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ABSTRACT: A redox-responsive polymer-modified indium tin
oxide (ITO) was fabricated via a convenient filter paper-assisted
Cu’-mediated surface-initiated atom transfer radical polymerization
(FP-Cu’-SI-ATRP), enabling the formation of ferrocene-containing
polymer brushes, poly(2-(methacryloyloxy)ethyl ferrocenecarbox-
ylate) (PFcMA), with tunable thickness on ITO. By varying the
monomer concentration, uniform polymer brushes with control-
lable thicknesses ranging from 10 to 122 nm were obtained.
Compared to surface-initiated atom transfer radical polymerization
(SI-ATRP), FP-Cu’-SI-ATRP achieved significantly higher poly-
merization rates, thicker films, and a shorter reaction time (S h vs
20 h), while eliminating the need for subsequent metal catalyst

Filter Paper-Assisted Cu®-SI-ATRP
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removal. Characterization by Fourier Transform Infrared spectroscopy (FTIR), Ultraviolet—visible spectroscopy (UV—vis), atomic
force microscopy (AFM), an ellipsometer, and water contact angle (WCA) measurements confirmed the successful grafting and
systematic changes in PFcMA brush thickness and surface properties. Electrochemical performance, assessed by cyclic voltammetry
(CV), revealed that thinner films exhibited efficient, diffusion-controlled redox behavior, whereas thicker films showed increased
resistive effects. While the modified ITO prepared via SI-ATRP displayed lower redox activity despite having a similar thickness, this
suggests a less favorable polymer brush morphology for charge transport. These findings establish FP-Cu’-SI-ATRP as a promising
approach for constructing redox-active interfaces with tunable electrochemical properties for smart material applications.

KEYWORDS: polymer brushes, ferrocene, redox-responsive polymers, conductive surfaces, polymer immobilization

B INTRODUCTION

Polymer brushes—assemblies of polymer chains tethered by
one end to a substrate—have become a cornerstone in the
design of functional surfaces due to their tunable chemical,
physical, and mechanical properties." Among various substrates,
indium tin oxide (ITO) has attracted considerable interest. ITO
is a prominent transparent conducting oxide (TCO) that
combines high optical transparency in the visible range (>80%)
with low electrical resistivity (~10"* Q-cm), making it
indispensable for applications in modern optoelectronics.””
Composed of a mixture of indium oxide (In,O;) and tin oxide
(Sn0,), ITO exhibits a wide bandgap (3.5—4.3 €V), which
allows for visible light transmission while maintaining good
electrical conductivity. This combination makes ITO a suitable
material for flat panel displays, solar cells, li%ht-emitting diodes
(LEDs), smart windows, and biosensors.*” However, despite
its advantageous properties, the native surface of ITO often
suffers from issues such as poor chemical stability, limited
functionalization capability, variable work function, and poor
compatibility with organic or polymeric materials.”~'* These
drawbacks have stimulated extensive research into surface
modification techniques, including chemical treatments (e.g.,
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acid/base washes),'" physical techniques (e.g, plasma or UV-
ozone treatments),' "> and the deposition of thin organic or
polymeric interlayers,"* ™' aimed at enhancing ITO’s interfacial
compatibility, stability, and functionality in advanced devices.
One particularly promising approach is the modification of
ITO with polymers, which provides a high degree of flexibility in
tuning surface properties such as wettability, surface energy,
electronic alignment, and chemical functionality. Polymers can
be applied via physisorption, covalent bonding through
functional silanes or phosphonic acids,'” or more advanced
“grafting from” techniques"*® such as surface-initiated atom
transfer radical polymerization (SI-ATRP),”'~** living anionic
polymerization techniques,” *" or reversible addition—frag-
mentation chain-transfer (RAFT) polymerization.”” ' Grafting
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polymer brushes onto ITO surfaces provides a powerful
platform for integrating the electrochemical properties of ITO
with the responsive functionalities of polymers. Surface-initiated
polymerization techniques, particularly SI-ATRP, have enabled
precise control over brush architecture, thickness, and
composition. These controlled techniques enable the creation
of stimuli-responsive, biocompatible, and electroactive inter-
faces, leading to the development of materials for various
advanced applications.l’32 For example, hole-transporting
polymer brushes, such as poly(N-vinylcarbazole) (PVK), were
grafted onto ITO electrodes to improve charge transport in
organic electronic devices.”> Polymer brushes incorporating
phenothiazine units were grafted onto ITO via SI-ATRP. These
redox-active brushes exhibited reversible electrochemical
behavior and enhanced nanoscale mechanical stability, indicat-
ing their potential for applications in energy storage and sensing
technologies.”* In addition, conductive polythiophene-based
brushes on ITO substrates can be fabricated using a self-
templating approach. These brushes exhibited high conductivity
after chemical doping, attributed to their ordered structure and
extended conjugation length. Such properties make them
promising candidates for optoelectronic applications where
directional conductivity is essential.*®

Moreover, the integration of redox-active monomers, such as
ferrocene derivatives, into polymer brushes on a substrate
surface has garnered significant interest, leading to systems with
switchable surface properties attributed to their reversible redox
activity (Fe**/Fe®*) when exposed to an external voltage or
redox environment. These brushes can reversibly change their
hydrophilicity, permeability, and molecular binding affinity,
enabling advanced functionalities in controlled drug delivery,
bioelectronic interfaces, smart surfaces, biosensors, and electro-
chemical sensing.**” To date, a variety of ferrocene-containing
polymer brushes have been successfully grafted onto ITO
through SI-ATRP. These include poly(ferrocene ionic liquid),*®
poly(ferrocenyl quaternary ammonium),* polyferrocenylmeth-
yl methacrylate (PEMMA),**~** polyferrocenylbutyl methacry-
late (PBMA),""*® polyferrocenylnonyl methacrylate
(PENMA),*"** and poly(2-(methacryloyloxy)ethyl
ferrocenecarboxylate) (PFcMA).**

More recently, copper’-mediated surface-initiated atom
transfer radical polymerization (Cu’-SI-ATRP) has been
introduced as a variant of the classical ATRP method.”*
Unlike conventional Cu(I)-based ATRP systems, which often
require stringent deoxygenation and relatively high catalyst
loadings, Cu’-SI-ATRP operates efficiently in open-air con-
ditions, at ambient temperature, and with minimal copper
content, thanks to the continuous regeneration of the active
Cu(I) species from the copper metal surface. Its compatibility
with a broad range of monomers, including acrylates,
methacrylates, and acrylamides, enables the synthesis of
functional coatings tailored for specific applications.”” "
These characteristics have made Cu’-SI-ATRP particularly
attractive for surface modifications where environmental control
is challenging, as well as for applications where minimizing
catalyst residue is essential. In surface-initiated polymerization,
Cu’-SI-ATRP has been widely employed to generate polymer
brushes from planar substrates, such as silicon (Si) wafers,”' ¢
glass,”* polymer membranes,”” and hydrogels.”®

To broaden the scope of this polymerization approach, we
suggest exploring Cu’-SI-ATRP on other substrates, including
ITO. In this work, ferrocene-containing polymer brushes
(PFcMA) were grafted from ITO surfaces via Cu’-SI-ATRP to

combine ITO’s electrochemical properties with the redox-
responsive features of the polymer. To our knowledge, this is the
first study to report the grafting of ferrocene-containing polymer
brushes onto ITO using Cu’-SI-ATRP. We evaluated three
different methods—load-, spacer-, and filter paper-based
approaches—to determine the most suitable polymerization
technique for grafting PEcMA brushes onto planar substrates,
using Si wafers as model substrates for direct comparison. Next,
the chosen method, the filter paper-assisted Cu’-SI-ATRP,
which allowed precise control over the PFcMA brush thickness
and provided faster polymerization, producing the thickest
brushes in the same reaction time, was further utilized to modify
ITO surfaces. Since this method allows precise tuning of the
polymer brush thickness, thereby enabling systematic inves-
tigation of thickness-dependent electrochemical properties.
Cyclic voltammetry (CV) was employed to characterize and
compare the redox behavior of ITO modified with PFcMA
brushes of varying thicknesses. For comparison, a PFcMA brush-
modified ITO with a similar thickness was also prepared from
SI-ATRP. The study aims to elucidate how the structural
characteristics of the polymer film, particularly its thickness, and
polymerization methods influence the redox switching perform-
ance and electron transfer kinetics, offering valuable insights for
the design of advanced smart electrochemical interfaces.

B EXPERIMENTAL SECTION

Materials. All chemicals were used as received unless otherwise
stated. 3-Aminopropyl-triethoxysilane (APTES), dimethyl sulfoxide
(DMSO), and tetrahydrofuran (THF) were purchased from Fluka.
Triton X-405 solution, copper(I) chloride (CuCl), N,N,N’,N’,N"-
pentamethyldiethylenetriamine (PMDETA), a-bromoisobutyryl bro-
mide (BIBB), tert-butyl 2-bromoisobutyrate (¢BbiB), tetrabutylammo-
nium hexafluorophosphate ([TBA][PFg]), and triethylamine (TEA)
were purchased from Sigma-Aldrich. Dichloromethane (DCM),
sulfuric acid (H,SO,), and aluminum oxide (AL, O neutral) were
purchased from Fisher Scientific. Methanol (MeOH), ethanol (EtOH),
acetonitrile (ACN), and hydrogen peroxide (H,0,, 33 wt %) were
purchased from VWR Chemicals. Anisole was purchased from Carl
Roth. DCM and anisole were dried over 3 A molecular sieve before use.
For the SI-ATRP, CuCl was washed five times with glacial acetic acid
and ethanol. PMDETA, anisole, and tBbiB were degassed and stored in
a glovebox. The copper complexes and tBbiB solution were freshly
prepared in anisole and treated in the glovebox. 2-(Methacryloyloxy)-
ethyl ferrocenecarboxylate monomer (FcMA) was synthesized as
reported elsewhere.** Si wafers (single-side polished, (100), N-type,
diameter = 125 mm, thickness: 590—660 ym) were purchased from
Siltron. ITO glass substrates with a sheet resistance of 14—16 Q-cm™
were purchased from Ossilla, UK.

