
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
M

ee
 2

02
2.

 D
ow

nl
oa

de
d 

on
 0

4.
12

.2
5 

13
:1

6:
51

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Dual electrochem
aCentre for Mechanical Engineering Material

of Chemical Engineering, University of Coim

Coimbra, Portugal
bDepartment of Chemical Sciences, Univer

Padova, Italy. E-mail: abdirisak.ahmedisse@
cDepartment of Chemistry, Carnegie Mell

Pittsburgh, PA, USA

† Electronic supplementary infor
https://doi.org/10.1039/d2sc01982e

Cite this: Chem. Sci., 2022, 13, 6008

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 6th April 2022
Accepted 26th April 2022

DOI: 10.1039/d2sc01982e

rsc.li/chemical-science

6008 | Chem. Sci., 2022, 13, 6008–6
ical and chemical control in atom
transfer radical polymerization with copper
electrodes†

Francesco De Bon,a Francesca Lorandi, bc Jorge F. J. Coelho,a

Armenio C. Serra, a Krzysztof Matyjaszewski c and Abdirisak A. Isse *b

In Atom Transfer Radical Polymerization (ATRP), Cu0 acts as a supplemental activator and reducing agent

(SARA ATRP) by activating alkyl halides and (re)generating the CuI activator through

a comproportionation reaction, respectively. Cu0 is also an unexplored, exciting metal that can act as

a cathode in electrochemically mediated ATRP (eATRP). Contrary to conventional inert electrodes, a Cu

cathode can trigger a dual catalyst regeneration, simultaneously driven by electrochemistry and

comproportionation, if a free ligand is present in solution. The dual regeneration explored herein allowed

for introducing the concept of pulsed galvanostatic electrolysis (PGE) in eATRP. During a PGE, the

process alternates between a period of constant current electrolysis and a period with no applied

current in which polymerization continues via SARA ATRP. The introduction of no electrolysis periods

without compromising the overall polymerization rate and control is very attractive, if large current

densities are needed. Moreover, it permits a drastic charge saving, which is of unique value for a future

scale-up, as electrochemistry coupled to SARA ATRP saves energy, and shortens the equipment usage.
Introduction

Atom transfer radical polymerization (ATRP) is among the most
explored reversible deactivation radical polymerizations
(RDRPs), due to its compatibility with several monomers, the
use of inexpensive reactants at T <100 �C, and the possibility to
be performed either in bulk or in monomer/solvent mixtures,
under homogeneous or heterogeneous conditions.1,2 The most
widely used ATRP catalysts are Cu complexes with polydentate
nitrogen-based ligands (L).3,4 The polymerization is triggered by
the reaction of [CuIL]+ with an alkyl halide initiator (RX, X ¼ Br,
Cl), whereby a propagating radical is formed together with the
oxidized copper complex, [X–CuIIL]+. The radical adds only few
monomer units before it is quenched by [X–CuIIL]+ to a halogen-
capped dormant species (Pn–X) and the starting CuI complex
(Scheme 1). Conventional ATRP employs a high amount of
catalyst, which must be removed from the polymer through
expensive and cumbersome methods. To reduce the catalyst to
part per million (ppm) levels without affecting the
s and Processes (CEMMPRE), Department
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on University, 4400 Fih Ave, 15213,
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polymerization control, new ATRP methods have been devel-
oped,1 including electrochemically mediated ATRP (eATRP) and
supplemental activator and reducing agent (SARA) ATRP
(Scheme 1).5,6

SARA ATRP exploits the comproportionation reaction
between CuII species and Cu0 in the presence of free L to (re)
generate CuI species (Scheme 1). SARA ATRP has been used for
Scheme 1 Mechanism of copper-catalyzed eATRP and SARA ATRP. In
SARA ATRP bold lines indicate the main reaction routes.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic representation of a general undivided cell with Pt,
SS304 and Cu cathodes combined with an Al or Cu sacrificial anode.
Reference electrode was omitted for clarity.
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several monomers, such as (meth)acrylates and vinyl chlo-
ride.7–19 The method allows temporal control of polymerization
as the reaction can be stopped and re-started by liing and re-
immersing a Cu wire in the polymerization mixture.20 eATRP
permits: (i) the (re)generation of the CuI activator with no by-
products, (ii) ne tuning of the reaction rate, and (iii)
temporal control of polymerization through the applied
potential (or current). The polymerization starts upon genera-
tion of the activator [CuIL]+ by applying an appropriate potential
(Eapp) or cathodic current (Iapp) to reduce CuII to CuI at an
electrode surface. Cycling Eapp or Iapp between suitable values
allows for stopping and restarting the polymerization.21 In
addition, eATRP can be stopped by completely excluding the
electrochemical stimulus.22 The (re)generation of the catalyst in
the activator form can occur at the surface of non-noble metal
cathodes such as stainless steel SS304, NiCr alloy, Ti or glassy
carbon.23,24 Aluminum is most commonly used as a sacricial
anode in a single compartment cell.25 For industrial applica-
tions, noble metal cathodes with large area are too expensive,
therefore non-noble metal alternatives were successfully tested
and implemented.26,27

Remarkably, Cu was never tested as an electrode in eATRP,
despite the abundance and relatively low cost of the metal. In
principle, a Cu cathode can provide electrons to trigger the
polymerization, as demonstrated for other non-noble metals.
However, Cu0 is also an activator of alkyl halide dormant
species and more importantly, in the presence of free ligand,
the comproportionation reaction between Cu0 and CuII species
can re-generate [CuIL]+ (as in SARA ATRP). The use of Cu cath-
odes can therefore imply that a dual regeneration of [CuIL]+ is at
place, via both comproportionation and electrochemical
reduction. In the rst part of this study, Cu was employed as
a cathode for a model eATRP system. This allowed evaluating
the relative contributions of SARA mechanism and electro-
chemical reduction, exploring their potential synergy or
opposition.

