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Recent progress and applications enabled via
electrochemically triggered and controlled
chain-growth polymerizations

Boyu Zhao and Paul Wilson "=/ *

The use of external stimuli to trigger and/or control polymer synthesis has become a prominent research
theme over the last 20 years. With the need for more sustainable methods of polymer synthesis and pro-
duction, interest in this area has intensified in the last decade. External stimuli include, but are not limited
to; heat, light, ultrasound and electricity. Relative to their chemically mediated counterparts, these
methods of stimulus are non-invasive, atom economic and offer excellent spatial and temporal control
over reaction progress. In particular, the use of an electric field to deliver electrons as reagents in electro-
synthesis is considered to be an emerging green and sustainable solution in organic and polymer syn-
thesis. Through modulating the applied potential/current precise control over the kinetics and thermo-
dynamics of electron-transfer reactions can be achieved, which can enhance the efficiency and selectivity
of targeted chemical transformations. In this review, we have captured the recent progress made in elec-
trochemically triggered and controlled polymer synthesis techniques, focusing on chain-growth polymer-
izations including radical, ionic and ring-opening polymerizations and applications enabled by the use of
an electric field to perform such reactions.

Introduction

Over the last two decades, with the development of more sus-
tainable synthetic and production procedures, (macro)mole-
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cular electrosynthesis has experienced a renaissance in aca-
demic research and industrial interest." This is due to the
inherently ‘green’ nature of electrochemistry which increases
the sustainability and reduces the carbon footprint of electro-
chemical processes/reactions relative to chemically driven pro-
cesses. From an environmental point of view, electrochemistry
is an enabling technology providing platforms for (i) sustain-
able generation of power/energy (solar, wind, water, etc.); (ii)
valorization of waste streams; (iii) real-time monitoring of
redox processes across a variety of length scales; (iv) synthesis
of complex (macro)molecules and materials fabrication.>™

In the context of electrochemical synthesis and catalysis,””®
the use of electrons as reagents for redox reactions has a
number of benefits compared to stoichiometric chemical
redox agents. Many of the chemical redox agents employed are
toxic or form toxic by-products so replacing these with elec-
trons minimises the need for intensive purification processes.
Thus, the use of electrons either directly (at the electrode inter-
faces) or indirectly, via mediators, significantly improves atom
economy. Moreover, fine control over the potential/current
during electrolysis can provide kinetic, thermodynamic and
spatial control over electron-transfer reactions which can
enhance selectivity of chemical transformations.’ Indeed, the
control conferred by electrolysis coupled with the relatively
mild reaction conditions required, has been shown to enable
selective functionalization of complex molecules that would be
challenging to achieve with standard chemical redox agents."°
Electrosynthesis has also been shown to be compatible with
so-called ‘green’ solvents including water (homogeneous and
in dispersed phases),""'? ionic liquids™® and deep eutectic sol-
vents." The use of mediators can improve reaction and energy
efficiency whilst waste streams are minimized by the ability to
control the stoichiometry of desired reagents or reactive inter-
mediates required to drive the reactions to completion. Finally,
the in situ generation of reactive intermediates using electro-
chemistry can be coupled with real-time monitoring during
electrolysis, using advanced electroanalytical methods, which
plays an important role in understanding and improving the
selectivity of reactions whilst also enhancing the overall safety
of the reaction process as a whole.*

In chain-growth polymerizations, the generation of reactive
intermediates (typically cations, anions, radicals) is crucial to
initiate and control (for controlled/‘living’ polymerizations)
the reactions. One strategy for improving synthesis and pro-
cesses is to replace chemically and energy intensive (multiple
steps) methods with milder processes that leave a reduced
carbon footprint. One way to achieve this is to use external
stimuli e.g. photo-, sono- and electrochemical intervention to
replace chemical reagents with photons, ultrasound and elec-
trons to mediate the generation of the required reactive inter-
mediates and control the overall polymerization process."®

Herein, the use of electrochemistry to trigger and control
chain-growth polymerizations is reviewed. Specifically, the
focus will be on controlled/living polymerizations including
reversible deactivation radical polymerization (RDRP), ionic
polymerization and ring-opening polymerization. The electro-
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chemical synthesis of conducting polymers proceeding via
chain-growth polymerization is therefore outside the remit of
this contribution and readers are directed elsewhere for
information."®

Radical chain-growth polymerization
Free radical polymerization (FRP)

In recent decades, with the development of polymer synthesis
technologies, a number of synthetic methods enabling precise
control of molecular weight have been discovered.'” However,
free radical polymerization (FRP) is still the most industrially
relevant method, employed in the preparation low-density
polyethylene,'® polystyrene,"® polyvinyl chloride,® polymethyl
methacrylate,”" polyacrylonitrile,”* polyvinyl acetate,>® styrene-
butadiene rubber,>* nitrile rubber,>® neoprene,*® etc. In con-
ventional FRP, the reaction process can be divided into four
main steps. Initiation and propagation steps result in polymer
chain growth and a build-up in molecular weight whilst ter-
mination and chain transfer processes stop chain growth and
in the latter case this leads to initiation of new polymer
chains. The initiation step involves generation of radical inter-
mediate and its first addition to a vinyl monomer. There are
several approaches to radical generation including: thermoly-
sis,””  photolysis,”® redox reactions,> self-initiation of
monomer®® and electrolysis.®® Typically, unstable molecules
capable of undergoing homolysis to form radicals are
employed as initiators. Common initiators that undergo
thermal decomposition to form radicals are azo-compounds
and peroxides, such as 2,2-azobis(2-methylpropionitrile)
AIBN,**  1,1'-azobis(1-cyclohexanecarbonitrile) ABCN**® and
benzoyl peroxide® that all contain relatively weak bonds that
undergo homolysis when heated.

The use of light to generate radicals has emerged as a
powerful strategy for polymer synthesis and advanced materials
fabrication.” For conventional photo-initiated polymerizations,
light sources are usually short wavelength high energy ultra-
violet (UV) light (4 = 100-400 nm).>® Research tends to focus on
trying to develop less energy intensive (long wavelength) reac-
tions. Modern light sources are currently available for photo-
initiated FRP, such as light-emitting diodes (LEDs).>

The most energy efficient initiation methods for generating
radical intermediates are based on redox reactions.’”
Compared with other methods, redox-controlled FRP is typi-
cally performed in the absence of external energy sources. For
example, Fe** ions play an important role in the redox system
in Fenton-type reactions. In this redox reaction, one electron is
transferred from Fe®" to a peroxide molecule leading to
decomposition and the formation of a radical, Fe* and OH™.

These chemical redox reactions allude to the potential of
achieving similar electron transfer processes using electrodes,
negating the need for the addition of chemical oxidants or
reductants. Indeed, electrochemistry has been employed in
polymer synthesis and materials fabrication for decades.*® In
electrochemically mediated FRP (eFRP), free radicals capable
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of initiating polymerization are generated at electrodes.
Polymerization can then occur at the electrode surface or the
radical can migrate away from electrode surface and initiate
polymerization in the bulk solution. After electro-initiation,
eFRP is subject to the usual elementary stages of FRP ie.
propagation for chain growth, chain transfer and termination,
to obtain polymer. The setup of an eFRP reaction cell is
similar to a typical electrosynthesis reaction cell (Fig. 1). The
reaction cell mainly consists of 2 or 3 electrodes (working,
counter, and reference electrodes) assembled in a divided or
undivided cell.** Subramanian’s group used eFRP to polymer-
ize acrylonitrile in aqueous solution, with insoluble polyacrylo-
nitrile formed as coating on a cathode.’® Electro-initiated
polymerization on electrodes is suitable for commonly used
vinyl monomers including methyl methacrylate and acrolein.*®

Generation of the reactive radical intermediates can require
the application of an overpotential (i = Eapp, — Eq/2), Where Eyp,
is the applied potential and E,, is the half-wave potential. The
overpotential (i7) describes the additional energy required to
drive the reaction forward at an appreciable rate and can
depend on the choice of electrode materials.’® Metals, as
materials with high conductivity, are common choices for elec-
trodes in electropolymerization. Commercial metals such as
Pb,** sn,*? pt,** Bi,* Fe,* and Al*° are all suitable electrode
materials.”” However, Subramanian’s group first proposed to
use graphite fiber as an electrode for electropolymerization.®®
The working electrode (WE) usually needs better conductivity
and a higher specific surface area compared to the counter
electrode (CE). Reticulated vitreous carbon (RVC) with a high
specific surface area and nickel foam are examples of electrode
materials with good conductivity and high specific surface
area. In addition to electrodes, electrochemical cells capable of
mediating eFRP also require electrolytes, solvents, initiators,
and monomers.