Substrate Cleaning. For Si wafers, the substrates, consisting of two
pieces measuring 1 X 1 cm” and one piece measuring 1 X 2 cm?, were
first sonicated in ethanol and Milli-Q water (ultrapure water, 18.2 MQ-
cm at 25 °C) for S min each. They were then treated with Piranha
solution (H,S0,:H,0, = 3:1) (Warning: Piranha solution is highly
corrosive and should be prepared and used with extreme caution. Never store
the solution.) at 150 °C for 30 min and extensively washed with Milli-Q
water and EtOH before being dried under a stream of nitrogen (N,).
The obtained substrates were further cleaned by exposure to oxygen
plasma (Diener Electronic, Femto SLS) for 3 min to remove any
organic substances from the surface.

For ITO, the substrates, consisting of two pieces measuring 0.75 X 1
cm’, one piece measuring 1.5 X 2 cm?, and one piece measuring 2.5 X
2.5 cm?® were initially cleaned through sonication in successive
solutions of Triton X-405 in water, Milli-Q water, and EtOH for 15
min each, followed by drying under N, stream. The substrates were
then treated with oxygen plasma (Diener Electronic, Femto SLS) for 15
min to eliminate any remaining organic contaminants.
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Figure 1. Schematic illustration of a) APTES deposition followed by ATRP initiator functionalization on substrate surface, b) PEcMA polymer brush
fabrication via SI-ATRP, and ¢) PFcMA polymer brush fabrication via Cu’-SI-ATRP; top: experimental setup for three different approaches, bottom:
the reaction of filter paper method as representative (load and spacer method follow an identical mechanism and are therefore not shown).

Deposition of APTES on the Substrate Surface. The plasma-
treated substrates were then subjected to the APTES deposition step.
The aqueous deposition method® was used in this study (Figure 1a).
Briefly, the APTES stock solution composed of 50% MeOH, 47.5%
APTES, and 2.5% Milli-Q water was prepared and kept at 4 °C for at
least 1 h before use. The stock solution was then diluted 1:500 in
MeOH. Subsequently, the plasma-treated substrates were immersed in
the diluted stock solution (15 mL for Si wafers and 30 mL for ITO) at
room temperature for 30 min, and then rinsed with MeOH, dried under
a flow of N, and heated in the oven at 110 °C for 30 min.

Preparation of ATRP Initiator Grafted on Substrate Surface.
The APTES-functionalized substrates (SW-A/ITO-A, Figure 1a) were
carefully placed into a flame-dried Schlenk tube, which was then
backfilled with argon (Ar). In a separate dried round-bottom flask, a
mixture of BIBB (4 mmol) and TEA (4 mmol) in 20 mL of dry DCM
was prepared and cooled to 0 °C using an ice bath. Next, the solution
was degassed by sparging N, for 30 min, after which it was transferred to
the Schlenk flask containing the APTES-treated substrates using a
syringe. The reaction was maintained at room temperature for 24 h

12833

within an inert atmosphere. Finally, the substrates were removed from
the reaction flask, thoroughly washed with DCM and EtOH, and dried
under a N, stream.

PFcMA Grafting from the Substrates Via SI-ATRP. SI-ATRP
was carried out following the o})reviously described method, with some
modifications (Figure 1b).°”°! The initiator-functionalized substrates
(SW-I1/ITO-I) were placed in a Schlenk tube and dried under vacuum,
and the flask was then refilled with Ar. In a separate Schlenk flask,
anisole (10.98 mL), FcMA (2.4 g, 7 mmol), and tBbiB (54 mM, 0.43
mL, 0.023 mmol) were added. The mixture was then degassed by three
freeze—pump—thaw cycles. Subsequently, the mixture was transferred
to the argon-purged Schlenk tube containing the initiator-function-
alized substrates using a syringe. The solution was heated to 90 °C for
10 min. Then, the polymerization was initiated by adding a solution of
[Cu'(PMDETA)CI] (0.2 M, 0.58 mL, 0.117 mmol in anisole). The
polymerization reaction proceeded at 90 °C for 20 h. After that, the
PFcMA-functionalized substrates were removed and washed exten-
sively by sonication in THF and ethanol for S min each, and then dried
under a nitrogen flow. The reaction solution was passed through the

https://doi.org/10.1021/acsapm.5c02861
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Al,O; column to remove the remaining copper catalyst, and the free
polymer (PFcMA) was collected by precipitation with hexane and
characterized by using size exclusion chromatography (SEC).

Poly(2-(methacryloyloxy)ethyl ferrocenecarboxylate)
(PFcMA) Grafting from the Substrates Via Cu®-SI-ATRP. The
Cu’-SI-ATRP (Figure 1c) was performed using three different
approaches: load-, spacer-, and filter paper-based method.’” The
experimental setup of these methods were modified for the FcMA
monomer, as it tends to recrystallize easily when the solvent evaporates
slowly during the reaction. The setup for each method was illustrated in
Figure 1c. Briefly, the initiator-functionalized substrates (SW-1/ITO-I)
were positioned in a Petri dish with the initiator-modified side facing
upward. A copper plate (99.9%, 0.3 mm thick, SOFIALXC) was first
rinsed in acetic acid and subsequently washed with Milli-Q_ water,
EtOH, and acetone, before being dried under a N, stream. The reaction
solutions containing FcMA monomer (0.6 M or desired concentration)
and PMDETA as a ligand (0.012 M) in DMSO were prepared. In the
load method, the reaction solution was gradually added to the Petri dish
containing the substrates until it fully covered the substrate surface.
Subsequently, a copper plate was positioned on top. For the spacer
method, small pieces of glass slides served as spacers, with the substrates
placed between them. The reaction solution was then carefully added to
the Petri dish, covering the spacers, followed by the placement of the
copper plate on top. The separation distance (d) between the substrates
and the copper plate was 0.4 mm. In the filter paper method, filter paper
(Fisherbrand grade 601, cellulose, 0.16 mm thick with a pore size of S to
13 ym) with a thickness of 0.16 mm was utilized. This filter paper was
set on top of the substrates, and the reaction solution was gradually
added to the Petri dish until it covered the filter paper. The copper plate
was then placed over it, with the distance between the substrate surface
and the copper plate equal to the thickness of the filter paper. In all these
cases, a silicon ring was laid on top of the copper plate. The Petri dish
was covered with a Petri dish cover, and another Petri dish filled with
water was placed on top to minimize solvent evaporation during
polymerization. The substrates were allowed to sit for S h under
ambient conditions. Afterward, they were removed and cleansed via
sonication in THF and ethanol for S min each, followed by drying under
a nitrogen flow.

Material Characterization. Fourier transformed infrared (FTIR)
spectra were recorded on an attenuated total reflection Fourier
transform infrared (ATR-FTIR, diamond ATR) instrument (Bruker
Alpha II) in the 400—4000 cm ™" range with a resolution of 4 cm™".

Static WCA measurements utilized 10 yL deionized water droplets,
dispensed via a 100 yL Hamilton syringe on a KD Scientific syringe
pump, with the aid of a custom-made xyz positioning table.
Photographs were taken using a Nikon D5400 and digiCamControl
2.1.2.0, and the evaluation was performed using OpenDrop 3.3.1.°> The
WCA was measured from five different spots on the sample. Data are
presented as mean =+ standard deviation (SD).

SEC was performed by utilizing a 1260 Infinity II (Agilent
Technologies) and two eluents. THF was used as the mobile phase
(flow rate 1 mL min~"'), and a PSS SECurity?> RI/UV detector on an
SDV column from polymer standard service (PSS) (SDV 10° A, SDV
10° A, SDV 10° A, 5 um) was used. Polystyrene (PS) standards were
used for calibration, and PSS WinGPC UniChrom V 8.31 was used for
evaluation.

CV was performed using a BioLogic SP-150 potentiostat in a
custom-built electrochemical cell. This cell was equipped with an Ag/
Ag" reference electrode, a Pt-wire counter electrode, and a modified
ITO substrate as the working electrode. The measurements were
conducted in a 0.1 M solution of tetrabutylammonium hexafluor-
ophosphate ([TBA][PFq]) in acetonitrile, with a scan rate of 100 mV-
s~ over arange of —0.3 to 1.2 V. The evaluation was carried out using
EC-Lab V11.46.

The Thermo Scientific Evolution 220 spectrometer was used to
perform UV—vis spectroscopy of PECMA polymer brushes on an ITO
substrate. An unmodified ITO substrate served as the background.
Scanning was performed over the wavelength range of 800 to 250 nm,
with a data interval of 1.00, a scan speed of 266.75 nm min~’, and a cycle
number of 1.

The dry thickness of the PFcMA polymer brushes on Si wafers was
measured using a SE400adv ellipsometer (Sentech Instruments)
equipped with HeNe laser light source. Data were acquired in reflection
mode at angles of incidence of 70° at a fixed wavelength of 632.8 nm. All
measurements were conducted at room temperature in ambient air.
The thickness average was calculated from five different measurement
spots on the sample.

AFM measurements were performed using a Cypher ES system
(Asylum Research, an Oxford Instruments Company) in intermittent-
contact mode (AC mode) with photothermal excitation at 25 °C in air.
SCOUT 70 RAu cantilevers (NuNano; ~2N/m spring constant,
~70 kHz resonance frequency, ~S nm tip radius) were used. Images
(512 % 512 pixels) were acquired at a scan rate of 1.95 Hz and 0° scan
angle (i.e., fast scan axis was along the cantilever axis). Samples were
glued on mounting pucks using 101RF replicating compound
(Microset Products). For image analysis, data (z-sensor retrace) were
processed in Gwyddion Free SPM analysis software version 2.60,%
including plane leveling, scar removal, row alignment (median of
differences or polynomial) and zero adjustment. Root Mean Square
(RMS) roughness values were extracted to characterize the topography
of the respective regions. Thicknesses of scratched areas were obtained
from 20-pixel-wide averaged line profiles. The 20-pixel-wide averaged
line profiles were taken to determine the mean and standard deviation
values for scratched and intact portions, respectively, and then their
difference was determined.

