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Abstract: Electrochemically mediated atom transfer radical polymerization (eATRP) of styrene
was studied in detail by using CuBr, /TPMA (TPMA = tris(2-pyridylmethyl)amine) as a catalyst.
Redox properties of various Cu(II) species were investigated in CH3CN, dimethylformamide (DMF),
and dimethyl sulfoxide (DMSO) both in the absence and presence of 50% (v/v) styrene. This
investigation together with preliminary eATRP experiments at 80 °C indicated DMF as the best
solvent. The effects of catalyst, monomer, and initiator concentrations were also examined. The
livingness of the polymerization was studied by chain extension and electrochemical temporal control
of polymerization.
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1. Introduction

Atom transfer radical polymerization (ATRP) is one of the most preferred macro-
molecular engineering techniques owing to its facile setup, tolerance to a large extent of
functional groups, often mild reaction conditions, and a vast number of applications [1,2].
Various ATRP techniques such as initiators for continuous activator regeneration (ICAR)
ATRP [3,4], activators regenerated by electron transfer (ARGET) ATRP [5-8], supplemen-
tal activators and reducing agents (SARA) ATRP [9-12], photoATRP [13-15], photoin-
duced metal-free ATRP [16-18], electrochemically mediated ATRP (eATRP) [19-24], and
mechanoATRP [25-27] permitted facile and well-controlled polymerizations of a vast vari-
ety of monomers with low amounts of metal catalyst or with no metal catalyst at all.

A redox equilibrium involving a transition metal complex regulates the polymerization
process, using various metals [28]. The most active and widely used catalysts are copper
complexes with multidentate nitrogen-based ligands [29]. A general mechanism of copper-
catalyzed ATRP with electrochemical regeneration of Cu' activator complex is shown in
Scheme 1. The process is initiated by an inner-sphere electron transfer involving the transfer
of a halogen atom from an alkyl halide initiator, RX, or a halogen-capped dormant chain, Pp-
X, to[CulL]* (L=a nitrogen-based ligand), whereby the [XCul'L]* deactivator and a carbon-
centered radical are formed [30-32]. The latter propagates with a rate constant kp, by adding
to a few monomer units before reacting with [XCu!'L]* to produce a dormant polymer
chain and [Cu'L]*. Dormant polymers play a crucial role in controlled polymerizations [33].
A well-controlled polymerization requires the equilibrium to be strongly shifted to the left,
with an equilibrium constant KoTrp = kact/kdeact << 1, to reduce the concentration of radicals
and retain chain-end functionality. Katrp is generally very small in organic solvents but
spans a wide range of values (10’4—10’12) because it is sensible to temperature, pressure,
solvent, polymer chain-end structure, and type of catalyst [34-38]. Besides propagation
with k, and deactivation with kgeact, Pn® can undergo termination reactions with a rate
constant k;. Although ki is near the diffusion limit, the rate of termination reactions in ATRP
is very low because of low [P,°] [1]. Nevertheless, continuous slow termination during
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polymerization accumulates the catalyst in the deactivator form, i.e., [XCu'L]*, which
must be reduced back to [Cu'L]* to avoid reaction blockage. In electrochemically mediated
ATRP, the activator form of the catalyst is regenerated by electrochemical reduction of
[XCu'L]* to [Cu'L]* (Scheme 1).

+M
Ko
P-X + [Cu'l]" [X-Cu'L]* + P;
deact
ki
X [X-Cu''L]* + terminated chains
o

Scheme 1. Mechanism of ATRP with electrochemical regeneration of the activator complex (eATRP).

Electrochemistry has demonstrated in the last years its extraordinary power in regen-
erating Cu' species from Cul! complexes, with the exclusive benefit of avoiding formation
of by-products, as electrons are used in lieu of chemical reducing agents [23,24]. Further-
more, the ratio between Cu'! deactivator and Cu! species is fixed by the applied potential,
therefore it can be finely tuned by modulating the electrochemical stimulus. This tech-
nique, known as eATRP was applied to several monomers in organic solvents, [39-46]
water [47-54], miniemulsions [55-57], and ionic liquids [58,59].