In addition, Cu can replace Al as a sacricial anode. In
principle, Cu ions released in solution following the anodic
oxidation reaction are reduced again at the cathode without
affecting the polymerization. However, if the ligand (L) is in
excess, Cu complexes can be eventually formed and participate
in the polymerization mechanism, thus the contribution of
SARA ATRP cannot be neglected. Yet, when using a Cu anode,
eventual side reactions can lead to contamination and more
difficult purication of the nal polymer, making this setup
impractical for a pilot/industrial plant. Nevertheless, in eATRP
with Cu as a both cathode and sacricial anode, Cu ions can be
removed by a facile and clean electrodeposition onto the Cu
cathode. The combination of Cu anode and cathode was
attempted on a selected model system in the second part of this
work. However, the cost-benet equilibrium tends to favor Al
over Cu, as Al is less expensive than Cu, and three electrons are
needed to release one Al3+ ion in solution, while one or two
electrons are needed to release a Cu ion. Therefore, the
combination of Al anode and Cu cathode was also studied. The
different electrochemical setups employed herein are shown in
Fig. 1.
© 2022 The Author(s). Published by the Royal Society of Chemistry
The electrochemical control over polymerizations offers
a still unexplored degree of freedom. One can modulate the
waveform of the electrochemical stimulus, switching from
a conventional continuous galvanostatic electrolysis (CGE) to
a pulsed galvanostatic electrolysis (PGE) by introducing a duty
cycle. Inspired by an electrochemical switch developed for the
eATRP of styrene,22 we attempted an on-off keying, which closely
resembles a pulsed wave. This is a non-sinusoidal periodic
waveform in which the amplitude alternates at a steady
frequency between a minimum and a maximum value, which
are held for the same duration. The ratio of the high period to
the total period of a pulsed wave is called duty cycle. A perfect
pulsed wave has a 50% duty cycle.

From a practical point-of-view, the use of galvanostatic
electrolysis in eATRP is more appealing than a potentiostatic
mode, as it requires a simpler and less expensive equipment.
However, to maintain good control over the polymerization,
galvanostatic eATRP is generally conducted by applying
a sequence of Iapp values that mimics the current prole
recorded during a similar potentiostatic eATRP. Thus, the
development of a galvanostatic eATRP where only one current
value is applied in an intermittent manner, through a PGE,
preserving the reaction control would greatly simplify the
operations. In such approach, the use of a Cu cathode offers
additional advantages. In a typical eATRP on inert cathodes, if
the electrochemical stimulus is stopped, [CuIL]+ reacts with
dormant halogen-capped polymer chains until complete
consumption resulting in total conversion of [CuIL]+ to [Br–
CuIIL]+, then the reaction stops. The time needed to stop the
polymerization under conventional conditions can be employed
as the PGE duty cycle, and its value depends on the specic
system. However, with a Cu cathode, the polymerization does
not stop when the cell is switched OFF, but rather proceeds via
SARA ATRP. Therefore, in the last part of the study we investi-
gated the application of a PGE, where Iapp at a Cu cathode is
cycled between a certain value and zero. This toggling proce-
dure is extremely attractive if large current densities are needed
and if, for some reasons, the electrochemical equipment does
not entirely full the current output requisites, or if the reaction
must be suddenly shut down. In this way, the SARA mechanism
can sustain the ATRP.

The model system employed in the studies comprised
[CuIIMe6TREN]

2+ (Me6TREN ¼ tris[2-dimethylaminoethyl]
amine) as a catalyst, ethyl 2-bromoisobutyrate (EBiB) as initi-
ator and 50 vol% butyl acrylate (nBA) in dimethylformamide
(DMF) (Fig. 2). The detailed investigation on the model system
enabled to extend the PGE approach to other polymerization
Chem. Sci., 2022, 13, 6008–6018 | 6009
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Fig. 2 Chemical structures of monomers, ligands, and initiators used
in this work.
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systems with different solvents, monomers, catalysts, and
initiators. When employing an Al sacricial anode in DMF, Al3+

interferes with Cu/L complexes, therefore excess L was used to
simultaneously quench the Al3+ ions and trigger the SARA
process.28
Results and discussion
eATRP with a Cu cathode

Prior to performing polymerizations, the electrochemical
behavior of 10�3 M [Br–CuIIMe6TREN]

+ was investigated by
cyclic voltammetry (CV) in DMF + 50 vol% nBA (Fig. S1a in the
ESI†). The standard reduction potential of the catalyst was
determined as E1/2 ¼ (Epc + Epa)/2 ¼ �0.286 V vs. saturated
calomel electrode (SCE), where Epc and Epa correspond to the
cathodic and anodic peak potentials, respectively. The CV signal
was modied upon introduction of 10�2 M EBiB with
a remarkable enhancement of the cathodic peak (Fig. S1b†),
proving the catalytic behavior of the Cu complex.

Potentiostatic eATRP of nBA in DMF was initially conducted
with a conventional Pt/Pt electrode pair (Table 1, entry 1), where
the Pt counter electrode (CE) was placed in a separated
compartment. Throughout the paper we will use the notation
Table 1 Potentiostatic eATRP of nBA in divided cells catalyzed by [Br–C

Entry Cathode Anode Eapp � E1/2 (V) C0

½CuIIL�2þ ðmMÞ C0
L,free (m

1 Pt Pt �0.06 1 2
2 Cu Pt �0.06 1 —
3 Cu Pt �0.18 — 1
4 Cu Pt �0.06 — 1
5 Cu Pt 0.06 — 1
6 Cu Pt 0.18 — 1
7 Cu Pt 0.30 — 1
8 (Cu)h — — — 1

a Other conditions: nBA/EBiB¼ 349/1; CnBA ¼ 3.49 M in DMF + 0.1 M Et4NB
¼ 700 rpm. b Calculated from 1H-NMR in CDCl3 using DMF as internal sta
ln([M]0/[M]) vs. t plots. d Calculated from THF GPC with narrow PMMA stan
+ MEBiB.