B RESULTS AND DISCUSSION

Grafting PFCMA Brushes Via SI-ATRP. In this study,
PFcMA polymer brushes were first grafted onto planar
substrates using SI-ATRP, following the previously described
method.®”®" However, the maximum thickness of the PEcMA
brush reported from this method was only 46.3 + 0.3 A (4.6
nm).*" The initial goal of our research was to investigate whether
the SI-ATRP conditions could produce thicker PEcMA brushes
on the Si wafer substrate, as our final goal is to modify the ITO
surface for future applications. A thicker PFcMA brush layer
could enhance the electrochemical signal and enable broader
applications by increasing the amount of ferrocene in the
polymer chain. To achieve this, Si wafer substrates were treated
with varying FcMA concentrations while maintaining a
consistent ratio of scarified initiator, monomer, catalyst, and
ligand (#-BbiB:FcMA:CuCl:PMDETA = 1:300:5:5) as de-
scribed in the experimental section and Figure 1b. The results
presented in Table 1 indicate that the molar mass M, of the
PFcMA free polymer increased with the FcMA concentration
used in the reaction. The dispersity values (D) for all obtained
free polymers were approximately 1.3, typical for a reversible
deactivation radical polymerization technique like ATRP. The
PFcMALI sample synthesized from the lowest FcMA concen-

Table 1. Summarized Molar Masses (M,,) and Dispersity
Values (D) of the Free Polymer (PFcMA) from SI-ATRP, and
Polymer Brush Thickness on the Modified Si Wafer from
Each Condition

FcMA conc. M, Thickness
Sample (M) (g mol™)” ol (nm)“
PFcMAL1 0.3 14,200 1.28 43 +£0.6
PFcMA2 0.6 19,000 1.32 8.7+ 0.5
PFcMA3 0.9 22,000 1.27 89+ 0.2
ITO-ATRP 0.6 26,600 1.30

“Concentration of FcMA used in the SLATRP. ®Molar masses of free
polymer (PFcMA) determined by SEC (PS standards, THF). “D
values determined by SEC in THF. “Brush thickness measured by an
ellipsometer.
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Figure 2. Brush thickness of PFcMA brush on the modified Si wafer surface, produced by Cu’-SI-ATRP through various methods: load, spacer, and
filter paper methods. The brush thickness was measured by an ellipsometer, and the error bars represent SD. Insets illustrate optical images of the

PFcMA-modified substrate obtained from each method.

tration reaction, under conditions similar to previous
reports,””®" yielded the thinnest brush thickness of 4.3 + 0.6
nm, aligning with earlier studies.’’ The polymer brush thickness
rises significantly with higher monomer concentrations: 8.7 +
0.5 nm (PFcMA2) and 8.9 #+ 0.2 nm (PFcMA3) respectively.
This trend can be attributed to an increased monomer
concentration, resulting in longer polymer chains. When these
longer polymer chains were grown from a surface (as in polymer
brushes), they extended further from the surface, resulting in a
thicker brush layer. Although M, continued to increase from
PFcMA2 to PFcMA3, the brush thickness showed no significant
difference compared to the significant jump from PFcMAI to
PFcMA2. This observation suggests that at higher monomer
concentrations, additional factors (such as grafting density,
crowding effects or limitations of the surface-initiated reaction)
might start to play a more significant role, potentially leading to a
slight plateau or reduced efficiency in further increasing brush
thickness, even though the individual polymer chains in solution
continued to grow longer. Consequently, the condition with 0.6
M FcMA was selected to modify the ITO surface, achieving a
PFcMA brush thickness of approximately 8.7 + 0.5 nm
(assuming the thickness remains consistent with that of a Si
wafer substrate). The PFcMA brush-modified ITO, derived
from this SI-ATRP method, is referred to as ITO-ATRP. This
sample was used for further studies to compare its surface and
electrochemical properties with the PFcMA brush-modified
ITO obtained via Cu’-SI-ATRP.

Model Study of Grafting PFCMA Brushes Via Cu-SI-
ATRP. In this study, polymer brushes (PFcMA) were first
grafted onto Si wafer as model substrates using Cu’-SI-ATRP
through three methods: the load method, the spacer method,
and the filter paper method. The aim was to determine the most
effective technique for polymerizing the FcMA monomer on a
planar substrate before we turn our investigations to the
conductive ITO substrates. Initially, the polymerization
reactions were conducted as described by McGaughey et al,>’
involving the application of a reaction solution onto a copper
plate, followed by placing the substrates between the spacer and
the copper plate. However, this reaction setup provided an
uneven surface on the PFEcMA brush-modified substrates. The
slow evaporation of the DMSO solvent caused FcMA to
recrystallize during the reaction. Although DMSO has a very
high boiling point (189 °C), the monomer concentration used
in this study was high (close to its saturation point), and the
reaction setup was not perfectly sealed. This resulted in the slow
evaporation of DMSO over the S h reaction period from the
small, exposed surface area at the edge of the substrate. This
small loss of DMSO was enough to locally raise the monomer
concentration to a supersaturated level and trigger the
nucleation of crystals from this area. Areas with the remaining
reaction solution exhibited faster polymerization and a thicker
polymer brush layer, whereas the recrystallized regions showed
little to no reaction, as illustrated in Figure S1. Therefore, the
improved experimental setups have been created for the FEMA
monomer to minimize solvent evaporation and prevent FcMA
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Figure 3. ATR-FTIR spectra (a) and WCA (b) for the Si wafer, the ATRP initiator grafted Si wafer (SW-I), and PEcMA brush-modified Si wafers by
Cu’-SI-ATRP across various methods: load, spacer, and filter paper (5 h reaction time), along with PFcMA brush-modified Si wafers using the filter

paper method with 1 and 3 h reaction times.

recrystallization. The configurations of the three methods are
illustrated in Figure lc. For these experimental setups, a S h
reaction time was investigated. No recrystallization of FcMA
occurred, and the polymer brush layer covered the entire surface
of the modified substrate. Ellipsometry was used to measure the
thickness of the polymer brush, revealing that the filter paper
method resulted in the thickest polymer layer, followed by the
spacer and load methods, respectively (Figure 2). The spacer
method yields thicker brush thickness compared to the load-
based method, consistent with previous studies involving other
monomers, which indicated that brush thickness increases with
distance d (d < 0.5 mm) when the reaction occurs in a
“sandwich-like” sealed setup, with a copper plate facing the
initiator-functionalized substrate.***”°* This trend is due to the
interplay of diffusion-controlled catalyst transport and reduced
termination kinetics. In a confined reaction setup (d < 0.5 mm),
the diffusion of Cu(I) activators from the copper plate to the
substrate slows down as d increases. This results in lower local
radical concentrations at larger distances, which in turn reduces
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the likelihood of termination reactions. Consequently, a more
controlled and sustained polymerization process is facilitated,
prolonging the lifespan of growing chains and leading to the
formation of thicker brushes.”** However, with the filter paper-
based method, although d was smaller than that in the case of the
spacer method, the brush thickness achieved after the reaction
was significantly larger than that obtained from the spacer
method. These results align with previous studies that have
shown filter paper accelerates brush growth by creating a
confined reaction environment.”* It serves as both a reservoir for
the monomer solution and a spacer, maintaining close proximity
between the copper source and the substrate. This setup
promotes controlled diffusion of Cu(I) activators, limits oxygen
interference, and reduces termination reactions, all of which
support sustained radical polymerization. Consequently, this
method yields much thicker polymer brushes in a shorter time
frame.”*>’

In this study, we selected the filter paper method for further
exploration because it produced the thickest polymer brush layer
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photographs of the PEcMA-modified Si wafers obtained via FP-Cu’-SI-ATRP with varying FcMA monomer concentrations.

within the same reaction time. Therefore, the grafting of PFcMA
polymer brushes using the filter paper method with varying
reaction times of 1, 3, and 5 h was investigated. The findings
indicate that a polymer brush thickness of 101 + 6 nm can be
achieved within 1 h, remaining consistent at this thickness for 3h
(99 + 9 nm), and then slightly increasing to 122 + 7 nm at 5 h.
However, the inconsistent blue color tone and small, colorless
spots on the surfaces of the modified substrates observed after 1
and 3 h suggest the inhomogeneity of the polymer brush layer
(see Figure 2). Consequently, the S h reaction time was selected
to ensure a uniform polymer brush layer for subsequent studies.

Figure 3a illustrates the ATR-FTIR spectra confirming the
successful grafting of PFCMA onto Si wafer substrates through
Cu’-SI-ATRP. The FTIR spectrum of the Si wafer reveals
characteristic peaks associated with the thin SiO, layers,
including a peak at 610 cm™" indicating deformations in the
Si—O—Si network, a pronounced asymmetric Si—O—Si stretch
at 1107 cm ™', and a symmetric Si—O—Si stretch near 893 cm ™.
The FTIR spectra of both the Si wafer and SW-I displayed no
significant differences. This similarity may be due to the subtle
characteristic peaks of the amide group from the initiator being
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concealed by the Si wafer IR peaks in ATR mode, which is
attributable to the very thin initiator layer of about 3 nm, as
measured by an ellipsometer. All PFcMA-modified substrates
derived from Cu’-SI-ATRP through various methods exhibited
strong FTIR characteristic peaks of PEcMA (Figure S2). This
includes the ester C=0O stretch at 1718 ¢cm™ and C—O
stretches at 1277 cm™’, indicative of methacrylate ester
functionality, along with CH, scissoring or C=C deformation
at 1458 cm™' associated with polymer backbone or Cp ring
deformation. These observations confirmed the successful
grafting of PFcMA brushes onto the Si wafer. The peak
intensities were highest for the modified substrate obtained via
the filter paper method, followed by those from the spacer and
load methods, respectively. Additionally, PFcMA-modified
substrates produced using the filter paper method at varying
reaction times also displayed these characteristic peaks, with no
significant differences in intensity. Thus, this aligns with the
brush thickness results: the greater the thickness of the PFcMA
brushes, the higher the intensity of the FTIR peaks linked to
PFcMA functionality.
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THE.

WCA of the cleaned Si wafer, SW-I, and the PFcMA brush-
modified Si wafer by Cu’-SI-ATRP were also investigated
(Figure 3b). The cleaned Si wafer exhibited a very low WCA
(0—10°) due to its highly hydrophilic surface characterized by a
native oxide layer and numerous surface hydroxyl groups
(—OH).”® Following the ATRP initiator grafting steps, the
resulting SW-I displayed increased hydrophobicity, as evidenced
by a higher WCA (78° + 2°) compared to that of the cleaned Si
wafer, attributable to the silanized surface featuring the
hydrophobic group of the initiator molecule. The subsequent
grafting of the PFcMA brushes onto SW-I via Cu’-SI-ATRP
resulted in a decrease in WCA, making the surface less
hydrophobic than SW-I, regardless of the method employed
(load, spacer, or filter paper). Although ferrocene itself is
nonpolar,”® the overall polymer structure and its grafting
behavior on the surface will determine the surface’s wettability.
The observed reduction in WCA after grafting could be due to
the presence of ester groups within the polymer side chains of
PFcMA. When the polymer with hydrophilic ester groups was
grafted onto SW-], it effectively increased the surface polarity,
thereby enhancing its wettability by water. The load method
yielded the lowest contact angle and was the most hydrophilic
among the grafted samples compared to the other methods.
Other modified samples obtained through spacer and filter
paper methods exhibited no significant difference in contact
angles (~73—75°) but demonstrated lower hydrophilicity than
the sample obtained via the load method. The differences in
WCA reflect variations in grafting efficiency, polymer density,
and/or polymer conformation achieved by each method, leading
to different degrees of exposed ester groups and consequently
varying levels of hydrophilicity.