Polystyrene (PS) is one of the most widely used plastics with a global production
rate of several million tons per year. ATRP of styrene appeared for the first time in 1995
in the pioneering work of Matyjaszewski and Wang [60], and up to now it has been
polymerized by almost all ATRP techniques, including conventional ATRP [60-62], ICAR
ATRP [63-65], AGET and ARGET ATRP [8,66-70], SARA ATRP [71-74], and photo-induced
ATRP [15,75-77]. Electrochemically mediated ATRP of styrene was instead not explored,
apart from a preliminary study back in 2009 on Fe!!(Salen)-catalyzed polymerization, which
appears to follow a reaction pathway involving an organometallic intermediate rather
the typical ATRP mechanism [78]. It is known that styrene polymerization is hampered
by its low propagation rate constant (kp) [79] and usually high temperatures, typically
above 100 °C, are used to polymerize it with a decent rate. This may appear to limit
the possibility of eATRP due to the harsh conditions to which the electrodes are exposed.
Herein, we wish to show that eATRP can be successfully applied to styrene. Our primary
goal was to find an optimized set of conditions which provide polystyrene with a narrow
molecular weight distribution and predefined molecular weight in a reasonably short time.
The reaction was investigated in different solvents using CuBr, /TPMA (TPMA = tris(2-
pyridylmethyl)amine) as a catalyst and ethyl 2-bromoisobutyrrate (EBiB) as an initiator.

2. Materials and Methods
2.1. Materials

All solvents (DMF, CH3CN, and DMSO, Sigma-Aldrich, Darmstadt, Germany) were
of high purity and used without further purification. Copper(Il) trifluoromethanesulfonate
(Cu(OTf),, Sigma-Aldrich, Darmstadt, Germany, 98%), copper(ll) bromide (CuBr,, Sigma
Aldrich, 99.999% trace metal basis), tris(2-pyridylmethyl)amine (TPMA, Sigma-Aldrich,
Darmstadt, Germany, 98%), ethyl 2-bromoisobutyrrate (EBiB, Sigma Aldrich, Darmstadt,
Germany, 98%), HySO, (Fluka, Buchs, Switzerland, 95%, TraceSELECT), tetrabutylammo-
nium chloride (BugNCl, Aldrich, Darmstadt, Germany, 98%), and tetrabutylammonium
tetrafluoroborate (BusyNBF4, Aldrich, Darmstadt, Germany, 98%) were used as received.
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Styrene (Sigma-Aldrich, Darmstadt, Germany, >99%) was purified by passing through a
column filled with active basic aluminum oxide (Al,O3, VWR chemicals, Milano, Italy)
in the dark to remove polymerization inhibitors and stored at —20 °C in an amber bottle.
Tetraethylammonium bromide (Et4NBr, Sigma-Aldrich, Darmstadt, Germany, 99%) was
recrystallized from acetone. Tetraethylammonium tetrafluoroborate (Et4yNBF,, Alfa Aesar,
Kandel, Germany, 99%) used as a supporting electrolyte was recrystallized twice from
ethanol. After recrystallization, both salts were dried in a vacuum oven at 70 °C for 48 h.

2.2. Instrumentation

Electrochemical studies on the Cu catalyst were carried out in a 5-neck electrochemical
cell, equipped with three electrodes, and connected to an Autolab PGSTAT 30 potentio-
stat/galvanostat (EcoChemie, Utrecht, The Netherlands) run by a PC with GPES software
(EcoChemie). Electrosynthesis of polystyrene was carried out in a 5-neck electrochemical
cell, equipped with three electrodes, connected to a PAR273A potentiostat/galvanostat
(Princeton Applied Research, Oak Ridge, USA) run by a PC with Echem software. A glassy
carbon (GC) disk, fabricated from a 3-mm diameter rod (Tokai GC-20, Tokyo, Japan), was
used as a working electrode for cyclic voltammetry (CV). Before each experiment, the disk
was cleaned by polishing with a 0.25-pm diamond paste, followed by ultrasonic rinsing in
ethanol for 5 min. The working electrode employed for electrolysis was a Pt mesh (Alfa
Aesar, Kandel, Germany, 99.9 % metals basis) with a geometric area of approximately
6 cm?, which was electrochemically activated prior to each experiment by cycling the
potential from —0.7 V to 1 V vs. Hg | Hg,SOy at a scan rate of 0.2 V s~! (60 cycles). The
counter electrode was a Pt wire in CV, whereas a graphite rod was used for electrolysis.
In the latter case, the electrode was separated from the working solution by a glass frit
filled with the same electrolyte solution used in the working electrode compartment and
a methylcellulose gel saturated with EtyNBF;. The reference electrode was Ag | Agl |1~
0.1 M n-BuyNI in DMF. Ferrocene (Fc) was added at the end of each experiment as an
internal standard, so that all potentials are referred to the ferrocenium/ferrocene (Fc* | Fc)
redox couple. The cell was thermostated at 25 °C or 80 °C, and all experiments were
performed under inert atmosphere (N, or Ar). The number average molecular weight
(Mp) and dispersity (D) values were determined by gel permeation chromatography (GPC)
with an Agilent 1260 Infinity GPC, equipped with a refractive index (RI) detector and two
PLgel Mixed-D columns (300 mm, 5 pm) connected in series. The column compartment
and RI detector were thermostated at 35 °C. The eluent was stabilized THF, at a flow rate
of 1 mL/min. The column system was calibrated with 10 linear polystyrene (PS) standards
(Mp = 162-371,100 Da). Monomer conversion was determined by 'H-NMR spectroscopy
with a 200 MHz Bruker Avance instrument, using CDCl3 as a solvent.

