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Two-compartment kinetic Monte Carlo modelling
of electrochemically mediated ATRP}

Dagmar R. D'hooge, @ *3°° Marco Fantin,® Andrew J. D. Magenau, 2
Dominik Konkolewicz®® and Krzysztof Matyjaszewski @ *2

For electrochemically mediated atom transfer radical polymerization (eATRP), novel mechanistic insights
are formulated based on a two-compartment kinetic Monte Carlo model in which catalyst concentration
gradients between a large “bulk” compartment away from the electrode and a very small compartment
around the electrode are accounted for to reflect the concept of the Nernst diffusion layer. The mass
transport of deactivator catalyst to the electrode and its electrochemical reduction at the electrode are
treated separately to enable the model to explicitly distinguish between limitations of mass transport and
limitations due to intrinsic chemical reactivity. The model is applied to eATRP of methyl acrylate at 298 K
with Cu"Bry/Meg TREN (MegTREN: tris((2-dimethylamino)ethyllamine) and eATRP of n-butyl acrylate at 317
K with Cu"Bro/TPMA (TPMA: tris(2-pyridylmethyl)amine). Diffusional limitations on termination need to be
accounted for to properly reflect the eATRP kinetics and the microstructural properties of the obtained

rsc.li/reaction-engineering

Introduction

Controlled radical polymerization (CRP), also known as re-
versible deactivation radical polymerization (RDRP), allows
for the synthesis of well-defined (co)polymers characterized
by a narrow chain length distribution (CLD), a predetermined
number average chain length (x,), and a high degree of
livingness.'® The broad utility of CRP has enabled synthetic
polymer chemists to create a versatile array of advanced poly-
meric architectures containing a vast range of polymers with
a variety of compositions, functionalities, and topologies.”®
One of the most versatile CRP techniques is atom transfer
radical polymerization (ATRP) which is mediated through a
transition metal complex regulating the equilibrium between
active macroradicals (R; i: chain length) and dormant macro-
molecules (R;X) via a catalytic cycle (Fig. 1; without k.q). The
ATRP equilibrium commonly involves a copper-based low oxi-
dation state catalyst complex/activator (Cu'L,X; A) and a
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polymers. In most cases, an eATRP with mixed chemical and mass transport control is obtained.

higher oxidation state catalyst complex/deactivator (Cu''L,Xy;
DA).” This equilibrium strongly favors the dormant state, en-
suring a concurrent growth of macromolecules, starting from
ATRP initiator molecules (RoX).'® In a well-controlled ATRP,
the radicals will typically add only a few monomer units be-
fore being deactivated again by Cu"L,X,.""'* Concurrently
with this activation-growth-deactivation process, however,
unavoidable termination reactions'* occur, resulting in loss
of end-group functionality (EGF), accumulation of deactiva-
tor, and rate retardation through the well-known persistent
radical effect.">"®

Since the discovery of ATRP, significant progress has been
made with respect to catalyst design and optimization of
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Fig. 1 Mechanism of ATRP and eATRP; Kk, Kda, Kp, krea (Only for
eATRP), and k; represent the rate coefficients of activation,
deactivation, propagation, reduction, and termination. RX: dormant
macromolecules with chain length i with special case of i = 0 referring
to the ATRP initiator (then ka0 and kqa0); R;: (macro)radical with special
case of i = 0 referring to the ATRP initiator-derived radical; M: mono-
mer; P: dead polymer molecule; activator (A): Cu'LyX; deactivator (DA):
Cu'LXz; L: ligand; X: halogen.

This journal is © The Royal Society of Chemistry 2018


http://orcid.org/0000-0001-9663-9893
http://orcid.org/0000-0002-7565-9075
http://orcid.org/0000-0003-1960-3402
https://doi.org/10.1039/c8re00156a
https://pubs.rsc.org/en/journals/journal/RE
https://pubs.rsc.org/en/journals/journal/RE?issueid=RE003006

Published on 25 September 2018. Downloaded by Carnegie Mellon University on 8/18/2020 5:23:28 AM.