Grafting PFcMA Brushes Via Filter Paper-Assisted Cu’-
SI-ATRP. In the next step and for further improvement of the
PFcMA-immobilization strategy, polymer brushes (PFcMA)
were grafted onto silica wafer substrates using the Cu’-SI-ATRP
with filter paper-based method (FP-Cu’-SI-ATRP). The effect
of monomer concentration on the properties of PFcMA brush-
modified Si wafers was investigated. Therefore, the reactions
were employed using different FEMA concentrations of 0.07 M,
0.15M, 0.3 M, and 0.6 M, with 0.0012 M PMDETA in DMSO
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for S h. In these reactions, cellulose filter paper with a thickness
0f 0.16 mm was used as a spacer between the Cu plate and SW-],
as described in the experimental section. The resulting PEcMA-
modified Si wafers were labeled as FP_0.07M, FP_0.15M,
FP_0.3M, and FP_0.6M, respectively. As shown in Figure 4a,
the thickness of the PFcMA brush increased linearly with an
increase of the FcMA concentration. This can be attributed to
the elevated monomer concentration, which accelerates the
propagation step, facilitating faster chain growth and resulting in
thicker brushes.”” In grafting from polymerization, the initiator
grafting density determines the number of available sites for
chain growth. Therefore, polymer grafting density is directly
proportional to initiator grafting density. The Cu’-SI-ATRP
method is known for its ability to maintain a high concentration
of active polymer chain ends. As a result, chain termination is
minimized, leading to nearly every surface-bound initiator
growing a polymer chain. This results in a polymer grafting
density that is almost equal to the initiator grafting density. In
this work, we assumed that all prepared initiator-functionalized
substrates had the same amount of initiator grafting density
because they were prepared using the same method and
conditions. Consequently, the observed linear increase in brush
thickness was a direct result of the higher monomer
concentration, which allowed the growth of longer polymer
chains with higher molecular weight (M,,). These longer chains
required a more extended conformation to accommodate their
larger size at a constant grafting density, resulting in a thicker
brush. Thus, under this polymerization method and the
corresponding reaction conditions, the thickness of the desired
PFcMA brush can be regulated by adjusting the concentration of
the FcMA monomer. The polymer brush layer on the surface
displayed different colors due to variations in brush thickness, as
shown in Figure 4d. All modified samples exhibited a uniform
surface color, indicating good coverage of the PFEcMA brush
layer on the substrate surface. The WCA (Figure 4b) showed no
significant difference. The ATR-FTIR spectra (Figure 4c) of the
four modified substrates displayed characteristic peaks asso-
ciated with PFcMA. As expected, the peak intensity increased
with the FEMA concentration in the polymerization reaction,
due to the increase in brush thickness.
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The findings indicate that the PFcMA brush, grafted from a
flat substrate, can be synthesized through FP-Cu’-SI-ATRP.
This process achieves brush thicknesses, measured by
ellipsometer, ranging from 10 to 122 nm by adjusting the
concentration of the FcMA monomer in the reaction. For
further investigation, this technique was employed to modify
ITO-coated glass substrates, resulting in PFcMA brush-modified
ITO with varying brush thicknesses, whose electrochemical
properties were analyzed. Additionally, PEcMA brush-modified
ITO obtained via the conventional SI-ATRP method (ITO-
ATRP) was used for comparison purposes.

PFcMA Brush-Modified ITO Substrates. Herein, the
PFcMA brush-modified ITO samples were produced by the FP-
Cu’-SI-ATRP using different FcMA concentrations as described
previously, resulting in four modified ITO samples with different
brush thicknesses: 10.1 + 1.7 nm (ITO-FP_0.07M), 21.1 + 0.9
nm (ITO-FP_0.15M), 56.4 + 3.1 nm (ITO-FP_0.3M), and
122.6 + 7.1 nm (ITO-FP_0.6M). Moreover, one modified ITO
sample, prepared using SI-ATRP (ITO-ATRP, with a brush
thickness of 8.7 + 0.5 nm), was also investigated for comparison
purposes. The brush thickness for all these PFEcMA-modified
ITO samples was assumed to be the same as that of the PFEcMA-
modified Si wafers obtained from the same polymerization
method.

The UV—vis data shown in Figure 5 reveal that the thickest
PFcMA brush-modified ITO (ITO-FP_0.6M) exhibits a
prominent absorption peak for ferrocene units at 455 nm.
This observation aligns with the reference UV—vis spectrum for
FcMA and PFcMA (Figure Sb), which represents the reduced
form of ferrocene.”” Additionally, a shift in the ferrocene
absorption peak to a shorter wavelength (a blue shift) was
observed when the PEcMA brush thickness on ITO substrates
decreased. This phenomenon can be attributed to the increased
packing density of the ferrocene units (as the brush thickness
decreases, the ferrocene units on the polymer side chains are
likely forced into closer physical proximity), which enhances
interferrocene electronic interactions. Such interactions often
foster the development of H-aggregates, which occur when
chromophores, such as ferrocene units, are arranged in a face-to-
face manner, thereby facilitating strong excitonic coupling.
Within H-aggregates, the transition dipole moments of
neighboring chromophores align in a way that increases the
energy of the excited state, leading to absorption at higher
energies (shorter wavelengths) compared to isolated ferrocene
units.”**” Additionally, the rigid and confined environment of
the thinner polymer layer (in the solid state) intensifies these
close-range interactions, making them the key factor driving the
observed spectral shift.

Based on the ATR-FTIR results (Figure 6a), the ITO-coated
glass substrate displayed peaks characteristic of a standard ITO
film, including a broad, strong peak of In—O and Sn—O
stretching around S00—700 cm ™" and a broad peak around 1680
cm™' of H-O—H bending due to ambient water. Following
initiator grafting, the ITO-I still largely resembled pure ITO,
with no significant changes noted, likely due to the very thin
initiator layer, which was approximately 3 nm thick. The PFEcMA
brush-modified ITO samples obtained through FP-Cu’-SI-
ATRP exhibited the characteristic IR peaks of PECMA, including
aliphatic C—H stretching at 2924 cm™, the ester C=0 stretch
at 1724 cm™!, C—O stretch at 1280 cm™}, and C—O—C stretch
at 1142 cm™’, indicating methacrylate ester functionality; CH,
scissoring or C=C deformation at 1463 cm™" associated with
the polymer backbone or Cp ring deformation; and out-of-plane
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Figure 6. a) ATR-FTIR spectra of ITO, ITO-I, and PFcMA brush-
modified ITO samples, b) WCAs of the modified ITO prepared from
FP-Cu’-SI-ATRP (ITO-FP_0.07M) and from SI-ATRP (ITO-ATRP)
with comparable thickness.

Cp ring deformation at 774 cm™'. These observations confirm
the successful polymerization of PFcMA brushes onto the ITO
substrate via FP-Cu’-SI-ATRP. It is clearly seen that the
intensity of the v(C=0) peak of PFcMA at 1724 cm™
gradually increased compared to the intensity of the ITO peak
at 653 cm™ as the FcMA concentration increased (from ITO-
FP_0.07 M to ITO-FP_0.6M), which suggests a relatively
higher amount of PFcMA on the surface, as expected with
increasing polymer brush thickness.

The WCA of the modified ITO samples, obtained via the filter
paper method, was examined. The results indicate no significant
difference between grafting from Si wafer and ITO substrates
under identical conditions (Figure S3). When comparing ITO
produced using two different methods, FP-Cu’-SI-ATRP (ITO-
FP_0.07M) and SI-ATRP (ITO-ATRP), the ATR-FTIR
spectrum of ITO-ATRP exhibited the same characteristic
peaks of PFcMA as ITO-FP_0.07M, albeit with lower peak
intensities (Figure 6a). This reduction may be attributed to the
slightly thinner brush thickness of ITO-ATRP (8.7 + 0.5 nm)
compared to ITO-FP_0.07 M (10.1 + 1.7 nm). Additionally,
there were no significant difference in WCA between these two
samples (Figure 6b).

The atomic force microscopy (AFM) images (Figure 7)
reveal significant differences in surface morphology and
roughness across the various ITO substrates. The pristine ITO
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Figure 7. AFM images and corresponding root-mean-square (RMS) roughness values of pristine ITO, ITO with initiator (ITO-I), and PFcMA brush-
modified ITO samples. All images have a scale bar of 400 nm. The RMS roughness and brush thickness (obtained from the AFM topography images of

scratched samples, as given in Figure S4) are indicated for each substrate.

substrate exhibited a root-mean-square (RMS) roughness of 2.9
nm, and after introducing an initiator layer (ITO-I), the RMS
roughness remained the same (3.0 nm). Subsequent SI-ATRP
polymerization (ITO-ATRP) further decreased RMS roughness
to 2.6 nm, indicating a relatively smooth polymer brush
formation with a thickness of 6.2 + 1.7 nm, measured by
AFM (Figure S4). The polymerization using the FP-Cu’-SI-
ATRP at increasing concentrations of FcMA (ITO-FP_0.07M,
ITO-FP_0.15M, ITO-FP_0.3M, ITO-FP_0.6M) generally led
to a reduction in RMS roughness compared to pristine ITO,
reaching a minimum of 1.8 nm for ITO-FP_0.15M.
Furthermore, the characteristic grain structure of the ITO
substrate is increasingly covered by the PFcMA brushes as the
concentration of FcMA increases. Concurrently, the brush
thickness systematically increases with higher FcMA concen-
trations (Figures 7 and S4), ranging from 4.2 # 2.9 nm for ITO-
FP_0.07 M to 81.0 #+ 7.9 nm for ITO-FP_0.6M, suggesting the
successful and tunable grafting of PFcMA brushes onto the ITO
surface. The thickness values obtained from AFM measure-
ments correlate well with those obtained from ellipsometry on
PFcMA-modified Si wafers prepared using the same polymer-
ization method and conditions.

