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ABSTRACT

Electrodeposition of polymer networks (EPoN) has emerged as an effective method for forming
conformal ultrathin polymer coatings through surface-confined electrochemically activated
crosslinking under mild solution conditions. Here, we introduce a facile copolymer-based EPoN
design in which a small fraction of comonomer units carries phenolic electrochemical crosslinkers,
while the majority monomer composition defines the film properties. This design expands the
range of polymer chemistries for EPoN to most vinyl-based polymers accessible by radical
polymerization and avoids reliance on advanced synthetic equipment or knowledge. To
demonstrate this broadly accessible fabrication concept, poly(methyl methacrylate) is obtained
from free radical polymerization with a small fraction of glycidyl methacrylate co-monomer that
is functionalized with phenolic side groups in a simple one-step procedure. This accessible design
enables the electrodeposition of polymers as ultrathin and conformal network coatings on planar
and porous conductive substrates with uniform thickness below 200 nm. We demonstrate that both
thickness and small-molecule permeability of the polymer network coating are tunable by the
phenol fraction in polymer, the deposition potential, and the polymer concentration, while the thin
films are impermeable to macromolecules. This work advances EPoN as a versatile and accessible
platform for ultrathin polymer coatings by decoupling deposition from film chemistry, thereby
enabling broad compositional flexibility and application spaces.
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1. Introduction

Ultrathin coatings are surface-confined layers that regulate interfacial transport and surface
properties across diverse material systems, with applications in energy conversion and storage,!!-
4 optoelectronics,>-%! sensing devices, -1 antimicrobial surface protection,['% and separation such
as carbon capture.[':12] Desired properties of such coatings include electronic insulation,
mechanical and chemical protection, as well as permselectivity. Crosslinked polymer networks
conceptually achieve these coating needs as tunable and multifunctional materials combining
chemically versatile monomer functionality with tunable network architecture and physical
robustness due to their insolubility. In many of these applications, three-dimensional (3D) and
porous substrates are especially attractive because their high surface area and tunable architectures
can enhance mass and energy transfer,!!3! reactivity, and overall device performance.l'*l However,
fabricating uniform ultrathin (<100 nm) polymer coatings on planar or 3D substrates comes with
challenges such as dewetting, or shadowing in line-of-sight depositions and pooling,
respectively.['3] These limitations are particularly severe within porous substrates with complex
pore geometries or high pore aspect ratios.

Existing strategies to fabricate ultrathin polymer coatings on porous and non-planar substrates
include both vapor-phase and solution-based methods. Initiated and oxidative CVD (i/0-CVD)
allow vapor-phase deposition of polymer thin films,[1®!7I but their continuous growth makes film
uniformity increasingly sensitive to reactant transport and local accessibility in high-aspect-ratio,
recessed, or diffusion-limited porous structures. Plasma polymerization enables adherent coatings
on complex substrates but is highly process-sensitive and limited by precursor volatility in low-
pressure implementations.['8) Molecular layer deposition (MLD) provides strong thickness control
and 3D conformality through self-limiting vapor-phase growth, at the cost of requiring vacuum
processing and compatible volatile monomers.!'’) By comparison, layer-by-layer (LbL) deposition
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control over film thickness and strong topographic conformity on complex and porous substrates.
However, because its assembly mechanism typically relies on electrostatic or other strong
complementary interactions, it is generally restricted to charged or highly polar polymers, limiting
its compatibility with many low-polarity and hydrophobic polymer systems.[?0]

To overcome the above challenges for polymer-network coatings on porous materials, a
deposition strategy is required that follows self-limiting or decelerating thin-film growth while
also decoupling polymer identity from deposition mechanism. To achieve this for conductive
substrates, we previously introduced the electrodeposition of polymer networks (EPoN), a broadly
applicable, vacuum-free method carried out under mild solution conditions that produces
conformal, uniform, and defect-free ultrathin functional coatings on planar, non-planar, and porous
conductive substrates alike.[?!-23] Briefly, EPoN utilizes a small fraction of electrochemically
activated crosslinkers (eX-linkers) appended to pre-synthesized polymers of interest to enable their
electrodeposition as networks. The electrochemically mediated polymer crosslinking confines the
network growth to the electrode surface, while the electronic insulation and the macromolecular
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impermeability of the growing polymer network results in self-limiting thin-film growth. For
example, prior EPoN iterations utilized phenolic eX-linkers attached to telechelic homopolymers
as end-groups or to reactive homopolymers as side groups in small fractions.?!?*] We emphasize
that EPoN as an electroplating process is limited to fabricate coatings on conductive materials,
which are common in energy storage/conversion, sensing, or microelectronics, as well as in
corrosion protection of metals, and even in purification and separation applications that are often
based on sorption using porous carbon materials with high surface area, which are conductive and
applicable to be coated with thin polymer films using our EPoN method.