Reaction Chemistry & Engineering

reaction conditions. For instance, activators regenerated by
electron transfer (ARGET) and initiators for continuous acti-
vator regeneration (ICAR) ATRP allowed catalyst concentra-
tions to be minimized to parts-per-million (ppm) levels."”°
Diminished catalyst concentrations are feasible due to a con-
tinuous (re)generation of the activator from the deactivator
by employing chemical reducing agents or conventional radi-
cal initiators in ARGET and ICAR ATRP, respectively. The cat-
alyst concentration can be greatly reduced without influenc-
ing the polymerization rate provided that an adequate and
sufficiently high ratio of [Cu'LX] to [Cu"LX,] is
maintained.'>***" For example, D'hooge et al.**** demon-
strated that semi-batch ATRPs involving the joint addition of
conventional radical initiator, deactivator and/or monomer
allow a full exploitation of ICAR ATRP, for the synthesis of
both well-defined homopolymers and gradient copolymers.

The more recent development of electrochemically medi-
ated ATRP (eATRP)** further contributed to the expansion of
these modified ATRP techniques aiming at low catalyst con-
centrations. The eATRP mechanism is shown in Fig. 1 (now
with k..q) and starts from a state where exclusively deactiva-
tor, alkyl halide, and monomer are present. After imposing a
predetermined reducing potential E, activator species are
generated in situ by a one-electron reduction at the working
electrode. As in normal or conventional ATRP, the activator
molecules can react with alkyl halide ATRP initiator mole-
cules (R¢X), forming ATRP-initiator derived radicals (R,)
through an inner-sphere electron-transfer step. The radicals
can subsequently propagate, be deactivated to their dormant
alkyl halide form, or terminate with any other radical species.
At the working electrode, activator molecules can thus be
continuously (re)generated, similar to ARGET and ICAR
ATRP, to compensate for termination reactions. This allows
for further activation of dormant species and continued prop-
agation until the desired (average) chain length and conver-
sion is achieved.”

In the first pioneering study,” Cu"Br,/Me,TREN (Mes-
TREN:  tris((2-dimethylamino)ethyl)amine) was electro-
chemically reduced to Cu'Br/MesTREN to polymerize methyl
acrylate (MA) using acetonitrile (MeCN) as solvent and ethyl
2-bromopropionate (EBP) as ATRP initiator. Under these
conditions, a well-controlled polymerization process was ob-
served as evidenced by the linear increase in the number
average chain length (x,) with monomer conversion and low
dispersities (<1.2) at high monomer conversions. Electro-
chemical reduction of copper complexes by the direct inser-
tion of electrons eliminated the need for exogenous reducing
agents, thus limiting contamination during polymerization.
Initial reports demonstrated that eATRP of acrylates can be
successfully carried out utilizing 50 ppm of copper catalyst
while maintaining characteristics of a well-controlled poly-
merization.”*?° Subsequent examples extended the eATRP
technique to aqueous and dispersed media®’° and to a
wider range of monomers®' > to make complex polymeric
architectures.****> The eATRP technique provides enhanced
levels of polymerization control, whereby the magnitude and
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modulation of the applied potential allowed precise tuning of
the polymerization rate and good temporal control by tog-
gling the polymerization on/off at desired intervals.

The eATRP technique has been greatly simplified by utiliz-
ing galvanostatic conditions and sacrificial anodes, which
eliminates the need for reference electrodes and two-zone
reactors.*® Moreover, efforts to make eATRP more sustainable
and practical have been implemented by employing
electrodes constructed from non-precious metals,’”** and by
purifying polymerizations through electrochemical stripping
of metal contaminates from the crude reaction mixture.>>>°
In a similar way, other external stimuli have been success-
fully applied to control ATRP.**"** The possibility to reduce/
oxidize the catalyst on demand and with precision has also
been considered to pattern surfaces, exploiting the catalyst
concentration gradients established in the volume close
around the electrode surface.*’

To fully exploit eATRP, the behavior of mass transport
near the electrode surface should be better understood to
design more accurate polymerizations and surface processes.
Ideally, this implies the explicit consideration of the concen-
tration change of catalyst from the main region of the solu-
tion (value Cp) to the surface (value Cg), as depicted by blue
line in Fig. 2 (left). In the theoretical treatment of electro-
chemical reactions, this concentration change is approxi-
mated by a linear concentration variation in the so-called
Nernst diffusion layer (dy), which is a region near the
electrode (dashed black line in Fig. 2; left). eATRP is typically
carried out under forced convection to minimize dy and
therefore to maximize the concentration gradient between
bulk and surface.