The electrochemical properties of all PEcMA brush-modified
ITO samples were examined, including those prepared through
FP-Cu’-SI-ATRP: ITO-FP_0.07M, ITO-FP_0.15M, ITO-
FP_0.3M, and ITO-FP_0.6M, as well as samples made via the
SI-ATRP method: ITO-ATRP. Electrochemical switching is
expected to change the polymer conformation. However, this
effect is strongly correlated with the solvent and the counterion
type. Acetonitrile, a standard solvent for measuring ferrocene in
electrochemistry, was used for CV measurements. In this
solvent, the polymer brush is expected to exhibit only minor
conformational changes upon oxidation, allowing us to focus on
the electrochemical property study of the PFcMA brushes.
Although osmotic pressure changes are expected upon charging,
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we observed no loss of polymer chains from the substrates.
Cyclic voltammograms (Figure 8a) and Randles-Sevcik plots
(Figure 8b) illustrate the electrochemical characteristics of all
five ITO-modified samples. Figure 8a shows that the peak
current magnitudes for the ITO-FP series (0.07 M to 0.60 M)
directly correlate with increasing monomer concentration and
polymer brush thickness. The peak currents reached approx-
imately 1.5 mA (anodic) and —1.5 mA (cathodic) for the sample
with the thickest PFcMA layer (ITO-FP_0.6M, 122.6 + 7.1
nm). In contrast, the sample with the thinnest PFcMA layer
(ITO-FP_0.07M, 10.1 + 1.7 nm) had significantly lower peak
currents, around 0.3 mA (anodic) and —0.3 mA (cathodic).
Thus, ITO-FP_0.6M exhibited the highest electrochemical
activity, producing the largest currents, consistent with expect-
ations for thicker layers of electroactive material. However, the
relationship between peak current (i,) and brush thickness
(Figure SS) demonstrated a nonlinear increase in peak current
with increasing brush thickness. For both oxidation and
reduction, the current initially rose relatively steeply as thickness
increased from approximately 10 to 60 nm. However, as the
thickness continued to increase beyond 60 nm, the rate of
current increase significantly diminished, suggesting a saturation
or leveling-oft effect at higher film thicknesses. This behavior is
characteristic of systems where charge transport within the film
becomes the rate-limiting step. While a thicker film contains
more electroactive material, the ability of charge (electrons and/
or counterions) to move efficiently through the entire thickness
to participate in the redox reaction becomes progressively
hindered. This often indicates a transition from a regime where
all sites are easily accessible to one where diffusion or migration
within the bulk of the film restricts the overall current, rather
than a direct proportionality that would be observed in purely
surface-confined or very thin films.

In examining peak potential separation (AE,) and shape,
ITO-FP_0.07 M displayed relatively sharp peaks with minimal
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Figure 8. a) Cyclic voltammograms of PEcMA brush-modified ITO
samples in acetonitrile with a [TBA][PF,] electrolyte, with Ag/Ag*
reference and Pt counter electrodes, at a scan rate of 100 mV-s™. b)
Randles—Sevcik plot of PEcMA brush-modified ITO samples.

separation, suggesting a more electrochemically reversible or
quasi-reversible process. As the thickness of the brush increased,
the peaks became broader and more asymmetric, with a
noticeable rise in peak separation, especially in ITO-FP_0.6M,
which exhibited the largest AE, (~0.87 V). This suggests that
while increased material loading boosts current, it also brings
substantial challenges from ohmic resistance (iR drop) and/or
slower charge transport kinetics in thicker films. Notably, despite
the peak broadening and increased separation observed in the
thicker PEcMA brush layer ITO-FP samples, the linear nature of
all Randles—Sevcik plots in Figure 8b is a crucial finding. This
linearity indicates that the electrochemical processes for all five
PFcMA-modified ITO are mainly diffusion-controlled within
the examined scan rate range.”” Consequently, the rate-limiting
step remains the transport of charge through the polymer film
via electron hopping and ion migration, even as kinetic or
resistive effects become more pronounced. The slopes of the
linear fits are directly linked to the peak current magnitudes
shown in Figure 8a. ITO-FP_0.6 M had the steepest slopes
during both oxidation and reduction, followed by ITO-
FP_0.3M, ITO-FP_0.15M, and ITO-FP_0.07M, respectively.
The increase in slope for higher FEMA concentrations likely
indicates a larger amount of active material or an enhanced

apparent diffusion coefficient, possibly due to improved
connectivity in slightly thicker films up to a certain threshold.
Conversely, the ITO-ATRP sample showed significantly lower
currents and broader peaks compared to ITO-FP_0.07 M (with
similar brush thickness), and it exhibited lower slopes in its
Randles—Sevcik plot, implying significantly less electroactive
material or substantially poorer charge transport efliciency
relative to the ITO-FP series. Although its CV shape may seem
less distorted than that of the thickest polymer layer FP sample,
its overall electrochemical activity was markedly lower.

To comprehensively understand the electrochemical behavior
of ITO electrodes modified with PEcMA polymer brushes, CV
experiments at various scan rates (10 mV-s~! to 100 mV-s™')
were conducted (Figure 9). A clear trend emerged within the
ITO-FP series. As the monomer concentration or brush
thickness increased, the peak current magnitudes significantly
rose, indicating a greater amount of electroactive material or a
higher density of redox sites within the polymer brush layer.
Concurrently, increasing concentration (and thus inferred film
thickness) led to broader and more asymmetric peaks, along
with a notable increase in peak potential separation (AE,). This
suggests that while more material is present, kinetic limitations,
slow charge transport within the thicker films, and/or increased
ohmic resistance (iRde) become more prominent, affecting the
reversibility of the electrochemical process.

Comparing ITO-FP_0.07 M prepared from FP-Cu’-SI-ATRP
and ITO-ATRP prepared from SI-ATRP, which possess
comparable brush thicknesses (10.1 + 1.7 nm and 8.7 + 0.5
nm, respectively), distinct differences in their electrochemical
responses were observed. Although both exhibited an increase in
peak current with scan rate, the ITO-FP_0.07 M sample showed
significantly higher peak currents than ITO-ATRP. Further-
more, ITO-FP_0.07 M displayed sharper peaks with a smaller
and more stable AE,, indicative of a more electrochemically
reversible and efficient charge transfer process. In contrast, ITO-
ATRP exhibited broader peaks and a larger, more scan-rate-
dependent AE,, indicating slower electron transfer kinetics,
higher internal resistance, or less efficient charge transport,
despite its similar thickness. This comparison reveals that even at
comparable film thicknesses, the specific polymer synthesis
method (FP-Cu’-SI-ATRP vs SI-ATRP) has a profound impact
on the polymer brush morphology, charge transport pathways,
and interfacial properties, ultimately affecting its electrochemical
performance.

In summary, the results collectively indicate that the method
of polymer brush deposition has a significant impact on both the
quantity of electroactive material and the efficiency of charge
transport within the polymer film. The FP-Cu’-SI-ATRP
appeared to yield PFcMA brushes with a higher loading of
active material, and, particularly at a thin PFcMA brush layer
(~10 nm), very efficient charge transport kinetics, resembling
those of ideal diffusion-controlled systems. However, increasing
the FEMA monomer concentration in the FP-Cu’-SI-ATRP led
to thicker films where resistive losses and charge transport
limitations became pronounced, distorting the CVs despite the
overall process remaining diffusion-controlled.

In contrast, the SI-ATRP method, even for a comparably thin
FcMA brush thickness, produced a polymer brush layer with
lower electrochemical activity and greater kinetic/resistive
limitations. This suggests that the polymer brush architecture
or polymer brush layer morphology created by SI-ATRP may
inherently be denser, less permeable to ions, or have slower
electron hopping pathways, thereby hindering charge transport
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Figure 9. Experimental cyclic voltammograms at different scan rates (10 to 100 mV-s™") for PEcMA brush-modified ITO samples in acetonitrile with a
[TBA][PFq] electrolyte, with Ag/Ag" reference and Pt counter electrodes.

more effectively than the FP-derived films. The FP-Cu’-SI- efficient charge transport for the specific redox system under
ATRP, particularly at the lower monomer concentration used,

seems to strike a better balance between material loading and study.
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B CONCLUSION

The filter paper-assisted Cu’-SI-ATRP (FP-Cu’-SI-ATRP)
provides a rapid, efficient, and tunable approach for grafting
ferrocene-containing polymer brushes, such as PECMA brushes,
from planar substrates. The PFcMA brush thickness can be
precisely controlled via monomer concentration, yielding
uniform coatings ranging from 10 to 122 nm. Compared to
other Cu’-SI-ATRP approaches, such as the load and the spacer
methods, FP-Cu’-SI-ATRP offers superior polymerization
efficiency, generating thicker brush layers within the same
reaction time. In contrast to conventional SI-ATRP, FP-Cu’-SI-
ATREP significantly reduces reagent consumption and reaction
time from 20 h in SI-ATRP to 5 h in FP-Cu’-SI-ATRP, while
eliminating the need for metal catalyst removal and achieving
substantially greater film thickness.

The electrochemical performance of the obtained PFcMA
brush-modified ITO exhibited a strong dependence on the
thickness of the PFcMA brush. A thin brush layer (~10 nm)
prepared via FP-Cu’-SI-ATRP exhibited efficient charge trans-
port and well-defined diffusion-controlled redox behavior. As
the brush thickness increased, resistive limitations became more
pronounced, though redox activity remained diffusion-domi-
nated. Notably, ITO modified via SI-ATRP exhibited
significantly lower electrochemical activity and inferior electron
transfer kinetics, even at similar thicknesses, suggesting that the
polymer brush architecture and permeability are critical
determinants of electrochemical performance.

Therefore, these results highlight the FP-Cu’-SI-ATRP as a
highly advantageous approach for engineering redox-active
polymer interfaces with tunable electrochemical properties,
making it promising for integration in a variety of advanced
applications. Potential uses include smart electrochemical
systems such as switchable chemical and biosensors, con-
trolled-release surfaces, advanced separation and filtration via
electro-sorption, electrochemical actuators, smart coating
technology, and tunable electron-transfer interfaces.

B ASSOCIATED CONTENT

© Supporting Information

EThe Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsapm.5c02861.