3 electrode

(B) ’—{
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e
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Fig. 1 Schematic depiction of common electrochemical cell configur-
ations including divided (C and D) and undivided configurations (A and
B) for; potentiostatic reactions (B and D) consisting of a working (red),
counter (green) and reference (grey) electrode; galvanostatic reactions
(A and C) consisting of a working (red), counter (green) electrodes.
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In 1949, Dineen et al. reported eFRP of acrylic acid*” high-
lighting the potential of eFRP. In 1960, Smith and coworkers
exploited Kolbe electrolysis to generate radicals capable of
initiating FRP of vinyl acetate, methyl methacrylate and vinyl
chloride in aqueous electrolyte solutions.*® In the following
years, MMA was used as a monomer to successfully obtain
polymers in homogenous media,” polar media,*® alcohol
solutions,”* and aqueous sulfuric acid.* In 1976, Pistoia’s
group successfully polymerized acrylonitrile in aqueous sulfu-
ric acid®® whilst acrylamide was also employed as a monomer
in eFRP.>* The above success proves that electro-initiated
polymerization can be applied to the most commonly used
polymer synthesis. The electro-initiated polymerization strat-
egy has also been employed to prepare polymeric materials
such as polymer networks,> surface-attached responsive gel
layers,”® and functionalized surfaces via electrografting.®”

Wu’s group reported eFRP of N-isopropylacrylamide
(NIPAM) in the presence of a cross-linking agent (N,N'-methyl-
enebisacrylamide) in a three-electrode system (Fig. 2).>® The
generation of free radicals was electrochemically controlled
leading to formation poly-NIPAM microgels. They found that
the size of the microgels could be controlled by varying the
applied potential. Moreover, the reaction electrodes were
shown to be reusable which is attractive from a sustainability
point of view.

Most recently, Theato and co-workers reported eFRP of reac-
tive monomers, 2,6-difluorophenyl acrylate (DFPA), pentafluoro-
phenyl acrylate (PFPA), and glycidyl methacrylate (GMA) using
a commercial and standardized Electrasyn 2.0 device.’" Using
commercially available (IKA), standardized zinc (anode) and
graphite (cathode) electrodes, initiation was achieved by galva-
nostatic cathodic reduction (-1 mA or —4 mA) of 4-fluoroben-
zenediazonium tetrafluoroborate to generate aryl radicals.
Incorporation of the fluorine tag enabled M, to be determined
by 'F NMR spectroscopy as well as SEC. The functional
groups present in each monomer were electrochemically inert
under the reaction conditions and were readily used for post-
polymerization modification exemplifying the potential to syn-
thesise reactive polymer scaffolds using eFRP (Scheme 1).

Reversible deactivation radical polymerization (RDRP)

Over the last 30-40 years, the development and advances in
our understanding of reversible deactivation radical polymeriz-
ation (RDRP) techniques has had a dramatic effect of what is
synthetically possible in polymer chemistry.>® Through control
of a dynamic equilibrium between dormant (P,-X) and active
(P,,") species, RDRP enables fine control over the radical con-
centration during polymerization which significantly reduces
termination events. Consequently, it is possible to retain and
control chain-end functionality which provides access to
complex polymer compositions (e.g. diblock, multiblock, gradi-
ent copolymers)®® and architectures (star, hyperbranched,
graft, bioconjugates etc.).*""*> This has expanded the scope of
potential applications of polymers derived from radical
polymerization into areas such as healthcare,®® 3D-printing,**
and nanotechnology.®® The most common RDRP methods are

This journal is © The Royal Society of Chemistry 2023
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(A) Proposed reaction scheme for the eFRP synthesis of PNIPAM microgels. (B) DLS size distribution of PNIPAM microgels (W, O; in the pres-

ence of MBAAm in the synthesis) and PNIPAM particles (®, O; in the absence of MBAAm in the synthesis; as a control) at t = 3 h (solid symbols) and
t = 24 h (open symbols). (C) Representative TEM images of PNIPAM microgels at t = 3 h. Reproduced (adapted) from ref. 58 with permission from the

Royal Society of Chemistry, copyright 2015.
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Scheme 1 Schematic overview of eFRP. (A) Electrochemical decompo-
sition of a fluorine-labelled aromatic diazonium salt. (B) eFRP of DFPA,
PFPA, and GMA. (C) Post-polymerization modification of the reactive
polymer scaffolds using a fluorine-labelled amine for the preparation of
polyamides and poly(f-amino alcohols). Reproduced from ref. 31. with
permission from the Royal Society of Chemistry, copyright 2021.

nitroxide mediated polymerization (NMP),°® atom transfer
radical polymerization (ATRP)*” and reversible addition frag-
mentation chain transfer (RAFT) polymerization.’® Thus far,
ATRP and RAFT have been shown to lend themselves to
electrochemical intervention whereby an applied potential or

This journal is © The Royal Society of Chemistry 2023

current can be used to generate the active radical intermedi-
ates (P,) required to trigger and/or mediated polymer
synthesis.

Electrochemical atom transfer radical polymerization (eATRP)

Atom transfer radical polymerization (ATRP) was indepen-
dently reported by Sawamoto and Matyjaszewski,*>”® in the
mid-1990s and it is one of the most extensively developed
areas of polymer science.” Compared with FRP, ATRP offers
better control over molecular weight, dispersity and end-group
enabling precise compositional and topological control for the
design of advanced materials.”*> ATRP is also a useful tool for
surface-initiated polymerization’”?> and micropatterning via
translation to probe-based methods such as scanning electro-
chemical cell microscopy (SECCM).”* The choice of monomers
compatible with ATRP is another advantage. For example,

styrenes,’> (meth)acrylates,”® (meth)acrylamides,””
N-vinylpyrrolidone,”® acrylonitrile,”® vinyl acetate,*® and vinyl
chloride® are all compatible with ATRP. Considering the

breadth of monomers used it is important that ATRP can be
achieved in both aqueous® and non-aqueous solution.®

In Cu-mediated ATRP biochemical,®® photochemical,®
electrochemical®® and mechanochemical®” methods have all
been developed, enabling external control over polymerization
reactions, as the radical concentration can be accurately con-
trolled. Each of these ATRP methods offers a more environ-
mentally benign and industrially friendly approach to syn-
thesis compared to conventional ATRP.®® From a mechanistic
point of view, ATRP was developed from atom transfer radical
addition (ATRA).®”*° In general it is important to control the
equilibrium (Kxrgp) between dormant alkyl (R-X) or macromol-
ecular (P,-X) halides and the propagating radicals (R’/P,") that
undergo reversible redox reactions with Cu-complexes
(Scheme 2).°

In 2017, Matyjaszewski and his team wrote an excellent and
extensive review on eATRP, covering the development and
applications of eATRP to date.”’ Readers are direct to this for
information on the traditional reaction set-up, mechanism,
optimization and application of eATRP between 2011-2017,
along with the advantages and limitations of the technique.
For brevity, here we will briefly describe the concept of eATRP

Polym. Chem., 2023, 14, 2000-2021 | 2003
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moted by external stimuli. Reprinted with permission from ref. 67.
Copyright 2022 American Chemical Society.

again, then focus on the progress and application of eATRP
since 2017.

In eATRP, the catalyst concentration is manipulated by an
electric field which can be used to move between active and
dormant states. The active, yet oxidatively labile Cu'L complex
can be formed in situ when a potential (E,pp) or current (Ipp)
is applied to promote a one electron reduction of an inactive
Cu"L precursor.®” Several parameters, such as the applied
current (I,pp), applied potential (E,pp), and total charge passed
(Q) can be defined in eATRP to allow selection of the desired
concentration of redox-active catalytic species.’’ As well as the

electric field, other relevant parameters that can influence the
93
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Electricity, as an external stimulus, drives the reaction of
eATRP, and is a critical factor affecting the reaction process
and outcome.’® Prior to the reaction, CV (cyclic voltammetry),
is used to investigate the redox activity of the reaction solu-
tions. The appropriate applied potential can be selected for
eATRP through the obtained reduction and oxidation potentials
of the copper/ligand system employed. Thus, the standard
reduction potential (Ey, = (Epa + Epc)/2) of Cu-complexes
employed can be estimated from CV as the half-sum of cathodic
(Epe) and anodic (Ep,) peak potentials.”” E;, values are strongly
dependent on the nature of Cu-salt and ligand employed to
form the Cu-complex.”® When CuBr, forms complexes with
different ligands, the corresponding values of E,. and E,, are
different, so Ey, values are also different. For example, com-
plexes formed using ligands commonly employed in eATRP, e.g.
TPMA and MesTREN form reducing Cu-complexes as indicating
by the negative E;, values (Fig. 3).°

