 5 minutes per deposition step, rinsed twice in solvent, and dried in a gentle flow of nitrogen gas.
Films thicker than 20 bilayers were deposited using a Riegler & Kirstein GmbH DR-3 table top dipping

robot.
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3.3.3. Methods

Spectroscopic Ellipsometry. Refractive indices and thicknesses of LbL films deposited on
a silicon wafer were determined using a variable angle spectroscopic ellipsometer (M-2000, J.A.
Woollam Co., Inc.) equipped with a temperature-controlled liquid cell. Dry measurements were
performed at four incidence angles: 45, 55, 65, and 75°. A single incident angle of 75° was used
in liquid-cell measurements due to cell geometry. The thicknesses of the native oxide layers on the
silicon wafers were measured prior to depositing the LbL films.

The data for dry LbL films were fitted using a three-layer model. The first two layers were
the silicon substrate and the oxide layer. The third layer was characterized as a Cauchy material of
thickness d. The wavelength dependence of the refractive index was modeled by n(1) = 4 + B/A?
+ C/2*, where 4 is wavelength and 4, B, and C are fitted coefficients.!** For the swollen films, a
four-layer model was used, wherein the solvent was considered as the fourth layer, characterized
as a semi-infinite transparent Cauchy medium. The dependence of refractive index on wavelength
was determined prior to each measurement using a bare silicon wafer installed in the liquid cell.
The four variables 4, B, C, and thickness d were fitted simultaneously.

Attenuated Total Reflection Fourier Transform Infrared spectra were collected using a Bruker
Tensor II spectrometer equipped with a mercury cadmium telluride detector and an ATR diamond
crystal. The spectra were recorded by accumulating 96 scans within a spectral range of 900-4000 cm !
at a resolution of 2 cm ™!

To assess the composition of the polyphenol films, /PPh/PEO films of~ 200 nm dry thickness
deposited on undoped Si wafers were exposed to either /PPh or PEO 0.2 mg/mL solutions in ethanol
for 5 minutes, followed by two cycles of solvent rinsing, and finally dried in a flow of nitrogen gas.

FTIR spectra were collected after each deposited polymer layer.
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Atomic Force Microscopy (AFM) studies were performed using a Bruker Dimension Icon
AFM instrument in tapping mode using a MikroMasch HQ:NSC35/Cr-Au BS 150 kHz cantilever
with a 5.4 N/m force constant. The average film roughness was measured over three imaged areas.

Nanoindentation. Mechanical properties of the films were studied using Hysitron TI 950
Triboindenter equipped with a diamond Berkovich tip with a radius of 150 nm. Indentation was
performed in the load-controlled mode, where the load was increased at a constant rate for a 10 s
up to a finite value, kept constant for 5 s and brought back to zero in 2 s. The applied load was set
as 50 uN for the 0.6 um films and 150 uN for thicker films. The tip displacement was less than
10% of the total film thickness for all film. The Young’s modulus of the films was calculated using
the equation

Equation 3-1
1 1-v? 1=y
= +

l

eff E E i

where E.zis the measured effective elastic modulus, £ and v are the Young’s modulus and
Poisson ratio of the film, £; and v; are Young’s modulus and Poisson ratio of the diamond indenter,
equal to 1141 GPa and 0.07, respectively.'% The Poisson ratio of the dry hydrogen-bonded films
was set at 0.33, and a value of 0.5 was used for wet measurements, a value which was previously
used for LbL films.'%

Neutron reflectometry measurements were performed at the Spallation Neutron Source
Liquids Reflectometer (SNS-LR) at the Oak Ridge National Laboratory (ORNL). The reflectivity
data were collected using a sequence of 3.4-A-wide continuous wavelength bands (selected from
2.55 A <A <16.70 A) and incident angles (ranging over 0.6° < § < 2.34°). The momentum transfer,

O = (4r sin 0/4), was varied over a range of 0.008 A~! <0 <0.20 A™!. Reflectivity curves were
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assembled by combining seven different wavelength and angle data sets together, maintaining a
constant relative instrumental resolution of 6Q/Q = 0.023 by varying the incident-beam apertures.

Neutron scattering densities within hydrogenated and deuterated blocks were averaged,
each block exhibiting its characteristic thickness, scattering density, and interlayer roughness.
Those characteristic parameters were adjusted until the reflectivity curve was best fitted
(minimized ?).

The antioxidant activity of /PPh/PEO coatings was studied using a radical scavenging assay
employing aqueous solutions of ABTS"™ radical cations. The stock solution of ABTS™ was
prepared by mixing 10 mL of 7 mM ABTS and 10 mL of 2.45 mM potassium persulfate aqueous
solutions. The stock solution was incubated in the dark at ambient temperature for 24 hours to
complete the formation of ABTS" radical cations, and then diluted with water until the absorbance
decreased to 1.0-2.0 absorbance units as measured at 732 nm using a 2600 UV-Vis Shimadzu
spectrophotometer. The diluted solutions were purged with nitrogen gas for one hour and then
immediately used for the antiradical assay. The antiradical efficiency of /PPh/PEO films was
monitored as a decrease in absorbances of diluted ABTS"" solutions at 732 nm. Experiments were
performed with films deposited on 0.5-0.8 cm? Si chips. To perform the radical scavenging assay,
the substrates with deposited /PPh/PEO films as well as control bare Si wafers were placed in
plastic cuvettes filled with 0.04 mM (in case of P3HMA/PEO films) or 0.06 mM (in case of
P2HMA/PEO films) ABTS"" solutions and sealed. At a sequence of times after exposure, the
solutions were carefully shaken and the absorbance at 732 nm was recorded. The decrease in
absorbance was converted to concentration of reacted ABTS™ as (4, — A) /&, where Ao and A4 are
the absorbances of the control ABTS™" solutions and ABTS™" solutions exposed to antioxidant

films, respectively, and ¢ is the extinction coefficient of ABTS™ solutions at 732 nm (¢ = 25400
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M- em™).!%7 Data for the reacted ABTS™ were normalized to a 1 cm? film area. The antioxidant
activity of /PPhs in solution was determined similarly from the decrease in the absorbance of
3.0 mL 0.075 mM ABTS" aqueous solution after addition of 100 pL of 0.5 mg/mL polymer in
ethanol.

3.4. Results and discussion

Figure 3-1A shows the chemical structures of the two synthetic linear polyphenols used in
this work. These polymers, poly(3,4-dihydroxybenzyl methacrylamide) and poly(3.4,5-
trihydroxybenzyl methacrylamide), containing catechol and gallol pendant groups, respectively, were
previously synthesized by our group using RAFT polymerization.>* P2HMA and P3HMA had
number-average molecular weights of 35.9 kg/mol and 43.4 kg/mol, and degrees of polymerization
of 170 and 200, respectively (Figure 3-1A). In previous work we showed that the structure of the
polyphenol rings had a weak effect on intrinsic /PPh antioxidant activity but strongly affected the
capability of these polymers to adsorb within a monolayer on a solid substrate. Specifically,
P3HMA, containing gallol-like pendant groups, had a higher propensity than P2ZHMA to adsorb to
surfaces.*® This work aims to explore the capability of /PPhs of different chemical structure to
assemble at surfaces within multilayers rather than monolayers. To that end, /PPh polymers have
been assembled within functional LbL coatings with polyethylene oxide, which is used as a
hydrogen-bonding partner.

Figure 3-1B shows the increase in dry film thickness during LbL film deposition measured by
ellipsometry. Assembly occurs as a result of hydrogen bonding between hydroxyl groups in polyphenol
units and PEO units. Films formed by PEO and /PPh with catechol functionality (P2ZHMA) grew
linearly, with a 3.3-nm dry thickness increase per bilayer. In contrast, the P3HMA/PEO layers

exhibited a dramatically different growth mode, forming much thicker films of exponentially
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increasing thickness per deposition step. The exponential growth of P3HMA/PEO films was
somewhat counterintuitive since such growth is usually a characteristic of weakly associated
polymers.!%1% Ag a polyphenol with three hydroxyl groups, PZHMA is a stronger hydrogen donor than
P2HMA®*¢ and thus was expected to bind more strongly with PEO and to exhibit linear film growth.
Figure 3-1B displays the opposite trend, however, with linear growth for the P2ZHMA/PEO rather than
the PBHMA/PEO system. This trend can be explained if one suggests that gallol units are more prone
to self-association compared to the catechol functionalities in P2ZHMA, resulting in a large polymer
mass deposited at surfaces within P3HMA loops. Stronger hydrogen bonding between gallol moieties
as compared to catechols has previously manifested itself in higher stability of gallol-containing
supramolecular structures.!!® The stronger hydrogen donating capability of gallols is also supported by
their higher acidity (pK. of 9.01 and 9.45 for gallol and catechol groups, respectively).!!! Stronger
hydrogen bonding between P3HMA units can reduce the total number of units in P3HMA chains
available for binding with PEO and weaken the overall PZHMA/PEO polymer-polymer association.
The difference in mass balance between /PPh and PEO within hydrogen-bonded films was clearly
observed in ellipsometric measurements of dry thickness during film growth. Estimates made for films
thicker than four bilayers (to reduce the effect of the substrate) and using 1 g/cm? for film density, gave
molar ratios of phenolic —OH groups to ether -C—O—C- groups of PEO deposited within LbL films as
1.7+0.2 and 0.8+0.2 for PRHMA/PEO and P2HMA/PEO, respectively, indicating a significant

excess of P3HMA.
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Figure 3-1 Chemical structures and molecular characteristics of /PPhs (A); the dry thickness
of /PPh/PEO films monitored by ellipsometry during film deposition (B); and changes in
FTIR spectra of 6.5-bilayer PSHMA/PEO (C) or 50.5-bilayer P2ZHMA/PEO (D) films (with
[PPh as a top layer in both cases) of matched thickness of ~200 nm in the 1250-950 cm™! region
upon addition of consecutive layers (E). See Figures B-1, B-2 for the entire FTIR spectra.
The composition of /PPh/PEO films was further explored using ATR-FTIR spectroscopy.

Figure B-1 shows the FTIR spectra of individual film components and /PPh/PEO films. The formation
of hydrogen bonds between /PPh and PEO was observed spectroscopically by changes in a broad O—
H band stretching region of /PPh, with a red shift in the band maximum from 3358 cm™ to 3355 cm!

and a significant ~50-120 cm™ narrowing from the high-wavenumber side of the band (Figure B-2).



Significant changes were also observed for the /PPh/PEO films in the 1200-1000 cm! region, especially
in the relative intensity of an ~1190 cm™ band associated with aryl -C—O stretching vibrations coupling
with the skeletal vibrations of the benzene ring.''> Changes in the vibrational intensities of covalent
bonds involved in hydrogen bonding have been predicted theoretically and observed
experimentally for several small organic molecules.!'*!"* Figure 3-1E shows the variation of the
integrated intensity of the 1092 cm™ C—O—C stretching vibrational band of PEO during deposition of
additional layers to ~200-nm-thick PSHMA/PEO and P2ZHMA/PEO films. To allow for a quantitative
comparison of changes in the relative amounts of PEO and /PPhs during film growth, the raw ATR-
FTIR data were normalized to the intensities at 1605 cm™ and 1609 cm™', which are associated with
skeletal ring vibrations of catechol and gallol pendant groups in assembled P2ZHMA- and P3HMA-
containing films, respectively. The changes in the intensity of the 1092 cm™ band upon deposition of
additional layers were drastically different for P3AHMA/PEO and P2HMA/PEO films. For
exponentially growing P3HMA/PEO films, significant oscillations in intensity at 1092 cm’
occurred for successive layers, indicating the deposition of a large amount of polymer and a
significant shift in the ratio of film components with each layer deposition step. In contrast, in the
P2HMA/PEO system the 1092 cm™ intensity was almost unaffected by the addition of successive
layers. Such behavior is expected for this linearly growing film, in which polymer adsorption was
limited to the film surface and relatively little material was added (~3 nm per bilayer) to the
existing thick (~200 nm) film.

Differences in the internal structure of P3HMA/PEO and P2ZHMA/PEO films were then
explored by neutron reflectometry, a technique we have previously applied to study the structure
of electrostatically assembled and hydrogen-bonded LbL films.*!!>!'7 To introduce contrast in

neutron reflectometry measurements, fully deuterated PEO, dPEO, with M, of 101.7 kg/mol
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matching the molecular weight of hydrogenated PEO of ~100 kg/mol, was used to create marker
layers. Figure 3-2A depicts the design of the films used in the neutron reflectometry experiments.
The films had a sandwich-like architecture featuring deuterated stacks deposited at the film
substrate and surface with a hydrogenated stack in the middle. The dry thicknesses of the stacks
were measured with ellipsometry during film construction (see Tables B-1, B-2) and used for
initial construction of the models used to fit the neutron reflectivity data. Note that while only one
dPEO layer was needed to provide scattering contrast in the PHMA/PEOQ film, two bilayers were
needed to accumulate enough material for P2ZHMA/PEO, due to the small incremental mass

increase for each layer deposited.
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Figure 3-2 Schematic of the film design, where H-stacks are built of hydrogenated PEO and
[PPh, and D-stacks are built of deuterated PEO and /PPh (A); neutron reflectivity plotted as
RQ* to highlight structural details for
(P3HMA/PEO)2/P3HMA/dPEO/P3HMA/PEO/P3HMA/dPEO and
(P2HMA/PEO)2/(P2HMA/dPEO)2/(P2ZHMA/PEQO)7/(P2ZHMA/dPEQO): films (B), and the
fitted neutron scattering density profiles of those films (C).