To broaden the scope of EPoN and increase its accessibility, here we introduce a generalizable
synthesis and deposition framework using a random-copolymer design from facile free radical
polymerization (FRP) and one-step modification that is compatible with a wide range of vinyl-
based polymers. Specifically, a minority comonomer provides a handle for the installation of
phenolic eX-linkers, while the majority monomer composition determines the properties of the
deposited film. We demonstrate that this architecture preserves the quickly decelerating, surface-
confined growth behavior of EPoN while rendering specialized synthetic equipment unnecessary,
increasing the applicability of EPoN. We further establish how copolymer composition and
deposition conditions govern film formation, thickness, uniformity, and molecular permeability,
thereby advancing EPoN toward a general and more tunable route to ultrathin (co)polymer network
coatings on planar and porous conductive substrates alike.

2. Experimental

Random copolymers of poly(methyl methacrylate-co-glycidyl methacrylate) [P(MMA-
GMA)] with target monomer fractions are synthesized using a thermally initiated free-radical
polymerization (FRP) procedure. Following synthesis, phenolic eX-linkers are attached to all
GMA co-monomer units via base-catalyzed thiol-epoxy addition using 4-mercaptophenol.
Monomer fractions and successful phenol attachment are verified using proton Nuclear Magnetic
Resonance ('H NMR). All electrodepositions are performed with potentiostats in custom three-
electrode electrodeposition cells where a conductive substrate serves as the working electrode
whose active area is confined to a circle of 15 mm diameter with an O-ring, a platinum-wire serves
as the counter electrode, and with a silver-based reference electrode. Depositions are performed
with either cyclic voltammetry (CV) or potentiostatic with chronoamperometry (CA) under
various conditions described in the text. Permeability testing of the deposited coatings is performed
by comparing CV scans of a mixed solution of decamethylferrocene (DmFc¢) and 3.4 kg mol!
poly(ethylene oxide)-diferrocene (PEO-2Fc) before and after EPoN was performed. Unless
otherwise specified, all potentials are reported versus the half-wave potential of the DmFc redox
probe measured right before each deposition. 3D porous carbon substrates are fabricated via a non-
solvent induced phase inversion (NIPS) process reported previously.[?’] For deposition on the
porous carbon substrate the same three electrode cell is used, with the carbon substrate adhered to
a stainless-steel disc as the working electrode and a pulsed potentiostatic deposition procedure.
The thickness of all planar films is reported as an average of independent interferometry
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measurements taken at three to five discrete and randomly selected locations across the film
surface (Table S3). Polymer coatings on the 3D porous carbon substrates are analyzed using
scanning electron microscopy (SEM) and thickness is measured using the ImageJ image analysis
software at various locations. Detailed experimental procedures are provided in the supporting
information.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 22 June 2026. Downloaded on 6/23/2026 3:25:09 AM.

(cc)

a) b)
Polymer backbone Insulating crosslinked Y 32
. copolymer network = —Cycle 1
/ ru_e:—imker. phenolate o I —Cycle2
y Activated ra% Crosslinking g_ 24 :gzg::i
. -@ = \ [ —Cycle5
E 16 Cycle 8
‘ [0} Cycle 7
m] Cycle 8
4 z g | ~Cycles
[ —Cycle 10
E L
Q 0 L _ a1
0 0.5 1 1.5 2
Potential / V vs. DmFc
c) d) e) o4
o~ — 20 0 3-5 i co COC
5 20 I@; T e 35 0a W T
< S /) e LA et 10 © 20 %
E N D e S 025 | % oM,
: I c (] L oy
620 [/ 03 2 Bl i
a 4 L é\/i\/\ﬁ\/@ 2 _g b1 | —EPoN Film |
E B r ': A 10 I Q : -=--Dropcast Film
S 60 | 1/ < 2 005 - on
= [ <
= Fooat = -Before —After O mesooTI=?  Y=coepes=Test O "
(@] _80 ! 1 L I 1 | L I -20 _005 1 1 1 L 1 1

