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Introduction

Atom transfer radical polymerisation (ATRP

Current-controlled ‘plug-and-play’
electrochemical atom transfer radical
polymerization of acrylamides in water+

Mahir Mohammed, Bryn A. Jones and Paul Wilson & *

Aqueous electrochemical atom transfer radical polymerisation (eATRP) can be challenging due to deleter-
ious side reactions leading to the loss of the m-chain end, increased rates of activation (k.. leading to
higher [P,’], increased rates of termination, and the lability of the X—Cu'"/L bond to hydrolysis leading to
poor control. Herein, we build on recent advances in eATRP methodology to develop a simplified
current-controlled eATRP of acrylamides in water. The simplification arises from the use of commercial,
standardised reaction hardware which enables the polymerisations to be performed in a 2-electrode,
‘plug-and-play’, undivided electrochemical cell configuration. Further simplification is afforded by the
design of a single stepwise current profile (/,5p vs. time) capable of mediating current-controlled eATRP of
N-hydroethylacrylamide (HEAm). At room temperature, polymerisation of HEAm to target degrees of
polymerisation (DP,,+,) of 20-100 proceeds with good control (B < 1.50). Loss of control when targeting
higher DP,, at room temperature is circumvented by lowering the reaction temperature (RT to 0 °C),
increasing the stirring rate (400 rpm to 800 rpm) and increasing the catalyst concentration. Using the best
conditions, a linear increase in M, sgc with DP,, (up to DP,, = 320) and low dispersity values (DP,y, =
40-160; D = 1.26-1.38) were obtained. Furthermore, the current profile and reaction conditions can
support the polymerisation of other primary and secondary acrylamides and the retention of the w-Br
chain end is exemplified by a short in situ chain extension. Overall, this represents further simplification of
aqueous eATRP with respect to reaction set up and experimental parameters (single current profile) which
has been employed to synthesise polyacrylamides with good efficiency and control.

oxidised to X-Cu"/L and a reactive carbon-centred radical is
formed. The radicals can undergo propagation until they are

)2 deactivated by a second electron transfer and halogen abstrac-

is a popular

technique for polymer synthesis as it enables excellent control
over polymer composition, end groups and architecture.’®
Through careful consideration of the reaction conditions and
catalyst choice, it has been applied to polymerise a variety of
functional monomers and to prepare polymers with a range of
architectures, including telechelic,® star,” brush,® and graft
copolymers,” for instance.

In early ATRP,*° the active catalysts (typically a copper (Cu)
complex; Cu'/L) was used directly to activate dormant alkyl
(R-X) or macromolecular (P,-X) halides and generating rad-
icals (R'/P,") capable of reacting with vinyl monomers. The
activation process occurs via simultaneous electron transfer
process and halogen abstraction in which the Cu'/L complex is
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tion process in which the X-Cu"/L is reduced back to Cu'/L
and propagating radical chain ends are oxidised back to the
dormant alkyl halide chain ends (P,~X). Control over the poly-
merisation was conferred by accumulation of X-Cu'/L,
through unavoidable radical termination reactions. This pro-
moted deactivation of propagating radicals (P,") via reforma-
tion of dormant polymer chains (P,-X) and established the
activation-deactivation equilibrium (Kargp) that governs the
control over all ATRP reactions."® It was important to perform
the reactions under strict de-oxygenated conditions due to the
propensity of the Cu'/L complex to undergo oxidation thus
removing the activating complex from the reaction system.

In recent years, advances in ATRP methodology have shown
that the redox mechanism can be manipulated and controlled
using external stimuli including light,"" sound,'” mechanical
force’® and (bio)chemical intervention using reducing
agents.'* These advances negated the need to directly use oxi-
datively labile Cu'/L, using the external stimulus to generate it

This journal is © The Royal Society of Chemistry 2022
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in situ from more oxidatively stable Cu"/L complexes."® The
ability to control the relative [Cu'/L] and [Cu""/L] provides fine
control over Kyrgp and the polymerisation as a whole. In 2011,
electricity was also shown to be an excellent external stimulus
leading the development of electrochemical ATRP (eATRP).'®"”
The voltage and current can be readily controlled using a
potentiostat or simple current generator which helps to easily
alter important reaction parameters such as applied potential
(Eapp) OF applied current (I,pp)."* Such parameters allow the
number, and relative energy of electrons involved in the reac-
tion to be controlled.’®?° The direct use of electrons, which
can be generated from sustainable/renewable energy sources,
significantly improves the sustainability and reduces the
carbon footprint of electrochemical reactions compared to the
analogous chemically-driven processes/reactions that often
require stoichiometric amounts of chemical oxidants and
reductants.

In the context of Cu-mediated eATRP electrons delivered
from a working electrode (WE) are used to reduce Cu"/L to the
active Cu'/L on demand to regulate the polymer synthesis
through controlling the relative [Cu'/L] and [Cu"/L] which
allows the overall radical concentration to be accurately con-
trolled.>* Furthermore, the use of oxidatively stable Cu"/L
negates the need for stringent deoxygenation since the redu-
cing voltages/current applied throughout the polymerisation
ensures a constant supply of the Cu'/L activator complex. The
once complex reaction set up of eATRP has been simplified
over the last 10 years, to a point where eATRP can performed
in a ‘plug-and-play’ configuration using commercial, standar-
dised equipment (IKA ElectraSyn).”>** Furthermore, it can be
run in 2-electrode configuration, by virtue of the use of sacrifi-
cial counter electrodes (CE), in an undivided electrochemical
cell using cheap and easy to operate current generators in sim-
plified eATRP (seATRP) under galvanostatic (constant current)
conditions.>* Both potentiostatic (constant potential) and gal-
vanostatic eATRP have been mainly used for the controlled
polymerisation of (meth)acrylates, in both organic**?’ and
aqueous®*° media.