Figures 3-2B&C show the neutron reflectivity data and fitted neutron scattering length

density (SLD) profiles for linear and exponential films. The scattering length density (SLD, Nb),
the thickness of hydrogenated and deuterated stacks d, and internal roughness i, were found by
fitting the reflectivity data and are shown in Tables B-3 and B-4 for P3HMA/PEO and

P2HMA/PEO films, respectively. For the linear P2HMA/PEO film, distinct regions of higher and
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lower SLD were observed, associated with the deuterated and hydrogenated stacks of the deposited
polymers. The boundaries between the H- and D-stacks were diffuse, with interfacial widths of
5.8 nm and 6.2 nm for the substrate- and surface-deposited deuterated blocks. In contrast, the
P3HMA/PEO exponential film was highly intermixed with nearly all differences in SLD between
hydrogenated and deuterated layers smeared out by molecular diffusion. Marker dPEO permeated
the entire ~50-nm thickness of the P3HMA/PEO film within 5 min, while for the P2ZHMA/PEO
film, dPEO only diffused to a depth of half the interfacial roughness of the deuterated stack within
the hydrogenated matrix. The diffusion coefficients of dPEO were therefore estimated as ~1071
and ~107'¢ cm?/s for PAHMA/PEO and P2ZHMA/PEOQ, respectively. For the PBHMA/PEO film, the
estimated diffusion coefficient of ~107'* cm?/s represents a lower bound and is of the same order
of magnitude as the diffusion coefficients of polyelectrolytes reported for highly intermixed non-
linearly growing electrostatically assembled LbL films.*

Figure 3-3 shows clear differences in the surface morphology and roughness of
P3HMA/PEO and P2ZHMA/PEO films. The AFM root-mean-square roughnesses of these films
were 5.8+£2.5 nm and 2.9+0.7 nm, respectively, indicating a smoother surface on the P2ZHMA/PEO
film. High surface roughness was previously reported for electrostatically assembled exponential
films and explained by microphase separation at the film surface, enhanced by salt-induced

disruption of polymer-polymer pairing.'!®
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Rms=2.920.7 nm
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Figure 3-3 AFM topography image of a 6.5-bilayer PZHMA/PEO film (A) and a 50.5-bilayer
P2HMA/PEO film (B) of a matched thickness of ~200 nm. The scan area size is 600 x 600 nm?
and the z-scale shown on the right applies to both images.

We next address how the different morphology and internal structure of /PPh/PEO films
affect film functionality, i.e. its antioxidant activity. Confining /PPh moieties within assembled
films can influence their antioxidant performance. Film swelling and the strength of polymer-
polymer pairing are both expected to influence the availability of assembled /PPh units for
interaction with radical species. Prior to the antioxidant studies, the stability of the films was
examined. Figure B-3 shows that /PPh/PEO films dissolved only when pH was raised significantly
higher than the pK,, of the polyphenol moieties (9.01 and 9.45 for catechol and gallol groups)'!'!, causing
ionization of hydroxyl groups in the polyphenol rings. The films were therefore stable over a wide
range of pH, including the pH 6.0 at which the ABTS assay was performed.

In the ABTS assay, the number of radicals consumed over time was quantified
spectroscopically by measuring the UV-Vis absorbance of ABTS™ solutions at 732 nm. Quenching

of colored ABTS"" radicals can easily be detected visually by the bleaching of the blue-green

solution. To compare the scavenging rates of ABTS'" radicals by antioxidant polymers in solution
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to those in the film, the number of /PPh antioxidant monomers in solution was matched to those

assembled within /PPh/PEO films, assuming dry polymer densities of 1 g/cm?.
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Figure 3-4 Comparison of kinetics of ABTS™" scavenging by matched quantities of /PPh
antioxidant polymer dissolved in solution or assembled within a 98-nm (4.5-bilayer)
P3HMA/PEO film (A) or a 92.2-nm (25.5-bilayer) P2ZHMA/PEO film (B). Both films had
[PPh as a top layer.

Figure 3-4 shows ABTS" scavenging is dramatically reduced relative to polymers in
solution when the antioxidant polymers are assembled within films. Note that, commonly, ABTS"
assays with antioxidant species in solution are performed over minutes-to-hour time scales.'!*-12?
Here, we were interested in the long-term performance of antioxidant polymers assembled within
LbL films, and therefore special care was taken to reduce the long-term degradation of stable
radicals by initially purging nitrogen through the stable radical solution, followed by sealing and
keeping all solutions in the dark (see Experimental sections for more details). Figure B-4 shows
that despite these precautions, ~20% of the initial ABTS™" degraded in control solutions after 15
days, and that the percentage of degraded ABTS™ was not affected by the presence of PEO in

solution. All data presented in this manuscript were corrected by subtracting the degraded quantity

of ABTS'" found in the control experiment.
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Figure 3-4 also reveals significant differences in solution vs. film behavior for /PPh with
catechol and gallol functionalities. In solution, the half-life of ABTS™" consumption was shorter
for PBHMA than P2ZHMA (0.11 hour vs 1 hour), in agreement with the previously reported higher
reactivity of low-molecular-weight polyphenols featuring more phenolic groups.!?* For /PPhs
assembled within films, the radical scavenging rate was strongly reduced. In the case of
P3HMA/PEO films, the half-life of ABTS™" consumption (~60 h) was more than two orders of
magnitude longer than that for PHMA in solution (0.11 h, Figure 3-4A). For P2ZHMA/PEO films,
the reaction rate decreased so much that half-conversion of ABTS™ was not achieved for a 92.2-
nm film even after 15 days, reaching only 30% of the polymer activity in solution (Figure 3-4B).
These results suggest that the impact of diffusional constraints to penetration of ABTS™ into

P2HMA/PEO films was more significant than that into PSHMA/PEOQO films.
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Figure 3-5 Time evolution of ABTS"" quantity reacted with PSHMA/PEO (A) and
P2HMA/PEOQO (B) films of different thicknesses, as well as antioxidant activity of /PPH/PEO
films assessed from the limiting values of ABTS"* reduced after 15 days (C).

To further assess differences in the radical scavenging capability of /PPh/PEO films, we
designed experiments involving films of different thicknesses. Figure 3-5A—C shows that the

kinetic profiles of ABTS™ reduction vary differently with thickness for P3AHMA/PEO and
39



P2HMA/PEO films. While the amount of consumed ABTS"" increased linearly with film thickness
for PBHMA/PEO films, it saturated for films thicker than ~35 nm for P2ZHMA/PEO. Figure 3-5C
compares the limiting amounts of ABTS™" reacted after 15 days. Together, these data suggest a
differing availability of assembled /PPhs for radical scavenging. In the case of PsHMA/PEO, the
entire thickness of the films reacts with ABTS™", while only the top layers of the P2ZHMA/PEO
films were available for reaction. The thickness of P2ZHMA/PEO contributing to radical
scavenging can be estimated from Figure 3-5B as 30-35 nm. Differences in the penetration of

ABTS™ into /PPh/PEO films are illustrated in Figure 3-6.

P3HMA/PEQO P2HMA/PEO

A solution B - RH solution

Si substrate Si substrate

Figure 3-6 Schematic representation of ABTS'* radical penetration into the bulk of the
exponential PSHMA/PEO film (A), and the linear P2ZHMA/PEOQO film (B). The green area
depicts the antioxidant active region.

Spectroscopic ellipsometry data on /PPh/PEO film swelling at pH 6, i.e. under the same
conditions used in the ABTS assay, provide additional insight into the structural determinants of
free radical penetration. The data in Figure 3-7A show that while P3HMA/PEO films took up
~30% water (assuming a polymer density of 1 g/cm?®), P2ZHMA/PEO films were practically un-

swollen.
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The effect of uptake of water on film mechanical properties was explored using
nanoindentation. These studies were performed on /PPh/PEO films whose thickness exceeded
0.5 um, with tip penetration limited to 60 nm to eliminate the effect of silicon substrate. Figure 3-
7B shows that the Young’s moduli for dry /PPh/PEO films were in the 9 to 12 GPa range. However,

P3HMA/PEO and P2ZHMA/PEO films responded very differently upon exposure to water.
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Figure 3-7 The swelling ratios of a 4.5-bilayer, 98-nm P3HMA/PEO film and a 25.5-bilayer,
92.2-nm P2ZHMA/PEO film as measured by in situ ellipsometry (A) and Young’s moduli of
0.6-pm-thick /PPh/PEO films dry and wet state (B).

While the P3BHMA/PEO system underwent substantial plasticization, the Young’s modulus
did not significantly change for the P2ZHMA/PEO films. The threefold solvent-induced decrease
in the Young’s modulus of P3BHMA/PEO films is smaller than values reported for ionically

106,124 hrobably due to the low propensity of assembled /PPh

associated polyelectrolyte multilayers,
chains to hydrate upon exposure to water. In spite of the insolubility of P3HMA in water, loose
association between P3HMA and PEO allowed for significant water uptake within the film. This
higher degree of swelling contributes to the higher antiradical activity of P3HMA/PEO films by

providing a larger free volume, easing the penetration of radicals into the bulk of the film. In
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contrast, tighter interlayer binding within P2ZHMA/PEO films suppressed water uptake, leading to
limited penetration of ABTS™.

Reaction of ABTS™" with phenolic compounds, whose redox potentials are typically lower
than that of ABTS™ (~0.7 V), has been suggested to occur predominantly via a single electron
transfer (SET) mechanism.!'*!?° In the case of catechol and gallol functionalities, several reaction
products have been proposed, with quinones most often formed from catechols, and oxidative
crosslinking proposed as a typical reaction path.!?® A question then arises of how reaction with
ABTS'™ alters the properties of the assembled films. To determine if crosslinking takes place in
these LbL films, the stability of films in a competitive hydrogen-bonding solvent was assessed for
pristine as-deposited films and for films exposed to ABTS"". Figure 3-8A illustrates the effect of
ABTS™ on film stability. It has been observed that /PPh/PEO films dissociate to individual
polymer components when the concentration of DMF — a stronger hydrogen bond acceptor than
PEO'?"128 _is above 20-30 vol %. A hydrogen-bond-accepting solvent, such as DMF or DMSO,
was previously reported to competitively bind with polymers containing hydrogen-bond-donating
units, such as carboxylic groups in polyacids, resulting in a weakening in binding or a dissociation
of hydrogen-polymer complexes'?!*° or hydrogen-bonded LbL films.?®!3! In this work, DMF
formed hydrogen bonds with polyphenol groups of assembled /PPh, and dissolved P3HMA/PEO
and P2ZHMA/PEO films when DMF content exceeded 20 and 30 vol %, respectively. The higher
stability of P2ZHMA/PEO assemblies in DMF solutions is consistent with a larger number of
hydrogen bonds with PEO per P2ZHMA moiety in this linearly growing system. Remarkably,
exposure to ABTS"" resulted in a drastic increase in the stability of the films, which did not dissolve
in DMF up to 70 vol % (Figure 3-8A), but delaminated from the surface at higher DMF

concentrations.
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Figure 3-8 Stability of 6.5-bilayer PSHMA/PEO and 50.5-bilayer P2ZHMA/PEO films with a
matched thickness of ~200 nm in the DMF/water mixed solution before (dotted line) and

after (solid line) exposure to 0.075 mM solutions of ABTS"* for 15 days (A), as well ATR-
FTIR spectra of the films before and after a 5-day assay (B).

To identify chemical changes in the /PPh/PEO film triggered by the reaction of /PPh with
ABTS", FTIR measurements were performed before and after long-term exposure to solutions of
the radical species. FTIR spectra shown in Figure 3-8B indicate a significant increase in

absorbance of /PPh/PEO films in the 1000-1200 cm™' region after exposure to ABTS™ solutions.

Increased intensities of a band at 1193 cm’!, which is associated with aryl -C—O stretching
vibrations coupled with skeletal vibrations of the benzene ring, as well as of a band at 1083 cm™,

which is assigned to -C—O-C- stretching vibrations, !!132

are both consistent with the formation

of ether bonds as a result of radical-induced coupling of polyphenol rings (Figures B-10 and B-
11).