f Đ ¼ Mw/Mn.
g The polymerization nearly stopped aer 5 min

practically unchanged. h SARA ATRP using a Cu wire identical to the one

6010 | Chem. Sci., 2022, 13, 6008–6018
cathode/anode (e.g., Pt/Pt, Cu/Pt, Cu/Al, etc.) to denote the setup
of the electrodes. The polymerization was conducted under
potentiostatic conditions at Eapp ¼ E1/2 � 0.06 V; at this Eapp
value, the reaction reached high conversion (>90%) in a rela-
tively short time. P(nBA)–Br had Đ < 1.20 and expected molec-
ular weight (MW), in line with previous reports.23,25 Then, an
activated Cu wire was used as working electrode (WE), while a Pt
foil was maintained as CE in a separate compartment. The Cu/
Pt pair was employed to focus on the Cu WE without interfer-
ence from an Al or Cu sacricial anode. First, an eATRP was
performed with no free L (Table 1, entry 2), so that the Cu WE
could only act as an inert cathode, merely providing electrons. A
well-controlled polymerization was obtained, albeit slower than
the corresponding eATRP with a Pt/Pt setup (Table 1, entry 1).
This was likely due to the lower surface area of the Cu wire
relative to the Pt mesh (geometrical area: Pt mesh z 6 cm2, Cu
wire z 4.41 cm2), as the rate of electrochemical reduction of
CuII species in eATRP is proportional to the electrode surface
area. Vis-NIR spectra and CV of the Cu/Pt eATRP solution before
and aer polymerization conrmed that the Cu cathode acts
only as an electron source and virtually no Cu ions are released
into the solution (Fig. S2a and S3a†).

Then, a set of experiments was conducted with the Cu/Pt
setup, but without a CuII salt in the initial polymerization
mixture. Instead, free L was present at the beginning, so that
SARA ATRP could occur in the system. Different values of Eapp
were employed (ranging from�0.18 V to +0.3 V relative to E1/2 of
the catalyst) to explore the potential synergistic, as well as any
adverse effects between eATRP and SARA ATRP involving the
same Cu surface (Table 1, entries 3–7). When Eapp ¼ E1/2 � 0.06
was used, fast and controlled polymerization was observed,
reaching 90% conversion within 3 h. Shiing Eapp to E1/2 �
0.18 V slightly worsened the outcome, likely due to the inter-
ference of an organocupric intermediate that can also be
reduced at such negative potential values.29 It should be noted
that at Eapp ¼ E1/2 � 0.06, the control over the polymerization
was worse than in a similar polymerization with CuII initially
present in solution (compare entries 2 and 4 in Table 1), indi-
cating that the presence of CuII at the early stages is crucial for
uIIMe6TREN]+ in DMFa

M) Q (C) t (h)
Conversionb

(%)
kp,app

c

(h�1)
MGPC

n
d

(kDa)
Mth

n
e

(kDa) Đf

2.6 1.5 92 1.40 36.4 41.6 1.16
1.83 2 78 0.85 39.3 35.0 1.18
1.49 3 92 0.92 24.8 41.1 1.35
1.64 3 90 0.90 30.6 40.3 1.32
2.17 3 53 0.33 18.4 23.7 1.28
2.04 3 61 0.39 20.5 27.4 1.17
4.02 3 18g —g 8.1 8.1 1.17
— 3 94 1.06 34.7 42.0 1.27

F4 + 10
�3 M Et4NBr, T¼ 45 �C; activated Cu wire: l¼ 14 cm; stirring rate

ndard. c Apparent propagation rate constants calculated as the slopes of
dards at T¼ 30 �C. e Calculated from 1H-NMR:Mth

n ¼ Conv.�DP�MnBA
and monomer conversion and polymer properties (Mn, Đ) remained
used as eATRP cathode.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the control. On the other hand, when Eapp ¼ E1/2 + 0.06 V and
E1/2 + 0.18 V were used (Table 1, entries 5 and 6), the polymer-
ization remained controlled but strongly slowed down
aer reaching 50–60%monomer conversion (30–60min). When
Eapp ¼ E1/2 + 0.3 V was used, the polymerization stopped aer
few minutes (Table 1, entry 7).

Interestingly, the polymerization rate during the rst 30 min
was only slightly affected by the Eapp value (Fig. S4†), and
a similar rate was measured for a SARA ATRP performed with an
identical setup (except that no electrochemical potential was
applied; Table 1, entry 8). Notably, at E1/2 � 0.06 V the Cu/Pt
eATRP exhibited a slightly faster polymerization than the
SARA ATRP within the rst 30 min, suggesting that the elec-
trochemical reduction and the SARA mechanism acted in
concert (additional discussion is provided in section S6 of the
ESI). At E1/2� 0.18 V the polymerization was slightly slower than
SARA ATRP, despite the very negative Eapp which should lead to
a much higher concentration of CuI. The lower rate could be
due to side reactions that occur at this very negative potential.29

At Eapp > E1/2, oxidation of CuI is more favorable than reduction
of CuII but the polymerization proceeded with a moderate rate
in the initial stage, suggesting that the SARA ATRP mechanism
was dominant. However, aer the rst 30 min the polymeriza-
tion slowed down considerably. When a very positive potential
(E1/2 + 0.30 V) was applied, the reaction stopped within the rst
few minutes (Table 1, entry 7). Due to the high activity of the
catalyst and rapid monomer propagation, 18% conversion was
still observed within the rst �5 min of reaction, although
a more effective stop at low or negligible conversion is expected
for less active systems. Nevertheless, this result indicates that
the application of a signicantly more positive potential than
E1/2 to a Cu wire is a viable strategy to halt a SARA ATRP on
demand.