In potentiostatic eATRP a constant potential, selected based
on the redox potential of the Cu-complex used, is applied to
reduce inactive Cu"/L to active Cu"/L resulting in generation of
a current that in the presence of P,-X rapidly decays to a
steady state as the eATRP equilibrium is established. The
potential is set relative to a reference electrode and the corres-
ponding current (I) is maintained as long as there is Cu"/L
and P,-X present. This configuration is attractive because it
can be highly selective for a particular complex and the
current output (I vs. t), can be used to qualitatively monitor
the retention of Cu'/L and P,-X throughout the reaction.
Integration of the I vs. ¢ plots provides the total charge passed
during a given eATRP reaction and from this a much simpler,
2-electrode configuration, through which a simple galvanostat,
can be used to enable galvanostatic eATRP. Based on the total
charged passed, a current profile is set; the potential output,
which is reductive and measured at the cathode in this case,
changes until it reaches the redox potential of the Cu-complex
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employed. At a given resistance, the potential output is con-
stant as long as there is sufficient Cu"/L (at the electrode
surface) and P,—X (in bulk). The galvanostatic configuration is
attractive from an industrial point of view due to the lack of
need for a reference electrode.

The polymerisation of acrylamides in aqueous solutions is
best achieved by Cu(0)-mediated single electron transfer
radical polymerisation (SET-LRP).*"*> Aqueous ATRP of acryl-
amides is more difficult to control due to issues such as hydro-
lysis and/or elimination of the w-chain end,* increased rates
of activation (k) leading to higher [P,] and increased rates of
termination and lability of the X-Cu"/L bond to hydrolysis.**
These issues can be addressed by lowering reaction tempera-
tures, adding halide salts and increasing the [Cu'/L].**”
Despite electrochemistry being an ideal way of controlling
[Cu'/L] there are only a few examples of eATRP being employed
to synthesise polyacrylamides. Block copolymers of a primary
acrylamide (acrylamide; AAm) and a secondary acrylamide
(N-isopropylacrylamide; NIPAm) (AAm-H-NIPAm) have been
synthesised under potentiostatic conditions.*®*?*? Polymers of
tertiary acrylamides (dimethylacrylamide; DMAm) have also
been synthesised under potentiostatic conditions.*® Using the
current vs. time (I vs. t) plot generated from these reactions,
the total charge passed during potentiostatic polymerisation
was calculated and used to derive a current profile for galvano-
static eATRP of DMAm.

Herein, we report the potentiostatic eATRP of
N-hydroxyethylacrylamide (HEAm) from which we have
designed a current profile that enables the current-controlled
eATRP of HEAm with good control. Moreover, the entire
current-controlled investigation has been performed using a
single current profile to probe the effects of temperature,
degree of polymerisation (DP,), [Cu"/L] and choice of
monomer on the polymerisation.

Materials and methods

Copper(n) trifluoromethanesulfonate  (Cu"(OTf),, Acros
Organics, 98%), tris (2-pyridylmethyl)amine (TPMA, Sigma
Aldrich, 98%), potassium nitrate (KNO3, Acros Organic, 99%),
sodium bromide (NaBr, Alfa Aesar, >99.9%), N-hydroxyethyl
acrylamide (HEAm, Sigma Aldrich, 97%) were used as received
without further purification. All solutions were prepared using
deionised water (15.6 MQ, VEOLIA Elga Purelab).
2-Hydroxyethyl 2-bromoisobutyrate (HEBiB) was synthesised
according to literature procedure and obtained with high spec-
troscopic purity.*! Potassium nitrate was used as background
electrolyte. 0.05 pm MicroPolish powder (Al,Oz, Buehler) was

used for voltammetry electrode polishing.

'H NMR

Spectra were recorded on a Bruker HD 300 spectrometer
(300 MHz) using D,O (Sigma-Aldrich) as solvent. Chemical
shift values (8) are reported in ppm relative to residual solvent

Polym. Chem., 2022,13, 3460-3470 | 3461
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peaks (6 = 4.75 ppm). ACDLABS software was used to analyse
the data.

DMF SEC

Agilent Infinity II MDS instrument equipped with differential
refractive index (DRI), viscometry (VS), dual angle light scatter
(LS) and variable wavelength UV detectors. The system was
equipped with 2x Agilent Polargel columns (300 x 7.5 mm)
and a Polargel 5 pum guard column. The eluent is DMF with
0.01% LiBr additive. Samples were run at 1 ml min™" at 50 °C.
Poly(methyl methacrylate) standards (Agilent EasiVials) were
used for calibration, and the calibration range was
600-870 000 gmol~". Analyte samples were filtered through a
Nylon membrane with 0.22 pm pore size before injection.
Respectively, experimental number average molecular weights
(Mp,sec) and dispersity (Py,) values of synthesized polymers
were determined by conventional calibration using Agilent
GPC/SEC software.

Cyclic voltammetry (CV)

CV was conducted on a CH-Instruments 600 E potentiostat
using a 3 mm glassy carbon disc electrode. The electrode was
polished with 0.05 um alumina powder, and then sonicated in
MilliQ water for 30 seconds between each use. The counter
electrode was a platinum wire coil. The reference electrode was
Ag/AgCl, and the silver wire was rinsed in MilliQ water placed
into a glass capillary tube fitted with a vycor frit and filled with
3 M KClI solution. Before all CVs, the reaction cell was purged
with N, for 10 minutes. The supporting electrolyte KNO;
(0.111 g, 1.1 mmol) and water (11 mL) were mixed as back-
ground electrolyte, and used to perform background CVs.
Background CVs were taken before any measurements to
exclude the possibility of impurities adsorbed to the glassy
carbon electrode. Solutions were prepared for CV and simpli-
fied eATRP as shown below.