In conclusion, we have found fundamental differences in LbL assembly of synthetic linear
polyphenols with gallol- and catechol pendant groups and demonstrated the dramatic effect of
these differences on film functionality. Specifically, the film growth mode, structure, and

antioxidant activity were all strongly influenced by the chemical structure of the polyphenol rings.
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A gallol-based polymer resulted in exponential film growth, in which polymer chains were
strongly intermixed. Weak intermolecular binding within those films led to film swelling and
engagement of polyphenol units throughout the entire film thickness in radical scavenging
reactions. In contrast, a catechol-based polyphenol formed linearly grown films that restricted the
penetration of radical species, thus confining radical scavenging to the surface layers of the films.
This work demonstrates how the chemical structure of polyphenol units can control their hydrogen
bonding within LbL films and can program film structure, swelling, and availability of polyphenol

units for interaction with radical species.
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4. DYNAMICS AND SELF-HEALING OF LAYER-BY-LAYER HYDROGEN-BONDED
FILMS OF LINEAR SYNTHETIC POLYPHENOLS"®

4.1. Abstract

This work explores dynamics of hydrogen-bonded layer-by-layer films of linear synthetic
polyphenols with varied backbone and pendant group structure. The polymers had the repeat units
with catechol-like or gallol-like polyphenol rings, i.e. poly(3,4-dihydroxybenzyl methacrylamide),
poly(3,4-dihydroxybenzyl acrylamide) (P2HAA), poly(3.,4,5-trihydroxybenzyl acrylamide)
(P3HAA) and poly(3.,4,5-trihydroxybenzyl methacrylamide), and were assembled with linear
poly(ethylene oxide). Structure of /PPhs had a major effect on diffusivity of LbL films, and chain
dynamics was asymmetric for /PPh- and PEO-terminated films during film construction.
Specifically, diffusivity of polyphenols in the direction perpendicular to the substrate varied from
values below ~10'® cm? s to ~10'* cm? s! for /PPhs of P2 and P3 families as assessed by in situ
ellipsometry during film assembly. Similarly, large differences in film dynamics were revealed by
neutral reflectometry, which detected fast penetration of deuterated PEO through the entire film
with the diffusion coefficient > 1072 cm? s! through P3BHMA/PEO films, but accumulation of
dPEO at the film surface for all other /PPh/PEO systems during the first 10 minutes of the
experiment. The found trends in film dynamics were consistent with strongly exponential growth
of P3BHMA/PEO films, and largely linear deposition of non-diffusive P2/PEO systems. Finally,
self-healing behavior of /PPh/PEO films in aqueous environment was quantified by in situ AFM
experiments, which revealed robust self-healing of P3/PEO films occurring at the time scale of

minutes, and absence of film healing in the case of P2/PEO films.

*Reproduced in part with permission from Macromolecules, submitted for publication. Unpublished work copyright
2021 American Chemical Society.
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4.2. Introduction
Layer-by-layer deposition of polymers at surfaces has become a powerful tool for assembly

of functional coatings for a variety of applications.'** For example, LbL coatings can be created

134,135

to enhance tissue regeneration, provide hemocompatibility, antibacterial and antioxidant

5 51,136,137

activity to biomedical devices,'* or control localized delivery of bioactive molecules.

3839 metal-

Among various intermolecular forces that control LbL assembly, such as electrostatic,
ligand coordination'*® or hydrophobic interactions,*® hydrogen bonding is unique in its ability to
assemble neutral molecules and include antioxidant polyphenol molecules within surface
coatings.*04213%-141 ‘While earlier hydrogen-bonded films were mostly based on assembly of
poly(carboxylic acids) which assembled with neutral polybases at acidic pH and dissociated in

404145142143 more recent studies focused on assembly of a neutral

neutral and basic environments,
polyphenol molecule — tannic acid, which yielded robust films stable in a wide range conditions,
including physiological ones.®> Inclusion of polyphenols within LbL films opens a way for
combining a generally known for hydrogen-bonded systems nontoxicity with polyphenol-provided
antioxidant and radical scavenging activity of the coatings. These advantages of TA-based

144,145

assemblies were advantageously used for encapsulation of living cells and construction of

nontoxic capsules that can modulate immune response. 46148

Fundamental principles of hydrogen-bonded LbL assemblies and their structure-property
relations are less understood, however, compared to those of their electrostatically assembled
counterparts. For electrostatically assembled LbL films, it is well established that film structure
and polymer chain diffusivity are dependent on the strength of interpolymer ionic pairing,>!-!4-15!

polymer molecular weight,'!'>!5? chains rigidity,'>* and how they can be controlled by the film

processing conditions, such as solution pH,'>* salt concentration,'!® temperature,'> or assembly
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time.!>® For hydrogen-bonded films, few correlations between strength of hydrogen-bonding and
film growth regime (linear vs. exponential) have also been established. For example, strongly
bound polyvinylpyrrolidone/poly(methacrylic acid) films deposited linearly,*® while weakly
associated poy(ethylene oxide)/PMAA films exhibited exponential growth.!>” The growth regimes
were correlated with the degree of polymer chain intermixing within hydrogen-bonded films as
determined in neutron reflectometry (NR) experiments.'>® Unlike electrostatic systems, hydrogen-
bonded assemblies typically do not involve charge pairing, and film deposition does not need to
follow the rule of balance of charges within the films, osmotic effects associated with counterions
or long-range repulsions that terminate deposition of polyelectrolyte chains. Instead, polymer
chains are deposited through saturation of hydrogen-bonded sites within the film. Distinct from
ionic pairing, hydrogen-bonding sites are only weakly sensitive to salt concentration.'** Instead,
the strength of hydrogen bonding can be modulated by an addition of small molecules which play
a role of hydrogen bonding competitors.*® Similar to salt ions in electrostatic LbL films, such
competitors weaken polymer-polymer interactions and can strongly affect film growth mode or
even destruct LbL assemblies.*®

It is usually assumed that hydrogen-bonding interactions are weaker than electrostatic
coupling and lead to reversible, dynamic assemblies.'”>!® However, hydrogen bonding is

strengthened by hydrophobic interactions in aqueous media,'¢!

and a wide range of layer
interdiffusion is found in hydrogen bonded LbL films.!*®!? In electrostatic polyelectrolyte
assemblies, chain dynamics was explored by a variety of techniques. One of them, a wide-line 2H
NMR spectroscopy, revealed dependence of chain mobility on the nature of the capping layer'®.

Numerous studies of lateral diffusivity of polymer chains were also performed for different

electrostatically assembled LbL films using fluorescence recovery after photobleaching
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(FRAP)*:116.153162 " At the same time, salt-triggered layer intermixing and chain diffusion in the

116,164-166

direction perpendicular to substrate was explored using neutron reflectometry, revealing

anisotropy of chain dynamics in salt solutions of linearly growing polyelectrolyte multilayers.'®’
Another technique to assess dynamics of polymer assemblies is based on monitoring evolution of
surface morphology by atomic force microscopy.'%®1% Smoothening of the surface morphology of
electrostatically assembled films was observed due to diffusivity of polyelectrolytes from the
“peaks” to “valleys” during films annealing in salt solution, and surface (inter)diffusion
coefficients of 107°-10"1* cm?s! were estimated for these systems.'®® However, these studies were
not previously applied to hydrogen bonded films. Studies of dynamics in hydrogen-bonded
systems so far have been limited to the application of wide-line ?H NMR spectroscopy to films of
weak poly(carboxylic acids) with neutral polymer acceptors, such as PVP and PEO.!”°

In this work, we use a combination of in situ ellipsometry, NR and AFM techniques to
explore dynamics of polymer chains and self-healing in hydrogen-bonded assemblies. These
studies are performed with linear synthetic polyphenol polymers rather than with previously
studied films of poly(carboxylic acids). A family of synthetic polyphenols with two or three
polyphenol groups in the benzene ring has been previously synthetized in our groups and were
shown to exhibit antioxidant properties.’®!?’ We previously demonstrated that the structure of the
polyphenol rings has a strong effect on the film growth regime, film internal structure and the
ability of these assemblies to radical scavenging.!”! In this work, we aim to understand the
underlying dynamics that controls such films behavior. Using a NR to track invasion of deuterated
PEO chains within linear and exponential hydrogen-bonded LbL, in situ ellipsometry to monitor
kinetics of mass deposition during film construction, and AFM to track healing of tip-indented

films upon exposure to water, we uncover the differences in chain diffusivity between film
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components during film construction, and correlate them with film growth mode and structure of
the polyphenol ring of hydrogen-bonded linear polymers.
4.3. Experimental section
4.3.1. Materials

Branched polyethylene amine with number-average molecular weight (M) of 60,000
g/mol, ethanol, sodium hydroxide, hydrochloric acid, sodium hydrogen phosphate, and potassium
persulfate were purchased from Sigma-Aldrich and used as received. Polyethylene oxide with M,
95,000 g/mol, polydispersity index (PDI) of 1.08, and deuterated poly(ethylene oxide-d4) with M,
93,000 g/mol and PDI 1.07 were purchased from Polymer Source, Inc. Linear synthetic
polyphenols with two and three hydroxyl groups in the benzene ring and methacrylamide or
acrylamide backbones were synthesized using reversible addition—fragmentation chain transfer
polymerization. Polymers with methacrylamide backbone, i.e. poly(3,4-dihydroxybenzyl
methacrylamide) (P2ZHMA, M, 35,900 g/mol, PDI 1.20) and poly(3,4,5-trihydroxybenzyl
methacrylamide) (P3HMA, M, 43,400 g/mol, PDI 1.45), were prepared as described in our
previous publication.’® At the same time, synthesis and characterization of acrylamide-backbone
polymers, i.e. poly(3,4-dihydroxybenzyl acrylamide) (P2ZHAA, M, 36,400 g/mol, PDI 1.17) and
poly(3,4,5-trihydroxybenzyl acrylamide) (P3HAA, M, 42,300 g/mol, PDI 1.20), was performed
in this work for the first time and is schematically shown in Figure C-1 and described in the
Appendix C.
4.3.2. Film Deposition

Silicon wafers used for ellipsometric studies of film deposition (0.5-mm-thick, undoped)
used for characterization of LbL films by ellipsometry and silicon substrates (<111>, 50 mm-

diameter, 4.0 mm-thick) used for neutron reflectometry studies of polymer chain diffusionwere
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both obtained from the Institute of Electronic Materials Technology, Poland. Prior to LbL film
deposition, the substrates were cleaned by UV radiation and concentrated sulfuric acid and primed
with a monolayer of BPEI, which was adsorbed from a 0.2 mg/mL solution at pH 9 for 20 min as
described in our previous publication.!®® Construction of /PPh/PEO films was then performed
(starting from deposition of /PPh) using a sequential exposure of the substrates in 0.2 mg/mL
solutions of /PPh and PEO in ethanol or water, respectively, and application of two rinsing cycles
in between the polymer deposition steps. The rinsing steps after deposition of /PPh were performed
in ethanol first and then in ethanol/water (1:1 by volume) mixture, while PEO-capped films were
first rinsed with water first and then with a 1:1 v/v ethanol/water mixture. For studies of film
growth modes by ellipsometry and neutron reflectometry, deposition was performed manually
using 5-min immersion time in each polymer solution, followed by carefully drying of films in a
gentle flow of nitrogen gas after each deposition cycle prior to analysis.

For studies of healing in aqueous environment using in situ AFM, [PPh/PEO films with ~
400-nm dry thickness were deposited using a Riegler & Kirstein GmbH DR-3 table-top robotic
system at a 0.5 cm/s deeping and withdrawal rate.

4.3.3. Methods

Spectroscopic Ellipsometry. Thicknesses of LbL films deposited on a silicon wafer were
determined using a variable angle spectroscopic ellipsometer (M-2000, J.A. Woollam Co., Inc.)
equipped with a temperature-controlled liquid cell. Dry measurements were performed at four
incidence angles: 45, 55, 65, and 75°. A single incident angle of 75° was used in liquid-cell
measurements due to cell geometry. The thicknesses of the native oxide layers on the silicon wafers
was measured prior to depositing the LbL films. The data for dry LbL films were fitted using a

three-layer model. The first two layers were the silicon substrate and the oxide layer. The third
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layer was characterized as a Cauchy material of thickness d. The wavelength dependence of the
refractive index was modeled by n(4) = 4 + B/A’> + C/A?, where 1 is wavelength and 4, B, and C
are fitted coefficients.!

For studies of polymer chain uptake using in-situ ellipsometry, /[PPh/PEO films were first
placed in a liquid ellipsometry cell supplied by J.A. Woollam Co. The cell was then filled with a
solvent (water for PEO top layer film, ethanol for /PPh top film). The film was immersed for 30
min in the solvent. Then cell was filled with 0.2 mg/mL polymer solution in corresponding solvent
(water for PEO or ethanol for /PPh) and the wet thickness data were collected. After film exposure,
the cell was rinsed three times by 25 mL the corresponded solvent.

For the swollen films, a four-layer model was used, wherein the solvent was considered as
the fourth layer, characterized as a semi-infinite transparent Cauchy medium. The dependence of
refractive index on wavelength was determined prior to each measurement using a bare silicon
wafer installed in the liquid cell. The four variables 4, B, C, and thickness d were fitted
simultaneously.