Experimental setup and thickness results in the
preliminary study of Cu’-SI-ATRP method, ATR-FTIR
spectrum of PFcMA, WCA of PFcMA brush-modified
ITO, AFM images for brush thickness measurements, and
plots of peak current (iP) vs brush thickness (PDF)

B AUTHOR INFORMATION

Corresponding Authors

Markus Gallei — Polymer Chemistry, Saarland University,
Saarbriicken 66123, Germany; Saarene, Saarland Center for
Energy Materials and Sustainability, Saarland University,
Saarbriicken 66123, Germany; ©® orcid.org/0000-0002-
3740-5197; Email: markus.gallei@uni-saarland.de

Suteera Witayakran — Polymer Chemistry, Saarland University,
Saarbriicken 66123, Germany; Max Planck Institute for
Informatics, Saarland Informatics Campus, Saarbriicken
66123, Germany; Email: suteera.witayakran@uni-
saarland.de

Authors

Jaeshin Kim — Polymer Chemistry, Saarland University,
Saarbriicken 66123, Germany; ©® orcid.org/0009-0009-
7885-4608

Bizan N. Balzer — Institute of Physical Chemistry, University of
Freiburg, Freiburg 79104, Germany; Freiburg Materials
Research Center (FMF), University of Freiburg, Freiburg
79104, Germany; © orcid.org/0000-0001-6886-0857

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsapm.5c¢02861

Author Contributions

J.K.: methodology, investigation, writing — review & editing.
B.N.B.: methodology, investigation, writing — review & editing.
M.G.: conceptualization, project administration, supervision,
resources, writing — review & editing. S.W.: conceptualization,
project administration, methodology, investigation, writing —
original draft, visualization, writing — review & editing.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors thank Prof. Dr. Karen Lienkamp for providing
access to the ellipsometer and Sophie Schneider for her
assistance with its operation. M.G. expresses his gratitude for
the partial financial support provided by the European Union
through the European Regional Development Fund (EFRE)
and the State of Saarland, Germany, in the SWIMEMSYS
project.

B REFERENCES

(1) Zoppe, J. O.; Ataman, N. C.; Mocny, P.; Wang, J.; Moraes, J.; Klok,
H.-A. Surface-Initiated Controlled Radical Polymerization: State-of-
the-Art, Opportunities, and Challenges in Surface and Interface
Engineering with Polymer Brushes. Chem. Rev. 2017, 117 (3), 1105—
1318.

(2) Ellmer, K. Past Achievements and Future Challenges in the
Development of Optically Transparent Electrodes. Nat. Photonics 2012,
6 (12), 809—817.

(3) Ravichandran, S.; Sahadevan, J.; Sivaprakash, P.; Sagadevan, S.;
Kim, I.; Mohamed Tighezza, A.; Ali, A.; Esakki Muthu, S. Synthesis and
Physicochemical Properties of Graphene Incorporated Indium Tin
Oxide Nanocomposites for Optoelectronic Device Applications. Mater.
Sci. Eng, B 2024, 301, 117199.

(4) Rajendran, V.; Prathuru, A.; Fernandez, C.; Sujatha, D.; Panda, S.
K.; Faisal, N. H. Indium Tin Oxide Thin Film Preparation and Property
Relationship for Humidity Sensing: A Review. Eng. Rep. 2024, 6 (3),
No. e12836.

(8) Jiao, X;; Li, S.; Lv, Z; Jiao, H.; He, J.; Song, J. Advances of Indium
Tin Oxide in Catalysis and Cell. Mater. Today Commun. 2025, 44,
1120S8.

(6) Grangvist, C. G. Transparent Conductors as Solar Energy
Materials: A Panoramic Review. Sol. Energy Mater. Sol. Cells 2007, 91
(17), 1529—1598.

(7) Aydin, E. B.; Sezgintiirk, M. K. Indium Tin Oxide (Ito): A
Promising Material in Biosensing Technology. TrAC, Trends Anal.
Chem. 2017, 97, 309—-315.

(8) Khan, M. Z. H. Effect of Ito Surface Properties on Sam
Modification: A Review toward Biosensor Application. Cogent Eng.
2016, 3 (1), 1170097.

(9) Senthilkumar, M.; Mathiyarasu, J.; Joseph, J.; Phani, K. L. N,;
Yegnaraman, V. Electrochemical Instability of Indium Tin Oxide (Ito)
Glass in Acidic Ph Range During Cathodic Polarization. Mater. Chem.
Phys. 2008, 108 (2), 403—407.

https://doi.org/10.1021/acsapm.5c02861
ACS Appl. Polym. Mater. 2025, 7, 12831-12845


https://pubs.acs.org/doi/10.1021/acsapm.5c02861?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsapm.5c02861/suppl_file/ap5c02861_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Markus+Gallei"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3740-5197
https://orcid.org/0000-0002-3740-5197
mailto:markus.gallei@uni-saarland.de
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Suteera+Witayakran"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:suteera.witayakran@uni-saarland.de
mailto:suteera.witayakran@uni-saarland.de
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jaeshin+Kim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0009-0009-7885-4608
https://orcid.org/0009-0009-7885-4608
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bizan+N.+Balzer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6886-0857
https://pubs.acs.org/doi/10.1021/acsapm.5c02861?ref=pdf
https://doi.org/10.1021/acs.chemrev.6b00314?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.6b00314?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.6b00314?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nphoton.2012.282
https://doi.org/10.1038/nphoton.2012.282
https://doi.org/10.1016/j.mseb.2024.117199
https://doi.org/10.1016/j.mseb.2024.117199
https://doi.org/10.1016/j.mseb.2024.117199
https://doi.org/10.1002/eng2.12836
https://doi.org/10.1002/eng2.12836
https://doi.org/10.1016/j.mtcomm.2025.112058
https://doi.org/10.1016/j.mtcomm.2025.112058
https://doi.org/10.1016/j.solmat.2007.04.031
https://doi.org/10.1016/j.solmat.2007.04.031
https://doi.org/10.1016/j.trac.2017.09.021
https://doi.org/10.1016/j.trac.2017.09.021
https://doi.org/10.1080/23311916.2016.1170097
https://doi.org/10.1080/23311916.2016.1170097
https://doi.org/10.1016/j.matchemphys.2007.10.030
https://doi.org/10.1016/j.matchemphys.2007.10.030
pubs.acs.org/acsapm?ref=pdf
https://doi.org/10.1021/acsapm.5c02861?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Polymer Materials

pubs.acs.org/acsapm

(10) Armstrong, N. R; Carter, C.; Donley, C.; Simmonds, A.; Lee, P.;
Brumbach, M.; Kippelen, B.; Domercq, B.; Yoo, S. Interface
Modification of Ito Thin Films: Organic Photovoltaic Cells. Thin
Solid Films 2003, 445 (2), 342—352.

(11) You, Z. Z.; Dong, J. Y. Surface Modifications of Ito Electrodes for
Polymer Light-Emitting Devices. Appl. Surf. Sci. 2006, 253 (4), 2102—
2107.

(12) Wy, C. C.; Wy, C. L; Sturm, J. C.; Kahn, A. Surface Modification
of Indium Tin Oxide by Plasma Treatment: An Effective Method to
Improve the Efficiency, Brightness, and Reliability of Organic Light
Emitting Devices. Appl. Phys. Lett. 1997, 70 (11), 1348—1350.

(13) Zhou, Y.; Fuentes-Hernandez, C.; Shim, J.; Meyer, J.; Giordano,
A.J.; Li, H,; Winget, P.; Papadopoulos, T.; Cheun, H.; Kim, J.; Fenoll,
M,; Dindar, A.; Haske, W.; Najafabadi, E.; Khan, T. M.; Sojoudi, H,;
Barlow, S.; Graham, S.; Brédas, J.-L.; Marder, S. R.; Kahn, A.; Kippelen,
B. A Universal Method to Produce Low—Work Function Electrodes for
Organic Electronics. Science 2012, 336 (6079), 327—332.

(14) Hanson, E. L.; Guo, J.; Koch, N.; Schwartz, J.; Bernasek, S. L.
Advanced Surface Modification of Indium Tin Oxide for Improved
Charge Injection in Organic Devices. J. Am. Chem. Soc. 2005, 127 (28),
10058—10062.

(15) Kim, J. S.; Park, J. H; Lee, J. H.; Jo, J.; Kim, D.-Y.; Cho, K.
Control of the Electrode Work Function and Active Layer Morphology
Via Surface Modification of Indium Tin Oxide for High Efficiency
Organic Photovoltaics. Appl. Phys. Lett. 2007, 91 (11), 112111.

(16) Hotchkiss, P. J.; Jones, S. C.; Paniagua, S. A,; Sharma, A;
Kippelen, B.; Armstrong, N. R,; Marder, S. R. The Modification of
Indium Tin Oxide with Phosphonic Acids: Mechanism of Binding,
Tuning of Surface Properties, and Potential for Use in Organic
Electronic Applications. Acc. Chem. Res. 2012, 45 (3), 337—346.

(17) Yu, S.-Y.; Chang, J.-H.; Wang, P.-S.; Wu, C.-L; Tao, Y.-T. Effect
of Ito Surface Modification on the Oled Device Lifetime. Langmuir
2014, 30 (25), 7369—7376.

(18) Silah, H.; Erkmen, C.; Demir, E.; Uslu, B. Modified Indium Tin
Oxide Electrodes: Electrochemical Applications in Pharmaceutical,
Biological, Environmental and Food Analysis. TrAC, Trends Anal.
Chem. 2021, 141, 116289.

(19) Ma, H;; Yip, H.-L.; Huang, F.; Jen, A. K. Y. Interface Engineering
for Organic Electronics. Adv. Funct. Mater. 2010, 20 (9), 1371—1388.

(20) Wang, S,; Wang, Z; Li, J; Li, L; Hu, W. Surface-Grafting
Polymers: From Chemistry to Organic Electronics. Mater. Chem. Front.
2020, 4 (3), 692—714.

(21) Aktas Eken, G.; Ober, C. K. Strong Polyelectrolyte Brushes Via
Alternating Copolymers of Styrene and Maleimides: Synthesis,
Properties, and Stability. Macromolecules 2022, 5§ (13), 5291—5300.

(22) Veldscholte, L. B.; de Beer, S. Scalable Air-Tolerant MI-Volume
Synthesis of Thick Poly(Spma) Brushes Using Si-Arget-Atrp. ACS Appl.
Polym. Mater. 2023, S (9), 7652—7657.

(23) Gruszkiewicz, A.; Stowikowska, M.; Grzes, G.; Wéjcik, A.; Rokita,
J.; Fiocco, A.; Wytrwal-Sarna, M.; Marzec, M.; Trzebicka, B.; Kopec,
M.; Wolski, K.; Zapotoczny, S. Enhancement of the Growth of Polymer
Brushes Via Atrp Initiated from Ions-Releasing Indium Tin Oxide
Substrates. Eur. Polym. J. 2019, 112, 817—821.