-0.3 0 0.3 0.6 0.9
Potential / V vs. DmFc

3600 2600 1600 600
Wavenumber / cm

Figure 1. (a) Schematic of proposed self-limiting growth mechanism for the electrodeposition of polymer networks (EPoN) of
(co)polymers: phenolate as crosslinker side groups (vellow) are electrochemically activated by oxidation at the conductive surface
of the substrate, generating radicals (green) which couple into crosslinks (red) to form a polymer network near the surface. The
orange units represent the majority side group of choice (here: methyl methacrylate or “MMA”) of the copolymer that defines its
properties and function. (b) Cyclic voltammetry (CV) of a PMMA-5%Ph on an ITO-coated glass substrate, demonstrating
passivation of the electrode surface as an insulating film is deposited. (c) CV scans of a solution containing decamethylferrocene
(DmFec. left peaks) and 3.4 kg mol”! poly(ethylene oxide)-diferrocene (right peaks) before (black) and after (red) CV deposition of
PMMA-5%Ph, demonstrating the permeability of the small DmFc molecule and lack of access to the large polymeric probe after
EPoN, indicating complete coverage. (d) AFM height profile on the surface of the EPoN-derived PMMA-5%Ph film on ITO-coated
glass shown in (b). (e) ATR-FTIR spectrum for PMMA-5%Ph film deposited on gold using EPoN (solid line) compared to a control
spectrum of drop-cast PMMA-5%Ph (dashed line). (b,c) Potential axes are referenced to the half~wave potential of DmFc.

3. Results and Discussion

Design and EPoN of Vinyl-Based Copolymers: Fundamentally, EPoN utilizes a small fraction
of eX-linkers to enable the electrochemical formation of crosslinked polymer networks near the
surface. The hypothesis behind the successful use of EPoN for uniform and conformal thin-film
deposition requires fast crosslinking and precipitation of the electrochemically activated polymers
to ensure adhesion of the formed polymer network to the surface causing its progressive
passivation. For anodic electrodeposition, phenol has proven itself an effective eX-linker for its
ability to quickly couple and oligomerize upon repeated and continued oxidation to form a
crosslinked and insulating polymer network coating on the electrode surface (Fig. 1a).?1:231 We
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have previously shown that homopolymers with reactive moieties in each monomer can be
electrodeposited as conformal thin films after attachment of a few percent phenol to the reactive
backbone.[?*] To make more polymers accessible to EPoN, we introduce a new copolymer design
that does not rely on reactive homopolymers: a large fraction of the desired monomer(s) defines
the thin-film properties, while a small fraction of a reactive co-monomer provides the handle to
attach the eX-linker. The use of such random copolymers is a pathway for the simple synthesis
and deposition of a wide number of functional polymer films.

Based on this concept, random copolymers of poly(methyl methacrylate-co-glycidyl
methacrylate) [P(MMA-GMA)] were designed and synthesized. Here, MMA represents the
majority monomer making up the copolymer and defining its properties, while GMA is introduced
as a minority co-monomers with a reactive epoxy group to which a phenolic eX-linker is appended
for EPoN deposition. P(IMMA-GMA) copolymers with small GMA monomer fraction (5%, 10%,
and 20%) are synthesized and subsequently phenolic eX-linker side-groups are added to all GMA
monomers with thiol-epoxy ring-opening addition. Copolymers are named using the monomer
fraction percentage, where PMMA-xPh represents a copolymer initially with x GMA monomer
fraction that are chemically appended with phenol groups. '"H NMR confirms the copolymer
fractions and full conversion of the GMA monomers to phenolic eX-linkers by comparing peak
areas of the methoxy group (MMA) to the epoxy region protons (GMA) and their replacement by
aromatic protons upon phenol addition (Fig. S1). The molecular weight of the PMMA-5%Ph
copolymer was determined by gel permeation chromatography (GPC), yielding a M, of
97.9 kg mol'! and M, of 179.8 kg mol-! with a dispersity D of 1.84 relative to a polystyrene
standard calibration. The size and dispersity are expected for free radical polymerization and well
above the entanglement weight for PMMA polymers at around 10 kg mol-! (Table S1).[>4]