Atomic Force Microscopy studies were performed using a Bruker Dimension Icon AFM
instrument in ScanAsyst mode using a ScanAsyst Fluid+ probe (k = 0.7 N/m, =150 kHz, R=2.0
nm). All samples were immersed in DI water for 60 min prior to measurements to allow for
equilibrated water uptake. Indentation was then induced with the tip in a contact mode by applying
a force of 2-20 nN for 5 min. After that, the substrate containing the indented region was scanned
continuously (scanned area 2x2 pum, resolution 256 points) in the ScanAsyst mode (an advanced
version of the PeakForce tapping mode) using the same tip. The images were analyzed using the

ProfilmOnline tool.
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Neutron reflectometry measurements were performed at the Spallation Neutron Source
Liquids Reflectometer at the Oak Ridge National Laboratory. The reflectivity data were collected
using a sequence of 3.4-A-wide continuous wavelength bands (selected from 2.55 A < A <
16.70 A) and incident angles (ranging over 0.6° < 0 < 2.34°). The momentum transfer,
Q = (4m sin 6/1), was varied over a range of 0.008 A—1 < Q < 0.20 A—1. Reflectivity curves were
assembled by combining seven different wavelength and angle data sets together, maintaining a
constant relative instrumental resolution of 6Q/Q = 0.023 by varying the incident-beam apertures.

Neutron scattering densities within hydrogenated and deuterated stacks were averaged,
each stack exhibiting its characteristic thickness, scattering density, and interlayer roughness.
Those characteristic parameters were adjusted until the reflectivity curve was best fitted
(minimized ?).

4.4. Results and discussion

Figure 4-1A illustrates deposition of hydrogen-bonded LbL films of linear polyphenol
polymers with PEO on the surface of BPEI-primed silicon wafers. The four linear polyphenols
used for film construction had either catechol-like structure with two hydroxyl groups (such as in
P2HMA and P2HAA) or gallol-like structure with three hydroxyl groups in the benzene ring (such
as in P3BHMA and P3HAA), and either an acrylate or methacrylate polymer backbone. All /PPhs
polymers, synthesized by RAFT polymerization had similar degrees of polymerization (DPs) of
190 + 12 and polydispersity indices (PDIs) of 1.17 — 1.45. Synthesis of P2ZHMA and P3HMA is
described in our previous work,*® while procedures for synthesis and characterization of a new pair
of linear polyphenols with an acrylic backbone (i.e. P2ZHAA and P3HAA) can be found in the

Appendix C.
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Figure 4-1 Dry thickness measured by spectroscopic ellipsometry during sequential
deposition of /PPh/PEO films from 0.2 mg/ml polymer solutions using a 5 min per layer
deposition time (A), and a comparison of dry film thicknesses measured using deposition
time of 5 min (solid symbols) and 300 min per layer (open symbols) for P3/PEQO systems (B)
and P2/PEQO systems (C).

Figure 4-1A shows that the fastest increase in thickness occurs for the P3HMA/PEO
system, with film thickness reaching 112 nm after as few as 6.5 bilayer deposition cycles, and the
slowest thickness increase for the P2ZHMA/PEO system, with a total thickness of only 105 nm
reached after deposition of as many as 22.5 bilayers. These differences in film growth are
rationalized by a greater tendency of the P3HMA polymer to self-association through hydrogen
binding between gallol polymer units as discussed in our prior publication.!”! Note that the
difference in film growth mode for polymers with catechol-like and gallol-like units was smaller
for acrylate polymer backbones than it was for methacrylate backbones (acrylates P3HAA and
P2HAA vs. methacrylates P3BHMA and P2HMA), suggesting a possible effect of backbone

hydrophobicity on self-association of polyphenol units. To further study the differences in the

mechanism of /PPh/PEO film growth brought about by the chemistry of polyphenol units, we
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probed the diffusivity of polymers and its role in the accumulation of film mass. To that end, the
deposition time was increased from 5 min to 300 min per layer. Figures 4-1B, C show that the
effect of an increase in deposition time on dry film thickness was drastically different for
P3HMA/PEO and P2ZHMA/PEOQ films, in agreement with the diffusive character of exponential
vs. the non-diffusive character of linearly deposited films. Time-induced mass increase was the
largest for the most exponential PSHMA/PEO film, and smallest for the P2ZHMA/PEO system,
with the P3HAA/PEO and P2HAA/PEO systems exhibiting an intermediate rate of film thickness
accumulation (Figures 4-1B,C). Interestingly, the long-term uptake of /PPh and PEO was highly
asymmetric for exponential P3HMA/PEO films. P3HMA contributes most of the film mass
increase (half-integer bilayer numbers in Figure 4-1B), reaching ~200 nm per layer for deposition
of a 7-bilayer film, while the contribution of PEO to the film growth did not exceed 10-20 nm per
layer. The larger amount of P3HMA is consistent with self-association of P3HMA polyphenol
groups, which reduced the density of hydrogen-bonding sites of this polymer available to PEO.
To further understand this asymmetry in deposition of /PPh and PEO components during
LbL assembly, kinetic experiments on each layer deposition were performed by in situ
ellipsometry and complemented by dry thickness measurements of mass deposited within the films
as they became saturated with each polymer. These experiments utilized films of matched dry
thicknesses of 100+5 nm followed by 5-min deposition cycles and capped with /PPh or PEO for
further in situ PEO or /PPh deposition, respectively. The films were then pre-swollen in water or
ethanol for 30 min (time 7 = 0 in Figures 4-2A and 4-2B), then PEO or /PPh solution was added to
the in situ ellipsometry cell. Addition of 0.2 mg/ml PEO (Figure 4-2A) or /PPh solution (Figure 4-
2B) resulted in changes in wet film thickness associated with incorporation of polymers within the

films. For all films, adsorption of PEO was fast and levelled off after about 10 min. The amount
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of PEO adsorbed on or absorbed by the films after 20 minutes (determined by the dry thickness
increase measured by ellipsometry) systematically increased from 1.5 nm to 1.7 nm, 4.8 and 10.3
nm for P2ZHMA/PEO, P2HAA/PEO, P3HAA/PEO and P3HMA/PEO films, respectively.
Regardless of the total mass adsorbed, PEO deposition for all the films was fast (Figure 4-2A). At
the same time, large differences in the rate of increase of wet thickness were revealed for the
different /PPhs: while film wet thicknesses equilibrated after ~5 minutes of exposure to P2ZHMA,
other polyphenols showed ongoing long-term absorption within the films, which likely indicated
slow penetration of the polyphenols into the LbL films (Figure 4-2B). The dry thickness increase
due to uptake of /PPhs was 3.3 nm, 6.7 nm, 11.1 nm and 35.3 nm for P2ZHMA, P2HAA, P3HAA
and P3HMA, respectively. Figure 4-2C shows that for uptake of PEO within /PPh-capped films,
film swelling ratios (measured as the ratio of wet to dry ellipsometric thickness) varied between
the different /PPh systems but did not change significantly after PEO uptake. Specifically, for the
P2HMA/PEO film, the swelling ratios were 1.03+0.08 and 1.10+0.1 before and after 20-min PEO
deposition, respectively. While the other /PPh/PEO films were more swollen, no significant

changes were detected during PEO deposition.
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Figure 4-2 In situ spectroscopic ellipsometry measurements of the uptake of PEO or /PPhs
from 0.2 mg/ml aqueous or ethanol solutions (A and B, respectively) by ~100-nm /PPh/PEO
films constructed using 5-min per layer deposition time. Swelling ratios of /PPh/PEO films
in water (C) and ethanol (D) during the polymer uptake.

The highest swelling ratio was observed for P3HMA/PEO system, which featured the
highest rate of exponential growth. For uptake of /PPh within PEO-capped films, while changes
in wet film thickness for most of /PPh/PEO films occurred over long times (Figure 4-2B), and
except for the P2ZHMA/PEO film whose swelling did not change before and after 300-min P2ZHMA
deposition, swelling ratios of the other films slightly increased with /PPh deposition time (Figure

4-2D). The refractive indices (RIs) obtained by fitting ellipsometry data for wet films using the

Cauchy model with a constant value of 4'* gave good fits with low mean square error values,
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suggesting that the refractive indices of the swollen films can be assumed constant during polymer
uptake. However, RIs were lower for P2/PEO films than those for P3/PEO films (1.487 and 1.485
for P2HMA/PEO, 1.493 and 1.491 for P2ZHAA/PEO, 1.510 and 1.513 for P3HAA/PEO, and 1.517
and 1.515 for PBHMA/PEO films during PEO and /PPh uptake, respectively (data not shown). The
higher refractive indices of P3/PEO films, observed for the swollen films despite their higher
solvent content (RI of water is 1.333 and RI of ethanol is 1.362) is explained by a larger fraction
of P3 polymers in /PPh/PEO films, also seen in the data in Figure 4-1, and indicates that the RlIs
of /[PPhs (which could not be directly determined in this study) are higher than that of PEO (RI
1.46).!7? In the experiments shown in Figure 4-2, the greatest degree of film swelling caused by a
long-term uptake of a polymer, observed for uptake of PSAHMA within P3HMA/PEO films, was
moderate (1.67+0.11). This observation is drastically different from our earlier study of
electrostatic exponential LbL films, which instead demonstrated dramatic increases in film
swelling (from 2.4 to 3.8) upon invasion of polyelectrolyte chains from solution.* The two cases
are clearly distinct because of the absence of electrostatic charge regulation and the osmotic
pressure of counterions as factors controlling swelling of hydrogen-bonded films.

While at short times (up to 5 min) the binding of polymers in LbL is likely limited by
solution flux, longer interaction times allow for rearrangement of assembled polymer chains and
diffusion of polymer chains into the bulk of the films. The kinetics of /PPh uptake, shown in Figure
4-2B, enables estimation of rates and diffusion coefficients for the penetration of polyphenol
chains into the film using a Fickian diffusion model: Dt = ¢°H*/4, where D is the diffusion
coefficient of deposited polymer chains through the wet polymer film, and ¢ is the normalized
mass uptake, calculated from measurements of wet film thickness as (I; — lo)/(l« — ly), where [y, I;,

and / are the initial, effective (at time ¢), and equilibrium thicknesses of dry films, # is the exposure
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time to a polyphenol solution, and H is the film wet thickness at time ¢ as detected with
spectroscopic ellipsometry. These estimates yield diffusion coefficients D for penetration of
polyphenols through /PPh/PEO films which systematically decrease from (6.2 £ 0.6) x107!> cm?/s
for PBHMA/PEO to (3.8 = 0.1) x107'¢ cm?/s for PHAA/PEO, and (9.4 = 0.2) x107'” cm?/s for
P2HAA/PEO films, in agreement with the transition from a more exponential to a more linear
growth mode for these films. In the case of P2ZHMA/PEO, the diffusion coefficient was lower than
10'® cm?/s and was not quantified because of the uncertainty associated with the measurement of
such slow diffusion over a short time. While these estimates are consistent with differences in film
growth modes observed in /PPh/PEO films, the ellipsometry technique used for these
measurements is unable to directly assess diffusivity of polymer chains. Moreover, asymmetry in
the mass deposition of /PPh and PEO within the film poses a question of whether the PEO
deposited within the film in much smaller amounts than /PPh can diffuse within the film during
deposition, and thus support self-healing of these films in an aqueous environment.

To explore the diffusivity of PEO chains within /PPh/PEO films, we have used neutron
reflectometry. In this technique, we took advantage of the contrast provided by deuterated
polyethylene oxide (poly(ethylene glycol-d4), dPEO) whose molecular weight and polydispersity
(Mn 93,000 g/mol, PDI 1.07) were closely matched to those of hydrogenated PEO chains (2PEQO,
M, 95,000 g/mol, PDI 1.08). Neutron reflectometry has been traditionally used to study the internal
structure of LbL films after their assembly, and has been applied to both electrostatically
assembled® and hydrogen-bonded films.!”! In this paper, we instead designed an experiment in
which pre-assembled hydrogenated films were exposed to a solution of dPEO for different time
intervals and the diffusivity of film-invading chains was then accessed by measurements of the dry

films. We used a similar approach previously to study chain diffusivity within electrostatically

58



assembled films.** In this work, hydrogenated /PPh/PEO films were deposited using a BPEI
priming layer and a 5-min per layer deposition time to achieve a total thickness of ~100-110 nm.
Maintaining constant thickness required assembly of a different number of layers for different
[PPh/PEO pairs (Figure 4-1A). Specifically, the film thicknesses of 105.0 nm, 103.8 nm, 107.0
nm, and 112.0 nm were achieved with 22.5-bilayer 15.5-bilayer, 10.5-bilayer, and 5.5-bilayer films
of P2ZHMA/PEO, P2ZHAA/PEO, P3HAA/PEO, and P3HMA/PEO films, respectively. For these
experiments, all films containing a /PPh as a capping layer were exposed to a 0.2 mg/mL aqueous
solution of dPEO for a sequence of time intervals to allow for observation of diffusion of the
deuterated marker polymer through the hydrogenated film. The model used for the dry films
included a silicon oxide layer, a BPEI priming layer, an underlying dPEO-poor layer (H-stack),
and a surface layer (D-stack) whose scattering-length-density increases after exposure to the ZPEO
solution. The SLD values of hydrogenated and deuterated stacks (H-stack and D-stack,
respectively) were determined by fitting the reflectivity data. This value is calculated as an integral

of SLD over the film thickness and was fitted with all the parameters simultaneously.
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Figure 4-3 Scattering length density profiles (A-D) of hydrogenated /PPh/PEQO films before
(dashed lines) and after (solid lines) a 2-min exposure to a (0.2 mg/mL dPEQO aqueous solution
for 22.5-bilayer P2ZHMA/PEO (A), 15.5-bilayer P2ZHAA/PEQ (B), 10.5-bilayer PSHAA/PEO
(O), and 6.5-bilayer PSHMA/PEO (D) films, as well as changes in the total film thickness
(symbols) and thickness of the dPEO-rich surface layer (bars) upon exposure of /PPh/PEO
films to 0.2 mg/mL dPEO aqueous solutions for different times (E).