2.3. Procedures
2.3.1. Typical Procedure for eATRP of Styrene

The electrochemical cell was flushed with Ny and loaded with 5 mL of DMF, 5 mL of
styrene, 2.2 mg of CuBry, and 2.92 mg of TPMA under a flow of the inert gas. After heating
the cell to 80 °C with a water bath, a CV of the catalyst was recorded to measure its standard
reduction potential. Then 22 uL of EBiB was injected and a CV was recorded. Polymer-
ization was started by applying the selected applied potential (Eapp) and samples were
withdrawn periodically to measure monomer conversion, and M, and D of the polymer.

2.3.2. Preparation of PS-Br Macroinitiator

A cell under N, flux was loaded with 2.5 mL of DMEF, 2.2 mg of CuBr;, 2.94 mg of
TPMA, and 7.5 mL of styrene. After degassing the mixture with N, for at least 15 min,
the cell was heated to 80 °C with a water bath and the CV was recorded. Then 22 uL.
of EBiB was injected and the CV was recorded. The polymerization was then started by
applying Eapp = E1 /2. The reaction was stopped after 2 h, and the polymer was precipitated
into methanol and isolated by filtration. The polymer was washed twice with methanol
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and dried under vacuum for several hours at 50 °C. The final weight PS-Br (M, = 10,900,
D =1.14), recovered as a white powder, was 1.0 g.

2.3.3. Procedure for Temporally Controlled eATRP

The cell was prepared with all reagents as previously described for eATRP of styrene.
Polymerization was then started by applying Eapp = E1 /5. After 1 h of reaction, the potential
was set off and the cell remained disconnected from the electric circuit for 1 h after which
Eapp = E1/2 was set again for 1 h, followed by another OFF period and a final 1 h of
applied potential. Samples were withdrawn at the end of each step to measure monomer
conversion, and molecular weight and D of the polymer.

2.3.4. Chain Extension of PS-Br by eATRP

The cell was prepared with all reagents as previously described for eATRP of styrene
except for using 0.2 g of PS-Br (M, = 10,900, D = 1.14) as a macroinitiator. Chain extension
was performed by applying Eapp = Eq /5 for 3 h. The final polymer had M;, = 24.9 kDa and
D=1.17.

3. Results and Discussion
3.1. Voltammetric Behavior of the Catalyst

The copper catalyst is prepared in situ as [BrCu'TPMA]* by mixing equimolar
amounts of CuBr, and TPMA and the activator form, [Cu!TPMAL]", is electrogenerated
during polymerization. To evaluate the redox properties of the catalyst and the relative
stabilities of Cul! and Cu! complexes, both [BrCul'TPMA]* and [Cul!lTPMAJ** were in-
vestigated by cyclic voltammetry (CV). The standard potentials of solvated copper ions
were also estimated by cyclic voltammetry of Cu(OTf); in the absence of added TPMA and
Br—. Typical CV responses of all investigated Cu!! species in DMF, DMSO, and CH3CN
as well as in 50% (v/v) solvent/styrene mixtures are reported in Figure 1. The observed
peak couple stands for a one-electron transfer process involving the Cu'! /Cu! redox couple.
This allows easy determination of the standard potential as the half sum of the cathodic
and anodic peak potentials, Epc and Epa, respectively: E° ~ Ej/p = (Epc + Epa)/2. The
differences in current intensities are ascribed to changes of the diffusion coefficients of Cu'l
species in different media.