Applications enabled by eATRP

A direct application of eATRP is the synthesis of polymers with
complex compositions and architectures, such as block copoly-
mers,'®® copolymer brushes,'® and star polymers.®* In
addition, initiators can be adsorbed onto 2D and 3D surfaces
to form brush-like graft (co)polymers through eATRP.'%*
Moreover, the procedure is tolerant to small amount of oxygen
making it amenable to applications in biochemistry.'® For
example, Matyjaszewski’s and co-workers produced well-
defined polymers and DNA-polymer bioconjugates via low-
volume eATRP in the presence of oxygen.'®* Kong’s group
found that signal amplification enabled by eATRP could be
used to develop an electrochemical aptasensor for the detec-
tion of bisphenol A with sensitivity as low as 59 aM."%®

Complex polymer architectures from eATRP
eATRP has been successfully used for the preparation of poly-

outcome of eATRP include stirring rate and diffusion,”” reac- mers with complex architectures, benefitting from the high
tion solvent® and supporting electrolyte.”® chain-end fidelity conferred and minimization of termination
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Fig. 3 Cyclic voltammetry recorded on a GC electrode at v = 0.1 V s™%, room temperature of (A) Cu'"MegTren (8.8 mM) in H,O/OEGMAzq0 (9 : 1 v/v)
+ 0.1 M Et4NBF, in the absence (black line) and presence (dashed red line) of 2-hydroxyethyl 2-bromoisobutyrate (HEBiB). E;/, = —0.40 V; E, . =
—0.51V; E,, = —0.28 V.°° (B) Cu"TPMA (8.8 mM) in H,O/OEGMAzq, (9 :1 v/v) + 0.1 M Et4;NBF, in the absence (black line) and presence (dashed red

line) of 2-hydroxyethyl 2-bromoisobutyrate (HEBIB). Ey;» = —0.21V; E, . =

-0.31V; E,, = —0.12 V. (C) Cu"(NPPI); (8.8 mM) in H,O/OEGMA3q0 (9: 1

v/v) + 0.1 M Et4NBF, in the absence (black line) and presence (dashed red line) of 2-hydroxyethyl 2-bromoisobutyrate (HEBiB). Ey;» = 0.02 V; E, . =
—0.14 V; E, , = 0.17 V. Reproduced from ref. 99 with permission from the Royal Society of Chemistry, copyright 2022.
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events eg. coupling between multifunctional
macromolecules.’®®'%” Star polymers, block copolymers, and
multi-block copolymers can be synthesized with precise
control over molecular weight and low dispersity values
employing low catalyst loadings (as low as 10 ppm).'*® eATRP
is an efficient technique for synthesizing star polymers.'®® A
5-arm star polymer was synthesized using a-p-glucose-Brs con-
taining five initiating groups in the core. In 2017, Chmielarz
and co-workers used oligo(ethylene glycol) acrylate (OEGA) as
monomer, and a five arm star polymer was synthesized by
eATRP."" The conversion can reach 98% and the dispersity of
the POEGA was as low as P, = 1.15. Matyjaszewski’s group
used n-butyl acrylate (BA) as a monomer to synthesize star
polymers and  bottlebrush  polymers  respectively.''!
Bottlebrush polymers were synthesized from two multi-func-
tional ATRP macro-initiators derived from poly(hydroxyethyl
methacrylate) (PHEMA) with different chain lengths (DP,, =
316, 1632). Simplified eATRP (seATRP) of BA from the multi-
functional macro-initiators yielded bottlebrush polymers with

2 100.0 nm
I
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M, > 500 000 ¢ mol™". Cleaving polymer chains from backbone
revealed that the polymerization process was well controlled
(Pm = 1.07-1.32). The topology of the brushes formed could be
varied based on the DP,, of the PHEMA backbone or the DP,
of the PBA sidechains (Fig. 4). Multi-functional vitamin mole-
cules have also been used to form the core of star polymers
synthesized by eATRP. Through the precise control of the mole-
cular weight and dispersity, these products have the potential
to be used as drug delivery systems.'"?

eATRP is a versatile, clean technique compatible with range
of water-soluble, biocompatible monomers. As the main com-
ponent of living organisms, water is a necessary medium for
many reactions, so eATRP in aqueous solution is of broad
interest. For example, HEMA and OEOA have been used to
obtain polymers with predetermined molecular weight and
low dispersity using low catalyst loadings and high monomer
content (up to 50 vol%).'®

eATRP is also an effective technique for the synthesis of
copolymers, and Gennaro and co-workers reported the use of

Fig. 4 AFM images of: (A) and (C) PBiBEM3;¢-based PBA brushes and (B) and (D) PBiBEMg3,-based PBA brushes spin-casted on a flat silicon sub-
strate. Reprinted from ref. 111. Copyright 2020, with permission from Elsevier.

This journal is © The Royal Society of Chemistry 2023
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eATRP to synthesize poly(acrylonitrile) and poly(acrylonitrile-
butyl acrylate) copolymers as precursors for N-doped meso-
porous carbons.'™® The material contained high nitrogen
content, remarkable O, reduction activity and 40% selectivity
for H,0, production.

Surface initiated eATRP

Surface-initiated (SI)-eATRP was developed to perform poly-
merizations from initiator-functionalized surfaces."* Silicon
wafers, which are semiconductors, are an important part of
integrated circuits in electronic devices for applications in bio-
medical and microelectronic devices such as biosensors."'”
Modification of silicon surfaces is therefore an important
factor in the fabrication of new hybrid materials for microelec-
tronics and nanoelectronics. seATRP employing a sacrificial
initiator, has been used as a grafting technique to prepare
modified silicon wafer surfaces. The synthesis of copolymer
brushes of poly(2-hydroxyethyl acrylate) (PHEA) and hydro-
phobic poly(tert-butyl acrylate) (PtBA) was performed at Cu-
catalyst loadings as low as 6 ppm.'°> The level of control
enabled by electrochemical intervention was verified by
surface characterization including AFM (Fig. 5).

Grafting polymer brushes via SI-eATRP has well-known
advantages, including the use of low catalyst concentrations,

“Scratch

Polymer

Scratch

60.0 nm

Vertcial distance [nm]
Vertcial distance [nm]
™

0 2 4 I 8 0 7 H T H
Horizontal distance i)

Horzontal distance [um]

Fig. 5 (A) Schematic representation of SI-seATRP in the presence of a
sacrificial initiator. (B and D) AFM image and height profile of PHEA
grafted surface ([Cul = 26 ppm, E,pp = =190 mV, 28 + 1 nm thickness).
(C and E) AFM image and height profile of PHEA-b-tBA grafted surface
(ICul = 6 ppm, E;pp = =120 mV, 33 + 1 nm thickness). Reproduced from
ref. 102. Copyright 2020, with permission from MPDI.
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no need for an inert atmosphere, and the opportunity to
control polymer composition and structure.'*® Downard’s
group reported that simultaneous Cu-catalysed electro-‘click’
and SI-eATRP reactions can be used for one-pot grafting strat-
egy with a controlled density anchor sites.''” In 2019, Inagi’s
group prepared gradient polyelectrolyte brushes using a
combination of bipolar electrochemistry and eATRP, and
described layer-by-layer (LbL) deposition on gradient poly-
electrolyte brushes to form films."*® Similarly, polyethersul-
fone (PES) membranes modified by SI-eATRP of glucose
allylamide and cyclodextrin acrylic acid were demonstrated
to have significantly improved hydrophilicity and antifouling
properties compared to membranes prepared by common
methods."® In addition to preparing thin films, nanoparticle
copolymer brushes can also be synthesized by SI-seATRP.
Synthesis of densely grafted (co)polymer brushes, including
poly(tert-butyl acrylate) (PtBA), poly(tert-butyl acrylate)-b-poly
(styrene) (P¢BA-b-PS), and poly(tert-butyl acrylate)-b-poly(butyl
acrylate) (PtBA-b-PBA), from 15.8 nm silica nanoparticles (NPs)
via SI-seATRP under constant potential electrolysis conditions
has been reported.”® The polymers exhibited narrow
molecular weight distribution (D, 1.20-1.32), and the
polymer-grafted nanoparticles had excellent size uniformity

(Fig. 6).
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Fig. 6 Surface-initiated seATRP employed for the formation of co-
polymer brush coated Si-nanoparticles. TEM images and DLS hydrodyn-
amic size distributions by intensity (in THF) of co-polymer brushes
grafted on silica NPs via seATRP: (A and B) PtBA, (C and D) PtBA-b-PBA,
(E and F) PtBA-b-PS. Reprinted with permission from ref. 120. Copyright
2017 American Chemical Society.
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eATRP in biochemical detection

Over the last 2 decades, SI-ATRP has emerged as a robust and
sensitive method for signal amplification for the detection of
clinically relevant biomolecules, including proteins, nucleic
acids and antigens."”?™'**> Through careful selection of (co)
monomers, a desirable signal tag can be controllably incorpor-
ated into the polymer brushes created to confer a signal
output. For example, using conventional ATRP methodologies,
ATRP-initiator-functionalized probes were used to detect and
bind to specific DNA fragments immobilized on a substrate.
Subsequent ATRP of HEMA resulted in changes in opacity as a
result of formation of poly(HEMA) at the specific site of attach-
ment. As a proof of concept this demonstrated that SI-ATRP
could be employed to detect point mutations in DNA with a
limit of detection of 1.0 nM."**