Figure 4-3 A—D shows neutron reflectivity data, SLD profiles of different /PPh/PEO films

upon exposure to dPEO solution, as well as schematic representations of uptake of dPEO by the

films. Figure 4-3E summarizes the results of the neutron reflectometry studies. The linearly

growing P2ZHMA/PEO film formed a dPEO-rich layer of dry thickness 9.1£1.6 nm at the film
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surface after 1-min exposure to a 0.2 mg/mL dPEO solution. Further exposure of this film to JPEO
did not significantly change the SLD profile. These data demonstrate that JPEO does not penetrate
deeply into the P2ZHMA/PEO hydrogenated matrix, but rather quickly accumulates at the film
surface through diffusion from solution, in agreement with the ellipsometry data for uptake of
hydrogenated PEO in Figure 4-2A. Similar results were observed for adsorption of ZPEO onto the
P2HAA/PEO hydrogenated film (Figure 4-3E), i.e. thickness of the deuterated layers remained
constant at 8.1+1.8 nm for all ZPEO adsorption times of 1-10 min, suggesting that similarly to the
P2HMA/PEO system, dPEO accumulated at the surface of the P2ZHAA/PEO hydrogenated matrix.

In contrast, gallol-based P3/PEO films demonstrated different trends for an uptake of
deuterated PEO chains. As seen in Figure 4-3E, the interface between H-stacks and D-stacks was
still located largely within the top region of the film for P3HAA/PEO system, but moved closer to
the substrate for P3BHMA/PEO films. Specifically, thickness of a D-stack for P3HAA/PEO film
(13.3+5.0 nm) were larger than that for P2/PEO systems, suggesting more diffusive nature of the
film. Finally, for the most exponential PSHMA/PEQO system, D-stack thicknesses were the largest,
about 92.1+10.8 nm, and comprised ~85% of film thickness. The larger thickness of D-stack
reflects faster penetration and larger amount of dPEO absorbed by P3HMA/PEO in comparison to
P3HAA/PEO film. Interestingly, SLD profiles measured during these experiments on invasion of
dPEO chains in /PPh/PEO films did not show significant differences when the time of contact of
films with dPEO solution was varied between 1 and 10 min, suggesting fast, sub-minute-scale,
penetration of dPEO. This result is in stark contrast with our earlier findings for electrostatic
systems, where evolution of the film SLD profile were observed for tens of minutes during uptake
of a deuterated polycation, yielding diffusion coefficient of the order of 10'* cm?/s.** The

differences can be understood by more dynamic nature of hydrogen bonds as compared to
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electrostatic pairing, and by n intrinsically high mobility of flexible PEO chains. Here, for the most
diffusive P3HMA/PEO system, the lower bound of the diffusion coefficient for a 1-min uptake
rate of JPEO within hydrogenated films of ~5 x107!* cm?/s was estimated assuming the simplest
case of Fickian diffusion. The fast kinetics of PEO uptake is consistent with the timescale of PEO
uptake by P3HMA/PEO films measured by in situ ellipsometry and shown in Figure 4-2A. At the
same time, the diffusion coefficient for JPEO uptake derived from the neutron reflectometry is at
least two orders of magnitude larger than that estimated for an uptake P3HMA chains using in situ
ellipsometry in Figure 4-2B. These data again illustrate the asymmetric nature of dynamics of PEO
and P3BHMA chains in exponential hydrogen-bonded films.

While neutron reflectometry probed mobility of PEO chains within the film in the direction
perpendicular to the substrate, the technique does not track mobility of hydrogenated dPPh chains
and does not allow to follow mass transfer in the direction perpendicular to the substrate. To
explore mass transfer of both /PPh and PEO chains and evaluate the ability of films to heal, we
applied in situ atomic force microscopy and designed experiments to explore the self-healing
properties for /PPh/PEO films. This technique has been previously used to study self-healing

I73-175 Here, we used the procedure of mechanically

properties of non-LbL polymer films.
indenting a film by an AFM tip followed by monitoring of film healing as a function of time. In
a typical experiment, a /PPh/PEO film with dry thickness of about 400 nm was immersed in DI
water, and its surface morphology was first analyzed by a Bruker Dimension Icon AFM instrument
using a ScanAsyst Fluid+ tip. The film surface was then indented by the tip in a contact mode with

a force of 2-20 nN for 5 min. After that, the damaged spot was scanned continuously in the

ScanAsyst mode using the same tip while the film was continuously immersed in water.
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Figure 4-4 Self-healing of ~400-nm-thick /PPh/PEO films measured by in situ AFM during
immersion in water. AFM images and depth profiles of the indented areas as a function of
time for P2HMA/PEO (A, B), P2ZHAA/PEO (C, D), P3BHAA/PEO (E, F), and PSHMA/PEO
(G, H) films, respectively.

Figure 4-4 shows in situ AFM images of the indented film and time evolution of the
indented areas and depth profiles as a function of exposure time in water. Figure 4-4 A, B illustrate
that in the case of P2ZHMA/PEO films, the area scans and depth profiles did not change with time,
maintaining the depth of ~140 nm at the deepest point throughout the experimental timescale. This
data show that the film built with catechol-like P2ZHMA did not exhibit self-healing properties.
Another /PPh/PEO film also composed of a catechol-like polymer but with acrylate rather than
methacrylate backbone, i.e. P2ZHAA/PEQO, exhibited negligible dynamic changes of the indented

area (Figure 4-4 C, D). Self-healing behavior of films built with gallol-like polyphenols was much
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more pronounced. Specifically, PZHAA/PEO system (Figure 4-4 E, F) showed continuous time
evolution of both the indented area and the depth profile indicating significant film dynamics.
P3HMA/PEO film exhibited superior self-healing and the fastest film dynamics among all the
[PPh/PEO systems (Figure 4-4 G, H). The rate of self-healing is related to mass transport of the
hydrogen-bonded polymer material from the bulk of the film into a void region. The time-resolved
AFM data in Figure 4-4 allowed us to assess the rate of mass transport in the directions parallel
and perpendicular to the substrate. However, because of the uncertainties associated with a specific
shape of the indented are during indentation with an AFM tip, and the absence of analytical
solution of the Fickian diffusion equation for materials of arbitrary shape, we have chosen not to
derive specific values of diffusion coefficients for the mass transfer, but instead evaluate

corresponding dynamics through half-recovery times.
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Figure 4-5 Time evolution of the lateral dimensions of the indented areas measured at the
depth of 40 nm within the films using in situ AFM for P2HMA/PEO (A), P2ZHAA/PEO (B),
P3HAA/PEO (C), and P3BHMA/PEO (D) films during their continuous immersion in water.

Dynamics of /PPh/PEO films in the direction parallel to the substrate was evaluated from
the time evolution of the cross-section of the indented areas at the depth of 40 nm from the film
surface. This choice was made to avoid the top film region which has been demonstrated to have
faster dynamics of polymer chains than the ‘bulk’ of the film,'!>!1%17 allow uniform comparison
between different /PPh/PEO systems by eliminating possible effect of surface roughness on the
estimated values. Figure 4-5A shows that with P2ZHMA/PEO films, the cross-sectional area did
not reduce with time. Instead, even a slight increase in the size of the indent was observed, possibly

due to the tip-induced effects caused by repeated scanning of the same area. This result is

consistent with a complete absence of diffusivity in this system for >150 min of observation. Films
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of another catechol-like polyphenol with the acrylate backbone (P2HAA) (Figure 4-5B) showed
only slight dynamics, which was not, however, quantified here because of the negligible changes
observed in depth profile that can be explained by the uncertainty, associated with the selection of
surface reference line, which was significantly altered by the indentation tip (Figure 4-4D).
P3HAA/PEO films exhibited faster healing, showing more pronounced change in the cross-section
area from 0.26 pm? to 0.08 um? after 150 min. Finally, the fastest dynamics and healing was
observed for PAHMA/PEO films which demonstrated complete healing after 30-min immersion in
water. The half-time of recovery in lateral direction lateral can be estimated as 40+7 min and 15+3
min for P3HAA/PEO and P3HMA/PEO systems, respectively. Evaluation of lateral mobility at
the depth of 25 and 60 nm provided similar values of half-recovery time for all /PPh/PEO films
(Figures C-2, C-3), indicating that depth of cross-sectional area, if it was not within the interfacial
of the films, did not have a significant effect on the measurements of lateral mobility.

The results in Figure 4-4 can be also used for evaluating diffusivity of /PPh/PEO films in
the direction perpendicular to substrate. Figure 4-6 shows time evolution of depth of the indented
area for /PPh/PEO films. Similar results observed in the lateral direction, P2ZHMA/PEO and
P2HAA/PEO films did not exhibit any significant mass transfer in the perpendicular direction,
suggesting that, if present, dynamics was slower than the observation time (Figure 4-6 A, B).
Again, gallol-containing systems (Figure 4-6 C, D) exhibited robust self-healing behavior, with
the estimated half-recovery times of 60+7 min and 20+3 min, respectively P3HAA/PEO and

P3HMA/PEO systems.
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Figure 4-6 Time evolution of the deepest point of the indented areas measured using in situ
AFM for P2ZHMA/PEO (A), P2ZHAA/PEO (B), PZHAA/PEO (C), and PSHMA/PEO (D) films
during their continuous immersion in water.

The absence of mass transfer to the void area in both lateral and perpendicular direction
for the most linear of /PPh/PEO systems, i.e. P2HMA/PEO and P2ZHAA/PEO (Figure 4-1) is
consistent with the lack of penetration of PEO within bulk of the film detected in the neutron
reflectometry experiments (Figure 4-3). For films built with gallol-like polyphenols (i.e.
P3HAA/PEO and P3HMA/PEO films), much faster mass transfer occurred indicating a drastic
enhancement of intermixing in these films. These data are also consistent with our earlier study of
antioxidant activity of P2HMA/PEO and P3HMA/PEO films, which demonstrated drastic

differences in the depth of penetration of films.!”! Because polyphenol components comprised 70-

80% of mass of the exponential P3HAA/PEO and P3HMA/PEO films, measurements of film
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dynamics and self-healing using AFM were more sensitive to diffusion of the polyphenol
components of the films, while neutron reflectometry experiments were selective to the mobility
of a minority PEO component in the films. Assessment of the characteristic time scales for self-
healing of P3/PEO films suggested that mass transfer in these films was likely isotropic in the
direction parallel and perpendicular to the substrate, despite the surface-supported, layer-by-layer
film deposition. Our finding of the low or even absent anisotropy of diffusion in /PPh/PEO
hydrogen-bonded systems are in contrast with high anisotropy easier reported to polyelectrolyte
multilayer systems. For example, 10°~10° faster polymer chain diffusion was found for poly(2-
(dimethylamino)ethyl methacrylate) — poly(methacrylic acid) films expose to NaCl solutions.'®’
Stratification of hydrogen-bonded LbL films in comparison to electrostatic multilayers is
generally found to be weaker than that in electrostatic systems, and decay with the distance from
the substrate.!>®!%6 Note that direct measurements of the degree of film stratification at the highest
above 200 nm from the substrate (such as those studied by AFM in this work) cannot be performed
by neutron reflectometry, and that the decay of film stratification with distance from the substrate
can contribute to the lack of anisotropy in mass transfer in hydrogen-bonded films. Overall weaker
interpolymer interactions in hydrogen-bonded films can also be seen as one reason for this
difference, although the lack of healing in P2/PEO films is not consistent with this explanation.
The presence of electrostatic pairing, electrostatic barriers to layer intermixing and local charge
control of ionic pair rearrangements in electrostatic systems could be responsible for the significant
differences in structure and dynamics of electrostatic and hydrogen bonded LbL films.