The voltammetric pattern shown in Figure 1 did not change with the scan rate (v),
except the current intensity which was proportional to v!/? and the separation between the
cathodic and anodic peaks, which increased with increasing v. These findings clearly indi-
cate that Cull undergoes a diffusion-controlled quasi-reversible electron transfer. Notably,
although AEy, = Epc — Ep, increased with increasing v, Eq /o was independent of the scan rate.
Therefore, E° was calculated for each redox couple as the average of the values measured
at different scan rates in the range from 0.01 V/s to 1 V/s and the results are reported in
Table 1. AE,, values measured at different scan rates were used to determine the standard
rate constants of electron transfer (k°) for [CulTPMA]?** and [BrCullTPMA]* according
to the method of Nicholson [80]. k° values in the range 2.8 x 1072-1.0 x 107! cm/s were
observed in pure solvents (Table 1). In general k° increased in the order DMSO < DMF <
CH3CN, roughly in agreement with the predicted dependence of k° on the longitudinal
relaxation time of the solvent [81]. Addition of 50% styrene to the solvents decreased the
standard rate constant of electron transfer.
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Figure 1. Cyclic voltammetry of 1073 M Cu'l(OTf), (=), [Cul'  TPMAJ?** (—) and [BrCul'TPMA]*
(=) in pure solvents (a,c,e) and 50% (v/v) solvent/styrene mixtures (b,d,f)) containing 0.1 M Et;NBF,

as a supporting electrolyte, recorded on a GC electrode at 0.1 V/sand T = 25 °C.

Table 1. Redox properties of copper complexes and their relative stabilities in different media at

25°C.
Solvent ! Cu(D B 107 xk BBl Kg: /K"
(V) (cm 571) Br Br
DMF Cu(OTf), —0.486
DMF [CuTPMA]* —0.621 2.8 1.89 x 102
DMF [BrCuTPMAJ* —0.708 44 29.9
DMSO Cu(OTf), —0.418
DMSO [CuTPMA]* —0.615 1.6 2.14 x 103
DMSO [BrCuTPMA]* —0.687 2.3 16.5
CH;CN Cu(OTf), 0.611
CH;CN [CuTPMA]** —0.408 7.5 1.67 x 107
CH;CN [BrCuTPMA]* —0.658 10 1.69 x 10*
DMEF/St Cu(OTf), —0.266
DMF/St [CuTPMA]?* —0.505 0.8 1.10 x 10*
DMEF/St [BrCuTPMA]* —0.710 3.0 2.92 x 103
DMSO/St Cu(OTf), —0.346
DMSO/St [CuTPMA]** —0.514 0.7 6.92 x 102
DMSO/St [BrCuTPMA]* —0.693 2.4 1.05 x 10°
CH3CN/St Cu(OTf), - -
CH;CN/St [CuTPMA]** —0.384 1.6
CH;CN/St [BrCuTPMA]* —0.683 7.4 1.13 x 10°

Tst= styrene; solvent/monomer mixtures were 50/50 (v/v). 2 ys Fc* /Fc couple.
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The standard reduction potentials of Cu®*, [CU'TPMAJ?**, and [BrCul'TPMA]* can be
used to evaluate the relative stabilities of Cu! and Cu'! complexes with TPMA and their
relative affinities for Br™, according to Equations (1) and (2):

o _ o _ L
E[CuIIL]2+/[Cu1L]+ - ECu2+/Cu+ F ln ‘31 (1)
RT . KX
o _ o _ 2 1 JBr
E[Brcuﬂu+ /[BrCu'L] E[CuHL]2+ /lcu'L]” F In KL )