Electrolysis reaction set-up

Potentiostatic and galvanstatic electrolyses were performed
using an ElectraSyn 2.0 device. The IKA electrochemical cell
consisted of a reaction vial and an electrode head to which
working, counter and reference electrodes were attached. An
IKA manufacture Pt-coated electrode was used as the working
electrode (cathode). The sacrificial counter electrode (anode)
was initially Al wire (Alfa-Aesar, length = 15 cm, diameter =
1.0 mm, annealed) manipulated to a size similar to the IKA Pt-
coated electrode as reported in our previous work.>” This was
replaced during the investigation by an IKA manufacture Al
electrode, which was used for the majority of the experiments.
An IKA manufacture Ag/AgCl (using 3 M KCl) reference elec-
trode was included for potentiostatic reactions. For reactions
performed in an ice bath, an ElectraSyn GoGo module was
used enabling the reaction vial to be placed in an ice bath on a
stirrer hotplate adjacent to the ElectraSyn 2.0 (Fig. S17), which
was still used to deliver the required potential or current.
Stirring rates of 400 rpm or 800 rpm were used depending on
the experiment.
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General procedure for ‘plug-and-play’ seATRP of HEAm
(10 wt%) under potentiostatic conditions

For the polymerisation of HEAm using [HEAm]:[HEBIB]:
[Cu™]:[TPMA]:[NaBr] = [40]:[1]:[0.1]:[0.4]:[0.1]. Cu(OTf),
(9.1 mg, 0.025 mmol) was dissolved in MilliQ water (10 mL) and
TPMA (29.0 mg, 0.1 mmol) was added, resulting in a blue solu-
tion. KNO; (0.11 g, 1.1 mmol), NaBr (2.6 mg, 0.025 mmol), and
HEAm (1.1 g, 1.0 mmol) were then added to this solution. After
purging with N, for 1 minute, a CV of the catalyst was recorded
to measure its standard reduction potential (E = E,,,) in the
reaction solution (10% v/v HEAm in H,O). HeBiB (36 pL,
1.0 mmol) was then added to the solution and CV was repeated
to evaluate the redox activity and activation behaviour of
Cu"(OTf),/TPMA and HEBIB respectively. The solution was then
transferred to an IKA ElectraSyn reaction vial, then fitted with
an IKA ElectraSyn electrode head. This was itself equipped with
an IKA Pt-coated working electrode (cathode), IKA aluminium
sacrificial counter electrode (anode) and an IKA manufacture
Ag/AgCl (containing 3 M KCl) reference electrode. The
ElectraSyn 2.0 was programmed to perform electrolysis in
potentiostatic mode at the desired E,pp,. Current vs. time plots
were automatically collected and stored on the ElectraSyn 2.0
Android mobile app, obtained from Google Play store.
Reactions were sampled periodically for reaction monitoring by
"H NMR (D,0) and SEC (DMF).

General procedure for ‘plug-and-play’ seATRP of HEAm
(10 wt%) under current-controlled conditions

For the polymerisation of HEAm using [HEAm]:[HEBiB]:
[Cu™]:[TPMA]:[NaBr] = [40]:[1]:[0.1]:[0.4]:[0.1]. Cu(OTf),
(9.1 mg, 0.025 mmol) was dissolved in MilliQ water (10 mL)
and TPMA (29.0 mg, 0.1 mmol) was added resulting in a blue
solution. KNO; (0.11 g, 1.1 mmol), NaBr (2.6 mg, 0.025 mmol),
and HEAm (1.1 g, 1.0 mmol) were then added to this solution.
HeBiB (36 pL, 1.0 mmol) was then added to the solution and
CV was repeated to evaluate the redox activity and activation
behaviour of Cu"(Otf),/TPMA and HEBIB respectively. The solu-
tion was then transferred to an IKA ElectraSyn reaction vial,
sparged with N, for an additional 5 minutes then fitted with an
IKA ElectraSyn electrode head. This was itself equipped with a
IKA Pt-coated working electrode (cathode) and IKA aluminium
sacrificial counter electrode (anode) only. Based on the current
vs. time plots collected during potentiostatic electrolysis, the
ElectraSyn 2.0 was programmed to perform electrolysis in galva-
nostatic mode. Current steps of —4 mA, —3.1 mA, —1.9 mA,
—1.3 mA, —0.9 mA were each applied for 5 minutes, and finally
—0.8 mA was applied for the total remainder reaction time.
Reactions were sampled periodically for reaction monitoring by
"H NMR (D,0) and SEC (DMF).

Results and discussion
Potentiostatic seATRP of N-hydroxyethyl acrylamide

Initially, cyclic voltammetry (CV) was performed to determine
standard reduction potential (E ~ E), = (Epe + Epa)/2) of the

This journal is © The Royal Society of Chemistry 2022
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Cu"/TPMA complex in the reaction solution (10 wt% HEAm/
H,0/KNO;). The E;,, was found to be —0.13 V (vs. Ag/AgCl,
Fig. 1A) which is similar to values reported in the literature of
Cu"/TPMA in aqueous solutions of other water soluble acryl-
amides and (meth)acrylates.”®*> The initiator, 2-hydroxyethyl-
2-bromoisobutyrate (HEBiB), was then added to the reaction
solution and CV was repeated to determine changes in the
redox activity of the Cu"/TPMA complex and the activation
behaviour of HEBiB (Fig. 1B). A large current enhancement in
the cathodic scan (E,.) and a significant reduction in current
in the anodic scan (Ep,,) was observed when HEBiB was present
in the reaction solution. This is consistent with our previous
work and the work of others with Cu"/TPMA complexes in
related reaction systems.*>*? During the cathodic scan, Cu'/
TPMA is reduced to Cu'/TPMA, which in the presence of
HEBIB undergoes rapid activation of the HEBiB via one-elec-
tron transfer to form a carbon-based radical and reform Cu"/
TPMA, thus leading to a current enhancement. If the acti-
vation process occurs faster than the timescale of the of CV
scan, there is significantly less, or no, Cu/TPMA present
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Fig. 1 Cyclic voltammetry of (A) 2.3 mM Cu"TPMA in 10 wt% HEAm in
H,O containing KNOs (0.1 M); (B) 2.3 mM Cu'"TPMA in 10 wt% HEAm in
H,O containing KNOs (0.1 M) before, (red) and after, (blue) addition of
HEBIB. Recorded at 20 °C at 0.1 V s™* using a glassy carbon electrode
(GCE).
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during the anodic scan which diminishes or removes the
anodic current.”