The application of SI-eATRP to these signal amplification
strategies has been explored to help simplify the overall
process by negating the need for constant deoxygenation and/
or use of chemical additives to promote regeneration of the
active catalyst. In 2021, Kong’s group used thiolated peptide
nucleic acids (PNA) immobilized on a gold electrode substrate
to specifically detect and bind lung cancer DNA fragments.'**
ATRP-initiator-functionalized-graphene  oxide (GO) was
immobilized onto the PNA-DNA heteroduplexes using phos-
phate-Zr**~carboxylate prior to eATRP of ferrocenyl methacry-
late (FCMMA) as a signal tag. Using square wave voltammetry
(SWV), ultrasensitive detection of lung cancer DNA with a limit
of detection as low as 0.213 aM was achieved. Using a similar
strategy, a signal amplification method for CYFRA 21-1 DNA,
which is a crucial biomarker closely associated with non-small
cell lung cancer, has been developed.'* In this work, the
PNA-DNA heteroduplexes were functionalized with ATRP initi-
ating groups via linkage to hyaluronic acid (HA) in the place of
GO leading to limits of detection as low as 9.04 aM.

The recruitment of a large number of ferrocene (Fc) redox
tags for signal amplification has also been employed for the
detection of proteins. Prostate-specific antigen (PSA) proteins
were immobilized onto a gold substrate via the N-terminal
cysteine residue."®® Selective cleavage the peptides resulted in
the formation carboxylate groups which were used to non-co-
valently attach a-bromophenylacetic acid via carboxylate-Zr**
carboxylate chemistry. Subsequent eATRP of FcMMA and
evaluation via SWV resulted in a limit of detection for PSA as
low as 3.2 fM (Fig. 7)."*°

In the same year, Niu’s group reported an electrochemical
biosensor based on the use of eATRP grafting of FCMMA as an
amplification strategy for ultrasensitive determination of
trypsin activity.">” The strategy employed for PSA detection was
followed, using trypsin to cleave the target surface bound pro-
teins to expose the carboxylate groups required to introduce
the ATRP initiator via the Zr*" linkage. Optimization resulted
in limited of detection in the pM.

Thermally responsive protein imprinted polymers (TPIPs)
have also been developed as electrochemical biosensors. Using
haemoglobin (Hb) as a template the TPIPs were prepared on

This journal is © The Royal Society of Chemistry 2023
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Fig. 7 Schematic representation of a cleavage-based electrochemical
PSA biosensor with signal amplification enabled by eATRP. Reprinted
with permission from ref. 126. Copyright 2020 ACS.

gold-deposited Zn-nanoflowers via immobilization of an thiol-
functionalized ATRP initiator onto the deposited gold to
enable eATRP of NIPAM and methacrylic acid (MAA) as como-
nomers in the presence of N,N-methylene bis-acrylamide
(MBA)."*® Upon removal of the template, the performance of
the biosensor in Hb detection was evaluated using differential
pulse voltammetry (DPV), indicating a detection limit of
31x10" mg L.

In addition to the detection of DNA and proteins, this
methodology has also been used for the detection of glucose.
A boronic acid functionalized gold surface was used to form a
layer of glucose on the surface of the electrode. Reaction of the
free hydroxyl groups remaining at the surface with 2-bromoiso-
butyryl bromide introduced initiating sites for SI-eATRP of
FcMMA."?° This strategy for ultrasensitive detection of glucose
presented a good linear relationship between oxidation
current of ferrocene and glucose concentrations in the range
from 1.0 nM to 10 pM with an extremely low limit of detection
of 0.32 nM (R® = 0.996). This strategy showed good specificity
for glucose detection under physiological conditions and high
reliability in human serum.

‘Plug-and-play’ simplified eATRP

The development of eATRP has been driven by thorough
investigations into the reaction conditions and reaction para-
meters such as; exploring the effect of the ligand structure on
the ensuing complexes,™*® the development of oxygen tolerant
eATRP,"*! investigating the effect of electrode materials,'"”
concurrent chemical-electrochemical methods™** and the
development of methods that use a commercially available,
standardized reaction devices."** The ElectraSyn 2.0 device is
an integrated reaction device manufactured by IKA. It consists
of a cap that can supply energy to connected electrodes whilst
fitted to an appropriate reaction vial. The reaction device can
support up to three electrodes: namely a working electrode
(WE), counter electrode (CE) and reference electrode (RE). A
wide range of standardized electrodes are commercially avail-
able and readily interchangeable in the device cap which can
provide enormous synthetic scope and improve reproducibility
of reactions under development.
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We reported the development of a simplified ‘plug-and-
play’ approach to aqueous eATRP in 2021."** Using Pt (WE),
sacrificial Al (CE) and Ag/AgCl (RE) electrodes, Cu'/TPMA was
generated by reduction of Cu"/TPMA at the WE when a suit-
able potential was applied (E,p, = —0.15-—0.25 V). The rate of
reaction was shown to increase at more reducing E,, values
compared to E;, Well-controlled polymerization of PEGAs,
(Pm = 1.17-1.31) was obtained and M,, = 9000-55 000 g mol "
were achieved (Fig. 8). Crucially, electrochemical control was
verified by sequential steps of applied potential and no
applied potential, which showed that polymerization only
occurred during the steps in which potential was applied to
the reaction mixture in order to generate the required Cu'/
TPMA. Conveniently, the reaction device can be connected to a
mobile phone app and the I v ¢ graphs associated with the
polymerization can be monitored and recorded in real time
allowing the total charge passed during the course of the reac-
tion to be determined. This information can be used to design
ILpp reaction profiles that enable a simplified 2-electrode (no
RE required), galvanostatic eATRP which has been used for the
polymerization of PEGA,g, and N-hydroxyethyl acrylamide."?*

View Article Online

Polymer Chemistry

The development of eATRP of acrylates and acrylamides has
shown that Cu'/TPMA and Cu'/MegTren, which are considered
to be more reducing complexes, can result in efficient for-
mation of well controlled polymers in organic and aqueous
media. With little attention given to less reducing Cu-com-
plexes, particularly those containing N-alkyl pyridineimine
(NAPI) ligands, we have also explored these complexes in our
‘plug-and-play’ aqueous eATRP setup. Under continuous elec-
trolysis conditions polymerization of oligo(ethylene glycol)
methyl ether methacrylate (M, = 300 g mol™'; OEGMA;)
yielded POEGMA with good control over molecular weight dis-
tribution (P, < 1.35).”° Interestingly, these polymerizations are
not under complete electrochemical control, as monomer con-
version continues when electrolysis is halted during reactions
in which sequentially steps of applied potential and no
applied potential are performed. Alternatively, it was shown
that the extent and rate of polymerization depends upon an
initial period of electrolysis with seATRP using Cu"(NAPI), fol-
lowing an electrochemically-triggered, rather than electro-
chemically mediated, ATRP mechanism (Fig. 9). The electro-
chemically-triggered mechanism distinguishes Cu"(NAPI),

Fig. 8
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(A) Schematic representation of ‘plug-and-play’ aqueous eATRP using a commercial ElectraSyn 2.0 device. For [PEGA4g0] : [HEBIB]:

[Cu(OTf),] : [TPMA] : [NaBr] = [38] : [1] : [0.15] : [0.45] : [0.15]; (B) first order kinetic plots for the eATRP of PEGA,g0 as a function of E,;,. (C) Evolution of
the M, sec and Dy, with conversion (E,pp = —0.20 V). Reproduced from ref. 134 with permission from the Royal Society of Chemistry, copyright 2021.
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Fig. 9 For triggered seATRP of [OEGMA3zq,] : [HEBIB] : [CuBr,] : INPPI] =

[20] : [1]:[0.5] : [1.25]; (A) conversion vs. time plot for polymerizations with

different tg_. (B) Pseudo first order kinetic plots for polymerizations for t¢,__ = 5 min, kg’® = 0.0028 min~%; te,, = 10 min, k2P = 0.0046 min~%; te,, =
20 min, k*® = 0.0218 min%; t;, = 30 min, k3™ = 0.0425 min™*. (C) SEC in THF showing the evolution of the molecular weight distribution after
electrolysis (Eapp = —0.08 V, tg, = 30 min, solid line) and at 10 minutes intervals after the potential was removed (E,p, = 0 V, dashed lines, final
M, sec = 9300 g mol™, By, = 1.33). Reproduced from ref. 99 with permission from the Royal Society of Chemistry, copyright 2022.
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complexes from the more active Cu"L complexes that have
been previously reported. High conversions (>90%) were
achieved when targeting a range of molecular weights (DP, u, =
20-200) which yielded POEGMA with good control over the
molecular weight distribution (D, < 1.35).