where ! and B are the stability constants of [CU'TPMA]* and [Cu'TPMA]?, respectively,
defined as the formation equilibrium constants of the complexes from the solvated copper
ions and the ligand. Kg! and Kg,! are the binding constants of Br~ to [CullTPMA]?
and [Cu'TPMAJ*, respectively; they express the halidophilicities of the Cu''/!/TPMA
complexes. This type of analysis was previously applied to Cu/!/TPMA complexes but
was limited to the determination of Kg,'/Kg,! in pure solvents [82]. Here, we consider
both pure solvents and solvent/styrene mixtures and extend the analysis to the calculation
of /L. Calculated values of B1/p! and Kg, ' /Kg,! are listed in Table 1. In all reaction
media, B >> B! but neither the effect of solvent type nor that of 50 vol% of styrene can be
easily rationalized. Moreover, Kg,!! is always greater than Kg,!' and the higher affinity of
Br~ for [Cu'TPMAJ?* than [Cu!TPMA]"* further increases in the presence of styrene. This
is particularly important because it is desirable to have a deactivator complex ([XCu'L]*)
with good stability while the activator complex should not have high affinity for halide
ions to avoid speciation of Cu' to produce inactive species [30,83].

The B/ B and Kg, ' /Kg,! values of Table 1 can be used to calculate the values of B!, B!
Kg1, and Kg,! provided that one of the values in each ratio is known. Unfortunately, there
are no data on the stability constants, whereas some values of Kg,!' in pure solvents are
available in the literature. Zerk and Bernhardt [84] reported Kg M values of 3.47 x 10" M1
and 1.1 x 10° M~! in CH3CN and DMSO, respectively, whereas Fantin et al. [85] reported
Kg! = 4.2 x 10° M~! in DMEF. These values give Kp,' = 1.4 x 10* M~1, 6.7 x 10> M~! and
2.0 x 10° M~! in DMF, DMSO, and CH;CN, respectively.

3.2. Electrochemically Mediated ATRP of Styrene

All polymerizations were carried out at T = 80 °C to guarantee a decent polymerization
rate. The catalyst was [BrCullTPMA]", prepared in situ by mixing equimolar amounts of
CuBr; and TPMA in the chosen solvent/styrene mixture. Ethyl x-bromoisobutyrate (EBiB)
was used as an initiator. Before starting the polymerization, cyclic voltammetry of the
system was always performed on a glassy carbon electrode to measure the formal reduction
potential of the catalyst and evaluate the effect of the initiator. Figure 2 shows an example of
the voltammetric behavior of [BrCullTPMA]* in the presence of excess initiator. Addition of
EBiB in a 15-fold excess with respect to the catalyst considerably changed the voltammetric
response: the cathodic peak increased, while the anodic one almost disappeared. These
changes are consistent with the catalytic activation of the initiator by electrogenerated Cu.
Reduction of [BrCu!' TPMA]* at the electrode produces [BrCu! TPMA] (Equation (3)), which
partially dissociates to give the activator form of the catalyst, [Cu!TPMA]* (Equation (4)).
Reaction of the latter with the initiator EBiB regenerates the starting Cul! species together
with a radical (Equation (5)), which either terminates by radical-radical coupling and
disproportionation or is deactivated after a short period of propagation. During a cyclic
voltammetry experiment, these reactions occur in a thin reaction layer adjacent to the
electrode. Therefore, the Cull species generated by reaction 5, easily reaches the electrode
where it is reduced again to Cul (Equation (3)). Depending on the kinetics of the activation
reaction, this sequence may be repeated several times, leading to an increase of the cathodic
peak current and a decrease or disappearance of the anodic one.
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Figure 2. Cyclic voltammetry of 103 M [BrCu'TPMA]* in DMF/styrene (50:50, v/v) + 0.1 M
Et;NBF, in the absence (==) and presence of 1.5 x 10~2 M EBiB (—), recorded on a GC disk electrode
at0.2V/sand T =80 °C.

3.2.1. Effect of the Solvent

Since eATRP of styrene has never been investigated, the effect of the solvent was
first evaluated. The results of a first set of eATRP experiments are summarized in Table 2.
All experiments were performed under potentiostatic control with an applied potential
Eapp = E1/2 =~ E° of the [BrCul'TPMA]*/[BrCulTPMA] couple. First-order kinetic plots
and evolution of molecular weight and dispersity in CH3CN and DMF are shown in
Figure 3, together with an example of typical molecular weight distributions of the obtained
PS-Br polymer.