In original kinetic modeling studies the catalyst concen-
tration gradient in eATRP (cf. Fig. 2; left) was captured in a
formal manner. Guo et al*® performed the first kinetic
modeling study of solution eATRP, selecting n-butyl acrylate
(nBuA) as monomer, tris(2-pyridylmethyl)Jamine (TPMA) as
ligand, ethyl 2-bromoisobutyrate (EBiB) as ATRP initiator, and
a polymerization temperature of 317 K. Through a determin-
istic method of moments, hence based on differential equa-
tions, these authors reported a set of rate coefficients
allowing the description of average eATRP characteristics. For
simplicity, these authors assumed that diffusional limitations
on termination can be neglected. Moreover, they used a
pseudo-homogeneous model (Fig. 2; middle) to describe the
electrochemical reduction with all differential equations writ-
ten for one compartment with a size equal to the total reac-
tion volume V. In this model, the bulk catalyst concentration
is computed conventionally, but using a correction factor to
compensate for the omission of the Nernst diffusion layer
concept. The inherent heterogeneous nature of the electro-
chemical approach is thus implicitly reflected, and the
electrochemical reduction reactivity is treated as an apparent
one that is rescaled with respect to a maximal reduction coef-
ficient and can be time-dependent. Despite its assumptions,
the pseudo-homogeneous model was effectively applied to
highlight that the eATRP rate follows a square root

React. Chem. Eng., 2018, 3, 866-874 | 867
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Fig. 2 Left: Nernst diffusion layer near an electrode surface with an approximate linear concentration change (dashed black line) with respect to
the actual concentration change (blue line) that starts in the bulk (value Cp,) and ends at the surface (value C); Middle: in a pseudo-homogenous
kinetic model, as previously considered,*® C,, is used at all distances (horizontal dashed black line) and an apparent rate coefficient is needed to
describe the electrochemical reduction, i.e. a time dependent coefficient is needed to compensate for the deviation from the Nernst diffusion layer
concept; Right: transport model in the present work in which two compartments (one away from the electrode (#1) and one close around the
electrode (#2)) with “bulk” concentrations are separated from each other with two film layers (edges: dashed red lines; (virtual) interface: full red
line). Here special case of identical layer thicknesses: d; = d, = d and the same equilibrium concentrations at the interface. The volume of the
second compartment is very small so this model should be in a close agreement with the Nernst diffusion layer concept.

dependence on the catalyst loading, and only in limiting
cases of very negative applied potential a mass-controlled re-
gime is reached. In a follow-up kinetic modeling study,’® the
same authors applied this deterministic model to describe
iron-based eATRP, for which it was shown that slow ATRP ini-
tiation can influence the control over the average chain
length. Very recently these authors considered theoretical
derivations to confirm the strong effect of the electrolyte type
on the ATRP equilibrium.?”

In this work, the kinetics of eATRP are further studied by
employing a more detailed two-compartment modeling strat-
egy that more closely resembles the Nernst diffusion layer
concept (Fig. 2; right). A differentiation is made between (i)
(de)activator molecules located in a compartment away from
the electrode, referred to as the “first” compartment, with
“bulk” concentrations, and (ii) (de)activator molecules close
to the electrode in a small “second” compartment, with
“bulk” concentrations similar to the surface concentrations.
In that way, the model accounts for differences in catalyst
concentrations and for a “resistance” due to mass transport
between the two compartments. In the model, the influence
of diffusional limitations on termination is also accounted
for, so that all possible transport limitations can be evalu-
ated. The kinetic description is performed with a stochastic
kinetic Monte Carlo (kMC) solver to highlight the capability
of this type of solver to cover multi-compartment systems
within realistic simulation times scales (second to minute
scale) and to extend its RDPR/CRP scope.

The two-compartment kMC model is considered to investi-
gate fundamental aspects about the eATRP mechanism, such
as whether the process is chemically or mass-transport con-
trolled under typical reaction conditions. The model is com-
pared to experimental data**?® on monomer conversion, x,,,
and dispersity for (i) eATRP of MA in MeCN at 298 K with
Cu"Br,/Me,TREN as deactivator and (ii) eATRP of nBuA in

868 | React. Chem. Eng., 2018, 3, 866-874

dimethylformamide (DMF) at 317 K with Cu"Br,/TPMA as
deactivator.