The dual contribution of SARA and electrochemical reduc-
tion can also be appreciated by observing the trends in polymer
dispersity at the beginning of the polymerizations (Fig. S5†). In
fact, Đ values during the rst 15 minutes of polymerization
increased as Eapp was shied to more negative potentials, i.e. by
relatively decreasing the amount of CuII deactivator present in
solution, as Đ is inversely proportional to the concentration of
Table 2 Potentiostatic eATRP of nBA with sacrificial anodes, catalyzed b

Entry Cathode Anode
Eapp � E1/2
(V)

C0

½CuIIL�2þ

ðmMÞ
C0
L,free

(mM)
Q
(C)

1 Pt Al �0.06 1 2 2.9
2 SS304 Al �0.16 1 2 5.9
3 Pt Cu �0.06 1 — 20.2
4 Cu Cu �0.06 1 — 20.9
5 Cu Al �0.06 1 2 1.6

a Other conditions: nBA/EBiB¼ 349/1; CnBA¼ 3.49M in DMF + 0.1 M Et4NB
700 rpm. b Estimated mass of CE consumed during electrolysis (see ESI,
standard. d Apparent propagation rate constants calculated as the slope
PMMA standards at T ¼ 30 �C. f Calculated from 1H-NMR: Mth

n ¼ Conv. �

© 2022 The Author(s). Published by the Royal Society of Chemistry
ATRP deactivator.30 The dispersity of low MW P(nBA)–Br made
by SARA ATRP fell in between the Đ values found for eATRPs at
Eapp > E1/2 and Eapp < E1/2.
eATRP with a Cu cathode and a sacricial anode

To study the effect of a sacricial anode, model polymerizations
were initially performed using Pt/Al and SS304/Al electrode
pairs (Table 2, entries 1 and 2). The Pt/Al system showed iden-
tical polymerization rate and control as the Pt/Pt system
employing a divided cell (Table 1, entry 1). On the other hand,
a slower but well-controlled polymerization was obtained with
SS304 cathode, likely due to the smaller surface area.

Then, the possibility of employing Cu as a sacricial anode
was explored. eATRPs were performed at Eapp ¼ E1/2 � 0.06 V,
with CuII initially present in solution without free ligand. The
Pt/Cu system enabled to reach 64% conversion in 2 h (Table 2,
entry 3). Cu0 started depositing on the WE surface few minutes
aer the electrolysis was started. During a potentiostatic eATRP,
in a divided or undivided cell, the recorded current vs. time plot
(i.e. chronoamperometry) typically shows a current decrease
over time during the initial polymerization stage, aer which
a small, nearly constant value is maintained (see e.g.
Fig. S7†).23,24 Unexpectedly, however, the Pt/Cu system showed
a rapid enhancement in current, which then remained almost
constant at jIj z 3 mA for the entire duration of the process
(Fig. S8†), leading to the passage of a very high charge in the
system (>10 times higher than the theoretical charge, Qth, value
of 1.5 C). A similar result was obtained when the experiment was
repeated using a Cu/Cu setup (Table 2, entry 4), although the
recorded current was lower, jIj z 2 mA (Fig. S9†).

The use of a sacricial Cu anode causes CuII ions to be
released into solution, which are then reduced and deposited at
the cathode surface. The extent of Cu anode consumption and
of Cu deposition at the cathode can be estimated as described
in the ESI (Section S5†). Calculated amounts of Cu “detached”
from the anode (mCE) are listed in Table 2. Note that only a small
fraction of sacricial Cu anode is consumed in a typical eATRP
experiment and >300 h of polymerization are required within
this setup to “dissolve” a substantial portion of the anode (more
details in ESI, Section S5†). Considering that �2 g of P(nBA) are
y [Br–CuIIMe6TREN]+ in DMFa

mCE
b

(mg)
t
(h)

Conversionc

(%)
kp,app

d

(h�1)
MGPC

n
e

(kDa)
Mth

n
f

(kDa) Đg

0.27 2 90 1.35 38.5 40.4 1.13
0.55 3 79 0.48 32.5 36.9 1.11
6.6 2 64 0.59 34.0 28.8 1.22
6.7 3 83 0.66 46.1 37.4 1.17

6 0.15 2 86 1.15 36.6 38.6 1.10

F4, 10
�3 M Et4NBr, T¼ 45 �C; activated Cu wire: l¼ 14 cm; stirring rate¼

Section S5). c Calculated from 1H-NMR in CDCl3 using DMF as internal
s of ln([M]0/[M]) vs. t plots. e Calculated from THF GPC with narrow
DP � MnBA + MEBiB.

g Đ ¼ Mw/Mn.

Chem. Sci., 2022, 13, 6008–6018 | 6011
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produced in 1 h, it is possible to make �1 kg of polymer before
the Cu anode must be replaced.

Nevertheless, released CuII ions can perturb the eATRP
equilibrium and contaminate the polymer. Therefore, the Cu/Al
electrode pair was tested (Table 2, entry 5 and Fig. S10†). This is
an all-non-noble setup, which is easily scalable, with the
advantage of the sacricial Al anode. Since the Al3+ ions
released in solution can interact with Me6TREN,23,28 a 3-fold
excess of L was employed. Therefore, the contribution of SARA
ATRP cannot be neglected with this setup. The polymerization
reached 86% conversion in 2 h and P(nBA)–Br exhibited excel-
lent dispersity, Đ ¼ 1.10; also, a more typical current vs. time
plot was observed, thus the charge consumption was much
smaller than with a Cu anode. The polymerization rate was
comparable to the case of a Pt/Al setup (Table 2, entry 1),
despite the 27% lower surface area of the Cu wire relative to the
Pt mesh, which would result in a slower polymerization in
a pure eATRP system (see ESI, Section S6†). Therefore, the
observed comparable rates suggest that SARA and eATRP
worked synergistically, enhancing the rate of the process. A
conventional SARA ATRP performed under similar conditions
gave similar outcomes (Table S1, entry 1 and Fig. S11†).