Potentiostatic eATRP was then performed at room tempera-
ture  using [HEAm]:[HEBiB]:[Cu"]:[TPMA]:[NaBr] =
[40]:[1]:[0.1]:[0.4] : [0.1] at Eapp = Exzy E1p — 0.06 V and Ey ), —
0.12 V. The polymerisation was performed in an undivided cell
containing a Pt-coated working electrode (IKA), Al-wire counter
electrode (I = 15 cm, d = 1.0 mm, annealed) and a Ag/AgCl
reference (containing 3 M KCl). At E,,, = Ejj, conversion
reached 77% within 2 hours. Pseudo-first order kinetics were
observed, with a k;*” = 1.07 x 107" s™" and M, gpc increasing
linearly with conversion, which was indicative of a controlled
polymerisation (Fig. 2). This was further supported by the low
dispersity obtained (Table 1, entry 1; Py, = 1.33), whilst devi-
ations between the M, sgc (8400 g mol™") and M, (3700 g
mol ™) suggest poor initiation efficiency or - more likely -
gradual loss of the w-Br chain end, which has been reported
previously in Cu-mediated RDRP of acrylamides.>® Applying
more reducing potentials (Eapp = E1/» — 0.06/—0.12 V) resulted
in slower reactions, lower conversions, bimodal SEC traces and
higher dispersities, indicating that the polymerisations were
not well controlled (Table 1, entries 2 and 3, Fig. S21). The loss
of control at more reducing potentials is not uncommon'®?%%4
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Fig. 2 (A) Conversion vs time and first order kinetic plot; (B) M, sec vs.
conversion for potentiostatic seATRP of 10 wt% HEAm in H,O containing
NaBr (0.1 M) and KNO3z (0.1 M) at room temperature, performed at
Esp = Eip Eyp — 006 V, Ey, - 012 V. Conditions:
[HEAm] : [HEBIB] : [Cu"] : [TPMA] : [NaBr] = [40] : [1] : [0.1] : [0.4] : [0.1].
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Table 1 From potentiostatic to current-controlled seATRP of HEAm in water

@] (0] Cu(OTf), / TPMA / NaBr HO Q Br
HO + § OH —————— ~"o
\/\O)J\KBr \)kN/\/ H,0 / KNO, n
H HN SO
Eapp / lapp H
OH
Entry DP, Eoppl/V ILpp/MA 6 steps Conv.* M "/g mol™ M, sic /g mol ™! P
1 40 —0.13 — 77% 3800 8400 1.33
2 40 -0.19 — 64% 3100 7600 1.60
3 40 —0.25 — 47% 2400 4500 3.13
4 60 —-0.13 — 72% 5200 11200 1.31
5 60 — —4.0 to —0.8 71% 5100 9000 1.39
6 60 — —4.0 to —0.8 86% 6100 11 000 1.32
7 40 — —4.0 to —0.8 74% 3600 8200 1.35
8 80 — —4.0 to —0.8 86% 8100 14700 1.36
9 100 — —4.0 to —0.8 75% 8800 17 000 1.50
10 160 — —4.0 to —0.8 71% 13 300 16 500 1.55
11 320 — —4.0 to —0.8 52% 19300 20900 1.70

Time = 2 h; room temperature; 400 rpm; 10% v/v HEAm; [Cu"]: [TPMA]: [NaBr] = [0.1]:[0.4]: [0.1]. “ Determined via '"H NMR of reaction samples
performed in D,O. an,th =[(conv./100 x DP,, ,) % (115)] + 211. “ From DMF SEC.

and can be attributed to higher [Cu'/TPMA], which results in
higher radical concentrations due to the high activity of the
Cu'/TPMA species.

Current-controlled seATRP of N-hydroxyethyl acrylamide at
room temperature

In order to obtain values for the applied current (I,,p)
to be utilised during current-controlled seATRP, a
potentiostatic reaction was repeated at room temperature
using [HEAm]: [HEBiB] : [Cu"] : [TPMA] : [NaBr] =
[60]:[1]:[0.1]:[0.4]:[0.1] at E,pp = E1j» = —0.13 V and a current
vs. time (I vs. t) plot was collected. The polymerisation exhibi-
ted almost identical results to those reported above.
Conversion reached 72% within 2 hours and a low dispersity
was obtained (Table 1, entry 4; Dy, = 1.31). The I vs. ¢ plot dis-
played an exponential current decay, reaching a constant,
steady state in which 7 # 0 mA (Fig. S37). This profile was
expected for an electrochemical reduction (Cu'/TPMA to Cu'/
TPMA), which is coupled to a chemical activation process
(R-X/P,~X by Cu"/TPMA to form R’/P,” and Cu'/TPMA), and
has been previously reported for eATRP reactions.***®
Integration of this gave the total charge passed (Q) during the
potentiostatic reaction and enabled a 6-step current profile to
be designed with I,,, gradually decreasing from —4.0 mA to
—0.8 mA. This would then be applied to the subsequent
current-controlled reactions.

Initially, current-controlled eATRP was performed in an
undivided cell using a 2-electrode configuration consisting of
a Pt-coated working electrode (IKA) and an Al-wire counter
electrode (I = 15 cm, d = 1.0 mm, annealed). A current profile
with regimes of I,,, = —4 mA (5 min), —3.1 mA (5 min),
—1.9 mA (5 min), —1.3 mA (5 min), —0.9 mA (5 min) and
—0.8 mA (95 min) resulted in 71% conversion within 2 hours
at room temperature, which was similar to that achieved via

3464 | Polym. Chem., 2022,13, 3460-3470

potentiostatic eATRP (Table 1, entry 5; Py, = 1.39, Fig. S47). To
simplify the reaction set-up, the Al-wire counter electrode was
replaced with a commercial, standardised IKA Al electrode. In
this configuration, the polymerisation reached 86% conversion
within 2 hours (Table 1, entry 6, Fig. S51). The reaction exhibi-
ted pseudo-first order kinetics, and a linear increase of M, sc
with conversion indicative of a well-controlled eATRP (M,, sgc =
11 000 g mol ™", P, = 1.32, Fig. 3).