Results and discussion
Two-compartment model development

As shown in Fig. 3, the reaction mixture (volume V) is divided
into two compartments, ie. a small volume close to the
electrode designated V,, and a second large volume away
from the electrode representing the remaining volume (V; =
V = V,). The small compartment can be considered as a very
small region directly outside the electrode with a thickness
(d) similar to that of the Nernst diffusion-layer (dy) at each
side of the electrode surface. It is assumed that dy remains
intact because of the constant stirring applied during eATRP.
Hence, based on a typical value for dy, i.e. 5 x 10°® m,*” and
a typical area for one side of the electrode (S), i.e. 1.5 x 10>
dm?** V, can be assessed as 2 x 10~° mL. Since for a typical
experiment V is ca. 20 mL, the volume ratio (ry = V;V, ') can
be approximated as 10~%.

The two compartments in Fig. 3 are considered to account
for catalyst concentration gradients, which have been
reported for heterogeneous catalytic polymerizations and
electrochemical systems.”’ > Since the electrode surface is at
a fixed location in the reaction mixture, mass transport can
become the limiting factor for the activator (re)generation,
justifying the division of the working solution into two com-
partments. The typical ATRP reactions, e.g. (de)activation,
propagation, and termination, are assumed to predominantly
take place in the first compartment, whereas the electro-
chemical reduction can only take place if deactivator mole-
cules reach the electrode surface in the second compartment.

This diffusion process, as marked with a blue arrow in
Fig. 3 (left) , is influenced by the diffusivity of the deactivator
species and the concentration gradient between the

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 Left: Principle of two-compartment modeling strategy48 to account for possible mass-transport limitations for the catalyst species (DA: de-
activator; A: activator) involved in the electrochemical reduction in eATRP; volume of the reaction mixture V is the sum of V; and V,, ie. the
volumes of the individual compartments; focus is here restricted to the diffusion of deactivator from V; to V, (blue arrow), which is character-
ized by a transport coefficient kgat12 (€eqn (1)); Right: definition of all 4 transport coefficients (eqn (1) and (2)); each transport coefficient is
calculated using the film layer concept as introduced in Fig. 1 (right) to reflect the Nernst diffusion layer concept (Fig. 1; left); formulas derived

in section S1 of the ESI}

compartments. As introduced in Fig. 2 (right) , in the present
work, a film layer model is employed that resembles the
Nernst layer diffusion concept (Fig. 2; left). A deviation is still
that an average concentration is modeled in the small com-
partment (the bulk value for this compartment) so that the
surface concentration cannot be exactly extracted but it is
close to this average value.

According to a film layer description (Fig. 2; right), as
explained in section S1 of the ESL} the transport rate coeffi-
cients (units: L mol™* s™") to describe the exchange of a mole-
cule N (in this context activator (A) or deactivator (DA)) can

be calculated from:>'~?
kN,tr,12 = ZSNAI<N (1)
kN,tr,Zl =1 NkN,12 (2)

in which the subscripts “12” and “21” reflect the movement
from compartment 1 to 2 and vice versa, N, is the Avogadro
constant, /'y is the partition coefficient between the large and
small compartment (ratio of equilibrium concentrations;
here value of 1), and Ky is the overall mass transport coeffi-
cient depending on the diffusion coefficients (units: dm s™;
definition eqn (S3) in the ESI}). Taking into account the
nature of the work, Ky is assumed constant and equal for the
activator and deactivator, which have comparable diffusivities
under typical ATRP conditions.>*** Hence, out of the four
transport coefficients, i.e. k12, Kaera1y Kdayr,12) aNd Kga er21
(eqn (1) and ((2)), only one needs to be determined.

In the present work, kgaui12 is taken as the reference
transport rate coefficient due to its direct link with the subse-
quent reduction step. This coefficient can be measured under
conditions in which a mass-controlled regime is experimen-
tally established. This regime results for the eATRPs carried
out at the more negative potentials for the nBuA/Cu'TPMA"
case, where identical polymerization kinetics was obtained
upon a further shift of the potential to more negative values.
Under such conditions, an average value of 10* L mol™ s™" is

This journal is © The Royal Society of Chemistry 2018

obtained for kgq 12 This value reflects the typical transport
characteristics of a batch mL scale reaction mixture, with an
expected accuracy within one order of magnitude.