Simplified 2-electrode (no RE required), galvanostatic
eATRP is amenable to translation to flow electrolysis, taking
steps towards improving the economic and environmental
impacts of ATRP. To this end Kuhn and Junkers have reported
the first continuous-flow self-supporting seATRP reaction
using a sonicated microtubular reactor (Fig. 10)."** The use of
acoustic streaming, achieved through sonication of the reactor,
is beneficial for the handling of viscous mixtures which can be
problematic in flow chemistry. Thus, the polymerization of
acrylate monomers was fast reaching ~80% conversion within
27 minutes at ambient temperatures. The evolution of mole-
cular weight was found to be linear, with good agreement
between M, and M, and dispersities as low as b, = 1.24
achieved through optimization of key reaction parameters
such as flow rate, residence time and I,,,. There is plenty of
scope for further optimization with respect to scale and
electrochemical selectivity but the work lays a good foundation
for overcoming the limitations of scale associated with eATRP.

eATRP and ionic liquids

Electrolytes are essential additives in organic eATRP'*® and
aqueous eATRP,"*” as they allow current to flow through the
electrochemical cell. One drawback of eATRP is the need to
efficiently remove these electrolytes before the polymers can be
used in a given application. Ionic liquids (ILs) are attractive
alternative solvents for eATRP as liquid salts which are capable
of supporting current flow in the absence of additional electro-
lyte additives."*® In addition, ILs have been shown to enable
convenient polymer purification through efficient separation
of the polymer product from solvent, with solvent recycling
also possible.”*® Gennaro and his team reported eATRP of
methyl acrylate (MA) in the ionic liquid 1-butyl-3-methyl-
imidazolium trifluoromethanesulfonate ([BMIm] [OTf])** tar-
geting degrees of polymerization from 276 to 828, achieving
well controlled polymers with by, = 1.1 at >90% conversion in
2 h.

In 2020, ionic liquid monomers were used in eATRP to
prepare polymeric ionic liquids (PILs). Yue Sun’s group used
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Fig. 10 Schematic representation of continuous-flow self-supported
seATRP using a sonicated microreactor. Reproduced from ref. 135 with
permission from the Royal Society of Chemistry, copyright 2022.
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eATRP to prepare superoxide dismutase (SOD) imprinted PILs
and reported their use as electrochemical sensors.’*! In
addition, Lan Xu’s group polymerized 1-vinyl-3-propionate imi-
dazolium tetrafluoroborate (VPI" BF,~) in aqueous media, and
that the PILs could be obtained targeting DP from 100 to 300
with the b,, < 1.3.1%?

Electrochemical reversible addition fragmentation chain
transfer polymerization (eRAFT)

In 1998, Zard’s group'®® and Moad’s group'** separately
reported the mechanism of reversible addition fragmentation
chain transfer polymerization (RAFT). In conventional RAFT,
the initiation step is the same as that of FRP, and reaction pro-
gress depends on a constant flux of free radicals throughout
the reaction.'*®> Propagating radical species can then react with
the RAFT chain transfer agent (CTA) to establish a pre-equili-
brium between active and dormant species from which the
R-group of the CTA fragments to initiate a new chain.
Propagating radicals created from the R-group then also rever-
sibly react with the CTA to create a degenerate chain transfer
equilibrium from controlled polymerization can readily
proceed. RAFT typically provides excellent control over
polymer chains with molecular weights from 1000 to 100 000 g
mol™".'® RAFT can be used for the synthesis of precision
polymer materials, such as multi-block copolymers,'*” star
polymers,'*® grafting’*® and (co)polymerization in supercritical
fluids."™

Similarly to FRP, initiation in RAFT polymerizations can be
achieved by thermolysis,®® photolysis'®* and redox reac-
tions,"® the latter of which lends itself to electrochemical
intervention, providing easily tunable parameters for prepa-
ration of well-defined polymers in a spatiotemporally con-
trolled manner under mild conditions."* It was hypothesized
that initiating radicals for eRAFT could be generated from
direct electrolysis of the RAFT agent or redox active initiator or
indirectly by the way of a redox mediator.

Johannsmann and co-workers reported electrochemically
triggered RAFT polymerization at an electrode surface
(Fig. 11)."°° They reported that the addition different CTAs in
acidic and basic media could influence the thickness and mor-
phology of the PNIPAM films formed. They noted that the
CTAs did not possess electrochemical activity on their own,
but did change the electrochemical behavior of the initiator
(APS), minimizing micro-gel formation and leading to

gLsis/\/soam

electrochemically triggered

surface-attached hydrogel

Fig. 11 Schematic representation for the first report of eRAFT per-
formed at an electrode surface. Reprinted from ref. 155. Copyright 2010,
with permission from Elsevier.

Polym. Chem., 2023, 14, 2000-2021 | 2009


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3py00062a

Open Access Article. Published on 04 April 2023. Downloaded on 11/15/2025 12:44:31 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

Br eRAFT of BA
----Ambient temperature
----Galvanostatic conditions

\ s

Br ‘H;\SJ\QQ(O"

(o] S . <°
, - sl on
Ar NN )

o

Fig. 12 Schmatic representation of eRAFT initiated by electrochemically
triggered decomposition of BrPhN,*. Reprinted with permission from
ref. 156. Copyright 2017 American Chemical Society.

improved film formation. In 2017, Matyjaszewski and co-
workers used 4-bromobenzenediazonium tetrafluoroborate
(BrPhN,") as the redox active initiator for eRAFT (Fig. 12).">® At
ambient temperatures, polymerization of BA was carried out
under galvanostatic conditions. Electroreduction of BrPhN,"
resulted in formation aryl radicals that initiated polymeriz-
ation of BA in solution. Under potentiostatic conditions, con-
versions were limited due to the formation of a passivating
organic layer derived from the aryl radicals formed at the elec-
trode surface. However, under galvanostatic conditions conver-
sions of >80% were possible. The authors noted that the use of
BrPhN," to create radicals was essential as direct electrolysis
on the CTAs wunder investigation 2-(dodecylthiocarbo-
nothioylthio)-2-methylpropionic acid (DDMAT) and 4-cyano-4-
(phenylcarbonothioylthio)pentanoic acid (CPAD) resulted in
the formation of carbanions by a 2-electron transfer process.
The same group performed a broader electrochemical evalu-
ation of common dithiobenzoate, trithiocarbonates and dithio-
carbamates CTAs and found that direct electrolysis of the CTA
in the presence of monomer resulted in the loss of the CTA
leading to uncontrolled polymerizations.'**

Moad and co-workers have performed CV analysis of
different CTAs to investigate the role of the R group and Z
group on the redox properties.'”” The major reduction peak
moves to more cathodic potentials in the series dithiobenzo-
ates > trithiocarbonates > heteroaromatic dithiocarbamates >
xanthates ~ N-alkyl-N-aryldithiocarbamates, due to the
Z-group influence on thiocarbonyl bond reactivity (Fig. 13).
Analysis of CVs across a range of scan rates revealed that
kinetic control over the reduction mechanism is influenced by
both the charge transfer rate and chemical reaction rate.

Over-reduction of the CTA at electrode surfaces can be over-
come by addition of redox mediators, such as tetraphenyl-
porphryn (TPP), to shuttle electrons from the electrode to the CTA
in the bulk solution. Mediator loadings as low as [CTA]/[TPP] =
[1]:[0.01] were shown to promote controlled polymerization of
acrylates. The reactions were slow, reaching <20% within
6 hours, but good agreement between M, (2100 g mol™") and
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Fig. 13 Schematic representation of the effect of the R group on the
redox activity of trithiocarbamate CTAs. Reprinted with permission from
ref. 157. Copyright 2019 American Chemical Society.

Fig. 14 Schematic representation of eRAFT mediated by electron trans-
fer from an anthraquinone organic electrocatalyst. Reprinted with per-
mission from ref. 158. Copyright 2020 American Chemical Society.

M, (2800 g mol™") and low dispersities were achieved (P, =
1.16) which was not the case in the absence of TPP.
Anthraquinone (AQ) has also been used as redox mediator for
electrochemical reduction of 4-cyano-4-(((dodecylthio)carbo-
nothioyl)thio)pentanoic acid (CDTPA) for eRAFT of methyl
methacrylate (Fig. 14)."”® The polymerization of MMA (DP =
100) reached 67% conversion within 24 h at ambient tempera-
ture, with good control over the molecular weight distribution
(Pm = 1.19). The control of the polymerization and retention of
the RAFT end-group was verified by chain extension of the
PMMA macro-CTA with styrene via thermally initiated RAFT.