The current-control over the reaction was then investigated
in an experiment, wherein the current profile was applied and
removed at regular intervals during the course of the reaction
(Fig. 4). At the beginning of the reaction, I,,, = —4.0 mA. After
working through the current profile, the polymerisation
reached 23% conversion (tox = 30 min, KPP = 6.3 x 107° s7").
At this point, the I, was removed and the reaction was left
for a further 10 minutes, during which a 1% increase in con-
version occurred, reaching 24% conversion (topr = 10 min,
kot =2.2 x 107 s7"). When the current was switched back on
(Iopp = —0.8 mA), polymerisation restarted, reaching 36% con-
version (ton = 60 min, k5"P* = 4.2 x 107 s77). Again, polymeris-
ation was halted/slowed upon removal of I, before restarting
again after 10 minutes, this time with no increase in conver-
sion (topr = 20 min, kgff*z = 0 s™"). Conversion continued to
increase up to 65% (tox = 120 min, &P™* = 7.0 x 107° s7Y),
before I,,, was switched off for the final time to effectively
stop the polymerisation, with a final 1% increase in conver-
sion, reaching 66% (torr = 30 min, k)* = 2.2 x 107° 577,
resulting in PHEAmM with M, gpc = 9200 g mol™* and P, = 1.41
(Fig. S6%). The incomplete deactivation when electrolysis is
removed is similar to observations made during investigations
into temporal control afforded during photo-ATRP, and is
related to the activity of the Cu-complex.*’

To determine if shorter and longer degrees for polymeris-
ation (DP,,) could be achieved using the same current profile, a

This journal is © The Royal Society of Chemistry 2022
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(5 min), —0.9 mA (5 min) and —0.8 mA (95 min).
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Fig. 4 Conversion vs. time and first order kinetic plot demonstrating
the temporal control exhibited during the current controlled seATRP of
HEAm conducting using [HEAm]:[HEBIB]: [Cu"]: [TPMA]: [NaBr] =
[40]:[1]:[0.1]:[0.4]:[0.1] at room temperature. Between t = 0 and t =
30 min I3, = =4 MA (5 min), =3.1 mA (5 min), —=1.9 mA (5 min), —-1.3 mA
(5 min), —0.9 mA (5 min) and —0.8 mA (5 min). Thereafter, during 10 min
intervals, /,op = 0 mA and during 30 min intervals, /,5, = —0.8 mA.

series of polymerisations was performed in which the [M]/[I],
i.e. DP,,, was varied. When DP, 4, was decreased to 40 the
polymerisation reached 74% conversion within 2 hours yield-
ing PHEAm with M,szc = 8200 g mol " and B, = 1.35
(Table 1, entry 7). Increasing DP,, ¢, to 80 resulting in 86% con-
version to PHEAm after 2 hours with control over the poly-
merisation comparable to DP,, s, = 40 and 60 (Table 1, entry 8;
M, spc = 14700 g mol™" and P = 1.36). Increasing DP,,
further to 100, 160 and 320 led to gradual loss of control over
the polymerisation (Table 1, entries 9-11). Conversions dimin-
ished, reaching only 52% in 2 hours and dispersity values
increased reaching = 1.7 when DP,, 1, = 320. A plot of M, spc
vs. DP, revealed that M, gpc increased linearly with DP, up to
DP,, « = 100 but then plateaued suggesting that the polymeris-
ations were well controlled up to DP, ,, = 100 (Fig. 5A). This is
supported by the SEC traces which show that the molecular
weight distributions increase with DP,, 4,. However, the mole-
cular weight distributions also became less symmetrical as

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 (A) Plot of M,,sec vs. DP,, and (B) SEC in DMF (Table 1, entries
6-11) for the current controlled seATRP of PHEAmM synthesised using
different [HEAm]/[HEBIBI.

DP,, , increased due to tailing to low molecular weight, which
is most apparent when [M]/[I] = 160 and 320 (Fig. 5B). This
could be attributed to loss of the w-Br chain end which has
been widely reported for acrylamides in water,** and could be
addressed by performing reactions at lower temperatures
(vide infra), as has been reported for the aqueous Cu-mediated
RDRP of acrylamides.?*?%37
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Alternatively, the loss of conversion and control in the poly-
merisation could also be due to disruption of the activation-
deactivation equilibrium during the course of the reaction
when high DP, , were targeted. When DP,, 4, = 160 and 320,
electrodeposition of Cu’ onto the working electrode was
observed, whilst no electrodeposition was observed when
DP, ¢ = 40-100. At the lower [I] values used when targeting
higher DP,, ,,, more reducing potentials were required to reach
and maintain I,p, (Fig. S71). At these reducing potentials, elec-
trodeposition of Cu’ can occur more readily which removes Cu
from reaction media, thus decreasing [Cu'/TPMA] and [Cu"/
TPMA] to the detriment of the reaction rate and control over
the polymerisation.

Current-controlled seATRP of N-hydroxyethyl acrylamide at
0°C

To investigate the effect of temperature on the current-con-
trolled eATRP of HEAm, we decided to perform a series of reac-
tions at 0 °C using the current profile established at room
temperature.

Initially, the current profile with regimes of I,
—4 mA (5 min), —3.1 mA (5 min), —1.9 mA (5 min), —1.3 mA
(5 min), —0.9 mA (5 min) and —0.8 mA (215 min) was
applied using [HEAm]:[HEBiB]:[Cu"]:[TPMA]:[NaBr] =
[160]:[1]:[0.1]:[0.4]:[0.1] for comparison to a room tempera-
ture reaction that was not well controlled. Disappointingly, at
0 °C the polymerisation only reached 41% conversion within
4 hours (Table 2, entry 1), and the dispersity of the PHEAm
obtained was too high for a controlled polymerisation (Py, =
2.32). As well as reducing the rate of deleterious side reactions,
lowering the reaction temperature was having an effect on the
rate of polymerisation and also the rate of mass transport to
and from the electrode interfaces’® and the activity coeffi-
cients*” of the Cu" ions present. This led to higher effective re-
sistance in the electrochemical cell and significant electrode-
position being observed, due to the highly reducing potentials
required to maintain I,p.