Deposition and characterization data for a PMMA-5%Ph polymer is shown in Figure 1 as a
representative example. Cyclic voltammetry (CV) scans show the phenolic side groups oxidize at
a potential above 0.9 V vs. decamethyl ferrocene (DmFc), causing polymer crosslinking and
deposition on the electrode surface (Fig. 1b). Successive CV cycles during deposition show
progressively lower current density as more cycles are passed. This indicates the conductive
surface is being passivated by the deposition of an insulating film, quickly decelerating the growth
process to almost self-limiting and defect correcting, leading to uniform and conformal ultrathin
films. Comparing this curve to a control CV with unmodified P(MMA-GMA) copolymer
demonstrates that the observed current is from the oxidation of the attached phenol groups only
(Fig. S2).

To investigate the permeability and coverage of EPoN-derived thin films, CV scans are
performed in a solution of DmFc and a poly(ethylene oxide) containing two ferrocene end groups
(PEO-2Fc) before and after deposition (Fig. 1c). DmFc is a small molecule that is expected to
exhibit permeability through the THF-swollen PMMA network thin-film. Indeed, the oxidation
and reduction peak of DmFc are maintained after EPON of PMMA-5%Ph albeit at lower current
density, as is expected from the decreased diffusivity through the crosslinked coating. On the
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contrary, the macromolecule PEO-2Fc¢ with a molecular weight of 3.4 kg mol-! is expected to have
substantially lower permeability through the PMMA network and, thus, serves as an indirect
electrochemical probe for the achieved coverage of the surfaces. The complete absence of its
oxidation current above 0.35 V and reduction current above 0.12 V vs. DmFc on the reverse scan
reveals that molecules of size similar or larger than 3.4 kg mol! PEO are unable to reach the
conductive surface. This result further proves the complete coverage of the substrate by the EPoN-
derived thin film within the electrochemical detection limit.

EPoN-derived ultrathin polymer network films are shown to be conformal and uniform on
planar substrates, even below 100 nm: on the macroscale, the average film thickness of the CV
EPoN-derived PMMA-5%Ph film on ITO-coated glass, shown in Figure 1b, is 86 nm with a
standard deviation of 0.6 nm, determined from three randomly selected spots across the circular
area of 15 mm in diameter. On the microscale, atomic force microscopy (AFM) height profiling
across the film surface shows the smoothness of the thin film with a roughness (R,) of 1.2 nm and
height deviations within +/- 5 nm over the 10 um by 10 um scanning area (Fig. 1d). To confirm
that the polymer structure is chemically unaltered by the EPoN process and it is, in fact, PMMA
that is deposited as a thin film, attenuated total reflectance Fourier-transform infrared (ATR-FTIR)
absorption spectroscopy is performed for a film deposited on a gold substrate (Fig. le). The
obtained spectra are almost identical between the EPoN-derived thin film and a drop-cast control
sample. The broad absorption band at 3300-3500 cm™ can be attributed to the hydroxyl stretching
vibrations of the phenolic side groups and the ring-opened epoxides.

