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Abstract: Simplification of electrochemically mediated atom
transfer radical polymerization was achieved efficiently under
either potentiostatic or galvanostatic conditions using an
aluminum wire sacrificial anode (seATRP) immersed directly
into the reaction flask without separating the counter electrode.
seATRP polymerizations were carried out under different
applied potentials, E,,s=FE,;, E,, E, —40mV, and E,
—80 mV. As the rate of polymerization (R,) can be modulated
by applying different E,,, potentials, more reducing conditions
resulted in faster R, The polymerization results showed similar
narrow molecular-weight distribution throughout the reactions,
similar to results observed for n-butyl acrylate (BA) polymer-
ization under conventional eATRP. High-molecular-weight
PBA and diblock copolymers were synthesized by seATRP
with more than 90 % monomer conversion. Furthermore,
galvanostatic conditions were developed for synthesizing PBA
with the two-electrode system.

There has been interest recently in controlling polymeri-
zation by external stimuli, such as chemical, microwave, light,
or electrical current.!'! Reactions can be potentially stopped
and restarted by changing the stimulus.'*? The recently
developed electrochemically mediated atom transfer radical
polymerization (eATRP) is an example of such a procedure
and has been used for the preparation of polymers with pre-
determined molecular weight and uniform structure under
potentiostatic or galvanostatic conditions.'* In an eATRP,
activators, typically a copper(I)/ligand (Cu"/L) complex, can
be generated near the working electrode surfaces by the
reduction of oxidatively stable deactivators (Cu"™X/L) under
applied potential (E,,). The activator (Cu'/L) is then
homogeneously distributed throughout the reaction mixture
by vigorous stirring and reaction of the activator with
initiators (for example, alkyl halide, R—X) forms the radical
species (R*) and the oxidized catalyst (Cu"X/L)." Subse-
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quently, the radical species propagate to form polymeric
chains by reacting with monomers (M) or are reverted back to
the dormant species (P,—X) by reaction with the formed
Cu"X/L deactivator complex. By repeating such sequential
reactions, well-defined polymers can be obtained with uni-
form structures (Scheme 1).

ka

Pye +

Sk

cu''x/L

\l
Pn-Pm +  cullxiL
Scheme 1. Mechanism of eATRP.

eATRP can be carried out with low levels of catalysts,
down to ppm of monomer concentration, and can be stopped
and restarted by switching the applied potential, and eATRP
has been successfully used for the synthesis of materials with
well-defined polymeric architectures.”** However, there are
some limitations associated with eATRP, especially in the
reaction setup stage. Typically, eATRP polymerizations can
be achieved by utilizing a three-electrode system, allowing
application of a potentiostatic process, that is, at constant
applied potential. This requires the presence of a working
electrode (WE), a counter electrode (CE), and a reference
electrode (RE). In general, a platinum mesh electrode is
selected as a WE, which provides a high surface area for
effectively converting Cu" into Cu'. The RE is separated from
the reaction solution by a supporting electrolyte saturated
methylated cellulose (Tylose) gel, such as Ag/Agl/I", and the
applied potential is determined by the WE and RE. The CE is
generally a Pt mesh electrode that is also separated from the
reaction mixture, in a similar manner to the RE, to avoid
undesired side reactions, for example oxidation of Cu' and
contamination of the working solution by oxidation pro-
ducts.'’! When an eATRP was attempted with a directly
immersed CE (Pt mesh), the results showed no polymeri-
zation (Figure 1, triangles). This could be due to Cul/L
oxidation, leading to the formation of a bare Cu" deactivator.
Therefore, separation of the CE from the polymerization
mixture is necessary in a conventional eATRP. Herein,
a significant simplification of the procedures used for an
eATRP is reported by using a sacrificial counter electrode,
(seATRP) which does not require any separation and can be
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Figure 1. ATRP with 10 cm metal wires (d=1 mm). Pt mesh =eATRP
carried out with a Pt mesh cathode and a directly immersed Pt mesh
counter electrode.

directly inserted into the reaction mixture. There are two
potential advantages of using se ATRP. The first is the use of
an undivided cell, which allows for a simpler, lower-cost
process, and most of all, the minimization of the ohmic drop,
bringing a beneficial energy saving. The second advantage is
the possibility of a galvanostatic process using two electrode
system and a current generator, which is simpler than
a potentiostat. Both advantages should benefit commercial
and academic efforts in the area of eATRP.

In the ideal case of seATRP, the sacrificial counter
electrode should not react with the Cu/L catalysts either in
the presence or absence of an applied electric current.
Instead, the electrode can only be self-consumed (M;—
M/"+ne”) under an applied current, which also prevents
undesired side reactions, in particular formation of bare
deactivators. Copper and aluminum metal wires (/=10 cm
and d =1 mm) were prepared and, first of all, tested for their
inertness under polymerization conditions, that is, by immers-
ing in the solution mixed with monomer, initiator, and CuBr,/
TPMA. The Cu wire acted as both a supplemental activator
and a reducing agent (SARA),'2%"! the reaction showed
more than 74 % monomer conversion in 2 h. On the other
hand, Al wire showed no reduction of Cu"/L to Cu'/L even
though Al has a negative standard potential (E° = —1.66 V vs.
SHE in water). This is likely because the surface of the Al
wire is passivated by forming stable oxidized layers to prevent
reduction of Cu'/L to Cu'/L. Therefore the Al wire seemed to
fit the requirements of a sacrificial electrode.