The reaction was repeated under identical conditions,
except for the stirring rate which was increased from 400 rpm
and 800 rpm (Table 2, entry 2). The conversion increased to
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56% after 4 hours, and the control over the polymerisation was
improved (M, sgc = 15900 g mol™", M, = 10700 g mol ',
D = 1.49). Kinetic analysis of the reactions performed at 400
rpm and 800 rpm revealed the rate of the reaction increased at
the higher stirring rate (""" = 2.2 x 107° 57", KPP = 5.6 x
107" s, Fig. 6A). M, sgc increased linearly with conversion at
800 rpm (Fig. 6B), which was not the case at 400 rpm, and the
SEC trace of the final polymer obtained at 800 rpm was more
symmetrical than the one obtained at 400 rpm (Fig. 6C).
However, the dispersity obtained was still higher than expected
for a polymer synthesised by RDRP and electrodeposition at
the working electrode was still prevalent.

In an attempt to improve the control over the polymeris-
ation at 0 °C, the [Cu"]:[TPMA] ratio and the relative [Cu"/
TPMA] employed was investigated. When employing a sacrifi-
cial electrode, having an excess of the ligand relative to Cu" is
important as the metal ions released from the electrodes (Al**
in the case of the Al-electrodes) can compete with Cu for the
ligand.*® Thus far, the reactions carried out herein have
employed [Cu"]:[TPMA] = [1]:[4] which is excessive.
Decreasing the ratio to [Cu"]:[TPMA] = [1]:[2.7] and [1]:[2]
led to slightly higher conversions, reaching ~65% conversion
within 4 hours without further compromising the control over
the polymerisation as Py, = 1.47 and 1.46 respectively (Table 2,
entries 3 and 4, Fig. S8f). When the ratio was decreased
further to [Cu"]:[TPMA] = [1]:[1.5], conversion dropped back
down to 56% within 4 hours and the dispersity increased
slightly (Py, = 1.51, Table 2, entry 5). Based on these results, it
was decided to investigate the effect of [Cu"/TPMA] using
[Cu™]: [TPMA] =[1]:[2.7] at 800 rpm.

In the experiments performed above, in which electrode-
position was observed and as a result the control over the poly-
merisation was limited, the [Cu"/TPMA] was 2.30 mM.
Unsurprisingly, initially decreasing [Cu"/TPMA] to 1.15 mM
resulted in increased electrodeposition which prompted us to
stop the reaction after 3.25 hours, at which point only 20%
conversion had been reached (Table 2, entry 6). The lower
[Cu™/TPMA] had a detrimental effect on both reaction conver-
sion and polymerisation control with a significant discrepancy
between M, sec (10 000 g mol™") and M,, 1, (3900 g mol ™), and

Table 2 Effect of [Cu"l/[TPMA] and [Cu"] on current-controlled seATRP of HEAm in water

Entry [Cu™] mM [Cu"]:[TPMA] Conv.” My /g mol™ My s /g mol ™ D€
14 2.30 1:4 41% 7800 10700 2.32
2 2.30 1:4 56% 10700 15900 1.49
3 2.30 1:2.7 66% 12 400 18700 1.47
4 2.30 1:2 64% 12000 17 500 1.46
5 2.30 1:1.5 56% 10 500 13200 1.51
6° 1.15 1:2.7 20% 3900 10 000 2.48
7 4.60 1:2.7 82% 15300 12 300 1.45
8 6.90 1:2.7 77% 14 400 17700 1.38
of 6.90 1:2.7 91% 4400 8000 1.26
10° 6.90 1:2.7 79% 7500 12 500 1.26
11" 6.90 1:2.7 53% 19700 24700 1.52

Time = 4 h; temperature = 0 °C; 800 rpm; 10% v/v HEAm; DP,, ¢, = 160. “ Determined via H NMR of reaction samples performed in D,O. an,th =
[(conv./100 x DP,, ;) x (115)] + 211. “ From DMF SEC. 9400 rpm. ® Reaction stopped after 3.25 h./DP,, 4, = 40. ¥ DP, 4, = 80. h DP,, i, = 320.
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Fig. 6 (A) Conversion vs. time and first order kinetic plot; (B) M, sec vs. conversion; (C) SEC in DMF (at 400 rpm (blue), M,,sec = 10700 g mol™?,
D, = 2.32; at 800 rpm (red), M, sec = 15900 g mol™, ., = 1.49) for the current-controlled seATRP of 10 wt% HEAm in H,O containing KNOs (0.1 M)
at 0 °C at 400 rpm (blue) and 800 rpm (red). Conditions: [HEAmI/[HEBIB] = [160]; /,pp = —4 mA (5 min), —3.1 mA (5 min), =1.9 mA (5 min), —-1.3 mA

(5 min), —0.9 mA (5 min) and —0.8 mA (215 min).

high dispersity (P, = 2.48) obtained from SEC. In the litera-
ture, increasing the catalyst concentration was reported to have
a positive effect on the reaction conversion, rate, and control
over polymerisation during aqueous eATRP of DMAm.** Here,
when the [Cu"/TPMA] was increased to 4.60 mM and 6.90 mM,
electrodeposition was not observed during the course of the
reactions. This is because at higher [Cu"/TPMA], the potential
required to maintain I, is less reducing so the reduction of
cu™ to Cu® is less favourable. When [Cu"/TPMA] = 4.60 mM
the conversion reached 82% within 4 hours (Table 2, entry 7).
However, the control over the polymerisation was only slightly
improved, with M, sgc = 12300 g mol™" (M = 15300 g
mol™") and B,, = 1.45. Increasing [Cu"/TPMA] further to
6.90 mM resulted in 77% conversion within 4 hours (Table 2,
entry 8). Kinetic analysis revealed a linear growth of M, skc
with conversion suggesting good control over the polymeris-
ation (Fig. 7A). This was supported by good agreement
between M, sgc (17700 g mol™) and M, 4, (14400 g mol ™)
and the lowest dispersity (P, = 1.38) when targeting DP, y, =
160 (Fig. S9T).