Film Growth Behavior: To further explore the deposition behavior of the EPON mechanism,
electrochemical-quartz crystal microbalance with dissipation (E-QCM-D) is used for in-situ
monitoring of the film growth during EPoN of PMMA-5%Ph at 1.09 V vs. AgQRE on a gold
coated quartz crystal substrate. Upon applying the oxidative potential, a fast drop in resonant
frequency together with an increase in dissipation is observed, indicating the deposition of a non-
rigid or viscoelastic film on the electrode surface (Fig. 2a). The transient change in QCM-sensor
response is used to model the thickness of the depositing film over time (Fig. 2b). During the early
stage of deposition, the current density decreases rapidly while the film thickness increases quickly,
suggesting rapid passivation and film growth. The modelled film thickness continues to increase
throughout the 1200-s deposition at a rate lower than the initial growth, consistent with the growth
of an insulating polymer network that densifies on the electrode surface and reduces macromer
transport but seemingly inconsistent with a fully self-limiting growth mechanism. It is interesting
to observe that the current density drops off at a much sharper rate than the film thickness grows
in the E-QCM-D.
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The modeled thickness trace also exhibits an intermediate change in growth rate at longer
deposition times, corresponding to a temporary plateau-like feature in the QCM frequency and
dissipation response followed by a quick increase of the dissipation response and splitting between
the overtones. This behavior could reflect changes in solvent uptake and mechanical response of
the crosslinked polymer network at this point (>400 s) during deposition, rather than a transition
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to increased growth kinetics. The dry-film thickness measured on the same film after the 1200-s
E-QCM-D deposition is 71 nm, while the final thickness from the viscoelastic model fitted to the
QCM-D response yields is around 200 nm. This difference could be attributed to solvent swelling
of the crosslinked polymer network during the in-situ QCM-D measurement in THF, together with
uncertainty associated with viscoelastic modeling of soft polymer films (swelling vs. growth).
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Figure 2. (a) E-QCM-D response data for three overtones (n = 3,5,7) during the in-situ growth study of PMMA-5%Ph at 1.09 V
vs. AgORE on a gold-coated quartz-crystal sensor. (b) Current density and modelled in-situ film thickness from the E-QCM-D
deposition of PMMA-5%Ph at 1.09 V vs. AGORE. (c) Ex-situ dry film thickness obtained from interferometry for potentiostatic
depositions of PMMA-5%Ph on ITO-coated glass at 1.09 V vs. AgORE after different EPoN times from 30 to 3600 seconds. (d)
Current density for potentiostatic depositions at 1.09 V vs. AgORE on an ITO-coated glass substrate during the restart and repair
experiments of PMMA-5%Ph, with initial 30-second deposition (yellow), the 1200-second restarted deposition (orange), and 1200-
second repair deposition after damage (green). (e) CV scans of a mixed-ferrocene solution containing decamethylferrocene (redox
peaks < 0.3 Vvs. DmFc) and 3.4 kg mol-! poly(ethylene oxide)-diferrocene (redox peaks > 0.3 V'vs. DmFc) before any deposition
(black dashed), after the initial deposition (vellow), and afier the restarted deposition (orange). (f) CV scans of the PMMA-5%Ph
coated ITO substrate from (d) in the same mixed-ferrocene solution as in (e) after the restarted deposition (orange) compared to
after the first needle scratch (light blue), second scratch (dark blue), and after the repair deposition (green).

To further quantify the transient film growth, a complementary ex-situ growth study is
conducted by measuring the dry-film thickness of PMMA-5%Ph coatings deposited at 1.09 V vs.
AgQRE (= 1.3 V vs. DmFc) on ITO coated glass for varying deposition times from 30 to 3600
seconds (Fig. 2c). For all seven depositions, a substantial current drop is observed over the first
100 s, further demonstrating the rapid electrochemical passivation rate (Fig. S3). Based on the dry-
film thickness after each distinct deposition time, the films exhibit a rapid initial growth, with over
two thirds of the final thickness accumulated in the first ~300 s of deposition, followed by
substantially slower continued growth at longer deposition times. These ex-situ results confirm a
distinct slow-down of the film growth beyond 300 s, but the slow continued growth renders EPoN
of this polymer not fully self-limiting. The apparent differences observed between the transient in-
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situ E-QCM-D and ex-situ film thickness may stem from the difference in deposition cell geometry,
working electrode (gold vs. ITO), and modelling of the viscoelastic thin film.

To further investigate the transient growth behavior of EPoN, a potentiostatic deposition is
performed with PMMA-5%Ph (140 mg mL-") for only 30 seconds at 1.09 V vs. AgQRE (= 1.3V
vs. DmFc), followed by film drying and characterization before continuing the deposition for 1200
seconds under the same conditions. The current response following the restarted deposition
exhibits a transient response similar to the initial 30-s deposition process (Fig. 2d), indicating
continued electrochemical growth after drying and rewetting of the polymer-coated substrate. The
DmFc/PEO-2Fc permeability CV test further confirms transient evolution of film transport
properties during early stages of EPoON (Fig. 2¢): after the initial 30-s deposition, the smaller DmFc
probe largely retains its accessibility to the electrode surface, while the macromolecular PEO-2Fc
signal is partially suppressed, indicating formation of a film with finite but diminished
macromolecular permeability. The measured dry-film thickness after the 30-s deposition is 35 nm
(Table S2). Following the second 1200-s deposition under identical conditions, the PEO-2Fc signal
is completely suppressed and the dry-film thickness reaches 81 nm, consistent with measured
90 nm for a single 1200-s deposition. These results demonstrate that EPON growth can be
interrupted prematurely and restarted for continued film growth even after drying of the film,
leading to similar outcomes as a non-interrupted deposition.