In conclusion, we showed that structure of the polyphenol rings can strongly affect
dynamics of hydrogen-bonded films, and evaluated such dynamics, using in situ ellipsometry,

neutron reflectometry and in situ AFM techniques. A vast range of behavior, varying from non-
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diffusive at the experimental time scale to fast self-healing upon exposure to aqueous solutions
can be obtained for LbL films of polyphenols with different polyphenol repeat units. An interesting
finding was a strongly asymmetric chain dynamics in P3/PEO assemblies with gallol structure of
polyphenol rings, which demonstrated fast binding of flexible PEO chains with the top region of
the film, or fast penetration of PEO within the entire LbL films. In contrast to fast diffusion of
PEO chains, dynamics of film mass transfer during self-healing correlated with a much slower
diffusion of P3 chains measured by in situ ellipsometry, suggesting that diffusion of P3 chains
limits the transport associated P3/PEO chains within hydrogen-bonded films. However, more
flexible PEO chains can achieve faster diffusion by exchange with other bound PEO chains in the
film. Because of a significant antioxidant activity of /PPh/PEO assemblies, experiments reported
in this work can help to rationally contract functional coatings with both antioxidant and self-
healing ability. Moreover, small molecules-competitors can be additionally used in future work
to control hydrogen bonding*® and self-healing behavior of these films.
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5. CONCLUSIONS
First, this work resulted in the development of a synthetic procedure for preparation of a
new class of linear polyphenol homo- and copolymers containing gallol, catechol, and
bromocatechol moieties. The synthetic route includes synthesis of protected polyphenol
monomers, polymerization using RAFT technique, and deprotection steps. The living nature of
polymerization was demonstrated, allowing to control length of polymeric chains with low

dispersity.

Second, we demonstrated that the chemical structure of the polyphenol ring and the density
of the polyphenol moieties in the polymer chains (in the case of copolymers) strongly controlled
polymer ability to adsorb at solid surfaces within a monolayer, as well as form hydrogen-bonded
LbL films with a hydrogen-bonded acceptor polymer. Polyphenolic polymers were capable of

adhering to substrates of varied hydrophobicity, enabling control of surface wettability.

Third, we achieved LbL assembly of the synthesized polymers and showed fundamental
differences in interactions of gallol- and catechol-based /PPhs with hydrogen-bonded acceptor
polymers. Specifically, gallol groups in /PPhs were prone to intramolecular self-association,
leading to exponential growth of LbL films, while catechol-based polyphenols showed linear
growth as studied by spectroscopic ellipsometry. Using neutron reflectometry, we demonstrated
that linear LbL films had stratified internal structure, whereas the exponential ones were highly
intermixed. Moreover, we showed that /PPh exponential films were more permeable to radical
species and macromolecules, and established correlations between the degree of permeation and

intermixing of polymer chains within the films. Importantly, the film functionality, i.e. its ability

70



to scavenge free radical from solution, was strongly controlled by the strength of interpolymer

binding.

Finally, we demonstrated that the structure of polyphenol rings strongly affects dynamics
of hydrogen-bonded films which varied from non-diffusive behavior to fast, minute-scale self-
healing of damaged areas of LbL films upon their exposure to aqueous solutions. Hydrogen-
bonded LbL films showed asymmetric chain dynamics in /PPh/PEO assemblies with faster
diffusion of PEO chains in comparison to /PPhs. Interestingly, in contrast to polyelectrolyte
multilayers, hydrogen-bonded assemblies showed lower ability to swell upon penetration of
invading polymer chains, and demonstrates low anisotropy of mass transport in directions parallel

and perpendicular to the substrate, likely due to absence of electrostatic barriers to chain diffusion.

Overall, exploration of hydrogen-bonded /PPh-based LbL assemblies strengthens the
knowledge base on correlations between intermolecular and intramolecular interactions within
LbL films, and film structure and dynamics. Important similarities and differences between
hydrogen-bonded LbL films and electrostatically assembled multilayers in their swelling,
dynamics and structure can be rationalized through consideration of a wide range of strength of
intermolecular binding in both cases, and the absence of electrostatic charge in hydrogen-bonded

films.

Future work on antioxidant LbL coatings can be focused on attaining a better understanding
of a specific mechanism of radical scavenging within antioxidant films. One possible mechanism
involves oxidative crosslinking through polyphenol rings within the films, which can lead to
enhanced mechanical properties and decreased permeability of the films to radical species. We

envision that the diffusivity can be programmed by the strength of binding between components,
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film swelling ratio, and flexibility of the polymer backbone. Finally, exploration of the competitive
binding of low-molecular-weight hydrogen-bonding molecules within antioxidant films and the
effect of such binding film characteristics and functional properties can be explored. The
competitive interaction of active sites of polyphenol polymers with small molecules can be a key
to controlling interpolymer interactions by programmed disruption of hydrogen-bonding within

LbL films for guiding permeability, swelling, and self-healing properties of these materials.
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APPENDIX A

SUPPORTING INFORMATION FOR THE CHAPTER 2

Table A-1 P2HzHex series and PHex.

Polymerization Deprotection reaction

Targeted o o

molar /@2
content, ~o . 0 2M BBr3
o I Yield (%) | Polymer in CH2Cly
N-hexyl N-(3,4-dimethoxybenzyl)
methacrylamide methacrylamide
1) (5)
0 194 ¢ - 88 - -
5 1.84 ¢ 0.135¢g 83 0.500 g  0.300 mL
10 1.75¢g 0270 g 83 0.509¢g  0.500 mL
15 1.65¢g 0.405 ¢ 77 0.520g  0.700 mL
100 - 270 g 73 0.680 g 4.50 mL
Table A-2 PBrHzHex series.

Polymerization Deprotection reaction

Targeted o7 A B o7 A

molar j©/
content, ~o . 0 2M BBr3;
o, I Yield (%) | Polymer in CH2Cly
~
N-hexyl N-(3,4-dimethoxy-5-
methacrylamide bromobenzyl) methacrylamide
(1) (6)

5 1.84 ¢ 0.180 g 75 0.500 g  0.300 mL
10 1.75¢g 0.361 g 73 0.532¢g  0.500 mL
15 1.65¢g 0.541 ¢ 68 0.550 g  0.700 mL
100 - 360 g 59 0910 g 4.50 mL
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Table A-3 P3HzHex series.

Polymerization Deprotection reaction
Targeted o b o7
molar :@2
content, ~o . N 2M BBr3;
o I Yield (%) | Polymer in CH2Cly
N-hexyl N-(3,4,5-trimethoxybenzyl)
methacrylamide methacrylamide
1) (7)
5 1.84 ¢ 0.152 g 81 0.503 g  0.400 mL
10 1.75 g 0.307 g 79 0.517g  0.700 mL
15 1.65¢g 0.457 g 82 0.530 g 1.00 mL
100 - 3.04¢ 76 0.770 g 6.50 mL
20
10 . A B
« o« 0.t 1.8 4
~ 8 'Y A n N
g 64 a - ‘ 1.6 : 4 A
B "o o) . . -
4] 141 s
=
2 - » P2M, Hex 12 o P2M gHex
4 PBriM,Hex 4 PBriv, Hex
0] = ® P3M,Hex 10 & P3M,Hex
0 1 2 3 4 5 6 7 8 "o 2 4 6 8
Time (h) Time (h)

Figure A-1 The number-average molecular weight Mn (A) and molar mass dispersities (B)
as a function of polymerization time during synthesis of P2MioHex, PBrMioHex, or

P3MioHex at 80°C.
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Figure A-2 GPC traces of PHex (A), P2MioHex (B), PBrMioHex (C) for different
polymerization times, as well as Mn (D) and molar mass dispersities (E) as a function of
monomer conversion during polymerization of PHex homopolymer and copolymers
containing 10% of phenolic precursor groups at 70°C.
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Figure A-3 FTIR spectra of protected and deprotected PSMMA and P3HMA homopolymers
(A), P3MisHex and P3HisHex copolymers (B, top) and PHex control polymer (B, bottom).
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Figure A-4 FTIR spectra of protected and deprotected homopolymers: P2ZMMA and
P2HMA (A), and PBrMMA and PBrHMA (B).
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Figure A-5 FTIR spectra of the copolymers of P3MzHex and P3HzHex series (A),
P2MzHex and P2HzHex series (B), as well as PBrMzHex and PBrHzHex series (C).
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APPENDIX B
SUPORTING INFORMATION FOR THE CHAPTER 3°

Table B-1 Dry thicknesses measured by ellipsometry during deposition of a
(P3HMA/PEQO)2/P3HMA/dPEO/P3HMA/PEO/P3HMA/dPEQO film.

Bilayer Number Top Layer Thickness (nm)
0 BPEI 1.0
0.5 P3HMA 3.6
1 PEO 43
1.5 P3HMA 10.6
2 dPEO 12.2
2.5 P3HMA 23.8
3 PEO 26.3
3.5 P3HMA 43.4
4 dPEO 48.9

Table B-2 Dry thicknesses measured by ellipsometry during deposition of a
(P2ZHMA/PEOQO)2/(P2ZHMA/dPEQ)2/(P2HMA/PEQO)7/(P2ZHMA/dPEQ): film.

Bilayer Number Top Layer Thickness (nm)
0 BPEI 0.7
0.5 P2HMA 2.0
1 PEO 2.6
1.5 P2HMA 6.1
2 PEO 6.7

*Reprinted with permission from: Hlushko, R.; Ankner, J. A.; Sukhishvili, S. A. Layer-by-Layer Hydrogen-Bonded
Antioxidant Films of Linear Synthetic Polyphenol. Macromolecules 2020, Copyright American Chemical Society.
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2.5 P2HMA 10.9
3 dPEO 10.8
3.5 P2HMA 12.0
4 dPEO 12.7
4.5 P2HMA 14.6
5 PEO 15.2
5.5 P2HMA 15.4
6 P2HMA + PEO 15.4
7 P2HMA + PEO 23.0
8 P2HMA + PEO 27.8
9 P2HMA + PEO 33.4
10 P2HMA + PEO 39.9
11 P2HMA + PEO 47.4
11.5 P2HMA 54.2
12 dPEO 55.0
12.5 P2HMA 59.4
13 dPEO 60.2

Table B-3 Model parameters for a
(P3HMA/PEQO)2/P3HMA/dPEO/P3HMA/PEO/P3HMA/dPEO film. The interfacial widths,
oint, are given as full-width-at-half-maximum (FWHM), which is 2.35 times larger than the
more commonly used root-mean-squared (RMS) width.

Layer Nb (nm??) d (nm) Gint (NM)

P3HMA/dPEO 2.516E-04 8.70 5.14
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(P3HMA/PEO)2/P3HMA/dPEO/
P3HMA/PEO 2.261E-04 40.07 8.70
BPEI 1.967E-04 1.00 1.00
SiO2 3.261E-04 1.06 1.00
Si 2.070E-04 — 0.50

Table B-4 Model parameters for a (P2HMA/PEQ)2/(P2HMA/dPEO)2/(P2HMA/PEQ)7/
(P2HMA/dPEQ): film.

Layer Nb (nm?) d (nm) Gint (NM)
(P2ZHMA/dPEQO): 2.037E-04 10.87 6.70
(P2ZHMA/PEO); 1.399E-04 35.03 5.70
(P2ZHMA/dPEQO): 2.268E-04 3.81 3.81
(P2HMA/PEO); 1.314E-04 5.76 3.81
BPEI 8.492E-05 0.50 0.50

Si02 3.200E-04 2.00 0.50

Si 2.000E-04 — 0.50

Table B-5 Assignment of FTIR bands of linear polyphenols.

FTIR band assignment P3HMA P2HMA

Amide [ band 1647 cm! 1635 cm!

Skeletal vibrations of benzene rings 1609 cm’! 1605 cm’!

Amide II 1515 cm! 1518 cm!

Skeletal vibrations of benzene rings + amide III 1452 cm! 1445 cm'!

Aryl -C-O coupled with skeletal vibrations of benzene rings 1190 cm'! 1193 cm!

93



—O-H coupled with skeletal vibrations of benzene rings 1030 cm’! 1112 cm’!

-~ P3HMA/PEQ, . 1528 1190 1030
#1809 amide II

fng ey 1452

cV
ring

Absorbance

1469
Gs,—CHz-j\\
L] I v I v I v l v l ] I L) I L] I L]
1800 1700 1600 1500 1400 1300 1200 1100 1000 900

Wavenumber (cm™)
Figure B-1 ATR-FTIR spectra of PZHMA, 6.5-bilayer PSHMA/PEO film, P2HMA, 50.5-
bilayer P2ZHMA/PEO film and PEO.
The spectrum of PEO features -CH- stretching asymmetric vibrations at 2885 cm™', \CH- stretching
symmetric vibrations at 2860 cm™!, —CH>— scissoring vibrations at 1469 cm™, -C—H bending

vibrations at 1342 cm™; and C-O—C stretching vibrations at 1092 cm™. 176178
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Figure B-2 ATR-FTIR spectra of PZHMA, 6.5-bilayer PHMA/PEO film, P2ZHMA and
50.5-bilayer P2HMA/PEO film, and PEO between 3800 and 2700 cm™'.