Applications enabled by eRAFT

RAFT is one of the most robust and versatile methods for con-
trolling radical polymerization.">® Compared to eATRP, eRAFT
is a new technology that requires further exploration and
optimization. For example Matyjaszewski and co-workers have
reported a dual eATRP and eRAFT system to achieve controlled
polymerization of BA using EBiB as an ATRP initiator and
DDMAT as a RAFT CTA.'®® Addition of 1-2% DDMAT (relative
to EBiB) as a CTA, improved the dispersity of PBA formed from
Dy = 1.41 to By, = 1.25 at very low catalyst loadings (10 ppm
Cu). The external control of the electric field for this polymer-
ization was exemplified by switching the potential ‘on’ and
‘off’ to observe periods of polymerization and no polymeriz-

This journal is © The Royal Society of Chemistry 2023
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ation respectively. However, the DDMAT only served to improve
the reaction control and was not directly activated by the
eATRP catalyst system. Conversely, when the CTA was changed
to  cyano-1-methylethyldiethyldithiocarbamate = (MANDC),
direct activation by Cu', generated by electroreduction of a Cu-
dithiocarbamate (Cu(DC),) complex, resulted in polymeriz-
ation of MMA (DP = 200; 500 ppm Cu) with good agreement
between M, (14300 g mol™") and M, « (14 800 g mol™"), low
dispersity (P, = 1.31) and good retention of the chain end as
exemplified by chain extension with BMA using eATRP and
styrene using conventional ATRP.'®

eRAFT has been used to synthesize well-defined homo, gra-
dient,”” diblock, triblock,'®® and star polymers'®® as well as
more complex structures, including microgels'> and polymer
brushes.'®* In 2020, eRAFT for controlled emulsion polymeriz-
ation of styrene at ambient temperature was reported. A
common redox initiating system comprised of ferric sulfate
hydrate (Fel’(SO,);-xH,0), EDTA, sodium formaladehyde sul-
foxylate (SFS) as reductant, and ammonium persulfate (APS) as
oxidant was adapted by replacement of SPS with an electrode
to perform initial electron transfer to the Fe-EDTA complex
formed in situ. Fe-EDTA retains the role of reductant shuttling
electrons from the electrode to the APS which is oxidized
leading to the formation of sulfate radical ion initiating rad-
icals."®® The eRAFT emulsion polymerization reaction con-
figuration consisted of a three-electrode bulk electrolysis cell
with a glassy carbon (GC) rod counter electrode, GC rod
working electrode, and an Ag/AgCl reference electrode. In a
‘surfactant-free’ system using poly(N,N-dimethyl acrylamide)-
block-poly(butyl acrylate) (PDMAm-b-PBA) as the macro-RAFT
agent, emulsion polymerization of styrene was shown to reach
>99% conversion in less than 2 hours at room temperature
yielding a latex (Zayerage = 90-120 nm; PDI = 0.2), of PDMAm-b-
PBA-b-polystyrene with low dispersity (1.20 < D, < 1.25).
Despite the level control indicated by molecular weight data,
the authors observed a viscous rather than free flowing latex,
alluding to scope for further optimization.

Similar to eATRP, eRAFT has been shown to achieve signal
amplification for detection of proteins and DNA. Niu’s group
reported a coenzyme-mediated signal cleavage-based electro-
chemical biosensor to interrogate trypsin activity. The strategy
relies on the tethering of peptides/proteins to a gold-electrode
surface via N-terminal cysteine residues prior to selective
tryptic cleavage to incorporate RAFT CTAs via carboxylate-
Zr**-carboxylate interactions. Electroreduction of the NAD®
coenzyme at the gold electrode surface is then exploited to
fragment the CTA and generate a surface-tethered active
radical capable of recruiting FCMMA as a redox tag during the
propagation process. Using electroanalytical methods includ-
ing SWV and CV the signal generated by recruitment of
FcMMA at the cleavage sites allows for highly selective detec-
tion of trypsin activity with the detection limit as low as
18.2 pU mL™" (~72.8 pg mL™") (Fig. 15)."°

The same group has developed a high-sensitivity electro-
chemical biosensor for protein kinase activity using eRAFT
polymerization."®” They anchored a carboxyl-containing CTA to

This journal is © The Royal Society of Chemistry 2023
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Fig. 15 (A) Schematic representation of eRAFT signal amplification for
electrochemical interrogation of trypsin activity. (B) Selectivity for
trypsin exemplified by differences in currents response toward trypsin
and the control proteins. Trypsin, 0.7 ng mL™ (~175 pU mL™Y); others,
7.0 ng mL™%. Reprinted with permission from ref. 166. Copyright 2021
American Chemical Society.

the phosphorylation site, and performed eRAFT of FcMMA
under constant potential conditions. Through eRAFT polymer-
ization, polymer chains containing a large number of electro-
active Fc tags were grafted from each phosphorylation site,
thereby significantly amplifying the electrochemical detection
signal. The results also showed that the fabricated biosensor
was highly selective with a very low detection limit of 1.02 mU
mL~'. The same group proposed a cleavage-based electro-
chemical sensor for matrix metalloproteinases (MMP)."*®
eRAFT polymerization was suitable for the grafting of Fc-func-
tionalized polymers for signal output. The MMP sensor is
simple to operate, low in cost, high in sensitivity and good in
selectivity and it is suitable for inhibitor screening and MMP
detection in complex serum samples.

In addition to being used in protein detection, eRAFT has
been used for ultrasensitive detection of DNA. Niu’s group
described an ultrasensitive and highly selective electro-
chemical DNA biosensor by utilizing eRAFT as a signal ampli-
fication strategy.'®® The strategy is similar to the eATRP
method reported above wherein PNA probes are immobilized
onto gold substrates prior to specific hybridization with tar-
geted DNA strands to which RAFT CTAs can be linked via phos-
phate-Zr**-carboxylate linkages. Subsequent RAFT polymeriz-
ation of FcMMA, initiated by electrochemical decomposition
of the aryl diazonium salts, generates a site specific signal
with a detection limit as low at 4.1 aM.

Polym. Chem., 2023, 14, 2000-2021 | 20T
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An alternative amplification strategy based on eRAFT and
in situ metallization for electrochemical detection of DNA has
also been reported.’”® This strategy again involves immobiliz-
ation of PNA probes and hybridization with targeted DNA
strands to which RAFT CTAs can be linked via phosphate-Zr**-
carboxylate linkages. Subsequently, glycosyloxyethyl methacry-
late (GEMA) was assembled on the electrode surface by SI-
eRAFT to form the surface bound glucose glycopolymer.
Sodium periodate (NalO,) oxidation of hydroxyl groups
present in the polymer brushes generated aldehyde groups
which subsequently reduced silver ions to silver nanoparticles
(AgNPs) leading to in situ deposition on the electrode surface
(Fig. 16). The AgNPs are used as electroactive tags, to detect
the content of the target DNA through the characteristic Ag/
Ag' redox transition, monitored by DPV.

lonic polymerization
Electrochemical anionic polymerization

Tonic polymerization'”" can be divided into anionic polymeriz-
ation'”> and cationic polymerization'”® according to the
nature of the reactive intermediate formed. Electrochemical
anionic polymerizations (eAP) are chain-growth processes,
with propagation occurring through a reactive carbanion
chain-end."””* Under appropriate conditions, eAP shares the
characteristics of conventional AP with chain termination or
chain transfer reactions absent as the reactions demonstrate
the characteristics of a living polymerization. At the end of the
polymerization, adding quenching agents (water,'”” alcohol,"”®
acid,"””” amine,"”® epoxides'’®) can controllably quench the
living anionic chain-end to introduce a range of functionalities
at the polymer chain end. The generation of a carbanion is a
reductive process and in eAP three possible modes of initiation

have been described, namely:
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Fig. 16 Schematic representation of the electrochemical detection of
DNA via eRAFT. Reprinted with permission from ref. 170. Copyright 2019
American Chemical Society.
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(1) Direct electron transfer from cathode to monomer:*®
Mte = M

(2) Electron transfer to monomer from Na metal deposited
on the cathode:
Na® +e” = Na
Na+M = M Na*

(3) Initiation by pyridyl radical anions formed by reduction
of pyridine:"®
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As early as 1957, Yang and coworkers reported using
styrene as a monomer, which was triggered by electrons to
form polystyrene at the cathode.'® In 1970, Bhadani’s group
proposed a mechanism of eAP in detail for the first time, and
introduced the electrochemical anionic polymerization of
4-vinylpyridine in pyridine in detail.’®" The reaction was
carried out under galvanostatic conditions. The effects of
monomer concentration, current density, polymerization rate,
molecular weight, and electrochemical efficiency were ana-
lyzed with molecular weights ranging from 305000 to
400000 g mol™'. The following year, Shevchuk’s group
attempted to synthesize oligomeric acrylate esters by eAP.'®?
Their group tried to use silver as the cathode material for the
first time, providing an example for future scientists to explore
different electrode materials.