Since EPoN deposits polymer networks as thin films on all solution-accessible conductive
surfaces, it is feasible to repair damaged coatings. To this end, two types of localized damage are
introduced to an EPoN-derived PMMA-5%Ph film (1.09 V vs. AgQRE = 1.3 V vs. DmFec,
140 mg mL-"). First, a sharp needle is used to generate several small scratches accumulating to
roughly 1.3% of the film area, which produces negligible changes in CV-measurable film
permeability (Fig. 2f and S4). Second, a THF-wetted cotton swab is used to generate a larger
damaged region (10% of film area), resulting in the emergence of a small PEO-2Fc signal during
the CV permeability test, consistent with the fraction of exposed ITO substrate. The damaged film
is subsequently repaired with EPoN of an additional 1200 s under identical conditions of its initial
deposition. After repair, the region of the needle damage (scratch 1) regrows to a thickness of 89
nm (Table S2), matching the expected thickness for a fresh 1200-s deposition under the same
conditions. The larger damaged region (scratch 2) exhibited a slightly higher thickness of 112 nm
after repair, possibly due to changes in surface activity of the damaged ITO substrate. Overall, this
experiment demonstrates that EPoN is defect-correcting and can be used for repair of damaged
thin-film coatings.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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Effects of Deposition Conditions: With the goal of identifying composition-processing-
property relationships that can be used as knobs to tune the properties of the EPoN-derived
polymer thin films, we study the impact of phenol percentage (x=5%, 10%, 20%), deposition
potential, and addition of tripropylamine (TPA) as a base to deprotonate the phenol eX-linker..
The three deposition potentials are chosen to represent the three types of electrochemical regimes
in the absence of TPA (Fig. 1b): 0.9 V vs. DmFc for the onset of phenol oxidation (charge-transfer
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kinetics dominate), 1.7 V vs. DmFc well beyond the phenol oxidation peak (mass transfer
dominates), and 1.3 V vs. DmFc as a mixed regime between those two extremes. As expected, the
initial current is universally higher for higher deposition potentials. However, depositions without
base passivate quickly even at the highest potential (Fig. 3a), while higher and continuous current
is passed over the whole deposition time of 20 minutes in the presence of the TPA base (Fig. 3b
and Fig. S5).

We hypothesized that this high sustained anodic current is contributed by the electrochemical
oxidation of TPA under the applied deposition conditions. Control experiments consisting of only
TPA in supporting electrolyte (0.5 M TBAP in THF) show an oxidation onset potential of TPA at
around 1 V vs. DmFc and a current decay after 6 repeated CV cycles, indicating that TPA is
oxidized and may contribute to transient interfacial changes or surface passivation (Fig. S6b).
Potentiostatic oxidation of TPA at 1.09 V vs. AgQRE (= 1.3 V vs. DmFc) also exhibits sustained
anodic current under (Fig. S6d). However, despite its irreversible electrochemical oxidation, no
measurable film formation is observed in the absence of our PMMA-xPh polymers, and
electrochemical permeability tests confirm that both small-molecule and macromolecular probes
retain full accessibility to the substrate following TPA oxidation (Fig. Séc,e). These results
demonstrate that TPA itself does not independently generate a crosslinked insulating or passivating
coating. Therefore, the sustained current observed in TPA-containing depositions likely reflects
contributions initially from both the oxidative polymer deposition and the TPA oxidation, and is
later dominated by TPA oxidation since the deposited PMMA-xPh films are permeable to such
small molecules. Thus, the deposition current alone cannot be directly interpreted as an indicator
of film growth or surface passivation if another electrochemically active small molecule is present.