Table 2. Potentiostatic eATRP of 50% (v/v) styrene in different solvents at T = 80 °C 1

t Q Conversion ~ 10% x kP2 M, 43  M,*

Entry  Solvent ) %) (h-1) kDa)  Da) P
1 DMEF 5 5.82 34 8.7 10.5 10.6 1.26
2 DMSO 2 0.99 15 -5 4.7 4.8 1.22
3 CH3CN 4 3.39 47 171 14.4 17.2 1.37

! Other conditions: [St]:[EBiB]:[Catalyst] = 435:1.5:0.1; DP = 291; [Cul] = 1 mM; Eapp = E1/2; Viot = 10 mL;
0.1 M Et4,NBEF, supporting electrolyte. 2 Apparent rate constant of polymerization, determined as the slope
of In([St]y/[St]) vs t. 3 Theoretical molecular weight, calculated as My, s, = Mggig + conversion x DP x Mg;.
4 Determined by GPC. 5 Not determined because of polymer precipitation.

Although the reaction was well-controlled in all three solvents, significant differences
were observed in the overall performance of the process. The polymerization was fastest in
CH3CN, reaching 47% conversion in 4 h, but the polymer started precipitating at this stage
and therefore the reaction had to be stopped. Additionally, dispersity slightly increased
with conversion, passing from 1.17 to 1.37 as the conversion increased from 22% to 47%.
Another disadvantage of CH3CN is its relatively low boiling point (82 °C), causing some
technical issues related to solvent evaporation at the chosen polymerization temperature of
80 °C. The reaction was also fast in DMSO, but even low molecular weight polystyrene is
insoluble in this solvent and the process had to be stopped after only 1 h of polymerization
with 15% conversion when solid PS separated from the reaction mixture. Polymerization



Processes 2021, 9, 1327

8 of 15

Conversion (%)

50

40

30
20

10

was slowest in DMF, but the reaction proceeded with good control and did not present
solubility issues. GPC traces taken during eATRP in DMF were symmetrical without
tailing and continuously shifted to higher molecular weights with increasing conversion
(Figure 3c). Therefore, this solvent was chosen for further investigations on eATRP of
styrene. The effects of monomer concentration, catalyst loading, and targeted degree of
polymerization were examined.
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Figure 3. (a) First-order kinetic plots and (b) evolution of M, and D with conversion for potentiostatic eATRP of styrene in
DMEF (circles) or CH3CN (squares), performed at 80 °C at Eapp = Eq/, with [St]:[EBiB]:[Catalyst] = 435:1.5:0.1; DP = 291;
[Cu'] = 1 mM. The dashed line in (b) represents theoretical molecular weights. (c) Molecular weight distributions of PS-Br
produced by eATRP of 50% (v/v) styrene in DMF.

3.2.2. Effect of Initiator and Concentrations of Catalyst and Monomer in DMF

Table 3 shows the results of eATRP of styrene carried out in DMF at different conditions.
The effect of the initiator concentration was first investigated. Keeping constant both
monomer and catalyst concentrations, the quantity of EBiB was lowered from 15 mM down
to 2 mM, which corresponds to an increase of target degree of polymerization (DP) from
290 to 2175 (Table 3, entries 1-3). In this set of polymerizations, the reaction was stopped
when D became higher than 1.3. Polymerizations were well-controlled as evidenced by the
trends shown in Figure 4, but the overall rate of the reaction decreased as the concentration
of the initiator was lowered. This led to a decrease of monomer conversion from 34% to
6.3%. However, high molecular weight PS could be prepared when high DP was targeted.

Next, the concentration of the catalyst was lowered from 1 mM to 0.2 mM (Table 3,
entries 3-7), keeping the initiator concentration at 2 mM to prepare high molecular weight
PS. Lowering the catalyst load is important to improve the cleanness of the system and
a slight improvement of process performance was observed. Compared to eATRP with
1 mM copper (Table 3, entry 3), monomer conversion after 2 h increased to 7.7% and 8.8%
when the catalyst concentration was lowered to 0.5 mM and 0.2 mM, respectively. In all
cases the dispersity of the obtained polymer was ~1.3. When the reactions with 0.5 mM
and 0.2 mM catalyst were protracted up to 4 h, conversions further increased to 11.4% and
12.5% yielding PS with M, = 26.6 kDa and 31.9, respectively. However, in both cases the
dispersity worsened reaching 1.46 and 1.52 at [Cu''] = 0.5 mM and 0.2 mM, respectively.