Electrochemical cationic polymerization

In addition to eAP, electrochemical cationic polymerization
eCP has been utilized to produce polymers.'®* As reported
above, direct reductive electrolysis of RAFT CTAs, results in
loss of the CTA and uncontrolled polymerization. However,
Fors and co-workers recently demonstrated that cationic inter-
mediates of RAFT CTAs (dithiocarbamates) can be generated
via oxidative electrolysis in the presence of an organic nitroxyl
radical mediator (TEMPO)."®*

In the presence of an oxidizing current (1 mA) vinyl ether
monomers including ethyl- (EVE), n-propyl- (PVE), n-butyl-
(BVE), isobutyl- (IBVE) and 2-chloroethyl vinyl ether (CI-EVE)
undergo controlled polymerization to yield poly(vinyl ethers)
with good agreement between M, and M, ¢, and low dispersity
(Pm < 1.20). The polymerization demonstrated high temporal
control, being switched ‘on’ (oxidizing current, 1 mA) and ‘off’
(reducing potential, —875 mV vs. Fc'/Fc) in the presence and
absence of the oxidizing current (Fig. 17). High chain end fide-
lity was exemplified by chain extension of a poly(EVE) macro-
CTA (5100 g mol™%; Py, = 1.18), synthesized by eCP, by addition
of IBVE to the anodic chamber of the electrochemical cell and
resumption of electrolysis to yield poly(EVE-b-IBVE) (8000 g
mol™'; P, = 1.20). From a mechanistic point of view, the
authors suggest that in the presence of the oxidizing current
TEMPO gets oxidized at the anode forming a cation that reacts

This journal is © The Royal Society of Chemistry 2023
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Fig. 18 Proposed catalytic cycle of the TEMPO mediated polymeriz-
ation of vinyl ethers. Reprinted with permission from ref. 184. Copyright
2018 American Chemical Society.

with the dithiocarbamate CTA to form a second cationic inter-
mediate (Fig. 18). Upon fragmentation TEMPO is regenerated
along with a dithiocarbamate radical and oxocarbenium ion
capable of undergoing cationic polymerization. When a redu-
cing potential is applied the dithiocarbamate gets reduced to
an anion which can react with the propagating cation to halt
polymerization.

In the same year, Yan’s group proposed eCP using 2,3-
dicholor-5,6-dicyano-1,4-benzoquinone (DDQ) as an electroca-
talyst.'®> Similar to the hypothesis of Fors, it was proposed
that that DDQ could be formed in situ from its diphenolate
species (DDQ?7) in the presence of the an oxidizing potential.
DDQ then oxidizes the trithiocarbonate CTA, in this case, to
give a carbocation intermediate for chain propagation and a
trithiocarbonate radical side product capable of reversibly ter-
minating the propagating chain in the presence of a reductive
potential. Vinyl ether monomers EVE, PVE, BVE, IBVE and Cl-
EVE all underwent controlled eCP yielding poly(vinyl ethers)

This journal is © The Royal Society of Chemistry 2023

with good agreement between M, and M, ;, and low dispersity
(1.15 < Py, < 1.25). Temporal control was demonstrated by
switching between oxidizing and reducing potentials and
chain extensions confirmed access to block copolymers using
this eCP methodology.'®® The mechanism proposed above was
supported by following a reaction using electron paramagnetic
resonance (EPR) to monitor the formation and consumption
of the semiquinone radical species of DDQ formed during the
eCP mechanism.

An advantage of using thiocarbonyl-based CTA in electro-
chemically mediated chain-growth polymerizations is the
ability to switch between radical and cationic mechanism as a
function of the applied potential/current. For example, Yan,
Fors and de Alaniz have reported methods that enable selective
polymerization in mixtures of acrylate and vinyl ether mono-
mers. Initially, Yan proposed an electroselective interconver-
sion between eCP and eRAFT mechanisms using a trithio-
carbonate CTA enabled by a dual electrocatalyst system.'®® In the
presence of both DDQ*™ and nicotinamide adenine dinucleo-
tide hydrate (NAD") they reported an electrochemically con-
trolled mechanistic shift that promotes selective activation (by
DDQ) of eCP under oxidizing potentials (+1.20 V) for the
polymerization vinyl ethers. Whilst eRAFT can be mediated (by
NADH) under reducing potentials (—0.80 V) for polymerization
of acrylates. From mixed monomer and electrocatalyst formu-
lations, a variety of complex vinyl ether-co-acrylate polymer
compositions are accessible by varying number and length of
switches between alternating potentials. Moreover, the meth-
odology has been translated to flow chemistry which can sig-
nificantly improve the efficiency of the preparation of these
complex polymers that are challenging to synthesise by tra-
ditional polymerization methods.

Alternatively, Fors and de Alaniz have developed methods
capable of switching between photochemical and electro-
chemical activation for the polymerization of acrylates and
vinyl ethers respectively. Ferrocene was employed by Fors and
co-workers to mediate eCP of IBVE in the presence of an oxi-
dizing current and a dithiocarmate CTA. To realize the dual
catalytic system, Ir(ppy); and MA were added to the reaction
mixture and shown to have little effect on the eCP yielding

Polym. Chem., 2023, 14, 2000-2021 | 2013
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poly(IBVE) with good agreement between M,, and M,, s, (8800 g
mol™; P, = 1.15). However, in the absence the electric field
and under irradiation with 456 nm blue light, no photo-RAFT
polymerization of MA was observed. Considering that polymer-
ization was observed under the same conditions but in the
absence of Fc and electrolyte it was hypothesized that Fc was
quenching the excited state of the photocatalyst and that this
could be overcome by reducing the loading of the Fc electro-
catayst. With a 5-fold reduction in the concentration of Fc
(1 mol% to 0.2 mol%), eCP and photo-RAFT processes were
readily interchangeable and accessible by switching between
periods of electrolysis and irradiation providing access to a
range of (multi)block copolymers (Fig. 19)."%”

A related dual catalytic system employing a single organo-
catalyst (10-phenylphenothiazine, PTH) that serves as both the
photo- and electrocatalyst has also been reported for the con-
trolled copolymerization of IBVE and MA in the presence of a
trithiocarbonate CTA. The electrochemical route, for cationic
polymerization of IBVE, follows an eCP mechanism whereby
the PTH is oxidized to a radical cation that can react with the
CTA leading to formation of a cationic species, capable of
undergoing propagation, and a radical intermediate of the
CTA. Conversely, the photo-RAFT route, for radical polymeriz-
ation of MA, was performed under irradiation with a 380 nm
LED, resulting in excitation of PTH, the excited state of under-
goes single electron transfer with the CTA resulting in frag-

2014 | Polym. Chem., 2023, 14, 2000-2021

mentation to form a radical species capable of undergoing
propagation and a radical intermediate of the CTA.'®® This
dual catalytic approach enabled the synthesis of complex co-
polymer compositions derived from distinct mechanistic
routes triggered by switching the stimulus. The control of the
polymerization was exemplified by chain extension and block
copolymerization resulting in di- and tri-block copolymers
with dispersities of D, = 1.42 for poly(IBVE-b-MA) and b, =
1.29 for poly(MA-b-IBVE-b-MA) (Fig. 20).

Ring-opening polymerization

Developments in (organo)catalytic ring-opening polymeriz-
ation (ROP) of cyclic esters and carbonates enables the design
and synthesis if polyesters and polycarbonates respectively
with excellent control over the molecular weight distri-
bution.'®® These polymer groups are of interest in the fields of
polymer and materials chemistry,"® nanotechnology'®" and
3D-printing,'®> as alternatives to polyacylics and polyolefins,
owing to their biocompatibility and improved (bio)degradation
profiles.'®*'%* The latter can be tuned by copolymerization of
different ROP monomer families using switchable catalysis
which is best exemplified by the work Williams,'**2%"
Byers**> % and Diaconescu,’®>'" the latter two of which
have focused on chemical redox switches to effect the selecti-

This journal is © The Royal Society of Chemistry 2023
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Fig. 20 Synthesis of di- and triblock copolymers using orthogonal electro- or photochemical stimulus. (A) PTH catalyzed orthogonal stimuli con-
trolled on-demand polymerization mechanism switching; (B) GPC traces of PIBVE homopolymer (red trace) and PIBVE-b-PMA diblock copolymer
(blue trace); (C) GPC traces of PMA homopolymer (blue trace), PMA-b-PIBVE diblock copolymer (red trace), and PMA-b-PIBVE-b-PEA triblock co-
polymer (green trace). Reprinted with permission from ref. 188. Copyright 2021 American Chemical Society.

vity of the ROP mechanism by manipulating the oxidation
state of a catalytic transition metal centre, a strategy that natu-
rally lends itself to electrochemical intervention.