Deposition at the lowest potential where charge transfer kinetics dominate result in uniform
thin films with thicknesses ranging from 37-87 nm depending on phenol fraction and presence of
the TPA base (Fig. 3¢ and Table S3). The film thickness increases under all conditions for the
intermediate deposition potential, with a maximum of around 130 nm for deposition of PMMA-
5%Ph with TPA present. Interestingly, the film obtained at the highest EPoN potential without
TPA catalyst is substantially thinner (73 nm) compared to the intermediate potential case, while
the TPA-containing conditions appear to reach a steady thickness at higher potentials. We
postulate that the presence of the TPA base alters the electrochemical environment during
deposition, resulting in similar outcomes for both 1.3 and 1.7 V vs. DmFc, while a significant
change of the growth is observed over this potential range without TPA. Similarly, higher phenol
fractions also led to thinner films at the intermediate and high deposition potential, likely due to
faster network densification (crosslinking) and passivation of the electrode, limiting further
polymer access to the surface for phenol oxidation (Fig. S6f). Comparing PMMA-5%Ph with and
without base catalyst, despite a more than 5 times higher current during deposition in the presence
of TPA, it only shows a small increase in the resulting film thickness (Fig. 3c). We do note,
however, that the precise effect of TPA oxidation on the crosslinking chemistry, as well as any
possible side reactions with the phenol or copolymer, remains unclear at this stage.
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Figure 3. (a-b) Chronoamperometry (CA) of the constant potential depositions of PMMA-5%Ph at three different potentials
without (a) and with tripropylamine (TPA) as a catalytic base (b). (c) Film thickness of the potentiostatic EPoN-derived PMMA-
xPh films deposited at three different potentials with x = 5%, 10%, and 20%, with and without TPA base for x = 5%. (d) Cyclic
voltammetry scans in solution of decamethylferrocene (left redox peaks) and 3.4 kDa poly(ethylene oxide)-diferrocene (right redox
peaks) overlayed for PMMA-5%Ph films deposited with no base at three different potentials compared to bare ITO coated glass
(dashed). (e) Relative peak oxidation current of decamethylferrocene remaining after EPoN of for PMMA-xPh films with x = 5%,
10%, and 20% deposited at three different potentials with and without base for x = 5% on ITO coated glass. More remaining
current indicates higher film permeability to small molecules. (f) Film thickness of PMMA-5%Ph deposited on ITO coated glass at
three different potentials and two polymer concentrations. (c,f) Values and error bars plotted represent the mean and standard
deviation, respectively, of interferometric thickness measurements in at least three distinct random locations.

Importantly, all tested EPoN conditions yielded thin films that are homogeneous in thickness
and fully covering the substrate, as evidenced by the blocking of the PEO-2Fc from the electrode
(Fig. 3d and Fig. S7). The decrease in peak oxidation current of the DmFc after EPON deposition
demonstrates the permeability of the obtained thin films to small molecules, though the magnitude
of permeability is not correlated to their thickness. For example, PMMA-5%Ph is thickest when
deposited at the intermediate potential, but least permeable from the highest deposition potential
(Fig. 3d,e). This result is consistent with the molecular picture that networks with higher crosslink
density swell less and are harder for molecules to permeate through. A similar relationship based
on crosslink density is observed with a change in phenol% of the copolymer: although films are
of similar thickness or even thinner at higher phenol%, these films are less permeable to the small
molecule DmFc (Fig. 3e).

Lastly, the polymer solution concentration is an additional impactful process parameter to
change the thickness of polymer coatings. Specifically, PMMA-5%Ph depositions at a lower
concentration of 70 mg mL-! (half the concentration of all previous depositions discussed) without
TPA present yielded measurable film thickness only at the intermediate and high deposition
potentials (Fig. 3f and Fig. S8). While the film deposited at the intermediate potential is half the
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thickness at 70 mg mL-' compared to 140 mg mL-!, the highest potential resulted in similar film
thickness. Additionally, some permeability to the large polymeric probe PEO-2Fc remains at the
low polymer concentration, likely due to either a low crosslinking density or possible uncoated
areas (Fig. S7). At the lowest potential of 0.9 V vs. DmFc, no consistent continuous thin film is
deposited with 70 mg mL-! PMMA-5%Ph, as seen by optical microscopy revealing only a few
spotty clumps of polymer precipitated onto the ITO-coated glass substrate (Fig. S9).

Overall, while a strong dependency of films thickness and permeability on some composition-
process conditions is observed, the EPoN-derived films are highly uniform with relative standard
deviations of less than 10% of the film thickness for all samples measured at random locations
over the circular film area of 15 mm diameter, and with 13 of the 15 samples exhibiting relative
standard deviations below 5% (Table S3). We postulate this uniformity to be a result of the growth
rate that substantially slows down over time resulting in an almost self-limiting growth inherent to
the EPoN concept.