The observed constant current value with Cu as anode sug-
gested the possibility of performing galvanostatic eATRP by
applying only one Iapp value rather than a sequence of decreasing
current values, using different cathode/anode combinations: Pt/
Al, Cu/Al, and Cu/Cu. Galvanostatic eATRP should be the
preferred choice for large volume reactions due to the simpler
and less expensive setup, and it has previously been successfully
used.31–34 To test galvanostatic electrolysis on a Cu cathode,
a series of experiments was performed (Table 3) under contin-
uous galvanostatic electrolysis (CGE). Initially, CGEs were
attempted with a Cu/Cu pair and a single Iapp value (Table 3,
entries 1–4). When jIappj ¼ 1 mA was applied at the cathode, the
polymerization was well-controlled and produced P(nBA)–Br
with excellent dispersity,Đ¼ 1.11 (Table 3, entry 1). Raising jIappj
to 2 mA afforded similar results but slightly higher polymer
dispersity, Đ ¼ 1.18. Further enhancing jIappj to 3 mA did not
affect the results (Table 3, entry 3), probably because the process
was already diffusion controlled. The initial concentration of
[Br–CuIIMe6TREN]

+ was then decreased from 10�3 M to 10�4 M
(Table 3, entry 4). As expected, the polymerization was slower
and the polymer dispersity increased (Đ ¼ 1.39), but control was
acceptable. This experiment was then repeated without CuII salt
in the initial mixture, to exploit the possibility of generating the
Cu catalyst from the sacricial Cu anode. Thus, the initial
solution contained only 10�4 M Me6TREN and Br� ions. Never-
theless, the polymerization was faster and better controlled (Đ ¼
1.30) than the one with initial 10�4 CuII complex (Table 3, entries
4 vs. 5, and Fig. S12†). Thus, the contribution of the SARA
mechanism to the eATRP process increased the polymerization
rate, as already discussed for the Pt/Al vs. Pt/Cu and Cu/Pt
systems with potentiostatic electrolysis. Moreover, the combi-
nation of SARA and eATRP seems to improve the polymerization
control when the loading of the ligand is low. A regular SARA
ATRP with only 10�4 MMe6TREN and Br� ions (Table 3, entry 6)
exhibited very poor conversion and control. Therefore, the
6012 | Chem. Sci., 2022, 13, 6008–6018 © 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Determination of the duty cycle by following the evolution of
conversion and ln([M]0/[M]) vs. t for eATRP of 50 vol% nBA in DMF+
0.1 M Et4NBF4 at T ¼ 45 �C, performed in an undivided cell with a Pt
(squares) or a Cu (circles) cathode at Eapp ¼ E1/2 � 0.06 V and
a sacrificial Al anode. Electrolysis was switched off on both electrodes
after 30 minutes. Conditions: nBA/EBiB/Cu(OTf)2/Me6TREN/Et4NBr ¼
349/1/0.1/0.3/0.1, CnBA ¼ 3.49 M.
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synergy between eATRP and SARA ATRP can be applied to run
polymerizations with very limited loadings of reagents.

The rather high jIappj values used in these reactions resulted
in high charge consumption and thus large quantities of CuII

ions released from the anode and deposited as Cu0 on the
cathode surface. The Cu surfaces of both anode and cathode
were analyzed by scanning electron microscopy to determine
morphological changes during polymerization at jIappj ¼ 1 mA
(Fig. S13 and S14†). The surface of the Cu anode showed some
signs of corrosion, while electrodeposited Cu particles were
observed at the surface of the Cu cathode. In addition, the
solutions turned green due to the formation of soluble Cu
species and/or dispersed Cu nanoparticles, as in potentiostatic
eATRPs with a Cu anode.

Since the Cu/Cu pair is impractical and potentially disad-
vantageous on an industrial scale because of the heavy
contamination of the mixture, a Cu/Al pair was preferred, with
Table 4 Pulsed galvanostatic eATRP of nBA on a Cu cathode and Al sac

Entry

C0

½CuIIL�2þ

ðmMÞ
C0
L,free

(mM)
jIappj
(mA)

t
(h)

Q
(C)

m
(m

1 1 2 0.454 2 1.66 0
2 1 2 0.227 2 0.83 0
3h 1 2 0.227 1.5 0.83 0
4 — 3 0.227 2 0.83 0
5 0.1 2.9 0.227 2 0.83 0

a Other conditions: nBA/EBiB¼ 349/1 (except for entry 3), CnBA¼ 3.49 M in
T¼ 45 �C; during PGE, the duty cycle was 10min; WE¼ activated Cu wire, l
700 rpm. b Estimated mass of CE consumed during electrolysis (see Sectio
standard. d Apparent propagation rate constants calculated as the slopes o
standards at T ¼ 30 �C or with TriSEC calibration using PS standards (only
MEBiB.

g Đ ¼ Mw/Mn.
h DPT ¼ CnBA/CEBiB ¼ 1745.

© 2022 The Author(s). Published by the Royal Society of Chemistry
a slight excess of Me6TREN (Table 3, entry 7, Fig. S15 and S16†).
With this system, the CGE was performed with a much lower
applied current, jIappj ¼ 227 mA, which was calculated as the
average current (Iaverage ¼ Q/t) in a similar eATRP under
potentiostatic conditions (Table 2, entry 5, Q ¼ 1.66 C). The
polymerization reached 86% conversion within 2 h under well-
controlled conditions yielding P(nBA)–Br with a narrow molec-
ular weight distribution (Đ ¼ 1.11). Two other control eATRPs
using a Pt/Al pair of electrodes (Table S1,† entries 2 and 3, with
Q ¼ 0.83 C and Q ¼ 1.66 C, respectively) showed that P(nBA)–Br
can be obtained with excellent dispersity by CGE with a single
current value also on a conventional Pt cathode.
From continuous electrolysis to pulsed electrolysis