There are some significant advantages to using electro-
chemistry to perform redox switchable ROP. It negates the
need for additional redox reagents which improves atom
economy and can simplify purification processes. Redox con-
ditions can be accurately controlled through the applied poten-
tial or current and broader redox/electrochemical windows can
be achieved by careful choice of solvents and
electrolytes.”'**"3

In 2018, Byers and his team reported the electrochemically
triggered and switchable ROP of lactide and cyclohexene oxide
(CHO) using Fe-alkoxide complexed with bis(imino)pyridine
ligands (Fig. 21).>'* It was hypothesized that the Fe** complex
could activate ROP of lactide but be dormant for ROP of CHO,
whilst oxidation to Fe** would halt ROP of lactide and active
ROP of CHO. Homopolymerizations of each monomer demon-
strated temporal control, proving this hypothesis. In reaction
solutions containing both lactide and CHO (1:5), it was
shown that on application of reducing potential (2.3 V vs. Li/
Li"; Fe** — Fe®) ROP of lactide occurred exclusively. Upon
switching to an oxidizing potential (3.7 V vs. Li/Li*; Fe*" —
Fe**) ROP of CHO commenced. Immediately after the switch a

This journal is © The Royal Society of Chemistry 2023

small amount of lactide polymerization continued but this
became negligible as oxidation of Fe*" to Fe** was completed.
The order of the polymerization could also be switched i.e.
CHO then lactide, with comparable control. Anchoring the Fe-
catalyst to TiO, nanoparticles which was deposited onto fluo-
rine-doped tin oxide substrated enabled this method to be
translated to the solid state with retention of the electrochemi-
cally switchable characteristics observed in solution.>"

The electrochemical redox-switch strategy for ROP has also
been applied to the synthesis of ABC triblock and ABAB tetra-
block copolymers using (salfan)Zr-(O'Bu), (salfan = 1,1’-di(2-
tert-butyl-6-N-methylmethylenephenoxy)ferrocene). Using a
glassy carbon electrode, in situ switching of the applied poten-
tial alters the Zr oxidation state and monomer selectivity.
Using lactide, CHO and f-butyrolactone complex copolymers
were accessible with molecular weights of 7000-26 000 g mol™*
and good dispersities (D, = 1.1-1.5) which is comparable to
reaction performed using chemical redox switching.

An alternative approach to polyesters via redox-controlled
ROP involves the use of redox-controlled acids.”*® Fors has
shown that when Fc is tethered to an acidic functional group,
(electro)chemical oxidation of Fc¢** to Fc*' could promote ROP
via an activated monomer mechanism. In a model ROP of
caprolactone (CL) in DCM, initiated by benzyl alcohol, ferro-

Polym. Chem., 2023, 14, 2000-2021 | 2015
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Fig. 21 (A) Schematic representation ROP exploiting E,,, to change

switch Fe-catalyst activity for lactide and epoxide polymerization. Fe-
oxidation states (top plot), monomer conversions (middle two plots),
and copolymer molecular weight (bottom plot) for one pot e-switchable
polymerization reactions of lactide and epoxide: (B) Fe?* to Fe** switch.
(C) Fe** to Fe?* switch. Reprinted (adapted) with permission from ref.
214. Copyright 2018 American Chemical Society.

cenyl (phenyl)phosphonic acid was added and electrolyzed
under constant anodic potential (1.4 V vs. Ag/AgCl) in a
divided electrochemical cell containing a Pt anode and RVC
cathode. The anodic potential was applied for 9.5 h to trigger
the polymerization by oxidation of Fc** to F¢®* which signifi-
cantly decreases the pK, of the tethered acid group and pro-
motes CL activation. The polymerization was allowed to
proceed for a further 16 h in the absence of an electric field. A
cathodic potential (0 V vs. Ag/AgCl) was then applied for 3 h to
reduce Fc®* to Fc**, increasing the pK, of the acid group to
reversibly terminated the polymerization. Switching between
anodic and cathodic potentials demonstrated temporal control
over the polymerization. However, the authors noted an
observed tailing to low molecular weight during these experi-

2016 | Polym. Chem., 2023, 14, 2000-2021
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Fig. 22 (A) Schematic representation of electrochemical ROP (eROP) of
O-carboxyanhydrides using Co/Zn complexes. (B) Plots of M,, and mole-
cular weight distribution (M,,/M,,; B,,) of poly(L-1) vs. [L-1]/[Zn-1] ratio at
0 °C. (C) Demonstration of temporal control as a function of the electric
field through relationship between reaction conversion in the presence
and absence of /.. Data relates to the polymerization of L-1 ([Co-1]/
[Zn-1]/[BnOH] = 1/1/1, [L-1] = 130.2 mM, T = 0 °C using Mg(+)/Pt(-)
electrodes and 4 mA current. Reprinted (adapted) with permission from
ref. 217. Copyright 2020 American Chemical Society.

ments which they attributed to competitive oxidation of the
alcohol chain end.

Electrochemical ROP (eROP) of O-carboxyanhydrides has
also been reported.>"” Tong and coworkers reported a Co/Zn
bimetallic electrocatalyst for eROP for the stereoselective
polymerization of enantiopure O-carboxyanhydrides (OCA)
yielding isotactic polyesters with high molecular weight
(>140 kg mol™") and low dispersities (P, < 1.1) (Fig. 22).
Racemic OCAs are also compatible yielding syndiotactic poly-
mers while stereoblock copolymers were realized by control-
ling the feed of enantiopure and racemic monomers.*"”
Polymerizations were performed under galvanostatic con-
ditions in an undivided cell fitted with an Mg anode (WE) and
Pt cathode (CE). The optimization conditions for the polymer-
ization of OCAs employed BnOH as initiator, THF as solvent,
tetrabutylammonium hexafluorophosphate as electrolyte.
When a constant current of 4.0 mA was applied for 2 h at 0 °C,

This journal is © The Royal Society of Chemistry 2023
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polymerization proceed smoothly with M, increasing linearly
with time yielding polymers with D, < 1.10. The polymeriz-
ation exhibited a good degree of temporal control with
polymerization proceeding during electrolysis but being sig-
nificantly retarded in the absence of electrolysis. The authors
postulate that Co/Zn electrocatalyst system can activate
polymerization via coupled sequential Co-oxidation, cathodic
decarboxylation and transmetallation events resulting in for-
mation of a Zn-alkoxide species capable of promoting polymer-
ization. Further mechanistic investigations and exploration of
the scope of the reaction are being performed by the group.
Development of eROP in this context is attractive from a scale-
up point of view considering that industrial production of
lactide requires high temperatures and solutions provided by
photoredox strategies are currently limited by scale.

Conclusions & outlook

The global blueprint for improved sustainability is based on
the 17 Sustainable Development Goals (SDG) identified by the
UN in 2015. The aim of these goals is to promote peace and
prosperity for people and the planet for generations to come.
In the midst of our ‘polymer age’ one of the most important
challenges for polymer scientists and engineers is the develop-
ment, implementation and growth of sustainable industrialis-
ation and innovation which is summarized by SDG #9 ‘indus-
try, innovation and infrastructure’. Over the last 2 decades,
advances in polymer synthesis allow us, as researchers, to
design and synthesize polymers with complex compositions
and architectures to fit a range of targeted applications. The
use of external stimuli to control the chemistry employed to
synthesize polymers has allowed catalyst loadings to be
reduced, improved atom economy and reduced the energy
footprint, providing more sustainable approaches to polymer
synthesis. Advances in electroanalytic, electrocatalytic and
electrosynthetic methods have been at the forefront of this pro-
gress. Our understanding of the mechanistic and operational
requirements for controlled electropolymerization has resulted
in the emergence of viable sustainable strategies for the
radical, ionic and ring opening polymerization both in solu-
tion and at 2D and 3D surfaces. Control over the polymeriz-
ation in solution and at electrode surface can be intimately
controlled by the electric field. This allows for precise control,
where necessary, over the molecular weight distribution, chain
end fidelity and therefore the polymer composition and archi-
tecture in solution, whilst the morphology of films and
brushes formed can be controlled at surfaces. The complexity
of the operational set-up of electrosynthetic reactions has been
markedly simplified, with numerous examples of commercial
and standardized hardware available for batch and flow elec-
trosynthesis. This coupled with the development of more sim-
plified electrochemical cell configurations holds great promise
for the scale up of the electrochemical polymerization
methods discussed in this review. The future of electrochemi-
cally controlled and triggered polymerization will undoubtable

This journal is © The Royal Society of Chemistry 2023
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focus on addressing the current limitations of scale through
the development of electrosynthetic and electrocatalytic
polymerization in flow. Moreover, integrating automation into
such processes and interfacing with artificial intelligence
through machine learning algorithms will expedite progress
towards realizing sustainable synthesis and production of
functional and reactive polymer scaffolds.
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