—— P3HMA/PEO

—e— P2HMA/PEO

Dry thickness (nm)

Figure B-3 pH stability of four-bilayer /PPh/PEO films assessed as dry film thickness
retained after 60 min of sequential exposure to phosphate buffer solutions at increasing pH.
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Figure B-4 Self-degradation of ABTS'* radical cation solutions with time as the percentage
of initial absorbance value at 732 nm for 0.075 mM ABTS"* solution (A), and 0.075 mM

100

80
& 1-m-0075mM
860 - —8—0.075 mM + 0.5 mg/mL PEO
o
240 \I::]:;p=N—N=q
S N
< 1 CHy H,C
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0

L L L L
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Time (d)

ABTS"" in the presence of 0.5 mg/mL PEO (B).
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Figure B-5 Proposed resonance structures of semi-quinone radical of P2ZHMA and a radical

HO

O (0]
-
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coupling crosslinking structure.
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Figure B-6 Proposed resonance structures of semi-quinone radical of PZHMA and a radical
coupling crosslinking structure.
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APPENDIX C
SUPORTING INFORMATION FOR THE CHAPTER 4
Synthesis of P2ZHAA and P3HAA

Synthesis of monomers: Monomers for polymerization of P2ZHAA and P3HAA were obtained in

the following way. First, 5.00 g of 3,4-dimethoxybenzyl amine [0.025 mol] or of 3,4,5-
timethoxybenzyl amine [0.03 mol] used for synthesis of P2ZHAA and P3HAA, were dissolved in
50 mL of dichloromethane (DCM) in a 100 mL round bottom flask. Then 5.0 ml (6.9 g) of
triethylamine (TEA) [0.069 mol] was added to the solution, and flask was placed on the ice bath.
After 10 min, solution of 3.5 ml of acryloyl chloride [0.035 mol] in 10.0 mL of DCM was added
drop wisely to the mixture at intense stirring. After stirring for 30 min the flask was warmed up to
room temperature, and 10 ml of DI water was added. Then the mixture was washed twice with 0.1
M HCI and 1.0 M NaxCOs aqueous solutions, and finally with water. DCM layer was then
separated, dried over anhydrous MgSOs4, and consequently passed through a column packed with
basic activated alumina and a column packed with acidic activated alumina (Brockmann I). The
solvent was removed under vacuum to yield white solid (yield 87.4% and 85.3% for N-(3,4-

dimethoxybenzyl) acrylamide) and N-(3,4,5-trimethoxybenzyl) acrylamide, respectively).

O
n n
H,N HN
O NH O NH

i ii X jii Y

X 0 X o 0 HO
(o] (¢} (¢} OH
X-H, OCH, X-H, OCH, X-H, OCH, Y - H, OH

Figure C-1 A stepwise procedure used for P2ZHAA and P3HAA synthesis. Step i: acryloyl
chloride, TEA, CH2Cl2, 30 min; step ii: AIBN as initiator, CPDTTC as CTA, dioxane, 70°C,
12-24 h; step iii: 1) BBr3, CH2Cl2, -45°C to RT, 12 h; 2) water, overnight.

Monomer Characterization: Monomer characterization was performed by 'H-NMR (300 MHz)

using DMSO-dg as a solvent.
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N-(3,4-dimethoxybenzyl) acrylamide: 6 8.2 t(1H, -NH-); 6.5 - 6.6 d (3H, C¢H3(OCH3)>); 5.69 s
(1H, CHH=); 5.35 s (1H, CHH=); 4.23 -4.25 d (2H, -CH>-); 3.71 — 3.73 d (6H, —C¢H3(OCHzs)>);
2.49 s (solvent).
N-(3,4,5-trimethoxybenzyl) acrylamide: & 8.2 t(1H, -NH-); 6.5 - 6.6 d (2H, CsH2(OCH3)3); 5.69 s
(1H, CHH=); 5.35 s (1H, CHH=); 4.23 -4.25 d (2H, -CH>-); 3.71 — 3.73 d (9H, —C¢H2(OCHs)3);
2.49 s (solvent).

Polymerization: 12.0 mmol of the corresponding monomers (2.65 g of N-(3,4-dimethoxybenzyl)

acrylamide or 3.01 g of N-(3,4,5-trimethoxybenzyl) acrylamide) were placed in a Schlenk tube,
sealed, vacuumized, and filled with argon gas. Then 5.00 mL of anhydrous 1,4-dioxane was added
and the solution was stirred at room temperature till complete dissolution of the monomers (about
30 min). In a separate flask, 30.0 mg 2,2"-azobis(2-methylpropionitrile) (AIBN) [0.183 mmol] and
365 mg of 2-(dodecylthiocarbonothioylthio)-2-methylpropionic acid (DDMAT) [1.00 mmol] were
dissolved in 5.00 mL of anhydrous 1,4-dioxane. A 0.500 mL aliquot of this solution was added to
the tube containing monomers. After three vacuum-thaw cycles, the tube was sealed and heated
on the oil bath at 70°C for 12 h. The solution was then cooled to the room temperature, and 15.0
mL of DCM were added and stirred till complete dissolution of polymers. Polymer solutions were
then slowly added drop-by-drop to 200 mL of n-hexane under vigorous stirring.

Demethylation: About 1.0 g of polymers was dissolved in 30 mL of anhydrous CH>Cl, in a Schlenk
flask. After three freeze-thaw cycles, the flasks containing polymer solutions were placed in a
chlorobenzene slush (-45°C). Then ~ 1.5-fold excess BBr3 was added as a 2M solution in CH2Cl»
was added dropwisely to the flask at intense steering. The solution was allowed to warm up to
room temperature autonomously, and left overnight. A careful addition of 200 mL of degassed DI
water resulted in precipitation. The mixture was stirred overnight, the product filtered in an inert
atmosphere, and dried under vacuum.

Polymer Characterization: Gel permeation chromatography (GPC) was performed using an

Agilent Technologies GPC system equipped with Agilent 1260 infinity multi-suite (refractive
index and viscosity) detectors at 30 °C. A Phenogel™ column (Phenomenex) with a particle size
of 5 um and a pore size of 103 A was used. Characterization was performed using 1 to 5 mg mL ™!

solutions of protected or deprotected polymers in 0.01 M LiBr in DMF, which were eluted at a
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rate of 0.10 mL min ' at 30 °C. Figure C-1 shows GPC traced for P2HAA and P3HAA deprotected

polymers.
100000 Mw (Da) 10000
1001 papian P2HAA

< M,=42.3 kDa M,=36.4 kDa
£ 804 ppl=1.20 PDI=1.17
o

5 60

]

N

o 404

E

2 201

0

16 18 20 22 24 26 28 30 32
RT (min)

Figure C-2 GPC traces and the determined molecular weights and PDIs of P2ZHAA and
P3HAA polymers.
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Model of Neutron Reflectivity Data
General: The neutron specular reflectivity of the Layer-by-Layer-deposited films is modeled as a
sequence of [ layers, each featuring a scattering-length density X}, thickness d;, and an interfacial
width with the layer above o; (fwhm of a Gaussian here). Using the known stoichiometry of the
polymers used in the LbL deposition, the neutron scattering-length density can be decomposed
into the product of mass density and a stoichiometry-dependent term containing the neutron
scattering amplitudes of the constituent nuclei:
Equation C-1

Ny X b;

where Ny is Avogadro’s number, b; the scattering lengths of the nuclei in the formula unit (e.g.
monomer or unit cell), and M the atomic mass of the formula unit. The values of the stoichiometry
term S for the polymers involved in this work are given in Table C-1.

Ellipsometry measurements indicated the films varied in thickness by about 3% over the
illuminated footprint of the neutron beam. This thickness variation causes a smearing of the total
thickness fringes at higher O values. We have modeled this smearing using a simple
approximation to a distribution of film thicknesses wherein half of the film exhibits the nominal
thickness d, a quarter is thinner (d — dd), and a quarter is thicker (d + dd). Neutron waves
reflected from large lateral domains add incoherently, so the reflectivities of these differing
thickness domains can simply be averaged,

Equation C-2
Rinc = (R— + 2RO + R+)/47

where R, is the specular reflectivity of the film using the nominal thicknesses of the LbL polymer
layers and R, and R_ are the reflectivities of films in which the thicknesses are increased or

decreased by 6d, respectively. As mentioned above, the lateral thickness disorder, 6d/d = 0.03.

Protonated as-deposited film:
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For each of the samples studied here, an approximately 1000-A-thick polymer film was deposited
LBL via alternating immersion in PEO and polyphenol solutions, as described in the text.

Individual layers intermix extensively with preceding and succeeding layers and so are not
resolvable. The PEO/polyphenol multilayer is thus treated as a single composite layer:

Table C-1 Scattering lengths and stoichiometries for the components of the polyphenols
and PEO: Compound, Formula Unit, the sum of the scattering lengths }; b; of the nuclei in

the Formula Unit, its molecular mass M, and its stoichiometry S.

Yib; M S
Compound Formula Unit
105 A) (g mole™) 10° A2 gl cm?)

PEO (p) C,H40 4.13 44.06 0.57
dPEO (d) C?H40 45.78 48.06 5.73
P2HAA C10H11NO3 52.08 193.22 1.62
P3HAA C10H11NO4 57.89 209.22 1.67
P2HMA C11H13NOs3 51.25 207.25 1.49
P3HMA C11H13NO4 57.05 223.25 1.54

Equation C-3
M = p[feroSpro + (1 — fpe0)Sentipal;

where fpgo is the volume fraction of PEO, the number of phenol groups n is either 2 or 3, and
monomer architecture p is either acrylate (A) or methacrylate (M). The films were modeled using
four layers: 1) polyphenol/PEO composite; 2) BPEI seed layer; 3) silicon oxide layer; and 4) Si
substrate. The BPEI seed and silicon oxide layers were thin and so did not produce Kiessig fringes
within our measured Q range. We therefore modeled BPEI by holding its thickness constant at
10 A and varying its SLD; the silicon oxide layer thickness was varied while its SLD was held
constant at 3.20x10° A2,

Using these definitions, the four-layer films were fitted using seven adjustable parameters: 1)

mass density p; 2) PEO volume fraction fpgo; 3) LbL film thickness d™°@!; 4) surface roughness
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os"f; 5) BPEI SLD XBPEL 6) silicon oxide layer thickness d*i°%; and 7) silicon substrate SLD X5,
The fit to the substrate SLD is a sanity check of the known value of 2.07x10°® A2, The parameters
of the four modeled layers are written in terms of the fitted parameters. The SLDs are ¥; = XH
(Eqn. S2), X, = XBPEl 3. =32x107% A2 and X, = ZS!; the thicknesses d; = d™®, d, =
10 A, and d; = d5°%; and oy = 0%, 0, = 10 A, and 03 = 0, = 5 A. The fit to the data is
insensitive to the interfacial widths of the underlayers, so these were held constant at physically
reasonable values. The layer parameters are derived from the fitted parameters as described above
and layer parameter uncertainties are propagated from the fitted parameters assuming they are

uncorrelated Gaussian random variables.

Films after dPEO exposure

After immersion in dPEO solution, dPEO deposits both in a layer at the film surface and may also
diffuse into and replace PEO within the existing film. In both cases, we can track the quantity of
added or replaced material using the following expression:
Equation C-0-4

Mgpro

2¥=p {fPEo [fdxmsdpﬁo + (1 = f{)Spgo| + (1 — fPEo)SPanA},

where the superscript x denotes either original (H-stack) H or the added surface layer (D-stack) D
and the volume fraction of dPEO within the layer is f*. The subscripts on the polyphenol
stoichiometry term are as in Eqn. C-3, values of M and S are found in Table C-1, and p and fpgo
are the fitted values for the as-deposited film. We impose the equivalence of the molar volume of
dPEO and PEO by scaling the mass density by the ratio of their molecular masses.

The films exposed to dPEO were thus modeled using five layers: 1) dPEO-rich
PEO/polyphenol composite; 2) dPEO-poor PEO/polyphenol composite; 3) BPEI seed layer; 4)
silicon oxide layer; and 5) silicon substrate. The parameters of layers 3-5 were held constant at
the values fitted for the as-deposited film. We were thereby able to fit the JPEO immersed sample
reflectivities using seven adjustable parameters: 1) volume fraction of dPEO in the top layer (D-
stack) £D; 2) volume fraction of ZPEQ in the underlayer (H-stack) f,i'; 3) thickness of dPEO-rich
top layer d°; 4) total film thickness d®%'; 5) surface roughness o°"'f; 6) interfacial width between

D- and H-stacks ¢'P; and 7) silicon substrate SLD X5, The parameters of the five modeled layers
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are written in terms of the fitted parameters. The SLDs are 5; = 2P (Eqn. C-4), %, = S (Eqn.
C-3), Z; = XBPEL ¥, = 3.2 x107% A2 and X5 = 25; the thicknesses d; = dP, d, = d"°%® — dP,

d; =10 A, and d, = d%°%; and 0y, = 0%, 6, = 6P, 03, = 10 A, and 6, = 05 = 5 A.
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P2HAA/PEO as deposited

Table C-2 Model parameters for the (P2ZHMA/PEQO)1s/P2HAA film. The interfacial widths,
o, are given as full-width-at-half-maximum (FWHM), which is 2.35 times larger than the
more commonly used root-mean-squared (RMS).