Since the introduction of eATRP in 2011, almost all electro-
chemically mediated polymerizations have been performed
with continuous electrolysis, mostly by a potentiostatic mode.
In order to implement pulsed galvanostatic electrolysis (PGE) in
eATRP, the electrolysis duty cycle was rst determined, by
measuring the time required to consume all [CuIL]+ upon
removal of the electrochemical stimulus during a potentiostatic
electrolysis with a Pt/Al setup.22 eATRP of nBA was carried out at
Eapp ¼ E1/2 � 0.06 V with CuII/L ratio ¼ 1/3 for 30 min. Then the
current was switched off and monomer conversion was
measured every 5 min for 15 min, followed by one last analysis
at 60 min (Fig. 3). The polymerization stopped completely
within <15 min aer switching off the electrolysis. The poly-
merization halt was not instantaneous upon removal of the
electrochemical stimulus, as a certain amount of [CuIL]+ was
present in the system, which could still activate polymer chains
until being completely converted to CuII species. This behavior
agrees with the “imperfect” temporal control previously
observed in photoATRP systems.35,36 When the same procedure
was repeated on a Cu cathode, the polymerization did not stop,
but proceeded as SARA ATRP, reaching 89% conversion aer
a total of 120 min and affording P(nBA)–Br with Mn ¼ 42.3 kDa
and Đ ¼ 1.10 (Fig. S17 and S18†).
rificial anode, catalyzed by [Br–CuIIMe6TREN]+ in DMFa

CE
b

g)
Conversionc

(%)
kp,app

d

(h�1)
MGPC

n
e

(kDa)
Mth

n
f

(kDa) Đg

.15 71 0.70 32.6 31.9 1.11

.08 89 1.36 40.8 40.9 1.11

.08 69 0.91 119.2 153.8 1.19

.08 92 1.10 39.9 39.5 1.13

.08 89 1.12 39.5 39.6 1.10

DMF + 0.1 M Et4NBF4, 10
�3 M Et4NBr (except for entry 5: 10

�4 M Et4NBr),
¼ 14 cm, CE¼ Al wire, l¼ 14 cm; all wires had 1mmdiameter; stirring¼
n S5 of ESI). c Calculated from 1H-NMR in CDCl3 using DMF as internal
f ln([M]0/[M]) vs. t plots. e Calculated from THF GPC with narrow PMMA
entry 3) at 30 �C. f Calculated from 1H-NMR:Mth

n ¼ Conv.� DP �MnBA +
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Fig. 4 (a) Kinetic plots and (b) evolution ofMn andĐ vs. conversion for
eATRP of nBA in DMF + 0.1 M Et4NBF4, T ¼ 45 �C, performed using
a Cu/Al electrode pair under various conditions. ( ) Potentiostatic
electrolysis at Eapp¼ E1/2� 0.06 V (Table 2, entry 5); ( ) CGE,Q¼ 1.66 C
(Table 3, entry 7); ( ) PGE, Q ¼ 1.66 C (Table 4, entry 1), ( ) PGE, Q ¼
0.83 C (Table 4, entry 2); general conditions: nBA/EBiB/Cu(OTf)2/
Me6TREN/Et4NBr ¼ 349/1/0.1/0.3/0.1, CnBA ¼ 3.49 M. ( ) PGE, Q ¼
0.83 C nBA/EBiB/Cu(OTf)2/Me6TREN/Et4NBr ¼ 349/1/0/0.3/0.1, CnBA

¼ 3.49 M (Table 4, entry 4); ( ) PGE, Q ¼ 0.83 C, nBA/EBiB/Cu(OTf)2/
Me6TREN/Et4NBr ¼ 349/1/0.01/0.3/0.1, CnBA ¼ 3.49 M (Table 4, entry
5). The straight line in (b) stands for the theoretical molecular weights.

Fig. 5 Molecular weight distribution of P(nBA)288–Br macroinitiator
(Mn ¼ 37.0 kDa and Đ ¼ 1.11, conv.BA ¼ 83%) and P(nBA)288-b-
P(nBA40-stat-tBA56)–Br copolymer (Mn ¼ 50.6 kDa and Đ ¼ 1.06,
conv.tBA ¼ 25%, conv.BA ¼ 94%) produced by PGE eATRP of nBA and
nBA + tBA at T¼ 45 �C in DMF + 0.1 M Et4NBF4. tBAwas added after 1 h
of nBA polymerization under the following conditions: nBA/EBiB/
Cu(OTf)2/Me6TREN/Et4NBr ¼ 349/1/0.1/0.3/0.1, CnBA ¼ 3.49 M.
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Then, a PGE was attempted by selecting the electrolysis
parameters to allow the same charge to pass in the system over
the same total reaction time. The CGE reported in Table 3, entry
7, was repeated under PGE mode, with a xed duty cycle of
6014 | Chem. Sci., 2022, 13, 6008–6018
10 min (Fig. 3). Under these conditions, the electrolysis was ON
for 60 min and OFF for 60 min. Thus, the applied current was
doubled (jIappj ¼ 454 mA, Table 4, entry 1, Fig. S19 and S20†) to
obtain the same total charge of 1.66 C. The polymerization was
still well-controlled (Đ ¼ 1.11); however, the conversion reached
a lower value of 71% aer 2 h.

Despite being not necessary from a practical point of view,
a 3-electrode setup was employed in these galvanostatic exper-
iments to gain some insight on the process. This allowed
monitoring the potential of the Cu cathode, EWE, vs. the refer-
ence electrode. The recorded potential was lower than the ex-
pected value (�E1/2 � 0.06 V), particularly in the later stage of
the reaction (Fig. S19†). This negative dri of potential over
time could cause over-reduction of CuII species to Cu0, ulti-
mately leading to a premature stop of the process. Therefore,
the charge was cut by 50% (Q ¼ 0.83 C), by pulsing jIappj ¼ 227
mA every 10 min (Table 4, entry 2, Fig. S21 and S22†). Pleasingly,
the conversion improved to 89%, producing P(nBA)–Br of very
low dispersity (Đ ¼ 1.11). The charge cut, drastically decreased
the energy required to drive the polymerization, making these
conditions industrially appealing for future scaled-up reactions.

Another attempt was made by targeting a 5-fold higher target
degree of polymerization (DPT¼ 1745) than the one hitherto used
in all experiments. Thus, the initiator loading was decreased from
10�2 to 2 � 10�3 M (Table 4, entry 3). Aer 1.5 h, P(nBA)–Br with
MGPC

n ¼ 119.2 kDa and Đ ¼ 1.19 was obtained (Fig. S23†). The
polymerization was stopped aer that time due to the high
viscosity, which hampered effective stirring (see Fig. S24†).