Table 1 gives an overview of the reactions in the kMC
model, consistent with the reaction scheme applied by Guo
et al.*® in their deterministic modeling study of solution
eATRP of nBuA. A distinction can be made between those re-
actions specific to ATRP and electrochemistry, leading to a
first group of reactions, and those specific to free radical
polymerization (FRP), leading to a second group of reactions.
In the former group, traditional activation/deactivation reac-
tions and electrochemical reduction are considered, whereas
propagation, backbiting, and termination by combination are
included in the latter group. Since backbiting is included,
secondary and tertiary species are differentiated. Termination
by disproportionation, chain transfer to monomer and to
polymer, and BC-scission reactions are neglected based on
previous literature reports.®*®>

The rate coefficients at 298 K (MA/MeTREN case) and at
317 K (nBuA/TPMA case) are also specified in Table 1 and are
in agreement with literature data.’>>*>%%176%%¢ 1 particular,
the ATRP initiator activation rate coefficient (MA/MesTREN
case) is within the literature range of 2.8 x 10" to 3.7 x 10* L
mol ™ s (solvent: MeCN)>*” and close to value reported by
Fantin et al.’” (2.1 x 10° L mol™ s™"). The ATRP deactivation
rate coefficients are in a similar order of magnitude to the
work of Tang et al.>® The activation/deactivation coefficients
of TPMA are lower than those with Me,TREN, consistent with
literature data.®” The ATRP activation and deactivation reac-
tivity of those groups are considered respectively two times
higher and lower than the secondary ones, which is in agree-
ment with correction factors up to 10 reported in
literature.>®**

For termination, apparent rate coefficients are used with
the value for secondary radicals (chain length 1) given in
Table 1, neglecting for simplicity the possible impact of cata-
lytic radical termination (CRT),*® and taking into account
that the dominant mode of termination is combination.®®

React. Chem. Eng., 2018, 3, 866-874 | 869
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Table 1 Overview of reactions for the eATRP kinetic model and the corresponding rate coefficients at 298 K (methyl acrylate (MA)/MegTREN case; EBP;
MeCN) and 317 K (n-butyl acrylate (nBuA)/TPMA case; EBiB; DMF); all reactions except the electrochemical reduction are assumed to take place in the
large compartment (Fig. 2); t: tertiary species (otherwise: secondary); A: activator; DA: deactivator

kat 298 K (L mol™) s7") kat 317 K (L mol™) s™)

Reaction MA/MesTREN nBuA/TPMA Ref.
ATRP (de)activation R,X+A— >R, +DA 4.0 x 10° 8.0 x 10° 55-57¢
R,+DA—f4 >R X +A 5.0 x 107 6.0 x 107 55¢
RX+A—% >R +DA 4.0 x 10° 4.0 x 10” 55-57¢
R,+DA— >R X+A 5.0 x 107 6.0 x 107 557
R, X+A e R,,+DA 2.0 k, 2.0 k, 58P
R,, +DA K R, X+A 0.5 kg 0.5 kga 58"
Electrochemical reduction? DA —fsi 5 A Eqn (3) Eqn (4)
Chain initiation R, +M LN R, 10 kp kp© 59
Propagation R,+M—fsR 1.3 x 10" 2.7 x 10* 59, 60
R, +M—5R, 107 &, 107 k, 59”
Backbiting R, >R, 1.0 x 10” 1.0 x 107 61°
Termination by combination’ R, +R, —teme,p 1.0 x 10° 1.0 x 10° 62
R, +R, —tems_,p 1.0 x 10° 1.0 x 10° 62
1.0 x 10° 1.0 x 10° 62

k
R, +R, —=mi s p

i+j

“ Within literature range, with more active system for MesTREN. b Correction factor in agreement with literature. © Typical order of magnitude.
4 The related transport coefficient for deactivator (kqga .12) has an average value of 10* L mol™ s™*; same values for other transport coefficients
(Fig. 3; right) as partition coefficient of 1 and similar diffusivities for activator and deactivator to a first approximation. ¢ For simplicity equal,
although even a lower value is expected as a tertiary ATRP initiator is employed. / Apparent rate coefficients to account for diffusional
limitations: parameters based on RAFT-CLD-T technique®” (ESI) with in table value for termination between unimer radicals; terminations with

tertiary species are not shown for simplicity but accounted for with literature® correction factors of 10 (end/mid) and 100 (mid/mid).