Last, a series of eATRPs with different amounts of monomer (25%, 50%, and 75% (v/v))
was carried out under otherwise identical conditions, i.e., [Cu'!] = 1 mM, [EBiB] = 15 mM,
T = 80 °C (Table 3, entries 1, 8, and 9). In all monomer/solvent ratios (1:3-3:1, v/v)
polymerization proceeded in a well-controlled manner as attested by the low values of
dispersity and the excellent match between experimental molecular weights and theoretical
values (Figure 5). Interestingly, the monomer concentration had a noticeable effect on
the polymerization rate. The apparent propagation rate constant, k,?FP, increased from
2.4 x 1072 h~! t0 0.10 h~! when the initial styrene concentration was changed from 25%
to 75% (v/v). This suggests that increasing the amount of styrene in the reaction mixture
could be an efficient strategy to address the slow polymerization kinetics of the monomer.
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Table 3. Potentiostatic eATRP of styrene in DMF initiated by EBiB at 80 °C 1
I s : 2 app 2 3 4
Entry St0 [Cu™] [EBiB] DP t Q Con\lr)ersmn 10° X ﬁ, My Mn P
(vol%) (mM) (mM) (h) ©) (%) (h™%) (kDa) (kDa)
1 50 1.0 15 290 5 5.8 34 8.7 10.5 10.7 1.26
2 50 1.0 75 580 4 7.7 11 2.9 6.7 5.6 1.33
3 50 1.0 2 2175 2 2.5 6.3 3.1 14.5 14.1 1.33
4 50 0.5 2 2175 2 2.6 7.7 3.0 17.6 19.1 1.32
5 50 0.5 2 2175 4 3.5 114 3.0 26.0 26.6 1.46
6 50 0.2 2 2175 2 14 8.8 34 20.2 24.3 1.32
7 50 0.2 2 2175 4 1.9 12.5 34 28.5 31.9 1.52
8 25 1.0 15 145 5 3.1 13 24 2.1 2.3 1.35
9 75 1.0 15 435 5 10.1 40 10.0 18.3 194 1.29

1 Other conditions: Eapp = E1/2; Viot = 10 mL; supporting electrolyte (EtyNBFy4): 0.1 M (entries 1 and 2) or 0.2 M (entry 3). 2 Apparent rate
constant of polymerization, determined as the slope of In([St]y/[St]) vs t. 3 Theoretical molecular weight, calculated as My, 1 = Mggip +
conversion x DP x Ms;. 4 Determined by GPC.
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Figure 4. (a) Conversion, (b) kinetic plots and evolution of (¢) My and (d) D with conversion for

potentiostatic eATRP of 50% (v/v) styrene in DMF at Eapp = Ej/,. For reaction conditions refer
to Table 3, entry: 1 (M), 2 (¢) and 3 (A) and. The dashed lines in (c) represent the theoretical
molecular weight.
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Figure 5. (a) Kinetic plots and (b) evolution of M, and D with conversion for potentiostatic eATRP
of styrene in DMF at St/DMEF (v/v) = 75/25 (squares), 50/50 (circles) and 25/75 (triangles); other
conditions: [St]:[EBiB]:[Catalyst] = x:1.5:0.1, where x = 654, 435, and 218; [Cul'] = 1073 M; Eapp = Eq /»;
T =80 °C. The dashed lines in (b) represent the theoretical molecular weights.
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The effect of monomer concentration on the polymerization rate is more marked by
passing from 25 to 50% than from 50 to 75% (v/v). First-order kinetics and linear evolution
of M with conversion were observed in all cases. Dispersity, however, was slightly better
when polymerization was carried out above 25% (v/v) styrene. In terms of polymer
molecular weight, the best results were obtained when styrene was polymerized at 75%
(v/v) monomer, albeit the use of excess supporting electrolyte to improve the conductivity
of the mixture. Therefore, polymerizing at 75% (v/v) styrene produces more polymer per
batch, amortizing the cost of the expensive electrolyte.