Then, the reaction with DPT ¼ 349 was repeated with no CuII

initially present in solution but with the same quantity of
Me6TREN (Table 4, entry 4). The advantage of this system is that
it avoids the addition of a metal salt at the beginning by
exploiting the SARA mechanism (see discussion in the ESI,
Section S6†). The polymerization reached a high conversion of
92%, producing P(nBA)–Br with Đ¼ 1.13. A disadvantage of this
type of setup could be the corrosion of the anode, so replace-
ment should be provided aer a certain number of reactions.
However, the Al3+ release is rather small. Calculated amounts of
Al released from the anode (mAl) are given in Table 4. Note that
only a small fraction of the sacricial Al anode is consumed
during polymerization and 5752 h (240 days) will be needed
within this setup to dissolve a substantial portion of the anode
(more details in the ESI, Section S5†). Considering that �6.14 g
of P(nBA) is produced in 2 h, it should be possible to produce
17.8 kg of polymer before the Al anode must be replaced.

To evaluate the amount of CuII ions released in solution,
mainly by SARA ATRP during the periods of no applied current,
CV and Vis-NIR spectra were recorded before and aer the
polymerization (Fig. S2c and S3c†). These analyses showed
a modest release of CuII ions, with a nal concentration of [Br–
CuIIL]+ of about 10�3 M. Therefore, the polymer is not strongly
contaminated by Cu ions.

One nal attempt was carried out with only 10�4 M of initial
CuII and Et4NBr, maintaining the usual concentration of Me6-
TREN. The polymerization reached 90% conversion with still
very low Đ and perfect agreement between MGPC

n and
Mth

n (Table 4, entry 5). Examples of kinetic analysis of this set of
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 5 SARA ATRP and potentiostatic eATRP with a Cu/Al electrode pair, of various monomers (M) under different conditionsa

Entry M ATRP mode Eapp (V) Ligand Solvent t (h) Q (C) Conv.b (%) kp,app
c (h�1) MGPC

n
d (kDa) Mth

n
e (kDa) Đf

1 MA SARA — TPMA-PYR DMSO 2 — 62 0.55 35.6 29.1 1.09
2 MA eATRP E1/2 TPMA-PYR DMSO 2 0.19 73 0.77 33.5 34.3 1.10
3 MMA SARA — TPMA EtOH 2 — 61 0.54 31.6 36.7 1.86
4 MMA eATRP E1/2 � 0.06 TPMA EtOH 3 2.70 76 0.46 32.6 35.7 1.26
5 AAm SARA — Me6TREN H2O 2 — 49 0.28 12.7 25.0 1.40
6 AAm eATRP Epc

g Me6TREN H2O 1.5 0.31 90 1.69 35.9 45.4 1.28

a Conditions: entries 1 and 2: MA/EBiB/CuBr2/TPMA-PYR¼ 552/1/0.03/0.09, DPT¼ 552, CMA¼ 5.52M in DMSO + 0.1 M Et4NBF4, T¼ 40 �C; entries 3
and 4: MMA/BPN/CuCl2/TPMA/Bu4NCl¼ 467/1/0.1/0.3/5, DPT ¼ 467, CMMA ¼ 4.67 M, T ¼ 50 �C; entries 5 and 6: AAm/HEBiB/CuBr2/Me6TREN/NaBr
¼ 141/0.2/0.1/0.4/10, DPT ¼ 705. CAAm ¼ 1.41 M, T ¼ 0 �C. WE ¼ activated Cu wire, l ¼ 14 cm, CE¼ Al wire, l ¼ 14 cm; all wires had 1 mm diameter.
Stirring ¼ 700 rpm. b Calculated from 1H-NMR in CDCl3 or D2O using 2 vol% DMF as internal standard. c Apparent propagation rate constants
calculated as the slopes of ln([M]0/[M]) vs. t plots. d Calculated from THF GPC with narrow PMMA standards at T ¼ 30 �C (PMA, PMMA) or
aqueous GPC with narrow PEO standards at T ¼ 35 �C (PAAm). e Calculated from 1H-NMR: Mth

n ¼ Conv. � DP � MM + MRX.
f Đ ¼ Mw/Mn.

g Epc
¼ cathodic peak potential.

Fig. 6 (a) Kinetic plots, (b) evolution ofMn andĐ vs. conv. during SARA
ATRP (squares) or eATRP on a Cu/Al pair (circles) of MMA in EtOH +
0.05M Bu4NCl, T¼ 50 �C. (c and d) Normalized evolution of molecular
weight distribution of PMMA–Cl produced by SARA ATRP (c) or eATRP
(d). Conditions: MMA/BPN/CuCl2/TPMA/Bu4NCl ¼ 467/1/0.1/0.3/5,
CMMA ¼ 4.67 M. Full and empty symbols refer to the left and right
ordinates, respectively. The black straight line represents Mth

n in (b).

Fig. 7 (a) Kinetic plots, (b) evolution ofMn andĐ vs. conv. during SARA
ATRP (squares) or eATRP with a Cu/Al pair (circles) of AAm in H2O +
0.1 M NaBr, T ¼ 0 �C. (c and d) Normalized evolution of molecular
weight distribution of PAAm–Br produced by SARA ATRP (c) or eATRP
(d). Conditions: AAm/HEBiB/CuBr2/Me6TREN/NaBr ¼ 141/0.2/0.1/0.4/
10, CAAm ¼ 1.41 M. Full and empty symbols refer to the left and right
ordinates, respectively. The black straight line represents Mth

n in (b).
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polymerizations and obtained polymer features are shown in
Fig. 4, whereas potential proles of the WE and GPC traces are
reported in Fig. S24–S29.†