Several kinetic modeling studies on normal, ARGET and
ICAR ATRP have showed that the observed (average) termina-
tion reactivity drops significantly with increasing chain
length and viscosity of the reaction mixture upon polymer
formation.®®”’> Hence, chain length and conversion depen-
dent apparent termination rate coefficients need to be ideally
considered in ATRP kinetic modeling studies to allow for an
accurate simulation of the monomer conversion profile and
polymer characteristics.>”® Such detailed description is of-
ten overlooked, leading to a biased interpretation of CRP
mediating agents. In this work, apparent termination rate co-
efficients based on the so-called reversible addition fragmen-
tation chain transfer-chain length dependent-termination
(RAFT-CLD-T) method®**® are used, while correcting for the
presence of solvent. These coefficients have been determined
at 323 K and for poly(nBuA) radicals but it can be expected
that they are also representative for poly(MA) radicals at the
studied polymerization temperature of 298 K. For the other
reaction steps, at least to a first approximation, diffusional
limitations can be neglected based on literature data, taking

870 | React. Chem. Eng., 2018, 3, 866-874

into account that the maximum simulated conversion is lim-
ited to 0.80.>® As a result of the parameters available in the
literature or judiciously approximated, only the value of kieq
is thus refined in the kMC model at different potentials.

Contribution of chemical reduction at the electrode

Fig. 4(a)-(c) show the comparison between simulated and ex-
perimental results for the eATRP of the MA/MesTREN case
(M]o : [RoX]o : [Deact], = 500:1:0.025; 50% MeCN; T = 298 K
(ref. 24)). To be consistent with more recent eATRP conven-
tions, all values of applied potential are reported as
overpotential (AE) values. These are defined as the difference
between the applied potential, E,pp, and the halfwave poten-
tial of the copper complex, Ey;, hence, AE = E.,, — Eyp.
Therefore, the three analyzed cases for Me,TREN are AE =
-0.03 V (red dotted lines), 0 V (green dashed lines), and 0.03
V (full blue lines). Analogous results for the nBuA/TPMA case
(M]o:[RoX]o : [Deact], = 300:1:0.09; 317 K) are provided in
Fig. 5(a) and (b). More negative, hence, more reducing

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Methyl acrylate/MecsTREN case: (a) monomer conversion as a
function of time; (b) number average chain length (x,); (c) dispersity;
(d) end-group functionality (EGF); reaction conditions: [Mlp:[Ro-
Xlo : [Deact]o = 500:1:0.025; 50% solvent (vol); T = 298 K; red dotted/
green dashed/blue full lines: AE = -0.03/0/0.03 V; experimental data
for (a)-(c): Magenau et al.2* with typical average error bars.

potentials result in higher polymerization rates (Fig. 4(a) and
5(a)) but lead to nearly identical control over chain length as
illustrated by their similar x, and dispersity values in
Fig. 4(b) and (c) and 5(b) and (c). For all potentials, the
“livingness” (preservation of chain ends) remains very high,
with values above 99% (Fig. 4(d) and 5(d)).

The most sensitive response for the tuning of k.q are
therefore the monomer consumption data (Fig. 4(a) and 5(a))
as the strongest deviations are there recorded both experi-
mentally and theoretically. For the MA/MesTREN case, regres-
sion analysis of the tuned k;.q values reveals an exponential
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G 2
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(c)

Fig. 5 Similar figure as Fig. 4 for n-butyl acrylate/TPMA* case; reac-
tion conditions: [Mlg: [RoXlo: [Deactly = 300:1:0.09; 317 K; [M]p = 3.9
mol L% light blue dashed dotted/purple dotted/dark blue dashed/
green full/red full: AE = 0/-0.045/-0.085/-0.125/-0.165/-0.180 V; ex-
perimental data from Magenau et al;?® (a) polymerization rate as a
function of time; (b) number average chain length; (c) dispersity; (d)
end-group functionality as a function of monomer conversion.
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dependency with a value of 0.1 s™* at AE = 0.03 V and a value
of 6.6 5" at AE = —0.03 V:

Krea = 8.5 X 107" (s ")exp(-64.2 AE) (3)

Similarly, for the nBuA/TPMA" case the following equation
is obtained:

Krea = 7.0 X 107%(s ")exp(-23.3 AE) (4)