(24) Hou, Y.; Zhang, Z.; Harrisson, S.; Sébe, G. Si-Atrp Grafting of
Polymers from Polydopamine-Modified Cellulose Nanocrystals.
Carbohydr. Polym. 2024, 341, 122346.

(25) Advincula, R.;; Zhou, Q; Park, M.; Wang, S.; Mays, J.; Sakellariou,
G.; Pispas, S.; Hadjichristidis, N. Polymer Brushes by Living Anionic
Surface Initiated Polymerization on Flat Silicon (Siox) and Gold
Surfaces: Homopolymers and Block Copolymers. Langmuir 2002, 18
(22), 8672—8684.

(26) Zhou, Q.; Fan, X,; Xia, C.; Mays, J.; Advincula, R. Living Anionic
Surface Initiated Polymerization (Sip) of Styrene from Clay Surfaces.
Chem. Mater. 2001, 13 (8), 2465—2467.

(27) Hiibner, H.; Candeago, R.; Schmitt, D.; Schiefer, A.; Xiong, B.;
Gallei, M.; Su, X. Synthesis and Covalent Immobilization of Redox-
Active Metallopolymers for Organic Phase Electrochemistry. Polymer
2022, 244, 124656.

(28) Schmitt, D.; Abdel-Hafez, S. M.; Tummeley, M.; Schiinemann,
V.; Schneider, M.; Presser, V.; Gallei, M. Surface-Initiated Living
Anionic Polymerization of Functional Methacrylates from the Surface
of Organic Particles. Macromolecules 2023, 56 (17), 7086—7101.

(29) Kuzmyn, A. R.; Nguyen, A. T.; Teunissen, L. W.; Zuilhof, H,;
Baggerman, J. Antifouling Polymer Brushes Via Oxygen-Tolerant
Surface-Initiated Pet-Raft. Langmuir 2020, 36 (16), 4439—4446.

(30) Kaur, R; Rana, S; Mehra, P.; Kaur, K. Surface-Initiated
Reversible Addition—Fragmentation Chain Transfer Polymerization
(Si-Raft) to Produce Molecularly Imprinted Polymers on Graphene
Oxide for Electrochemical Sensing of Methylparathion. ACS Appl.
Mater. Interfaces 2024, 16 (37), 49889—49901.

(31) Mukherjee, N.; Basu, O.; Mukhopadhyay, S.; Jana, T. Grafting of
Poly(Vinyl Phosphonic Acid) to Mof Surfaces to Achieve Proton
Conducting Hybrid Materials. ACS Appl. Polym. Mater. 2024, 6 (13),
7488—7499.

(32) Edmondson, S.; Osborne, V. L.; Huck, W. T. S. Polymer Brushes
Via Surface-Initiated Polymerizations. Chem. Soc. Rev. 2004, 33 (1),
14-22.

(33) Fulghum, T. M.; Taranekar, P.; Advincula, R. C. Grafting Hole-
Transport Precursor Polymer Brushes on Ito Electrodes: Surface-
Initiated Polymerization and Conjugated Polymer Network Formation
of Pvk. Macromolecules 2008, 41 (15), 5681—5687.

(34) Golriz, A. A; Kaule, T.; Untch, M. B.; Kolman, K.; Berger, R;
Gutmann, J. S. Redox Active Polymer Brushes with Phenothiazine
Moieties. ACS Appl. Mater. Interfaces 2013, S (7), 2485—2494.

(35) Wolski, K; Gruszkiewicz, A.,; Zapotoczny, S. Conductive
Polythiophene-Based Brushes Grafted from an Ito Surface Via a Self-
Templating Approach. Polym. Chem. 20185, 6 (43), 7505—7513.

(36) Pietschnig, R. Polymers with Pendant Ferrocenes. Chem. Soc. Rev.
2016, 45 (19), 5216—5231.

(37) Gallei, M,; Riittiger, C. Recent Trends in Metallopolymer
Design: Redox-Controlled Surfaces, Porous Membranes, and Switch-
able Optical Materials Using Ferrocene-Containing Polymers. Chem.
Eur. J. 2018, 24 (40), 10006—10021.

(38) Bui-Thi-Tuyet, V.; Trippé-Allard, G.; Ghilane, J;
Randriamahazaka, H. Surface and Electrochemical Properties of
Polymer Brush-Based Redox Poly(Ionic Liquid). ACS Appl. Mater.
Interfaces 2016, 8 (42), 28316—28324.

(39) Truong, T. N. P.; Randriamahazaka, H.; Ghilane, J. Redox
Monomer Ionic Liquid Based on Quaternary Ammonium: From
Electrochemistry to Polymer Brushes. Electrochem. Commun. 2017, 82,
25-29.

(40) Sung, D.; Yang, S. Facile Method for Constructing an Effective
Electron Transfer Mediating Layer Using Ferrocene-Containing
Multifunctional Redox Copolymer. Electrochim. Acta 2014, 133, 40—
48.

(41) Gan, L,; Suchand Sangeeth, C. S.; Yuan, L.; Jaficzewski, D.; Song,
J; Nijhuis, C. A. Tuning Charge Transport across Junctions of
Ferrocene-Containing Polymer Brushes on Ito by Controlling the
Brush Thickness and the Tether Lengths. Eur. Polym. J. 2017, 97, 282—
291.

(42) Zhang, Z. B;; Yuan, S. J.; Zhu, X. L.; Neoh, K. G.; Kang, E. T.
Enzyme-Mediated Amperometric Biosensors Prepared Via Successive
Surface-Initiated Atom-Transfer Radical Polymerization. Biosens.
Bioelectron. 2010, 25 (5), 1102—1108.

(43) Gan, L;; Song, J.; Guo, S.; Jaficzewski, D.; Nijhuis, C. A. Side
Chain Effects in the Packing Structure and Stiffness of Redox-
Responsive Ferrocene-Containing Polymer Brushes. Eur. Polym. ].
2016, 83, 517—528.

(44) Kim, B. Y,; Ratcliff, E. L.; Armstrong, N. R.; Kowalewski, T.;
Pyun, J. Ferrocene Functional Polymer Brushes on Indium Tin Oxide
Via Surface-Initiated Atom Transfer Radical Polymerization. Langmuir
2010, 26 (3), 2083-2092.

(45) Slusarczyk, K.; Flejszar, M.; Chmielarz, P. Less Is More: A Review
of Ml-Scale of Si-Atrp in Polymer Brushes Synthesis. Polymer 2021,
233, 124212.

(46) Sanchez-Alvarado, A. B.; Iturbe-Ek, J.; Mamidi, N.; Sustaita, A. O.
Polymer Brush-Based Thin Films Via Cu(0)-Mediated Surface-

https://doi.org/10.1021/acsapm.5c02861
ACS Appl. Polym. Mater. 2025, 7, 12831-12845


https://doi.org/10.1016/j.tsf.2003.08.067
https://doi.org/10.1016/j.tsf.2003.08.067
https://doi.org/10.1016/j.apsusc.2006.04.009
https://doi.org/10.1016/j.apsusc.2006.04.009
https://doi.org/10.1063/1.118575
https://doi.org/10.1063/1.118575
https://doi.org/10.1063/1.118575
https://doi.org/10.1063/1.118575
https://doi.org/10.1126/science.1218829
https://doi.org/10.1126/science.1218829
https://doi.org/10.1021/ja050481s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja050481s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.2778548
https://doi.org/10.1063/1.2778548
https://doi.org/10.1063/1.2778548
https://doi.org/10.1021/ar200119g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar200119g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar200119g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar200119g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la4049659?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la4049659?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.trac.2021.116289
https://doi.org/10.1016/j.trac.2021.116289
https://doi.org/10.1016/j.trac.2021.116289
https://doi.org/10.1002/adfm.200902236
https://doi.org/10.1002/adfm.200902236
https://doi.org/10.1039/C9QM00450E
https://doi.org/10.1039/C9QM00450E
https://doi.org/10.1021/acs.macromol.2c00647?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.2c00647?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.2c00647?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsapm.3c01628?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsapm.3c01628?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.eurpolymj.2018.11.004
https://doi.org/10.1016/j.eurpolymj.2018.11.004
https://doi.org/10.1016/j.eurpolymj.2018.11.004
https://doi.org/10.1016/j.carbpol.2024.122346
https://doi.org/10.1016/j.carbpol.2024.122346
https://doi.org/10.1021/la025962t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la025962t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la025962t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm0101780?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm0101780?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.polymer.2022.124656
https://doi.org/10.1016/j.polymer.2022.124656
https://doi.org/10.1021/acs.macromol.3c01257?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.3c01257?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.3c01257?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.9b03536?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.9b03536?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.4c08168?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.4c08168?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.4c08168?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.4c08168?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsapm.4c00821?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsapm.4c00821?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsapm.4c00821?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/b210143m
https://doi.org/10.1039/b210143m
https://doi.org/10.1021/ma800341a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma800341a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma800341a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma800341a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/am302869d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/am302869d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C5PY01057H
https://doi.org/10.1039/C5PY01057H
https://doi.org/10.1039/C5PY01057H
https://doi.org/10.1039/C6CS00196C
https://doi.org/10.1002/chem.201800412
https://doi.org/10.1002/chem.201800412
https://doi.org/10.1002/chem.201800412
https://doi.org/10.1021/acsami.6b02107?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.6b02107?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.elecom.2017.07.012
https://doi.org/10.1016/j.elecom.2017.07.012
https://doi.org/10.1016/j.elecom.2017.07.012
https://doi.org/10.1016/j.electacta.2014.03.110
https://doi.org/10.1016/j.electacta.2014.03.110
https://doi.org/10.1016/j.electacta.2014.03.110
https://doi.org/10.1016/j.eurpolymj.2017.10.009
https://doi.org/10.1016/j.eurpolymj.2017.10.009
https://doi.org/10.1016/j.eurpolymj.2017.10.009
https://doi.org/10.1016/j.bios.2009.09.023
https://doi.org/10.1016/j.bios.2009.09.023
https://doi.org/10.1016/j.eurpolymj.2016.05.017
https://doi.org/10.1016/j.eurpolymj.2016.05.017
https://doi.org/10.1016/j.eurpolymj.2016.05.017
https://doi.org/10.1021/la902590u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la902590u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.polymer.2021.124212
https://doi.org/10.1016/j.polymer.2021.124212
https://doi.org/10.1021/acsapm.1c01037?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/acsapm?ref=pdf
https://doi.org/10.1021/acsapm.5c02861?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Polymer Materials

pubs.acs.org/acsapm

Initiated Atom Transfer Radical Polymerization for Sensing Applica-
tions. ACS Appl. Polym. Mater. 2021, 3 (11), 5339—5354.