3.3. Temporal Control of Polymerization

Temporal control in eATRP can be easily achieved by appropriately adjusting the
applied potential, Eapp, so that polymerization can be triggered, stopped, and then restarted
when desired [19,58]. The electrochemical switch can be designed in two different ways:
(i) intermittent switching between two E,pp values, one for electrochemical (re)generation
of the activator and the other for its rapid oxidation, and (ii) a fixed Eapp value appropriate
for activator (re)generation with toggling of the electrochemical cell between ON and
OFF positions. The first approach has been widely tested showing that virtually no
polymerization occurs during the OFF period because all Cu! species in the solution are
rapidly oxidized to Cu'l. We focused on the second approach, which has never been tested
although it is conceptually simpler than the first. eATRP of 75% (v/v) styrene in DMF
(Table 3, entry 9) was repeated by applying Eapp = Eq/, for three 1-h steps interposed
by two 1-h steps in which the cell was switched off. As shown in Figure 6a, during the
periods of catalyst activation by electroreduction, 7-11% monomer conversion could be
achieved, whereas further increase of conversion was <1% during 1 h when the cell was
switched off. Polymerization was always well-controlled producing a polymer with very
narrow molecular weight distribution (Figure 6b). Additionally, M, increased linearly
with conversion, closely matching the theoretical values, each time the polymerization
was triggered after a period of almost inactivity in which there was no applied potential,
clearly indicating a good chain-end fidelity. Interestingly, temporal control in eATRP works
very well without toggling between two values of Eapp as is usually done. When the
cell was switched off, the reaction continued at a very reduced rate with <1% monomer
conversion in 1 h as compared to 7-11% obtained when current was circulated in the cell.
This points out that the effective concentration of Cu' in solution during eATRP is quite low
and when the continuous regeneration is stopped, the polymerization rate drops rapidly
and eventually the reaction stops.

{a) (b)

30 [ 'on [YOFF" "ON' [QFF' 'ON' @ 1ok 0. 14
g o5 /." )
o 20f 10} 1"
g L e P E\ “*_O’" 1
3 15f 2 e 11.2 g
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Figure 6. (a) Kinetic plots and (b) evolution of M,, and D with conversion for potentiostatic
eATRP of 75% (v/v) styrene in DMF at Eapp = E1 /5. Conditions: [St]:[EBiB]:[Catalyst] = 654:1.5:0.1;
[Cul"] = 1073 M. The dashed line represents the theoretical molecular weight.
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3.4. Electrochemical Chain Extension

The livingness of the polymerization was demonstrated also by chain extension from
a PS-Br macroinitiator. To this end, eATRP of 75% (v/v) styrene in DMF was carried at
Eapp = E12 for 2 h to prepare a PS-Br macroinitiator with My = 10.9 kDa and D = 1.14
(see materials and methods). After isolation and purification, the polymer was used as
a macroinitiator in a second eATRP experiment conducted in 75% (v/v) styrene in DMF
at Eapp = Eq/2. A clear shift of the molecular weight distribution was observed after the
extension experiment (Figure 7). The GPC trace remained monomodal showing no dead
chains in the macroinitiator or during the chain extension.

PS-Br PS-b-PS-Br
M, = 10.9 kDa M, = 24.9 kDa
D=114 D=117

3.0 3.5 4.0 45 5.0 5.5
logM

Figure 7. Molecular weight distributions of PS-Br macroinitiator (==) and PS-b-PS-Br homopolymer
(=) after chain extension by eATRP of 75% (v/v) styrene in DMF at T = 80 °C and Eapp = Eq /5.

4. Conclusions

Electrochemically mediated ATRP of styrene was studied in detail by varying a series
of parameters such as monomer amount, solvent, degree of polymerization, and catalyst
concentration. DMF was the best solvent among the three polar solvents chosen for
this study, namely DMF, DMSO, and CH3CN. We determined that best polymerizations
take place when the monomer amount is beyond 50% (v/v) at T = 80 °C in DMEF. The
livingness of the polymerization was verified via chain extension from PS-Br macroinitiator,
with styrene, affording a controlled PS-b-PS-Br linear homopolymer. Livingness was also
confirmed by excellent temporal control of polymerization, achieved by toggling between
active eATRP via Eapp = Eq /2 and interruption of current passage to stop the reaction. This
study shows that eATRP of styrene at 80 °C is a well-controlled process, but monomer
conversion is limited because of the slow propagation rate of styrene. The electrochemical
method is, however, appropriate for the preparation of medium molecular weight polymers
in few hours at a moderate temperature.
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