Parameter Symbol Value
1 p (g cm?) 1.37+£0.06
2 frEo 0.30 = 0.05
3 dwl (A) 1064.9 + 10.5
4 asut (A) 21.8+13.1
5 BPEL (100 A2) 0.84 £ 0.51
6 asiox (A) 23.3+3.9
7 251 (10 A%) 2.07 +0.06

P2HAA/PEO exposed to dPEO for 1 minute

Table C-3 Model parameters for the (P2ZHAA/PEQO)1s/P2HAA film exposed to 0.2 mg/mL
aqueous solution of dPEQO for 1 min. The interfacial widths, o, are given as full-width-at-
half-maximum (FWHM), which is 2.35 times larger than the more commonly used root-
mean-squared (RMS).

Parameter Symbol Value
1 P 0.13 £0.05
2 £ 0.02 +0.03
3 d® (A) 71.6 + 34.1
4 aral (A) 1059.7 +10.0
5 oS (A) 14.7+12.7
6 P (A) 71.6 +128.3
7 251 (10° A?) 2.10 +0.07

105




P2HAA/PEO exposed to dPEO for 2 minutes

Table C-4 Model parameters for the (P2ZHAA/PEQ)15/P2HAA film exposed to 0.2 mg/mL
aqueous solution of d4PEO for 2 min. The interfacial widths, o, are given as full-width-at-
half-maximum (FWHM), which is 2.35 times larger than the more commonly used root-
mean-squared (RMS).

Parameter Symbol Value
1 P 0.15+0.05
2 i 0.01 +0.04
3 dP (A) 84.7+37.2
4 awewl (A) 1064.9 = 10.9
5 asut (A) 15.4+12.1
6 ol (A) 84.7+ 117.5
7 251 (100 A2) 2.10+0.08

P2HAA/PEO exposed to dPEO for 5 minutes

Table C-5 Model parameters for the (P2HAA/PEQ)15/P2HAA film exposed to 0.2 mg/mL
aqueous solution of dPEO for 5 min. The interfacial widths, o, are given as full-width-at-
half-maximum (FWHM), which is 2.35 times larger than the more commonly used root-
mean-squared (RMS).

Parameter Symbol Value
1 P 0.13 +0.05
2 i 0.02 + 0.04
3 dP (A) 66.5 +29.2
4 aewl (A) 1072.6 = 10.7
5 asut (A) 142 +12.6
6 ol (A) 66.5+ 132.5
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7 25110 A2 2.09 £0.07

P2HAA/PEQ exposed to dPEO for 10 minutes

Table C-6 Model parameters for the (P2ZHAA/PEQO)1s/P2HAA film exposed to 0.2 mg/mL
aqueous solution of dPEO for 10 min. The interfacial widths, o, are given as full-width-at-
half-maximum (FWHM), which is 2.35 times larger than the more commonly used root-
mean-squared (RMS).

Parameter Symbol Value
1 P 0.12 +0.05
2 £ 0.01 +0.03
3 d® (A) 62.1+30.2
4 aral (A) 1075.6 £ 9.8
5 oS (A) 15.0+12.6
6 ol (A) 62.1+ 127.0
7 25110 A2 2.07 £0.05
P2HMA/PEQ as deposited

Table C-7 Model parameters for the (P2HMA/PEQO)22/P2HMA film. The interfacial widths,
o, are given as full-width-at-half-maximum (FWHM), which is 2.35 times larger than the
more commonly used root-mean-squared (RMS).

Parameter Symbol Value
1 p (g cm™) 1.36 £0.07
2 fero 0.34 +0.06
3 drl () 1074.5+ 8.5
4 asut (A) 439+ 16.9
5 BPEL (1070 A2) 1.72 £0.61

107



6 dSiox (A) 413+5.5

7 35100 A2 2.05 +0.06

P2HMA/PEO exposed to APEO for 1 minute

Table C-8 Model parameters for the (P2HMA/PEO)22/P2HMA film exposed to 0.2 mg/mL
aqueous solution of dPEQO for 1 min. The interfacial widths, o, are given as full-width-at-
half-maximum (FWHM), which is 2.35 times larger than the more commonly used root-
mean-squared (RMS).

Parameter Symbol Value
1 £ 0.12+0.06
2 £ 0.00 + 0.02
3 d® (A) 84.7 +32.6
4 aral (A) 1082.7 £ 8.0
5 oS (A) 60.9 + 15.4
6 P (A) 69.3 +123.7
7 281 (10° A?) 2.03 +0.07

P2HMA/PEO exposed to dPEO for 2 minutes

Table C-9 Model parameters for the (P2HMA/PEO)22/P2HMA film exposed to 0.2 mg/mL
aqueous solution of dPEQO for 2 min. The interfacial widths, o, are given as full-width-at-
half-maximum (FWHM), which is 2.35 times larger than the more commonly used root-
mean-squared (RMS).

Parameter Symbol Value
1 £ 0.12 + 0.05
2 £ 0.02 +0.02
3 d® (A) 86.6 + 33.1
4 aral (A) 1082.6 + 8.0
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5 oS (A) 55.7+16.7
6 o (A) 254+193.8

7 25110 A?) 2.05+0.07

P2HMA/PEO exposed to dPEO for 5 minutes

Table C-10 Model parameters for the (P2HMA/PEQO)22/P2HMA film exposed to 0.2 mg/mL
aqueous solution of dPEQO for 5 min. The interfacial widths, o, are given as full-width-at-
half-maximum (FWHM), which is 2.35 times larger than the more commonly used root-
mean-squared (RMS).

Parameter Symbol Value
1 P 0.17 +0.06
2 £ 0.01 +0.02
3 d® (A) 81.2+27.2
4 aral (A) 1089.4+7.9
5 oS (A) 61.5+13.9
6 P (A) 79.4£99.5
7 25110 A?) 2.04+0.07

P2HMA/PEO exposed to APEO for 10 minutes

Table C-11 Model parameters for the (P2HMA/PEQO)22/P2HMA film exposed to 0.2 mg/mL
aqueous solution of dPEO for 10 min. The interfacial widths, o, are given as full-width-at-
half-maximum (FWHM), which is 2.35 times larger than the more commonly used root-
mean-squared (RMS).

Parameter Symbol Value
1 P 0.18 +0.06
2 £ 0.00 + 0.02
3 d® (A) 78.9+21.5
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4 aral (A) 1093.0 8.5
5 oS (A) 72.9 + 14.9
6 ol (A) 51.1+95.2
7 281 (10° A?) 2.01+0.07

P3HAA/PEO as deposited

Table C-12 Model parameters for the (P3HAA/PEQO)10/P3HAA film. The interfacial widths,
o, are given as full-width-at-half-maximum (FWHM), which is 2.35 times larger than the
more commonly used root-mean-squared (RMS).

Parameter Symbol Value

1 p (g cm?) 1.27 £0.05
2 foro 0.27 +0.05
3 dwl (A) 1021.4+13.3
4 asut (A) 429+73

5 BPEL (1070 A2) 0.78 £0.57
6 dsiox (A) 9.0+4.1

7 25U (100 A2 2.08 +0.05

P3HAA/PEO exposed to dPEO for 1 minute

Table C-13 Model parameters for the (P3HAA/PEO)10/P3HAA film exposed to 0.2 mg/mL
aqueous solution of dPEQO for 1 min. The interfacial widths, o, are given as full-width-at-
half-maximum (FWHM), which is 2.35 times larger than the more commonly used root-
mean-squared (RMS).

Parameter Symbol Value
1 2 0.10 + 0.04
2 £ 0.03 +0.05
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3 d® (A) 154.4 +112.8
4 aral (A) 1022.2 +17.0
5 oS (A) 269+8.5
6 P (A) 122.8 +220.1
7 IS (10° A2 2.09 + 0.05

P3HAA/PEO exposed to dPEO for 2 minutes

Table C-14 Model parameters for the (P3HAA/PEO)10/P3HAA film exposed to 0.2 mg/mL
aqueous solution of dPEQO for 2 min. The interfacial widths, o, are given as full-width-at-
half-maximum (FWHM), which is 2.35 times larger than the more commonly used root-
mean-squared (RMS).

Parameter Symbol Value

1 £ 0.10 + 0.04
2 £ 0.04 + 0.05
3 d® (A) 161.3 +105.3
4 aral (A) 10133+ 17.6
5 oS (A) 29.0+ 8.8

6 o'l (A) 102.8 +233.6
7 251 (10° A?) 2.09 + 0.05

P3HAA/PEO exposed to dPEO for 5 minutes

Table C-15 Model parameters for the (P3HAA/PEO)10/P3HAA film exposed to 0.2 mg/mL
aqueous solution of dPEQO for 5 min. The interfacial widths, o, are given as full-width-at-
half-maximum (FWHM), which is 2.35 times larger than the more commonly used root-
mean-squared (RMS).

Parameter Symbol Value

1 2 0.07 + 0.04
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2 £ 0.03 +0.05
3 d® (A) 213.0 +245.1
4 aral (A) 1028.2 + 16.7
5 oS (A) 29.5+ 8.3

6 o'’ (A) 213.0 +326.0
7 25110 A?) 2.04 + 0.04

P3HAA/PEO exposed to dPEO for 10 minutes

Table C-16 Model parameters for the (P3HAA/PEO)10/P3HAA film exposed to 0.2 mg/mL
aqueous solution of dPEO for 10 min. The interfacial widths, o, are given as full-width-at-
half-maximum (FWHM), which is 2.35 times larger than the more commonly used root-
mean-squared (RMS).

Parameter Symbol Value

1 2 0.08 + 0.04
2 £ 0.03 +0.05
3 d® (A) 237.5+657.9
4 aral (A) 1028.4 +17.6
5 oS (A) 30.5+ 7.9

6 o'’ (A) 237.5+276.1
7 25110 A?) 2.04 + 0.04

P3HMA/PEO exposed to APEO for 1 minute

Table C-17 Model parameters for the (P3HMA/PEQ)+/P3HMA film exposed to 0.2 mg/mL
aqueous solution of dPEQO for 1 min. The interfacial widths, o, are given as full-width-at-
half-maximum (FWHM), which is 2.35 times larger than the more commonly used root-
mean-squared (RMS).

Parameter Symbol Value
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1 2 0.34 +0.05
2 £ 0.14 + 0.09
3 d® (A) 891.9 +232.6
4 dorl (A) 1122.1 £ 14.2
5 oS (A) 11.6 £9.4
6 o'’ (A) 230.2 +327.2
7 25110 A2 2.06 £0.15

P3HMA/PEOQO exposed to dPEOQO for 2 minutes

Table C-18 Model parameters for the (P3HMA/PEQ)+/P3HMA film exposed to 0.2 mg/mL
aqueous solution of dPEQO for 2 min. The interfacial widths, o, are given as full-width-at-
half-maximum (FWHM), which is 2.35 times larger than the more commonly used root-
mean-squared (RMS).

Parameter Symbol Value
1 2 0.31 +0.04
2 ik 0.13 +0.09
3 d® (A) 930.5+110.9
4 dtorl (A) 1120.2 + 14.6
5 oS (A) 62+11.7
6 o'’ (A) 189.7 + 289.2
7 25110 A2 2.05+0.13

P3HMA/PEOQO exposed to dPEOQO for 5 minutes

Table C-19 Model parameters for the (P3HMA/PEQ)+/P3HMA film exposed to 0.2 mg/mL
aqueous solution of dPEQO for 5 min. The interfacial widths, o, are given as full-width-at-
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half-maximum (FWHM), which is 2.35 times larger than the more commonly used root-

mean-squared (RMS).

Parameter Symbol Value
1 2 0.24 + 0.05
2 ik 0.15+0.07
3 d® (A) 920.7 + 159.1
4 awewl (A) 11332+ 16.2
5 oS (A) 11.8+10.0
6 o'’ (A) 212.5+491.5
7 25110 A?) 2.04 +0.08
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Figure C-2 Time evolution of the lateral dimensions of the indented areas measured at the
depth of 25 nm within the films using in situ AFM for P2HMA/PEO (A), P2ZHAA/PEO (B),
P3HAA/PEO (C), and P3HMA/PEO (D) films during their continuous immersion in water.
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Figure C-3 Time evolution of the lateral dimensions of the indented areas measured at the
depth of 60 nm within the films using in situ AFM for P2HMA/PEO (A), P2ZHAA/PEO (B),
P3HAA/PEO (C), and P3HMA/PEO (D) films during their continuous immersion in water.
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