Chain extension

The well-controlled polymerizations obtained under PGE sug-
gested that living systems were still achieved. To demonstrate
the preserved livingness, P(nBA)–Br produced as in Table 4,
entry 2, was extended using tert-butyl acrylate (tBA), without
removing unreacted nBA and isolating the macroinitiator. The
rst block was built by PGE eATRP of nBA on a Cu/Al electrode
pair in 1 h, followed by quenching the reaction by applying Eapp
¼ E1/2 + 0.30 V. The electrolysis was continued aer the injection
of degassed tBA, again by PGE for one additional hour
(Fig. S30†), producing the block copolymer P(nBA)-b-P(nBA-stat-
tBA)–Br of MGPC

n ¼ 40.6 kDa and Đ ¼ 1.06 (Fig. 5), showing
excellent end-group delity. The second segment of the block
© 2022 The Author(s). Published by the Royal Society of Chemistry
copolymer is statistical, considering the similar reactivity of nBA
and tBA.37 NMR spectra of the P(nBA)–Br macroinitiator and the
obtained copolymer are reported in Fig. S31 and S32.†
Extension to other monomers, catalysts, and solvents

To further expand the scope of eATRP with Cu electrodes,
various monomers, solvents, catalysts, and initiators were
investigated (Table 5). First, polymerization of methyl acrylate
in dimethyl sulfoxide (DMSO) at T ¼ 40 �C was carried out. The
most active ATRP catalyst to-date was used, [CuIITPMA-PYR]2+

(TPMA-PYR ¼ tris(4-pyrrolidinopyridyl-2-methyl)amine).38 Well-
controlled polymerizations were obtained via either SARA ATRP
or eATRP (with a potentiostatic electrolysis at Eapp ¼ E1/2 ¼
�0.371 V vs. SCE) with the Cu/Al electrode pair, giving PMA–Br
with low dispersity (Đ� 1.1, Table 5, entries 1 and 2). The eATRP
with the Cu cathode was 1.4-fold faster than the SARA ATRP
Chem. Sci., 2022, 13, 6008–6018 | 6015
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(Fig. S33†), which can be attributed to the synergy of the two CuI

regeneration mechanisms.
Then, methyl methacrylate (MMA) was used, which, unlike BA

or MA, requires a rather slow regeneration because it is charac-
terized by much higher KATRP. For example, controlled poly-
merizations were obtained with weak ligands such as bpy or
PMDETA.39–43 MMA also requires very active initiators such as
ethyl 2-bromophenylacetate or 2-bromopropionitrile (BPN) to
balance the propagating radical reactivity and avoid the penul-
timate effect.39,44,45 We attempted SARA ATRP of MMA in ethanol
initiated by BPN at 50 �C and catalyzed by [CuIITPMA]2+ (TPMA¼
tris(2-pyridilmethyl)amine), utilizing catalytic halogen exchange
(cHE, with 0.05 M Bu4NCl) to suppress the mismatch of reac-
tivity.39,46–50 This SARA ATRP (Table 5, entry 3) was unsuccessful,
even with cHE, and resulted in a poorly controlled PMMA–Cl,
with a multimodal MW distribution (Mn ¼ 31.6 kDa, Đ ¼ 1.86).
However, using the same conditions but superimposing elec-
trochemical control with a potentiostatic electrolysis at Eapp¼ E1/
2 + 0.06 V (E1/2 ¼ �0.714 V vs. ferrocenium/ferrocene), the poly-
merization greatly improved (Table 5, entry 4). Indeed, electro-
chemistry forces the distribution at the electrode surface in favor
of the [ClCuIITPMA]+ deactivator, producing a well-controlled
PMMA–Cl with Mn ¼ 32.6 kDa and Đ ¼ 1.26 (Fig. 6).

Finally, eATRP and SARA ATRP of acrylamide (AAm) in H2O
were attempted. Water is the most commonly used solvent for
acrylamide.51,52 The temperature was set at T ¼ 0 �C, to avoid
known side reactions. eATRP at the Cu cathode was carried out
via potentiostatic electrolysis at Eapp ¼ Epc ¼ �0.540 V vs. SCE,
using 2-hydroxyethyl a-bromoisobutyrate (HEBiB) as initiator and
[CuIIMe6TREN]

2+ as catalyst under nearly diffusion-controlled
conditions. The polymerization was faster and better controlled
under similar conditions than using SARA ATRP (Table 5, entries
5, 6). Monomer conversion reached 90% in 90 min in the eATRP
with Cu/Al setup, yielding PAAm–Br with Đ ¼ 1.28 (Fig. 7).

Conclusions

This work investigated the use of Cu as an electrode material in
electrochemically mediated ATRP in organic solvents and water,
with various monomers, catalysts, and initiators, including the
most active ATRP catalyst known to-date. Depending on the
conditions, the polymerization can proceed via classical eATRP
or with some contribution from SARA mechanism, where the
CuI activator is (re)generated via both comproportionation and
electrochemical reduction of CuII species. Moreover, the elec-
trochemical setup can be used to stop a SARA ATRP on demand,
or to obtain well-controlled polymerizations under conditions
where SARA ATRP alone is not effective.

By employing Cu electrodes, a galvanostatic approach is
hence possible, via either a continuous or pulsed manner. The
pulsed galvanostatic electrolysis mode takes advantage of the
SARA ATRP mechanism that drives the polymerization during
the periods when the electrolysis is switched off. Consequently,
it is possible to decrease the charge passed into the system, thus
lowering the energy consumption, without altering the polymer
properties. P(nBA)–Br was obtained with low dispersity, even at
high DPT or without any initially added copper salt. Other well-
6016 | Chem. Sci., 2022, 13, 6008–6018
dened polymers (PMA–Br, PAAm–Br and PMMA–Cl) were
prepared via eATRP with a Cu cathode, demonstrating the
exibility of this setup.

Metallic Cu is much less expensive than Pt or glassy carbon
electrodes. In addition, to reduce process cost, bulk Cu can be
replaced by electrodes made of a thin layer of Cu (electro)
deposited on less expensive, non-noble metals. The setup
proposed is highly suitable for the scale-up of eATRP and for
future eATRP studies, in view of a more widespread use of
eATRP and electrochemistry in general, as a potent and versatile
tool for controlled radical polymerizations.
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in the ESI.†
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