To determine if the increased [Cu"/TPMA] could be applied
to target shorter and longer chain lengths, reactions in which
the DP, ., was varied were performed at 0 °C, 800 rpm and
[Cu"/TPMA] = 6.90 mM (Fig. 7B). When DP, 4, was decreased

to 40, the polymerisation reached 91% conversion within
4 hours, yielding PHEAm with M, sgc = 8000 g mol™" (M, ¢, =
4400 g mol™") and Py, = 1.26, which is an improvement on the
analogous reaction performed at room temperature (77% in
2 hours, My, sgc = 8200 g mol™", My, 4, = 3600 g mol ™", Py, =
1.35). Increasing DP,,, to 80 resulting in 79% conversion to
PHEAm after 4 hours with control over the polymerisation
retained (My sgc = 12500 g mol™, My, ¢, = 7400 g mol ™", Dy, =
1.26). When the DP,, was increased from 160 to 320 the
control over the polymerisation was compromised, as pre-
viously observed in the room temperature reactions. The reac-
tion conversion reached 53% in 4 hours, yielding PHEAm with
My sec = 24700 g mol™ (Mym, = 19600 g mol™') and By, =
1.52. Although the dispersity value is larger than we would
expect for a true RDRP reaction, a plot of M, spzc vs. DP,
revealed a linear correlation between M, spc and DP,, 1, which
represents an improvement on the analogous room tempera-
ture reactions (Fig. 7C).

The current-control over the reaction at 0 °C was then inves-
tigated using [HEAm]:[HEBiB]:[Cu"]:[TPMA]:[NaBr] =
[40]:[1]:[0.1]:[0.4]:[0.1] (Fig. 8A). The temporal control
observed was comparable to that obtained at room tempera-
ture. At the beginning of the reaction, I,,, = —4.0 mA and the
polymerisation reached 51% conversion (toy = 60 min, k" =

A B C
18000 I I ' ' g e —DP,,, =40 T —
° —DP,, =80 25000 - ° 1
. el o ~—DP,, =160
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Fig. 7

(A) M, sec and By, vs. conversion for the current-controlled seATRP of 10 wt% HEAm in H,O containing KNO3 (0.1 M) at O °C using [HEAm]/

[HEBIB] = 160; conditions; [Cu"] = 6.9 mM, [Cu"] : [TPMA] = [1]: [2.7]. (B) SEC in DMF (Table 2, entries 8-11); (C) My, sec vs. DP, for the current con-
trolled seATRP of 10 wt% HEAm in H,O containing KNO3 (0.1 M) at 0 °C as a function of [HEAm]/[HEBIB]; for A-C; I,5p, = —4 mA (5 min), —=3.1 mA
(5 min), —1.9 mA (5 min), —1.3 mA (5 min), —0.9 mA (5 min) and —0.8 mA (215 min).
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Fig. 8 (A) Conversion vs. time plot and first order kinetic plot
demonstrating the temporal control exhibited during the current
controlled seATRP of HEAm conducting using [HEAm]:[HEBIiB]:
[Cu"]: [TPMA] : [NaBr] = [40]: [1]:[0.1]: [0.4] : [0.1] at O °C. Between t = O
and t = 30 min /5, = —4 MA (5 min), —3.1 mA (5 min), —1.9 mA (5 min),
—1.3 mA (5 min), —=0.9 mA (5 min) and —0.8 mA (35 min). Thereafter,
during 15 min intervals, /,pp = 0 mA and during 60 min intervals, /oo =
—0.8 mA. (B) SEC in DMF of samples taken at each time point during the
temporal control experiment. For the final polymer, M, sec = 7200 g
mol™ and P,,, = 1.26.

2.0 x 10" s™*, Fig. S11}). When I,,, was removed and the reac-
tion was left for a further 15 minutes, the rate of reaction
decreased significantly but not completely. The current was
switched back on (I,,, = —0.8 mA) to restart the polymeris-
ation, reaching 79% conversion (tox = 120 min, k"% = 2.2 x
10~* s71). Again, the rate of reaction was significantly reduced
upon removal of I, and restarted again after 15 minutes.
Conversion continued to increase up to 90% (fon = 130 min,
KPP? = 1.9 x 107" s7") before I, was switched off and the
polymerisation was stopped. The molecular weight was shown
to increase during the periods when current was applied,
whilst there was little or no change when the current was
removed (Fig. 8B). The final polymer reached 90% conversion
with M, sgc = 7200 g mol ™" and By, = 1.26.

Scope of the reaction

To investigate the scope of the reaction conditions developed,
we applied our current profile to a series of polymerisations

3468 | Polym. Chem., 2022, 13, 3460-3470
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using commercially available primary, secondary and tertiary
acrylamides using [M]:[HEBiB]:[Cu"]:[TPMA]:[NaBr] =
[40]:[1]:[0.3]:[0.8]:[0.1]. Repeating the polymerisation of sec-
ondary acrylamide HEAm resulted in 91% in 4 hours, M;, spc =
8000 g mol™" (M, = 4400 g mol™"), and By, = 1.25 (Table 3,
entry 1; Fig. S107). Secondary acrylamide NIPAm gave a com-
parable outcome with conversion reaching 96% in 4 hours.
SEC analysis furnished a symmetrical molecular weight distri-
bution with relatively good agreement between M, sgc = 7300 g
mol ™" and My, 4, = 4500 g mol ™", and low dispersity (Py, = 1.31,
Table 3, entry 2; Fig. S11f). Tertiary acrylamides
N-acryloylmorpholine (NAM) and DMAm did not polymerise
well using our current profile under these reaction conditions.
Conversions after 4 hours were limited to 29% for NAM, 49%
for DMAm and control over the polymerisations was poor
(Pm > 1.60, Table 3, entry 3—4; Fig. S12 and S13)f. The limited
conversion indicates that the current profile, established for the
polymerisation of secondary acrylamide HEAm was not appropri-
ate for the tertiary acrylamide monomers. Furthermore, the loss
of the w-chain end during the aqueous Cu-mediated polymeris-
ation of acrylamides is more prevalent with tertiary acrylamides
than acrylamides, which could also contribute to loss of control
during the polymerisation.>*** The monomer acrylamide, which
contains a primary amide group was then subject to our current
profile reaching 86% conversion within 4 hours. Aqueous SEC
analysis revealed a highly symmetrical molecular weight distri-
bution, with excellent agreement between the M, gkc
2200 g mol™" and M, 4 = 2500 g mol~" and low dispersity (P
1.27, Table 3, entry 5; Fig. S147).