EPoN on a Porous 3D Substrate: The biggest struggle of conventional polymer coating
techniques is their conformal deposition on 3D structured surfaces or porous substrates. Mass-
transport or line-of-sight limitations often lead to non-uniform deposition near pore entrances,
preventing uniform coating deeper inside the pores. In previous studies, EPoN was shown to
overcome these limitations through its self-limiting and defect-correcting growth mechanism,
enabling conformal and uniform ultrathin coatings on porous conductive architectures. Here, we
further evaluate the applicability of this mechanism to the present copolymer system. Porous
carbon electrodes with through-plane channeled pores on the micron scale that are open on one
side are used to test the EPON of PMMA-5%Ph on a porous 3D substrate. Due to the thickness
dependence on polymer concentration, a pulsed potentiostatic deposition is used with a 50 s rest
period at open-circuit potential between pulses to allow the polymer concentration to frequently
equilibrate throughout the deposition (Fig. 4a). Two depositions, one with longer 10-seconds and
one with shorter 1-second pulses, are performed. For both, the current decreases quickly over first
10 pulses implying the deposition of a passivating film, while the appearance of a steady state
suggests that the majority of the polymer is deposited within the first fifty cycles, even for a short
pulse duration of 0.1 second (Fig. S10). Mixed ferrocene characterization before and after shows
the coating is still permeable to polymeric and small-molecule ferrocene probe, providing an
inconclusive result with regards to film coverage and conformality (Fig. S11). However, SEM
cross-sectional images before and after deposition provide evidence for the presence and
conformality of the film (Fig. 4b). High-resolution SEM image before EPoN (10-second pulses)
show the porous carbon substrate with a dense surface topography of the micron-sized channel
pores with diameters around 5-10 pum and nanoporosity within the wall between them. Cross-
sectional SEM images after EPON show conformal PMMA film coating throughout the micron-
sized channel pores. Using image analysis measurements, the polymer coating is relatively
uniform with thicknesses in the range of 116-170 nm at the tops, middles and bottoms of pores
(Fig. S12 and Table S4).
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Figure 4. (a) Chronoamperometry of select potentiostatic pulses during electrodeposition of PMMA-5%Ph on porous 3D carbon
substrates at 1.09 V vs AGORE with 10 s pulses (top) and 1s pulses (bottom), both featuring a 50s rest period between pulses. (b)
SEM images showing the entire cross-section of the porous 3D carbon substrate (top) and the pore surface before (bottom left)
and after EPoN of PMMA-5%Ph with 10-second pulses at the middle of a cylindrical pore (bottom middle) and bottom of a
cylindrical pore (bottom right). The deposited film is indicated by white arrows. Additional SEM images and thickness
measurements provided in the Supporting Information.

4. Conclusion

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

EPoN is an effective strategy for the conformal deposition of uniform ultrathin coatings of
polymer networks on planar and porous conductive substrates alike. In this work, we extend the
scope of EPoN to a broader range of (co)polymers through a macromolecular design that
introduces a minor fraction of reactive comonomer as the attachment point for phenolic eX-
linkers to the majority monomer(s) that defines the film properties, all accessible through facile
free-radical polymerization and one-step modification. With phenol-functionalized P(MMA-
GMA) as an example, we show that its EPoN exhibits surface-passivating and quickly
decelerating growth behavior that enables conformal ultrathin polymer coatings on both planar
and 3D conductive substrates. While the composition-processing-property relationships are non-
linear and even non-monotonic, we established guidelines for tuning EPoN-derived ultra-thin
coatings: Film thickness and permeability can be tuned through deposition potential, polymer
concentration, and phenol percentage. Higher polymer concentrations and potentials well beyond
phenol oxidation favor faster network densification and yield thin, dense, low-permeability
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coatings, whereas lower concentrations or potentials closer to the oxidation onset produce thinner,
more permeable films. Thicker films with high permeability are favored at lower phenol fraction
and at intermediate potentials, where slower densification allows more prolonged film growth. In
addition, pulsed-potential deposition demonstrates that EPoN can provide uniform coatings on
complex 3D porous architectures. More broadly, this work highlights the versatility of EPoN as
a general platform for ultrathin polymer coatings, with the flexibility to accommodate diverse
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polymer compositions and film chemistries. By separating the eX-linkers from the majority
composition, this copolymer platform enables independent control over film formation,
topography, and chemistry. We envision this synthetically simple and highly tunable process to
enable researchers and industry to fabricate tailored interphases and interfacial properties for
surface protection, controlled wettability, molecular separation and purification such as carbon
capture, as well as energy storage and conversion.
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