A series of n-butyl acrylate (BA) polymerizations was
carried out under potentiostatic conditions with a Pt mesh
WE, an Al CE, and Ag/Agl/I” RE. Control over the rate of
polymerization (R,) was evaluated by applying different
constant potentials E,,,. Four E,,, values were selected: E ),
E,, E,—40mV, and E,.—80 mV (Figure 2 A). Faster R, was
observed when more negative potentials were applied. The
fastest apparent propagation rate constant (k,*") was
observed to be 0.684 h™! (E,,, = E,.—40 mV). This value was
1.5 times faster than when E,,,=FE,,. The k" values of
seATRP and conventional eATRP with E,,, = E,.—40 mV are
well-matched (Table 1, entries 3 and 4) and identical cathodic
current drops were observed (Supporting Information, Fig-
ure S1). All of the BA polymerizations by seATRP showed
good evolution of molecular weight (MW), close to theoret-
ical values, and maintained narrow molecular-weight distri-
butions (M,/M,). After the polymerization was completed,
a scanning electron microscope (SEM) was used for the
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Figure 2. A) Cyclic voltammetry of CuBr,/TPMA with and without
initiator (lines indicate E,,,); B) First-order kinetic plot with different
E,, values; and C) M, and M,,/M, versus conversion of BA polymeri-

zations by seATRP.

examination of the surfaces of the Al wires. Pristine Al wires
showed clear surfaces; however, the surfaces of Al wires
showed porous morphologies after the application of current
during a se ATRP (Supporting Information, Figure S2). The
pores on the surface of the wires could be formed by oxidation
of aluminum (to AI’Y) and reaction with residual water
molecules to form Al,O;.[°! The overall weight loss of the wire
was less than 1 mg (Supporting Information, Table S1), in
agreement with chronoamperometry (Supporting Informa-
tion, Table S1 and Figure S1). According to ICP-MS analysis,
the residual amount of Al and Cu in isolated polymers was 5.2
and 16 ppm, respectively. These values are smaller than the
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Table 1: Summary of seATRP of BA.F!

ated by chain extension of a macro-

Entry [MJ/[1]/ [ Conv. M, o My teorescat MM, k2 initiator formed by se ATRP to form
[CuBr,/TPMA] (%] [gmol ¥ [gmol™] (]  ablock copolymer. A PBA with low
1 160/1/0.02  E, 76 17250 15800  1.06 0454 DP was prepared Dby seATRP
2 160/1/0.02  E, 82 18150 17000  1.06 0605 (My=3430 and M,/M, = 1.36; Sup-
3 160/1/0.02  E,—40mV 85 19100 17600 1.07 0.684 porting Information, Figure S3).
41 160/1/0.02 E,.—40 mV 86 19300 17800 1.08 0.629 The PBA,—Br macroinitiator was
5 1000/1/0.1 E,.—80 mV 92 96 700 118100 117 0.352 then used in a chain extension
6 100/1/0.005  E,.—80 mV 23 3400 3100 1.36 0511 copolymerization with fert-butyl ac-
7 400/1/0.04  E,—80mV 72 34800 40500 1.29 0674 \late (1BA) as the second mono-
8 200/1/0.02  E,—80mV 77 19200 19900 1.07 0.795 L firstorder Kineti
9 200/1/0.02 galvanostatic conditions! 78 18560 20100 1.07 0.78g ~MeT. Linear hirst-order Kinetics was

[a] Polymerization conditions: WE =Pt mesh, CE=Al wire (/=10 cm, d=1 mm), RE=Ag/Agl/I",
supporting electrolyte: tetrabutylammonium perchlorate (TBAP, 0.2 m), T=>50°C. [b] E,
selected based on CV analysis without initiator (scan rate v=100 mVs™'). [c] Final conversion,
determined by "H NMR spectroscopy. [d] MW and MW distributions were determined by THF GPC with
PMMA standards. [e] Using conventional eATRP, CE =Pt mesh (separated from reaction mixture by
supporting electrolyte saturated Tylose gel). [f] /,,,=—1.03, —0.53, —0.40, and —0.28 mA for 30 min

each step.

initial amount of oxidized aluminum and Cu, indicating
partial removal of residual metals during polymer purification
(see the Supporting Information).