Finally, a chain extension reaction was attempted to exem-
plify retention of the w-Br chain end during the current-con-
trolled eATRP reactions. On the balance of the high conversion
and low dispersity obtained previously, homopolymerisation of
NIPAm was initially repeated using [NIPAm]:[HEBiB]:
[Cu"]:[TPMA]: [NaBr] = [40]:[1]:[0.3]:[0.8]:[0.1]. Conversion
reached 89% after 3 hours yielding PNIPAm with M, gpc =
8500 ¢ mol " and P, = 1.23.

Electrolysis was stopped and a second aliquot of NIPAm
(DP,, s, = 40) in water was added to the reaction mixture. The
current profile with regimes of I,,, = —4 mA (5 min), —3.1 mA
(5 min), —1.9 mA (5 min), —1.3 mA (5 min), —0.9 mA (5 min)
and —0.8 mA (155 min) was applied to the reaction solution,

Table 3 Current controlled seATRP of different primary, secondary and
tertiary acrylamides in water

Entry Monomer Conv.” My b/g mol™ M, gpc /g mol™ B¢
1 HEAmM 91% 4400 8000 1.25
2 NIPAmM 96% 4600 7300 1.31
3 NAM 29% 1800 2000 1.60
4 DMAmM 49% 2200 1500 2.02
5 AAm 83% 2600 2200 1.27
Time = 4 h; temperature = 0 °C; 800 rpm; 10% v/v monomer;

[M]:[HEBiB]:[Cu"]:[TPMA]:[NaBr] =  [40]:[1]:[0.3]:[0.8]:[0.1].
“Determined via '"H NMR of reaction samples performed in D,O.
% My = [(conv./100 x DP,, 1) X (MWmonomer)] + 211. ¢ From DMF SEC.

This journal is © The Royal Society of Chemistry 2022
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Fig. 9 SEC in DMF for the current-controlled seATRP homopolymerisa-
tion of NIPAm (red, [NIPAm]:[HEBiB]: [Cu"]:[TPMA]:[NaBr] =
[40]:[1]:[0.3]:[0.8]:[0.1], M, sec = 8500 g mol™ and P = 1.23) and sub-
sequent in situ chain extension using NIPAm (blue, [NIPAm] : [PNIPAmM-
Br] = [20] : [1], M, sec = 9400 g moltand P,, = 1.26).

resulting in 13% conversion within 3 hours at 0 °C. Despite
the conversion being low, chain extension was evident via a
shift in the mono-modal, symmetrical molecular weight distri-
bution to higher molecular weight with M, sgc of chain
extended PNIPAm increasing to 9400 g mol™" and low disper-
sity (D = 1.26) being retained (Fig. 9). Thus, although chain
extension is possible using our current profile, there is scope
for improvement to enable higher conversions and application
to block copolymerisation. This could be achieved by first per-
forming the reactions under potentiostatic conditions to
obtain a more bespoke current profile for the target
polymerisation.

Conclusions

Current-controlled eATRP of acrylamides in water has been sim-
plified with respect to the reaction hardware by using a 2-elec-
trode, ‘plug-and-play’, undivided electrochemical cell enabled
by the IKA ElectraSyn 2.0 device. Furthermore, the experimental
reaction conditions have been simplified using an I vs. ¢ plot
from a model reaction - the aqueous eATRP of HEAm under
potentiostatic conditions - to design a stepwise current profile
(Iapp vs. time) for current-controlled polymerisation of HEAm.
The current profile was initially employed to explore the
current-controlled eATRP of HEAm at room temperature.
Switching the I,,, on and off at regular intervals demonstrated
that conversion of monomer to polymer occurred in the pres-
ence of I, with little or no conversion observed in the
absence of I,,. It was possible to target DP, s = 20-100, whilst
retaining good control over the polymerisations (P, < 1.50).
However, it was not possible to target DP,, > 100 and retain
control of the polymerisation. To alleviate this, the reaction
temperature was reduced to 0 °C to minimise deleterious reac-
tions that can occur at the w-chain end; the stirring rate was
increased from 400 rpm to 800 rpm, to improve mass transfer

This journal is © The Royal Society of Chemistry 2022
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and limit electrodeposition of Cu® on the working electrode
that was found to occur at the lower temperature and stirring
rates; and the concentration of Cu"/TPMA was increased to
enhance the rate of reaction and improve control over the poly-
merisation. Under these conditions, the polymerisations were
again shown to be under the control of I,,, whilst a plot of
M, sic vs. DP, exhibited a linear increase up to DP,« = 320.
The control over the polymerisation was improved across the
targeted DP,, 4, range, with lower D,, values and more symmetri-
cal SEC traces obtained at 0 °C compared to room temperature.
Finally, the current profile was shown to enable the polymeris-
ation of other secondary (NIPAm) and primary (AAm) acryl-
amides with very good control with retention of the ®-Br chain
end in PNIPAm, prepared using our current profile, verified by a
short in situ chain extension.

Thus, we have shown that it is possible to apply a single
current profile, derived from a well-controlled potentiostatic
eATRP reaction, to perform simplified, current-controlled
eATRP of primary and secondary acrylamides. However, it
should be noted that tertiary acrylamides (DMAm and NAM)
suffered from low conversion and poor control when subjected
to our current profile, indicating that it is not universal for the
acrylamide monomer family. For the best results, bespoke
current profiles should be obtained.

Data availablity

Additional data is presented in the ESI file.f The raw/
processed data from which this data was prepared is available
upon request.
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