(47) Boyer, C.; Corrigan, N. A.; Jung, K,; Nguyen, D.; Nguyen, T.-K,;
Adnan, N.N. M,; Oliver, S.; Shanmugam, S.; Yeow, J. Copper-Mediated
Living Radical Polymerization (Atom Transfer Radical Polymerization
and Copper(0) Mediated Polymerization): From Fundamentals to
Bioapplications. Chem. Rev. 2016, 116 (4), 1803—1949.

(48) Lligadas, G.; Grama, S.; Percec, V. Recent Developments in the
Synthesis of Biomacromolecules and Their Conjugates by Single
Electron Transfer—Living Radical Polymerization. Biomacromolecules
2017, 18 (4), 1039—1063.

(49) Anastasaki, A.; Nikolaou, V.; Haddleton, D. M. Cu(0)-Mediated
Living Radical Polymerization: Recent Highlights and Applications; a
Perspective. Polym. Chem. 2016, 7 (5), 1002—1026.

(50) Anastasaki, A.; Nikolaou, V.; Nurumbetov, G.; Wilson, P.;
Kempe, K.; Quinn, J. F.; Davis, T. P.; Whittaker, M. R.; Haddleton, D.
M. Cu(0)-Mediated Living Radical Polymerization: A Versatile Tool
for Materials Synthesis. Chem. Rev. 2016, 116 (3), 835—877.

(51) Zhang, T.; Du, Y.; Miiller, F.; Amin, I; Jordan, R. Surface-
Initiated Cu(0) Mediated Controlled Radical Polymerization (Si-
Cucrp) Using a Copper Plate. Polym. Chem. 2015, 6 (14), 2726—2733.

(52) Zhang, T.; Benetti, E. M.; Jordan, R. Surface-Initiated Cu(0)-
Mediated Crp for the Rapid and Controlled Synthesis of Quasi-3d
Structured Polymer Brushes. ACS Macro Lett. 2019, 8 (2), 145—153.

(53) Fantin, M.; Ramakrishna, S. N.; Yan, J.; Yan, W.; Divandari, M.;
Spencer, N. D.; Matyjaszewski, K.; Benetti, E. M. The Role of Cu0 in
Surface-Initiated Atom Transfer Radical Polymerization: Tuning
Catalyst Dissolution for Tailoring Polymer Interfaces. Macromolecules
2018, 51 (17), 6825—6835.

(54) Li, W.; Sheng, W.; Li, B.; Jordan, R. Surface Grafting “Band-Aid”
for “Everyone”: Filter Paper-Assisted Surface-Initiated Polymerization
in the Presence of Air. Angew. Chem., Int. Ed. 2021, 60 (24), 13621—
13625.

(55) Yan, W.; Fantin, M.; Spencer, N. D.; Matyjaszewski, K.; Benetti,
E. M. Translating Surface-Initiated Atom Transfer Radical Polymer-
ization into Technology: The Mechanism of Cu0-Mediated Si-Atrp
under Environmental Conditions. ACS Macro Lett. 2019, 8 (7), 865—
870.

(56) Zhang, T.; Dy, Y.; Kalbacova, J.; Schubel, R.; Rodriguez, R. D.;
Chen, T.; Zahn, D. R. T.; Jordan, R. Wafer-Scale Synthesis of Defined
Polymer Brushes under Ambient Conditions. Polym. Chem. 2015, 6
(47), 8176—8183.

(57) McGaughey, A. L.; Srinivasan, S.; Zhao, T.; Christie, K. S. S.; Ren,
Z. J.; Priestley, R. D. Scalable Zwitterionic Polymer Brushes for
Antifouling Membranes Via Cu0-Mediated Atom Transfer Radical
Polymerization. ACS Appl. Polym. Mater. 2023, S (7), 4921—4932.

(58) Zhang, K; Yan, W,; Simic, R.; Benetti, E. M.; Spencer, N. D.
Versatile Surface Modification of Hydrogels by Surface-Initiated, Cu0-
Mediated Controlled Radical Polymerization. ACS Appl. Mater.
Interfaces 2020, 12 (5), 6761—6767.

(59) Yadav, A. R; Sriram, R.; Carter, J. A.; Miller, B. L. Comparative
Study of Solution—Phase and Vapor—Phase Deposition of Amino-
silanes on Silicon Dioxide Surfaces. Mater. Sci. Eng,, C 2014, 35, 283—
290.

(60) Mazurowski, M.; Gallei, M.; Li, J.; Didzoleit, H.; Stiihn, B.;
Rehahn, M. Redox-Responsive Polymer Brushes Grafted from
Polystyrene Nanoparticles by Means of Surface Initiated Atom Transfer
Radical Polymerization. Macromolecules 2012, 45 (22), 8970—8981.

(61) Elbert, J.; Gallei, M.; Riittiger, C.; Brunsen, A.; Didzoleit, H.;
Stithn, B.; Rehahn, M. Ferrocene Polymers for Switchable Surface
Wettability. Organometallics 2013, 32 (20), 5873—5878.

(62) Huang, E.; Skoufis, A,; Denning, T.; Qj, J.; Dagastine, R. R;
Tabor, R. F.; Berry, ]. D. Opendrop: Open-Source Software for Pendant
Drop Tensiometry & Contact Angle Measurements. J. Open Source
Software 2021, 6 (58), 2604.

(63) Necas, D.; Klapetek, P. Gwyddion: An Open-Source Software for
Spm Data Analysis. Cent. Eur. J. Phys. 2012, 10 (1), 181—188.

(64) Dehghani, E. S.; Dy, Y.; Zhang, T.; Ramakrishna, S. N.; Spencer,
N. D,; Jordan, R.; Benetti, E. M. Fabrication and Interfacial Properties

12845

of Polymer Brush Gradients by Surface-Initiated Cu(0)-Mediated
Controlled Radical Polymerization. Macromolecules 2017, S0 (6),
2436—2446.

(65) Yang, X. M.; Zhong, Z. W.; Diallo, E. M.; Wang, Z. H.; Yue, W. S.
Silicon Wafer Wettability and Aging Behaviors: Impact on Gold Thin-
Film Morphology. Mater. Sci. Semicond. Process. 2014, 26, 25—32.

(66) Katrusiak, A.; Rusek, M.; Dusek, M.; Petricek, V.; Szafranski, M.
Dipole-Moment Modulation in New Incommensurate Ferrocene. J.
Phys. Chem. Lett. 2023, 14 (13), 3111-3119.

(67) Swearingen, C.; Wu, J.; Stucki, J.; Fitch, A. Use of Ferrocenyl
Surfactants of Varying Chain Lengths to Study Electron Transfer
Reactions in Native Montmorillonite Clay. Environ. Sci. Technol. 2004,
38 (21), 5598—5603.

(68) Sesti, V.; D’Antonio, M.; Lucotti, A.; Moretti, P.; Castagna, R;;
Bertarelli, C.; Tommasini, M. Combining Uv-Vis and Resonance
Raman Spectroscopy to Characterize Molecular Aggregation. Crystals
2023, 13 (7), 1141.

(69) Kastrati, A.; Oswald, F.; Scalabre, A.; Fromm, K. M.
Photophysical Properties of Anthracene Derivatives. Photochem 2023,
3(2),227-273.

(70) Bard, A. J.; Faulkner, L. R.; White, H. S. Electrochemical Methods:
fundamentals and Applications, 3rd ed.; John Wiley & Sons: New York,
2022.

CAS BIOFINDER DISCOVERY PLATFORM™

PRECISION DATA
FOR FASTER
DRUG
DISCOVERY

CAS BioFinder helps you identify
targets, biomarkers, and pathways

Unlock insights

https://doi.org/10.1021/acsapm.5c02861
ACS Appl. Polym. Mater. 2025, 7, 12831-12845


https://doi.org/10.1021/acsapm.1c01037?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsapm.1c01037?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.5b00396?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.5b00396?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.5b00396?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.5b00396?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biomac.7b00197?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biomac.7b00197?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biomac.7b00197?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C5PY01916H
https://doi.org/10.1039/C5PY01916H
https://doi.org/10.1039/C5PY01916H
https://doi.org/10.1021/acs.chemrev.5b00191?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.5b00191?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C5PY00093A
https://doi.org/10.1039/C5PY00093A
https://doi.org/10.1039/C5PY00093A
https://doi.org/10.1021/acsmacrolett.8b00912?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmacrolett.8b00912?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmacrolett.8b00912?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.8b01306?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.8b01306?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.8b01306?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202103182
https://doi.org/10.1002/anie.202103182
https://doi.org/10.1002/anie.202103182
https://doi.org/10.1021/acsmacrolett.9b00388?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmacrolett.9b00388?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmacrolett.9b00388?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C5PY01274K
https://doi.org/10.1039/C5PY01274K
https://doi.org/10.1021/acsapm.3c00407?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsapm.3c00407?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsapm.3c00407?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b21399?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b21399?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.msec.2013.11.017
https://doi.org/10.1016/j.msec.2013.11.017
https://doi.org/10.1016/j.msec.2013.11.017
https://doi.org/10.1021/ma3020195?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma3020195?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma3020195?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om400468p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om400468p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.21105/joss.02604
https://doi.org/10.21105/joss.02604
https://doi.org/10.2478/s11534-011-0096-2
https://doi.org/10.2478/s11534-011-0096-2
https://doi.org/10.1021/acs.macromol.7b00088?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.7b00088?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.7b00088?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.mssp.2014.03.044
https://doi.org/10.1016/j.mssp.2014.03.044
https://doi.org/10.1021/acs.jpclett.3c00215?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es030645+?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es030645+?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es030645+?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/cryst13071141
https://doi.org/10.3390/cryst13071141
https://doi.org/10.3390/photochem3020015
pubs.acs.org/acsapm?ref=pdf
https://doi.org/10.1021/acsapm.5c02861?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.cas.org/solutions/biofinder-discovery-platform?utm_campaign=GLO_ACD_STH_BDP_AWS&utm_medium=DSP_CAS_PAD&utm_source=Publication_ACSPubs