The level of preservation of chain-end functionality was
investigated by synthesis of high-molecular-weight PBA and
by chain-extension experiments. Synthesis of high MW of
PBA was examined by targeting a DP of 1000 (that is, [M]/
[[]=1000; Figure 3). A linear first-order kinetic plot was
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Figure 3. High MW of PBA by seATRP. A) Conversion of monomers
versus reaction time and B) MW evolution and MW distribution results
by GPC with PMMA standards.

observed during the polymerization and the MWs of PBA
matched well with the theoretical values below 60 % mono-
mer conversion. Above 60 % mo-
nomer conversion the observed

observed (Figure 4A), and GPC
traces indicated good incorporation
of the second monomer, as essen-
tially a clean peak shift was
observed (Figure 4 C).
Polymerization under galvano-
static conditions (constant applied
current) was carried out for the
purpose of further simplifying the
reaction setup, since galvanostatic conditions only require
two electrodes: a Pt mesh working cathode and an Al
wire counter/sacrificial anode (Supporting Information,
Scheme S1). The applied currents 7,,, were determined by
the polymerizations carried out under potentiostatic condi-
tions. In general, two characteristic cathodic current
responses are observed during the polymerization under
potentiostatic conditions: an initial fast current decay fol-
lowed by a nearly constant current (Figure 5A). The first
response is mainly attributed to the reduction of initially used
Cu"X/L to Cu'/L and reaction of R—X to form the propagat-
ing radical R" and Cu"X/L. Once the equilibrium is estab-
lished between R—X, Cu'/L, R’, and Cu"X/L, an essentially
constant current flow was observed owing to the maintenance
of a constant concentration of Cu/L. On the basis of the
chronoamperometry (CA) results, the total passed charge was
calculated by integration of the CA area, that is, Q(C) = As.
Thus, two constant I,,, values were used for the polymeri-
zation under galvanostatic conditions; I,,,; =(—) 0.713 mA
(for0to 1.2 h) and I,,,, = (—) 0.297 mA (for 1.2 to 4 h), where
negative values indicate cathodic current. The R, showed
a slight decrease from values observed under potentiostatic
conditions when the second current was constantly applied
(Lpp2: Supporting Information, Figure S4). The values
observed for seATRP under galvanostatic conditions

app Values were

MWs showed a slight decrease
from the theoretical values, pre-
sumably resulting either from
transfer reactions or termination
reactions (coupling and dispropor-
tionation). Although the MW
values were slightly different
from the ideal values, the final
monomer conversion reached
90% after 10 h and MW distribu-
tions were lower than 1.2. Chain
end functionality was also evalu-

www.angewandte.de

(A)

=3
=3

Conversion (%)

o

o
=3

S
(=)

N
o

(B) ©)
T —3.0
& 40 -7
s 1.0 L/ e t2s
4 PRER J
- s &% ,
o Z = /‘7" 203
05 22 s
=< =) . -
. = = Y 1.5
o = 104,
. o r
1 0.0 » o o o [1.0 .
00 05 10 15 20 1] 20 40 60 80 10* 10
time (h) Conversion (%) I olecular Weight

Figure 4. Chain extension by seATRP. A) Conversion of monomers versus reaction time and B) MW
evolution and MW distribution results from GPC with PMMA standards; C) GPC results of block
copolymerization.
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Figure 5. Galvanostatic seATRP. A) chronoamperometry results from
potentiostatic condition (exponentially drop) and applied current (dot
line) and B) MW and MW distribution results from GPC with PMMA
standards.

showed similar MW evolution and MW distribution values as
compared to polymerizations conducted under potentiostatic
conditions. Slow copper deposition on the WE surfaces was
observed when applying 1,,,, (—0.297 mA). The Cu deposi-
tion arises from further reduction of Cu'/L to Cu’, since under
galvanostatic conditions the applied potentials cannot be
exactly controlled. After the polymerization, the residual
concentration of Cu'/L in the solution reached 0.1 mm
(Amax.cumrema =975 nm, 20 ppm to monomer molar concen-
tration), that is, overall 80 % of Cu" had been removed from
the reaction medium (Supporting Information, Figure S4). To
improve controllability, and avoid undesirable Cu deposition,
a multi-step current procedure was developed and applied to
the reaction mixture. The applied currents were determined
from potentiostatic conditions: —1.03, —0.53, —0.40, and
—0.28 mA for I, to I, 4, respectively (30 min for each step).
Identical first-order kinetic plots were observed, and GPC
analysis indicated similar MW evolution and a narrow MW
distribution (Figure 6). As expected copper deposition on the
WE surfaces was not observed in this case.

In conclusion, a simplified electrochemically mediated
atom transfer radical polymerization was achieved by using
a sacrificial counter electrode (se ATRP). The direct immer-
sion of an Al wire counter electrode in the reaction medium
can avoid additional preparation setup steps, and the poly-
merization results indicated good control of reaction kinetics,
providing polymers with molecular weight evolution close to
theoretical values and generating polymers with narrow
molecular-weight distribution. The rate of the polymeri-
zations R, was controlled by applying different potentials

E,p» with faster R, observed using more negative E

app? app*

Angéwandte

Synthesis of high MW polymers and chain extension reactions
indicate good conservation of chain-end functionalities. The
seATRP procedure can be further simplified by using only
two electrodes and applying a constant current under
galvanostatic conditions. The use of a multi-step current
procedure showed identical results to polymerizations carried
out under potentiostatic conditions, namely linear first-order
kinetics and a uniform growth of polymers.
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