Such exponential dependencies for k,.q indicate that in-
deed a chemical/intrinsic reactivity is determined in the
small second compartment, as this dependence agrees with
the Nernst law, which predicts an exponential relation be-
tween the applied potential and the ratio of Cu' and Cu" at
the electrode surface.”*

The kMC model also gives access to the bulk concentra-
tions in both compartments that are connected which each
other through a linear concentration gradient (cf
Fig. 2; right). The fractions of catalyst in the deactivated state
in the large and small compartment are provided in in the
ESLi Overall the electrochemical conversion is limited be-
cause of the low activator concentration in the bulk of the so-
lution. Furthermore, the high fractions of deactivator in the
large compartment in Fig. S1 of the ESIf suggest that mass
transport to/from the bulk of the solution and therefore dif-
fusional limitations plays a role for all the applied potentials.

Contribution of diffusional limitations

For the nBuA/TPMA" case both experiment and theory
(Fig. 5(a)-(d); coinciding green and red full lines) confirm
that too negative potentials lead to identical polymerization
results. Hence, a strictly mass-controlled regime is
established with diffusion of deactivator to the electrode be-
ing the rate determining step. Hence, the question arises at
which potential such regime is commenced and in a broader
sense in which range of potentials diffusional limitations,
hence, transport phenomena, influence the eATRP process.

To address these questions the developed kinetic model-
ing platform was applied. For example, Fig. 6 (MA/ME;TREN
case) represents the simulation outcome for a AE = -0.03 V
(red line taken from Fig. 4(a)-(d)) if formally so for sensitivity
purposes the supply of deactivator molecules to the electrode
surface is enhanced and reduced by respectively increasing
(purple dotted line) and lowering (blue dashed dotted line)
the transport coefficient k4,1, (eqn (1)) by a factor 100. Since
the purple line is well-above the red line in Fig. 6(a), the ac-
tual reduction rate for the MA/METREN case is determined
by both diffusion/transport and chemical reactivity. For the
theoretical case of a much slower deactivator transport, the
polymerization rate is consistently reduced (blue vs. red line
in Fig. 4(a)) and diffusion/transport becomes more
dominant.

It therefore follows that the compartment modeling strat-
egy - in combination with the film layer model - allows to

React. Chem. Eng., 2018, 3, 866-874 | 871
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Fig. 6 Results for AE = -0.03 V in Fig. 4 (MA/MegTREN case) with
additionally simulation results for a 100 times faster (purple dotted
line) or slower (blue dashed line) deactivator transport; in this
sensitivity analysis differentiations are recorded with respect to the red
line, implying that diffusional limitations and chemistry matter for the
reduction; (a) monomer conversion as a function of time; (b) number
average chain length; (c) dispersity; (d) end-group functionality as a
function of monomer conversion.

generally map whether the reduction rate is in the chemi-
cally controlled regime, the mass-controlled regime, or in
the transition from one regime to the other, the latter being
the case for the MA/MesTREN case in the considered AE
range. The nBuA/TPMA case, instead, showed a transition
between the mixed and the mass-controlled regime. Note
that a one-compartment model is in this context not
recommended as at most it can only formally capture these
trends through a pure fitting, without explicitly separating
transport from chemistry effects.

It should however be stressed that in any case the role of
diffusional limitations on the observed termination rate can-
not be ruled out. As shown in Fig. S3 in the ESL} diffusional
limitations on termination have a strong impact on the
monomer conversion profile, dispersity variation, and living-
ness. As the apparent termination reactivity drops with in-
creasing monomer conversion, the polymerization rate in-
creases and the loss of EGF is minimized. Hence, a proper
tuning of k,.q and a design of the eATRP process is only pos-
sible if diffusional limitations on termination are properly
accounted for, as performed in the present work.

Conclusions

The developed two-compartment kinetic Monte Carlo model
in combination with a film layer description can be used to
model the eATRP kinetics and control over polymer proper-
ties, while acknowledging the heterogeneous nature of the
chemical process. No time-dependent apparent reduction pa-

872 | React. Chem. Eng., 2018, 3, 866-874
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rameters are required as the Nernst diffusion layer concept
can be incorporated. For too slow transport of deactivator to
the electrode, the reduction of the deactivator becomes mass-
controlled, whereas in other cases a reaction with mixed
chemical-mass transport control is obtained.
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